US010251541B2

a2 United States Patent

Brown, Jr. et al,

(10) Patent No.:

US 10,251,541 B2

(54)

(71)
(72)

(73)
*)

1)
(22)

(65)

(60)

UNOBTRUSIVE ACTIVE EYE
INTERROGATION

Applicant: Elwha LLC, Bellevue, WA (US)

Inventors: Allen L. Brown, Jr., Bellevue, WA
(US); Douglas C. Burger, Bellevue,
WA (US); Eric Horvitz, Kirkland, WA
(US); Roderick A. Hyde, Redmond,
WA (US); Edward K. Y. Jung,
Bellevue, WA (US); Jordin T. Kare,
San Jose, CA (US); Chris Demetrios
Karkanias, Sammamish, WA (US),
Eric C. Leuthardt, St. Louis, MO
(US); John L. Manferdelli, San
Francisco, CA (US); Craig J. Mundie,
Seattle, WA (US); Nathan P.
Myhrvold, Medina, WA (US); Barney
Pell, San Francisco, CA (US); Clarence
T. Tegreene, Mercer Island, WA (US);
Willard H. Wattenburg, Chico, CA
(US); Charles Whitmer, North Bend,
WA (US); Lowell L. Wood, Jr.,
Bellevue, WA (US); Richard N. Zare,
Stanford, CA (US)

Assignee: Elwha LLC, Bellevue, WA (US)

Notice:  Subject to any disclaimer, the term of this
patent is extended or adjusted under 35
US.C. 154(b) by 84 days.

Appl. No.: 15/088,282

Filed: Apr. 1, 2016

Prior Publication Data
US 2016/0278628 A1 Sep. 29, 2016
Related U.S. Application Data

Continuation of application No. 14/790.079, filed on
Jul. 2, 2015, now Pat. No. 9,339,181, which is a

(1)

(52)

(58)

(56)

EP

45) Date of Patent; Apr. 9,2019
Int. CI.
A6IB 3/14 (2006.01)
AG6IB 3/00 (2006.01)
(Continued)
US. Cl1
CcPC ... A61B 3/0025 (2013.01); A61B 3/0041
(2013.01); A61B 3/0091 (2013.01);
(Continued)
Field of Classification Search
CPC ... A61B 3/113; A61B 3/0025; A61B 3/10;
A61B 3/0091; A61B 3/0008;
(Continued)
References Cited
U.S. PATENT DOCUMENTS
3,948,248 A 4/1976 Zuckerman et al.
4,494,881 A 1/1985 Everest
(Continued)
FOREIGN PATENT DOCUMENTS
2 508 931 Al 10/2012
OTHER PUBLICATIONS

U.S. Appl. No. 14/790,079, Brown, Jr. et al.

(Continued)

Primary Examiner — Brandi N Thomas

(7)

ABSTRACT

Methods and systems for determining a physiological
parameter of a subject through interrogation of an eye of the
subject with an optical signal are described. Interrogation is
performed unobtrusively. The physiological parameter is
determined from a signal sensed from the eye of a subject
according to a schedule, under the control of a scheduling
controller.

: . .
(Continued) 43 Claims, 67 Drawing Sheets
GazeTracking Stimulus Source System
Gaze Infrared Near- 150 100
Tracking Source; | Infrared
Subject Stimulus 1541 Source
104 152 18
Signal Processing
Eye 102 circuitry
Gaze Signal Sensor 106 s
infrared ceD Gaze Signal
Camera Camera »| Processor 120
142 244
) Near-infrared Opticat L
Interrogation Camera Sensor
Signal 112 146 Amay 148 Alignment
e . Detector 122
Interrogation Signal Source 11 *
Light optical} ¢ actuator Physi
Source system 134 Respanse parameter
130 152 o Signal 126
Processor 124
Response
Signat
118 Response signal sensor 114

Light
Sensor

optical
system
138

actuator
140




US 10,251,541 B2
Page 2

Related U.S. Application Data

division of application No. 13/711,453, filed on Dec.
11, 2012, now Pat. No. 9,101,297.

(51) Int. CL
AG6IB 3/113 (2006.01)
AG6IB 3/10 (2006.01)
AGIB 5/0205 (2006.01)
AGIB 5/00 (2006.01)
GO6K 9/00 (2006.01)
AGIB 3/15 (2006.01)
A61B 5/117 (2016.01)
AGIB 5/145 (2006.01)
A61B 5/16 (2006.01)
(52) US.CL
CPC oo AGIB 3/10 (2013.01); A61B 3/113

(2013.01); A61B 3/152 (2013.01); A61B
5/0022 (2013.01); A61B 5/0205 (2013.01);
A61B 5/6821 (2013.01); GOGK 9/00604
(2013.01); A61B 5/117 (2013.01); A61B 5/145
(2013.01); 4618 5/165 (2013.01); A61B 5/42
(2013.01)
(58) Field of Classification Search

CPC ... AG1B 5/6821; A61B 3/0041; A61B 3/152;
A61B 5/0022; A61B 5/0205; A61B
5/145; A61B 5/14532; A61B 5/117; A61B
5/165, A61B 5/42; A61B 5/01; A61B
5/14555; A61B 3/16; A61B 3/12
USPC ........ 3517200, 205, 206, 209-212, 221-223,
351/243-246

See application file for complete search history.

(56) References Cited
U.S. PATENT DOCUMENTS

4,641,349 A 2/1987 Flom et al.
5115815 A 5/1992 Hansen
5,398,681 A 3/1995 Kupershmidt
5,433,197 A 7/1995 Stark
5,572,596 A 11/1996 Wildes et al.
5,995,856 A 11/1999 Mannheimer et al.
6,053,738 A 4/2000 Ivey, Jr.
6,110,110 A 8/2000 Dublin, Jr. et al.
6,149,589 A 11/2000 Diaconu et al.
6,198,532 Bl 3/2001 Cabib et al.
6,228,038 Bl 5/2001 Claessens
6,276,798 Bl 8/2001 Gil et al.
6,305,804 B1  10/2001 Rice et al.
6,542,442 B2 4/2003 Kaslon
6,556,853 Bl 4/2003 Cabib et al.
6,958,039 B2  10/2005 Burd et al.
6,961,599 B2  11/2005 Lambert et al.

3/2007 Abreu
9/2007 McGrath

7,187,960 B2
7,272,431 B2

7,811,234 B2 10/2010 McGrath
8,248,217 B2 8/2012 Kang et al.
8,308,558 B2  11/2012 Thorner

2004/0019283 Al
2004/0123667 Al
2004/0127778 Al
2004/0257585 Al
2006/0178572 Al
2006/0183986 Al
2006/0200013 Al
2008/0002151 Al
2008/0045832 Al
2008/0273084 Al
2008/0273768 Al
2008/0287821 Al
2009/0018419 Al
2009/0105605 Al

1/2004 Lambert et al.
7/2004 McGrath
7/2004 Lambert et al.
12/2004 Cornsweet
8/2006 March

8/2006 Rice et al.
9/2006 Smith et al.
1/2008 Hideshima et al.
2/2008 McGrath
11/2008 MacDougall et al.
11/2008 Dennis et al.
11/2008 Jung et al.
1/2009 Torch

4/2009 Abreu

2010/0010370 Al
2010/0220289 Al
2011/0184262 Al
2012/0179380 Al
2013/0106681 Al
2014/0160432 Al
2014/0160433 Al
2014/0160434 Al
2014/0163329 Al
2017/0276934 Al*

1/2010 De Lemos et al.

9/2010 Hearn et al.

7/2011 Menon

7/2012 Taylor et al.

5/2013 Eskilsson et al.

6/2014 Brown, Jr. et al.

6/2014 Brown, Jr. et al.

6/2014 Brown, Jr. et al.

6/2014 Brown, Ir. et al.

9/2017 Sarkar .............. A61B 3/113

OTHER PUBLICATIONS

U.S. Appl. No. 14/497,719, Brown, Jr. et al.

U.S. Appl. No. 14/497,663, Brown, Jr. et al.

U.S. Appl. No. 14/497,612, Brown, Jr. et al.

“24-Bit, 102.4 kS/s, 8 and 4-Channel Dynamic Signal Acquisition”,
National Instruments, bearing a date of 2004, pp. 1-4, National
Instruments Corporation.

“Characterisation”, Warfarin IR Spectrum, http://www.chi.ic.ac.uk/
local/projects/bhonoah/characterisation.html, bearing a date of Oct.
25, 2012, pp. 1-3.

Chi et al., “Key Techniques of Eye Gaze Tracking Based on Pupil
Corneal Reflection”, Global Congress on Intelligent Systems, 2009,
pp- 133-138, IEEE.

Corcoran et al., “Real-Time Eye Gaze Tracking for Gaming Design
and Consumer Electronics Systems”, IEEE Transactions on Con-
sumer Electronics, May 2012, published Jun. 22, 2012, pp. 347-355,
vol. 58, No. 2, IEEE.

“Crossmatch Retinal Scan 2 Iris Scanner”, http://bayometric.com/
products/i-scan-2-usb-iris-scanner-iris-scanning.htm, bearing a date
of Oct. 22, 2012, pp. 1-2, Bayometric Inc.

“FaceLAB 57, Specification Sheet, 2012, pp. 1, Seeing Machines.
“Fluke Industrial/Electrical Thermal Imagers, Models: Ti25 and
Til0” bearing a date of 2009-2011, pp. 1-3. Fluke Corporation.
Hansen et al., “In the Eye of the Beholder: A Survey of Models for
Eyes and Gaze”, IEEE Transactions on Pattern Analysis and Machine
Intelligence, Mar. 2010, published Jan. 23, 2009, pp. 478-500, vol.
32, No. 3, IEEE.

Hennessey et al., “Fixation Precision in High-Speed Noncontact
Eye-Gaze Tracking”, IEEE Transactions on Systems, Man, and
Cybernetics-Part B: Cybernetics, Apr. 2008, Revised May 28, 2007,
pp- 289-298, vol. 38, No. 2, IEEE.

“HL-2000 Tungsten Halogen Light Sources”, Ocean Optics, bear-
ing dates of 1989-2012, created on Oct. 30, 2012, pp. 1-3, Ocean
Optics, Inc.

Kessel et al., “The Relationship between Body and Ambient Tem-
perature and Corneal Temperature”, Investigative Ophthalmology
& Visual Science, Dec. 2010, pp. 6593-6597, vol. 51, No. 12,
Association for Research in Vision and Ophthalmology.

Klinger, Jeft, “Measuring Cognitive Load During Visual Tasks by
Combining Pupillometry and Eye Tracking”, A dissertation submit-
ted to the department of computer science and the committee on
graduate studies of Stanford University, May 2010, pp. i-xvi, 1-116,
Jeffrey Michael Klinger.

Mikhelson et al., “Remote Sensing of Heart Rate and Patterns of
Respiration on a Stationary Subject Using 94-GHz Millimeter-
Wave Interferometry”, IEEE Transactions on Biomedical Engineer-
ing, Jun. 2011, published Feb. 4, 2011, pp. 1671-1677, vol. 58, No.
6, IEEE.

“MIR8025™ Modular IR Fourier Spectrometers”, http://www.
newport.com/MIR8025-Modular-IR-Fourier-Spectrometers/37842 1/
1033/info.aspx#tab_Specifications, 1996-2012, bearing a date of
Oct. 25, 2012, pp. 1-2, Newport Corporation.

Palinko et al.. “Estimating Cognitive Load Using Remote Eye
Tracking in a Driving Simulator”, Proceedings of the 2010 Sym-
posium on Eye Tracking Research and Applications, 2010, pp.
141-144, Austin, TX.

Pastoor et al., “An Experimental Multimedia System Allowing 3-D
Visualization and Eye-Controlled Interaction Without User-Worn
Devices”, IEEE Transactions on Multimedia, Mar. 1999, Revised
Nov. 23, 1998, pp. 41-47, vol. 1, No. 1, [EEE.



US 10,251,541 B2
Page 3

(56) References Cited
OTHER PUBLICATIONS

PCT International Search Report; International App. No. PCT/
US2013/074313; dated Mar. 7, 2014; pp. 1-2.

“Picomotor Piezo Linear Actuators”, http://www.newport.com/
Picomotor-Piezo-Linear-Actuators/853235/1033/info .aspx#tab_
Specifications, 1996-2012, bearing a date of Oct. 22, 2012, pp. 1-2,
Newport Corporation.

Saha et al., “The Impact of Cardiac Index on Cerebral Hemodynam-
ics”, Stroke, Nov. 1993, accepted Jun. 8, 1993, pp. 1686-1690, vol.
24, No. 11.

“Sensitivity”, Avantes, http://www.avantes.com website, printed on
Oct. 23, 2012, pp. 1-3.

“Uber Tuner™ Broad Tuning Pulsed Lasers”, http://www.
daylightsolutions.com/products/lasers/tunable-laser-uber.htm, 2011,
bearing a date of Oct. 24, 2012, pp. 1-4, Daylight Solutions.
“USB2000+ Miniature Fiber Optic Spectrometer”, http:/www.
oceanoptics.com/Products/usb2000+.asp, 1989-2012, printed on Oct.
18, 2012, pp. 1-3, Ocean Optics, Inc.

Zhu et al., “Novel Eye Gaze Tracking Techniques Under Natural
Head Movement”, IEEE Transactions on Biomedical Engineering,
Dec. 2007, revised Dec. 11, 2007, pp. 2246-2260, vol. 54, No. 12,
IEEE.

European Patent Office, Supplementary Furopean Search Report,
Pursuant to Rule 62 EPC; App. No. EP 13863177; dated Aug. 17,
2016; pp. 1-6.

* cited by examiner



I "Old

US 10,251,541 B2

-

P2t 108s800id

acl
Jajaweled

jeoibojorsAyd

Sheet 1 of 67

Apr. 9, 2019

U.S. Patent

reubis
asuodsay

t

g21 Jopeeg
uswubyy

I

021 10888204y
jeubig szeon

LiBET
101 i1 weysAs
jioyenjoe | ijeopdo

12

el
wolsAs
jeondo

<
™)
-

eubig
osuodsoy

ot

81t
Aunsan

Buissenoid reubig

00t
wosAs

FgpT Aewy  |iO0T Hl 211 reubig
i jeondo { | pasegyui-sBON |
i TP T
ielswey | ierowey |
ferele) i poreyul
JoT sosusg jeubig szen
i 1961 HE: i Y01
teounog {i¥GT i | S olans
i iposenyyl i ieoinog i i .MNm%
i i-ieaN  |ipeseyu |
foeT TN e
{ @ounog sninwing Buppeljezes |



US 10,251,541 B2

Sheet 2 of 67

Apr.9,2019

U.S. Patent

012 suj
9zz leubis
asuodsey w oz sue
~~
~
~
~ ~
zzz leubls A
asuodsay ~

SN

e
0zz leublg -7
uonebouiau|

e
7
e
7~ 5«%% ‘
P H
y snoanby
vzz leubls
uonebossaiu|
AR I E | ﬁ\
00z 943

cie
80¢C eupey aasaN ondo

/AWV/
>
‘Wﬂ“\m
V.
y
/ .\\
~. \\\\
z/ﬂ/./ﬂ \\\\\\
902
JownH
SNOAAIA



US 10,251,541 B2

Sheet 3 of 67

Apr. 9, 2019

U.S. Patent

00g
w9sAg

€ "Old
101€ i iweisAs | iJosusg | pOS
| itoemoe pireondo b | [euBis ssuodsa
$Z1 10838900id Z0¢ Josuss jeubig /flreubig aze
oz1 jeubig i asuodsay / 10susg [pubig azeq
isleweried asuodsay
jeoibojcIsAyd »
Tl 1030838 Zi€ [eubis
uswiubiy uonebousiul
/snnuig
Buoel ] azen
D21 JOSS900id e
_mcmww |8ZED) gruTATTARTRsviey pursevesvaevvevueg gesevservesvsey
RS i0EE
SIT ) Piweishs  ieonog |
Apnoao ; Jo1enjoe w“monao mEmS w
Buisseooid eUblg | 0 T T P wOL

elgng
0t aounog eubig uoneoliai)
jeounog sninuing bBupjoell azeo




US 10,251,541 B2

Sheet 4 of 67

Apr. 9, 2019

U.S. Patent

¥ "Old

(feondo)

202 -
qocy -

$eF 1095000.4d

reubis

egzy *
layauieied
jeaibojoisAyd

asuodsoy

360% Josuas jeubss asuodsay

(feondo)

_f G90% Josuss jeubis asuodsey

080F [BuBiS
gg0v  esuodsoy

AAd

»

¢el 10j0818(]
swubiy

i

021 108s8800id
reubis ezesy

et

gL
Anoao

Buissasoid jeubig

1010) 74
WwiolsAg

|
©]

egoy

1 | (owuoseqn / osnose)

B90T Josuss jeubis asuodsay

(teondo)
5707 9ainog eubig uonebousiy

(feondo)
GZ0¥ o0ianog feubig uonebousiy)

(oruosesn 7 opsnooe)
B20T oo4nog jeubig uonebousiul

uciebousIyy

Y04

wafang
G071 4osuss jeubig eze mzirmmmr Z0L 9A3
.................................................... mc_xom.:.
2 azen)
P : L
; 091 : jeubig
i @2inog sninwig Buppeijszesy | ozeo)



US 10,251,541 B2

Sheet 5 of 67

Apr. 9, 2019

U.S. Patent

35 "'old

as "otd

3§ 'Oid

g5 "Old

VS 'Old

i m BGOC Jooesg
i vey : i OLIOBIB0IAY
H H J0SS8304d il
i 5025 uuepEp | reubig ; wnioads
O SN : ssuodsay i-peolg
b 247 e
outs ¢ | Po0G 1009190
asuodsey [ POIBHMITPIN
TIOEG SUOSIMODCIPAH 1 HI s
»Hn.n:nn..-h“...-nc.H.H.n..nnl:nuh‘-...\.Hhuhnnn.unnnhnnnhn: m O@Om«
Nummm suuydsauida-IoN 7T wm 1swes and
Frsimomesenassarasassstoronsensseasasereny J0SS820.d j UC peseq
13976 suniydseudy jeubig = 5d00s01100dg
...--.”nnnnnn“nnnnunnnnnnuunn: pr N
............................................ 10SS8004d :
................................................... .
[H57C eunay WoJj () opwolg wmwccmWmem Mw..ommumwwmmm
| e | — e
i ispidi mm:mm wnipos i Nuwwwmooi : 890G
PopmEEE, I e e [t ABAE 00D
i iZBOZ5 | [£eacs S Rl } uo paseq
i jesoomio | isuloid i [9SUCASOM| i gai0m00ds
iosueg

ivjpwieied jeoibojoisAyd

jeubig asuocdsay

2oP0G
sj@ssen

pooid

Lov0%
=1 JOWNK
ii snoenby

Zo1
elang jo a4z

{ Jownp D { winyoadg

{5p0g eieiS | 18205 e0unog |
= Ut sjessep = JoseT
i pooig H| eigeuny
iPFOG oS || ipzog
i Ul SISSSBA == 90un0g 61T |
pooig vwhmhc. pPIA

37D 90IN0S
19seT ajgeuny

{ T205
: 90Jn0g BT ¢
| pareyul-ieaN

B2056
! dounog Wb

i peoIg

201n0g jeubig
uoeBbolsIy



US 10,251,541 B2

Sheet 6 of 67

Apr. 9, 2019

U.S. Patent

9ol | [ It
i sjeubis i i sjeubis
iosuodsey | |esuodsoy
L opdniniy EEordiingy
Hjo wng i {j0 obesony
ipojyblopy | i Buinop
leuluuBleg | | sujuusieQ
- ”.......‘.....................'.............." S
gcy i sjeubis {1029
ejoweied iosuodsey | isjeuBig
testBojoisAud L opdninpy ! { asuodsay
| abesony i feidniny wng
¥20 J0ss820.4d feubig asuodsay

809

819

ocl

t44%

1039918(7
wiswubyy

jeubig
ozeD)

- 10S59004d

909 Josuss
jeubls
asuodsay

jeubis
asuodsay

700 teubig
uoneboiiaiu|

pasing

Amnouio Buissesoid jeubig

009
woIsAg

209
22N0g
reubis
uoneboiio)

901
Josussg

reubis
ozen

oL
pelgng

25t £
SNINUWHIS 201 9Ad

{ @0un0g

i sninwng
i Bupjoel |
i ozen

Bupoes |
azeon)

801
reubig
oz



US 10,251,541 B2

Sheet 7 of 67

Apr. 9, 2019

U.S. Patent

L 9Old
q80. 1eubig
asuodsay 2y esuodsoy
: i G907 Josuas jeubis asuodsay
| 0%z e eubi
78] - : 101esedwon -t B007 Josuas jpubis ssuodsay mmm ma“wmm.m
1s1eWwRIRd R it | | @suodsay 'y
jeoibojosAud || ayo/ feubis
yCl 10889004d uopefolioy]
jeubig asuodsay
e/ leubig
covveen A uonefouey
ccl 10108197
wswubyy jroTTTe T s a s s s ooy
» i Z0. 8d4nog jeubis uonebousiuy
 ez0, e0in0g jeublg uonEBoLBIU] |
De 1 10SS8004d - No\.m_ ...... y mw .......... ! _
jeubig ezeo R SO
57 i 0Z0Z 92unog jeubig uonebouauyy
Anoo %0/ [eubig vol
Buissenoid jeubis uoneboueuj 10sians
1G0T Josueg jeubig aze ZSt
.................................................... Buppes}
oSt : col azeo)
: 801n0g sninuwing Bubjori] aze :
002 Hevnenen m .--..w ..... ; &w--.v_ ..... P ...... ..\mu ..... : jeubig
WolsAg azeo



US 10,251,541 B2

Sheet 8 of 67

Apr. 9, 2019

U.S. Patent

|

18 aimonng
| obeI0)1g BIRQ

718 aumonasg
uoISSIISURl |

018
sinponag Inding

acl
Jaweied

{eoibooIsAyd

¥1 T Josuas

$ZT J0SS800id

jeubis
asuodsey

t

221 Jo18eg
awubipy

ﬂ

jeubis
asuodsay

oLl

leubig
asuodsay

011 eoinog

D21 i0ss900ld |-
jeubig szeo)

81t
Apnoan

Buissenoid jeubig

008
waysAg

leubls
uonebousiuy
ZiLi reubis
uoneboiiony
901
108u8g
feubis 801
azen) {eubig

0Gi 22in0g
Fsninwng
{ Bupjoel ]

azen)

251

: 0L

: SnNWNG

: Bupjoes] welans
azeo)



US 10,251,541 B2

Sheet 9 of 67

Apr. 9, 2019

U.S. Patent

6 'Old

006 waisAg
uonebosisiyy
aly
L6 .
ejowe)y o ° 26
paieyuy 5\ I9jewIousY |
paselju]
026 18AIsdaY U,w L6
punosen|n B80IN0S DABAA
p punoseJn
oL6 Jayswonoedg vL6
/101991100 jeondo soinog b
S R . wnoeds peoid
0186 80Inog
617 paseyuy
806 JoiIndwiod 206 IOHUON

Jemndwon

06 @A3

906 109igng



US 10,251,541 B2

Sheet 10 of 67

Apr. 9, 2019

U.S. Patent

0L "Old

80014
indu) jeudis
suodsay

gz1 =
Jopwered
1eoibojoisAud

0001
Wo)sAg

leubig
asuodsay

107 10ss8204d e

0L01 [eubis

asuodsay

¥17T Josuag
jeudig
ssuodsay

8i0L

911
|eubis

asuodsey

017 eounog

PApnony
I i joluod
5107 Jopeieq . m

i leubis
wswubiy H

uonebousy)

¢
»
b
&
H

et 12ubic

uoieboiiaiu]

9001
feubis

ozen)

7101
uonodAI]
azen

Z101 l0ssa00id (-
reubig azen

ZL1 jeubig
uoebousy

80T Josusg
jeubig azen

801

0201 Amnond
{ jonuog
{ sninus

200} i Buppel | ezen

AHNOA0 BUISS201d {BUBIS  tevniemermmiiinnnan g

¥
1
H
¥
.
.
.

$00T induy
feubig

azeo

F snnulg

feubis
azeo)

st
sninuwis
Buppel |

azeg

v0L
wolgng



US 10,251,541 B2

Sheet 11 of 67

Apr. 9, 2019

U.S. Patent

il "Old

zziL
Joweied

jeoibojolsAyd

001t
walsAg

cOL1

G111 408s9001d
feubig
asuodsay

0c¢ll 1030918
wswiubipy

gl 11 10888001d
jeubls szeo

PoLL
ndug euig

asuodsay
/ induj
jeubis szeo

¥ 17 josueg
jeubig asuodsoy
1 Josuag jeubig azeo

901 T Amnoan
jouoD
SNINWHS
Bupioriy szeo

oLLL feudis
uonebousiul
/sninuwing
Bunjoely szen

801 L 8dinog
p (EUBIS uoneboue|

Annonn Buissaonold jeubig

/82IN0g sSNNWIS
Bupioeij ezen

chit
jeubig ssuodsal

/jeubis szeo

0L
ofgng



US 10,251,541 B2

Sheet 12 of 67

Apr. 9, 2019

U.S. Patent

2l "Oid 8001
induj jeubig
asuodsay
.............................. - W ol \A«tttili
§ : L e b
P : o4 4% gee ZéCt H08SURg
i 028 Inding OdpPIA  Jojesedwon Dl Avmmr reubig ssucdsay
.HH“u..H..HHH,.H,.H..H,...HH. -t T
1818 Indino olpny 771 10S89001d {eubis esuodsayy wamwmo‘_:ow
T, : feudig
+ yemsimbintinns artmsiaisntind _ { uogeBoue] |
1 gTg Aeidsiq p— Bomeemmeroneeee .
o o610 {0EC) Agnoxn 3 1011 0anos
{FTE enponag JuswUBiy  oquoD [eubIg [eubls .
i sBeiolg B1EQ + i uoneBossu uonehoudIy)
{ZTg euponas | ool Gzg) dosuss |
i uoissiusuely eeq | - i0ket ozl jeubig ozeo
018 asmonas indingo -t t!lwoww ...... Alll. wvmr losues
L vizli jeubis ezesy
ziot T ————
10858001d > EeYAN - 90¢ 1 losuag
reubig azen cicl leubis ezeo
0021
walshs 0cot Aoy | e i
O4IU0D) SNNWING 'x Nwor !
coct Bupioei] oz89) { 90IN0G SNIPWAS |
Annoso Buissedoid jeubig iBuppel) szen i




US 10,251,541 B2

Sheet 13 of 67

Apr. 9, 2019

U.S. Patent

. Vec | sueapy bungunopy
€1 'Olid
Fehiithtehtsah bttt St Faptaehieuiohiait 1 Siehiel k]
$0GET AmnosDd {9IEL  LiVIED
i Buissaooid jeubis i  wWesAg wtomcmm
B ) iteopdo Hiwbly
{STET ndine e i | {26 iosuss
SIInmInzIIIzzIIgTeveTTreeeneeeses {1 {eubis esuodsey
igoTT sueew | [GIEH| IEmmmmmmmpS
P uossiwsueni  hnding | | DSLEMAOS 190V
mer i 1e08do m  oipny mmciomm._. mm.mcmmw
i ihAegasig i S, srsvsesetl B R i '
. i99ET sueay  HP9EL | [{®F8O oo
fuoissiusuel) i pod I e ——
H « i oneubewonoez i jeleled | {0lEl  1iBOET
mnainnnanniinan i weIsAg | { eounog
09ET aumnpng | :momao Phub
uoissiusuely T .
jlewss peeg |eubis uoneboueiul
ZOET Buisnoy

ooglL
WeIsAg

orel

-y 7 arzeL HOMBN




US 10,251,541 B2

Sheet 14 of 67

Apr. 9, 2019

U.S. Patent

i "Old

pus
OEFT | VepT i | SIpTueoid |
i moj4 poorg | i euoumop | T Clyl welgns ¢
I Y { ol JoJowny snosnbe
i S P ue uf soue)sgns |
57T | SIPL Hes | | e JO Juswainseswt |
mem 5 W~ n d W m iNN ) se mv u M.-l.M.....“.....:..“...nu.l....nn.u..c.”....”.-..a.;.. m.uu.»u-‘uu.uﬂ.-vnu.‘uuuuu...u......‘uuununuuuuﬂunuw
grarssmanasassnmanasases { o peenemereenesnninas : reseernseee s {PTPT esoono | |
m m m brserenneeneene it L BTFT J080ANS 843 JO
: CEVL | PRI | POo|q Syt Ut souBlsans |
i eamesedwol | 92wl BnuQ | OZPT pidi | § BVEUSDAXO L © 5 5 Jusweinsesw e |

B0V Josuas jeubis asuodsal 9y} pue 904N0s
jeubdis uonefousiUl SU) JO BU0 1ses) 1B syl 0] 10adsals yum justuubie ul st 10algns auy jo 848 ayi usym 109fgns
8y} jo a8 ay] wol paosiep jeubis ssuodsal ayy wioy 1pafgns oyl jo se1ewesed jenibojoisAyd e Buiuiuelsp

g0v 1 Josuss jeubis ssuodsal ayl pur so4nos jeubls
uonefioiisiul oY) JO suU 3SES] 1B 0] 10adsas yim juswubije ui s 1o8lgns sy jo ale ayy ssupaym Buujuusisp

+

YOV 1 Josues jeubis asuodsar B yim 109[gns ay) Jo 943 oy} woyy jeubis asuodseas g Buposlap

¢

Z0F T o24nos (eubis uonebBousiul ue yiim 108igns auy jo 848 syl 0} [pubis uonebossiul ue Bulsayep




US 10,251,541 B2

Sheet 15 of 67

Apr. 9, 2019

U.S. Patent

SL "old pus

7151 Je1pweled
jeoiBojorsAyd

OISt 108lgns oy
au} uodn paseq

1O sInguie U 1888} IR
uodn paseq sonpayos
peunuesbod

Z0G1 soawup

}9$ 2I0W IO BUO
12 pelgns auy
10 8ho ay) wioy
peooeiap [eubis
asuodsas ay)
wioy yoeigns ey
10 Jsysueted
jeoiBojoisAyd
sy} BuuuLslep

¥0Si
{eASSIUl O 198
e 12 109igns aiui

8051
1O 9A9 By} W0y

108[gns ays 4o}
pozyeuosiad

st anpayos |
pawwesbold |

sanpoayss pawitieiboid
-aid oM} J588} 18 -a4d OM] jsE9} 1B
buowie woJ peetas si | | buoule wol pajoses s ;
sinpeyos pawwesbosd | { snpeayos paswweiboid

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn L L T T Toupe ey ———— |

v
»
«
)
'
«
»
H
i
s
«
h
H
v
’
H
H
H
H
»
<
N
'
«

paosap jeubis
asuodses oy
woy olfgns sy
J0 wPpwered
jeoibojoisAyd
a4y Buuuisiap

B0V T osuas jeubis ssuodsal
B} pue avinos jeubis uoebolsiul BY] JO BU0 1SE8| 1B oy 0 10adsal yum juawubije ut g1 10ofgns eyl jo a4e ay) usym
josfgns oyl Jo 84S oy} Wiy poloalap jeubis asuodsas au WO J08{ans oy jo o1ewesed jeosibojoisAyd B Bujupuieap

90G 1 2NPBYSS
pawwrlboid B 0] Buipioooe 198igns sy} JO 948 syl woi pejoajep eubss
asuocdsais sy} uioly) josigns sy jo tajewried jeoibojoisAyd sy Buinuiialep

B L T L Lt

smmsmsmsanmanaan

9071 Josuas [eubis asuodsal ayj pue
80inos {eubis uoyeboiisiul 94 JO SUO S8 18 0] 19adsal yim Juswubiie u st pelgns syl jo ake sy jeyieym Buluiuuisiep

3

FOVL Josuas jeubis asuodsal e yum 100(gns ayy o o4s ay) woyy jeubis ssuodsas e Buiosiep

3

Z0V 1 920inos jeubis uonebousiut ue Uim 109igns s Jo 8Aoe oy o) jeubis uoneboueiut ue Buusnep

Com > S
ueis




US 10,251,541 B2

Sheet 16 of 67

Apr. 9, 2019

U.S. Patent

91 'Old

§191 uoneoidde
Alnoas Jo ssauisng
e ui jeubs asuodssi
a4} WOoH POUILIISIBD

soreweled
jeoibojoisAyd
ayt buzin

197 welgns sy
JO Sseupale ey
ssosse o} jeubis

asuodsal sy}

WOl pausuislep

ispuweied
jeoibojoisAuyd
sy} Buizynn

9191
uoneoldde pajejal
-4}esy Jo {eoipawl

e ut jeubis asuodssal
U] WOJL pauULISIS
Jojsuwieled
jeoibojoisAyd

auy Buizgyn

3Yi JO SjElS [BLOIOWS
ue ssesse 0} jrubis

asuodsal ay) woy
pauiuLie1ap Jeeweled
jeoiBojoisAyd

oy} Buizyyn

0101 annejuossidal
b9 e 10 uripiend |ebsg e Uaquisw
Ay e "1opiaoid a0lAIeS |BOIPSW B
108lgns 8y} JO 2J0W JO BUD SaPNDUI
Ayied psjssiajul oyl UBIaUM

paisaseul ue 0} puay jeoibojoisAyd
ay} Buipseba uoneuwiop Buniodsay

e auluisiep 0} Jajsweled jeoiBojoisAyd

e jo Jusweinsesuw snojaud e
01 jeubis asuodssl oyl WUl pauiLLISISD
Jorpeweled eoibojoisAyd ay Bunedwos

$001 sageiussaidas
jebej e 40 ueipsenb
jebai e toquisw
Ay e ‘iepinoid
SOIAIOS |BJIpaLW

e osfgns ay Jo
240U IO BUO SBPNPDU
Aued paisaseiul ay)

2091
Aued pajssioiur ueg 0)
i Jsewedsed jeoibojorsiyd

ay) Buipiebou
uosiewiioju Buniodas

e ——

B0V | J0Suss [eubis asuodsal
s} pue 92un0s jeubis uogebousiul ay) JO SUO JSED| JE By 0] padsal ym luswubie u st 10ofgns sy Jo aks ayj usym
yoolgns ay) jo 849 oy} WOl peoolep jeubis asuodsal sy} woi 108fgns sy jo epwesed [poibojoisAyd g Buuiwssiap

A

O0b L JOSUBS jeubls asuodsa) oy pue
32in0s jeubis uoneBousIL BY) JO U0 1SE9] 18 0] 1padsas Yyum Juawubie ur st 10fgns ey 10 84s au Jsuieym BulmuLsIep

i

POFL Josues jpubis asuodsal B yum j08lgns ay) jo 2As ay) wolj jeubis ssuodsal e buijdalsp _

A

Z0v 1 204nos jeubis uonebouaiul ue yim 108lgns au jo aAs a3 01 jeubis uonebolaiul ue buliaAliep _

./lll 0091



US 10,251,541 B2

Sheet 17 of 67

Apr. 9, 2019

U.S. Patent

L} "Old pus

$0ZT indul
oy} 01 19igns oy} jo asuodsal e auiuusiap 0 jeubis asuodsal oy} Wod pautuielep Jajeuweled jeoibojosAud ayy Buizijgn

L e || BZZT sninwgs | | 9EZT sninus snining FIZT 1 uopeunou

e o _mom:momcﬁm:a jeinau e . jewsyl e KiojeisnB e UOHBULIOLUI O8DIA ) E:Q. :
e ‘Bnup sepnjou indul i1 sopnpur ndui i sepnouw Indu oI S SN :
; e sopmpurndul ;4 T TN L et I BLIT Uonewopy | i e

i snjnwgs Asopoego
i ue sepnjou; Induy

OZIT | | §TZIT smnwips
mE:ErmmﬁoS ,m:w_>m

yoleasal uoneWIOUI
SIZEsnnuns L Buiowew | Suswenpe
mmnEo.c ::QE wotco_HwE‘_oE_.wmvEmEw.:‘aa_

Arhsvhvhshk

e sepnjoul iInduy sapniouy 1ndu

8OV sosues jeubis osucdsal
ayj pue aoines jeubis uocpeboliaul U JO BUO JSBa| 1B au; 0] 10adsal yum juswubije ui s1109fgns ayj Jo ada sy} usum
efgns eyl Jo 948 ay3 wos pejosiap jeubis esuodsal syl WO pefgns sy jo Joawesed jeoibojoisAyd e Bujunuiaiep

90F 1 Josues jeubis asuodsas ay} pue
22Jn0s eubis uonefousiul 811 O BUO0 I1SB9) 1B 01 10a8dsas ynm uswubie u i 100igns aut Jo 943 a4} Jayiaym Buiunuieiep

A

¥OF1 Josuss jrubis asuodsal g yim 1osi{gns oy} jo ala syl woyy jeubis ssuodsas g Bunosiap

A

Z0V 1L aounos eubis uopebousiul ue yum 109igns ayj jo o4 ayj o} jgubis uopebouaiul ue Buusaiep




US 10,251,541 B2

Sheet 18 of 67

Apr. 9,2019

U.S. Patent

81 Old

006 WaIsAg
uonebo.ioiug
akg

2081 Wun
uoneInwng

806 Jamndwo) 206 JOMUoI
sndwo)

0081 welang



US 10,251,541 B2

Sheet 19 of 67

Apr. 9, 2019

U.S. Patent

61 "Old
B06T pesnseew oq 0} | |
i D181 poinseoiu 9g 0} UoBULLION 8061 painsesws 8q 0] uoHRULIOUL | ! uonewuJou 1oy 109igns sy
i 10} 100igns o jo daneUesaIdal 104 y00fgns syt Jo aagrjuesaldal | | jo oapejueseidel so pofgns i |
i1 10 109fgns oy} WO JUSSUOD PBLLIOJUL 10 j1o9fgns ayy woly uopezoyINe ay} wolj uoponssul ue Jo i
10 aAnesIpUl Indus ue Buinesal 10 aneoiput Indut ue Buiaeoal | aAneoipul induy ue Buneoss i

»
H
H
»
«
H
.
N
)
«
?
.
:
]
<
»
H
i
)
H
2
3
«
)
«
'
)
«
»
.
:
)
«
?
'
H
»
«
»
»
H
)
«
»
'
N
»
]
:
.
:
]
«
@
s
«
)
s
]
)
H
»
H
N
)
«
:
s
H
]
«
2
»
«
>
H
»
«
¢
]
H
»
s
H
»
H
:
)
«

. )
'
)
«
»
.
l
»
«
»
'
H
»
«
2
)
«
>
¢
'
.
:
»
1
’
'
N
)
H
H
s
«
)
s
]
)
«
?
.
N
]
«
»
H
H
]
«
2
’
'
>
‘
N
)
«
»
<
:
[
H
>
H
:
)
«
)
‘
'
)
«
»
.
l
)
«
»
'
H
»
H
2
)
H
)
<
'
’
«
)
.

[0¥1 Josuas [rubis ssuodsal
a4} pue aounes jeubis uonebolisiul B} JO BUOC JSBS) Je 8y} 0} 1oadsas ypm usuwubie ui st 1osfgns syl 40 aks sy} usym
108lgns ay3 jo ads oy woy} PoloaleRp euliis asuodsal oyl wouy 1oslgns oy jo seweled EaibooisAuyd e Buiuiwselep

90F 1 Josues jeubis asucdssal ay} pue
aa4nos jeubis uoneboualutl 8yl JO BU0 1588} 18 0 1oadsal ypm 1uawiublie ul st 108igns syl jo sk au jeylsym Bulujwialep

2061 Ajeaisnagoun

pouniopad ale josuss jeubis asuodsas e yiim 1oslgns
ayj JO aAs ay) woy jeubls asuodsal g Bunos)ep

pue aoinos jeubis uoneboisam ue Ym yoslgns

B8u} JO a8 m& o} “mcm,m uonebousiul ue BusAlBD

$OBT 108igns ayy Aq uoioR}BpP INCYEM
! pouuopad aie sosuoas jeubis esuodsal e yum psfgns
ay} jJo sAa sy woly rpubis ssuocdsas g Bupoelep
pue saunos eufis voneboisiu ue ym oefgns
s} JO a8 oy} 01 feubis uonebouaut ue SunBalep

OV tosuas jeubis ssuodsal e YIIM “owE:m mE ho aho ay Eot mmcm_w ssuodsal b mcaomubv

)

Z0%T oo4nos jeubis uoneboLsIUl UB YIM 108igNs ay] JO A8 ay] 0} jeubis uonebolidis ue Bulioalap




US 10,251,541 B2

Sheet 20 of 67

Apr. 9, 2019

U.S. Patent

0Z "Olid
S IIIIIIIIaIIIIIISIIISINIIIIIISIIIIaIsIIaIsIIiIaisIiiiiaraziiizzizaiic: ...................... 8007 ‘,uw.OthNaE@um\Aw ............ 5565 QQN..Em.wuw\am.
910¢ UOLIBIUO UOROBIDS B SI88W | 1 | suig)sAs Buisseooid Buissaooud giep i Buissaooud exep |
}00lqns 8y} Jo ANUBP! BUl USYM AjUC ©2INOS {1 piep alow jo om e woy sepweied | e o1 sorowesed |
feuBis uoneBo.issiul auyy UIm 109[Qns UL IO |} ysemieq sejewseied jeoiBojoishyd | jeoibooisAyd |
aAs ay 0 jeubis uoneboueu ay) Bulleaep ¥ jeaibojoisAyd au Buipsebal ouyy Bupiebos |
.n....»..-.'--u..n....nnuh...»....nn.-hn...n..v.n.-......rn.‘..-U..»....n..-..n...n.n..hn»..no...nhuhuhunh.w.mhmm.ﬁh. W m ®£u mCMULmWWQL «(_Omwmghowﬁ_ m m CO_MNE.&O%C_ w
AnsiBas e uy uopeuLoul ubo| yum joslgns |} uopew.ojut 10 Jispuesed Jo isreuweled
i Jjo ‘relswesed jeoibojoisAyd jeoibojoisAyd |
suU3 Ag pelejus uonewioul uiboy Bupedwioo ;i i : : :
i teaibojoisAyd sy Buiiwisiep i ey Bulmuielep |
Aq 108lgns sy} jo Auept ey Bulnwselep |t : :
i tiidabdiuithib i tiinbiuideiguitigb i tifyiinishithiebiybtiinb i tasab Sl ehinhub s thieb it day : m mﬂw mc.c_ggwwmﬁ .\—OM U@Wj Eme\Aw “ LO&\ mumwn EMNW\A@ m
ZT07 UONUBOo0S) [eunal O asn oy Ubnouyy | ii 404 POSN wiishs ay) Bupiebes | ay) Buipseber |
10lgns ay jo Aiuepl sy Bunwuisep ays buspsebed uoneLIciuL | UONBULIO ¢
srmrzeeeteesiersenesoeeesis e ene o ene o | LOJRLLION ‘OBIGNS ‘polgns ‘Jafgns i
010¢ uoniuboosi [evey jo 88n sy ybnoiG oy} Buipsebas ay) Butpsebe | o) BuipseBas |
Jo9lgns ayj jo Ajgueps ey Sulupuisiep uoneuuoul Jo i uonewuol Jo auo i yopeunoyus Jo suo |
G55 0sians oif jo AiiGaPI Uy BuiSTep | | 9U0 Isealje Buueus fi 15eal 12 Buinoods | yses) je Bumisuen |

B0V Josuss jeudis esuodsas
ayy pue aoJnos jeubis uopebolsiul 84} 1O BUO JSea| J8 8yl 0} joadsal ypm Juswubije ut s11oe{gns ay Jo ahAa syl usym
1o8lgns syl jO 8Aa oyl Wioly peoarep jrubis esucdsal sy wol 10vigns ays jo Joiswesed jeoibojoisAyd e Buiuiielep

A
S0P Josuas jeubis asuodses sy; pue
aoinos jrubis uoneboliaiul 8Y] JO QU0 1889} 18 0} 1wadsal ypm juswubije us si 10algns ay) j0 2As au) Jaylaym Buiuiuieap

A

FOVT sosuas jeubis esuodsas B ypm 108fgns sy} j0 94a ayy wioy jeubis osuodser 8 Buposiop

A

Z0¥ 1 @2anos jeubs uonebouaiul UB yim 109fgns syl jo aka sy o) jeubis uoyebousiut ue Buusaep




US 10,251,541 B2

Sheet 21 of 67

Apr. 9, 2019

U.S. Patent

¢ "9Old

“J0Su2s jeudis asuodsol oY) pue 20In0s jeudis
UONBSOLIDIUT AU JO SUO ISLI] 1B 2} 01 199dSal qIIm JudWUS e Ul ST 102[gns 9yl Jo 242 oy udgm 102fqns
21} 3O 942 oY} WO PII02IaP [euSIs osuodsar o) wog 1afgns o Jo Jojewered pesidojosAyd v Sunmuiinap
pue ‘J0suas jeusIs osuodsa 2y} pur 223n0S [Busis
u0£1eIOII23UT L]} JO SUO 1583] JB 0} 10adsar s yuatudTye Ul ST 100{qns 91 JO 040 o) JOIaym SUIUTHLIOID
‘Josuoas [eudrs asuodsar v yym 102{gns oy Jo 949 ot w0y [eUSIS osuodsar v undoop
92In0s TeuSIS uoRBOLIIUL UR I 102{gNs Y] JO 942 ue 0] [eUSIS UCHRIOIIOIT UR FULIDAL[ID
110§

SUOTIONLISUT DIOW IO dU(Q)
Y01¢C

eIpaW 98RI0IS RIED J]QEPRAI-OUHORUL AIOJISURII-UOU SI0W IO U ZO1e

QINIORIIUBLY JO S[OUIY 00 1e




US 10,251,541 B2

Sheet 22 of 67

Apr. 9, 2019

U.S. Patent

9¢ezz jeubig T
. OJUOD) JOIBMO R B .
z2z "9l OO IV | lgrzz hee :
f fioempoy i jweuodwoy i
LETTTOTTIR. Heondo : y0ze 1eubis
Z0ce lenevmrvmensmeraennnd ; uoneboiusiy)
o0unog jeublg uoneboiisiul
e mmeeme FEZZ 48jjouon
S i 1 {s012MO
ivozz O 105¢cc iglez  1i9vce m
i abesolg * Anong > Liojenjoy | | usuoduwion
i eeq S i eunydey femenmeneeeeeend HRORAO
................ *11222T 10ss00id | i ey
- jeubig LI : _l §0ze iosuas |eubis esuodssay
ozl asucdsoy B I
isjoweled s £ w
reoiBojoisAyd | 2622 NvNNEQmWw:oQOSx\
CEZZ 1010818
juswiubyy
| A N m
euflis aze
~ S > Ziée
jeubig szes
0¢ee IWAA
AninonD Buissavoid leubig 1 Jjosueg |eubig szes
26l
SHNUNG uowmurm
e Bunpora] :
0GL 924nog ! szes
002z i sninung Buppeljezen
wWesAg R :



US 10,251,541 B2

Sheet 23 of 67

Apr. 9, 2019

U.S. Patent

alee 14374 ziee
€¢ "Old
iozee il : “
PAinony i i sninung |
fleoupelg | | 9¢zz  |OTEZ Aemdsig (BTSN
¥ETeC 19l109uU0D ‘
101BRj0Y .L@_‘NN ivvac
i idojenoy o iusuodwio)
V2T 40588001 sz Cileendo m
9cL - feubls aounog |eubis uogeBouau)
sopwesed asucdsay -t : i
jeaibojoisAlig S N B B oo feudbig
FAXAALICEIET R i 774
wewubiy > 8Lec | Hiuouodwion |
fiojenioy i :
/'y fereaaneannes i i feondo :
777 10588001 077 Josuss [eubis asuodsay
jeubic azen -
Qcec
Asnodo 01Z¢ Josuag feubig azeo
Buissenold jeubig frrmrmmenemeeeeeeesessrememeesemeeeesineseeeeeeeans
091

pelgns

asuodsay

8oInog sninwuns Bupjorajazen

B0lLCg

y0oze jeubig
uonedoueiu

2Gt
sninuing
Bupprs |

azeo)

BOLEZ BOQZe

Y01
pefgng



US 10,251,541 B2

Sheet 24 of 67

Apr. 9, 2019

U.S. Patent

ve "Old

_QVNN

|502¥2

FA% 74
J91awowaYy ] My

|q0zvZ

[e0z3e

bssssind: bssssnns) brmmnnndd
——

| 80dnos jeubig

oci

Zeec ioyeia(
Juswubipy

ILYZ~_A

jeubis ezen)
022z ABIN3IID

Buissasold jrublg

FIFZ J0ss0001d ]

P!

11474 uoneboisiu|
18jjouon
01emoY Lv_ 8122
|ozeve
|aezye
Qg 10S8800I1d _ A4 74

jeubis esuocdsey _ SI0SUBS

jeubis asuodsay

Zive (eiowe)

\ i) Josuag

feubig azeo)

oive
(e01nos b MY
824N0G SNINWIS

Bunjoes j ozen)

| 8012 wosAs Buppeljszen

O00¥Z TreTsAs

yOoyZ
sobusssed

00¥cC
WwislsAg
caove
90ve S0
uasINg
sendwod



§5¢ "9Old

US 10,251,541 B2

0262 AminosD ouod
jeubig uonebolisiul

FANA4
JB[JONIU0Y) JoeNnioY

ZTee 108S8001d

o ;olg
e Foanjonig e
< hindino |
ﬁ ................ H
>
=
@ 9zl
Jorpweied
1eoibojoisAyd
(=Y
—
(]
o
ey
—
=
-«
00se
wiglshAg

U.S. Patent

jeubis asuodsay

zsze L N

2 Jo10818Q
juswubiy

!

D J0SSoD0I
jeubig szen

{2z Amnon |
H{ouoD sHNWRS |
i Bupjoel} ezey i

c0se
Anmouny Buisssoouy pubig

9gee

vvez
fjusuodwion
resssennnenneny § |BORAO
19122 e '
i i0)1enoY | ¢0cc¢ 804N0g
e eememnee ;! jeubig uoneboleiuj
igTzz | iovee
,'. J01ENIOY | MEmcanoU
LR ‘i jeondo
5077 Josuss jpubls asuodsay

806¢C

oLse
ppce dourisiq
pauIele(]

Olee

022 {eubis
uoijeboueiui

4412

0L
SNINWRG
Bupioeay welans
ozen)



o
ea
m 9¢ Old
— P
% T2 T sueapy Bununop
= —
N 9027 losusg
= o wrdhres e : reubis
i ZZET Indino jensip | osuodsoy
{DZET ndino opny |
s BOETsueow | GaTeomes
= uoIssiusuel | : : SNINLNG
S leondo mciom._ 1
m S LTI, "”“HH“”MHH““H””“MHHMMH”““MH““H”“M w ONNN m m mNmo m
& f e m {1 9OCT sues|y Pl SRR S B
s oo, | |18 | S T
 ffedsa {0 eze oneubewondem || i S e avee | ndur
- s O I S, e S e enemmaaan :
= H ST \ iPOEL Mod 1Blleied | | it reeey
8 oomeq I o | Rhee | | Z02z eomnog | {EVC m
PR A i : i | AgmoaD i | eubs P WBISAS '
W mwm:_wmmoo._n_ : 1CO9LL Hod [eUesS 1 | faimden : Mcoamwmutmuc_ isnogjoiny i
= oA ; OO Lo L S
S i i 0OET eamponis S I et M
jIOISSIUSHEIL BBd ¢ | i 0cke i | 709C  jopuyebuey |
- PAINDND i | iojenoy e emecimcemcmnnaes :
= 0Z€1 anonag inding Lfeouioe|g !
w femeeeicmaraanaan : Z0¢ | Buisnop
&
) 0092
[V 9] woysAg
-



US 10,251,541 B2

Sheet 27 of 67

Apr. 9, 2019

U.S. Patent

. pue
PXARS L

T1Z¢ 90IA8D [BUISIXD Ue O} pajjiusuel g o} Jojaweled {eaibojoisAyd oy jo aanedipul jeubis e Buisngo

A

ovie | 0272 usbAXO |
; aimesadwa | retmvetsavatavusmvatsd L eemavavasaomavavasaramanae .
o 575 S
: : : 9172 elans ay} jo !
i mol4 poolg . 8¢ welgns : :
" llllllllllllllllllllllll mﬁw WO \_OE:: m:omsgm m m ﬂVOO~Q wﬁ\z. a(: mocmuwasw m
paemearenanaas mosuanan ; ; e jO juswisinsesw g ;
: 9¢/2g ue U 9oUBISANS |
i eyey esing € JO juswainseaw |

............................................................... 2172 tosuos jeubis esuodsau
ay} pue aoinos jeubis uoneBolsiul 8y} JO BUC (SES} 1B By} 0} 10adsal yim Juawiubije ul st 108fgns au} JO 8Aa ay} uaym
108fans sy jo oA oy} Wwoy paloalap reubls asuodsa: ay] woly Palgns ay) jo sejewried [2o16ojoisAyd B Buiuusiep

A OL/7

1oslgns ayj jo oA oy Yyim Juswiubije oju Josuas jeubis ssuodsal ay) pue 90inos jeudis uonebousiu Y] JO BUD 1SEY)
1e Buug o1 Josuas jeulis szeb ayy woy eubis sy uodn ped Ui jsea) 1B poseq Josuas jrubis asuodsas sy} pue aaunos
reubis uopeBousiul 8Us jo suo 1ses) 18 1snipe o1 paunbyuod Joienioe auo 1ses) Je Bupenioe ‘losuss jeubis asuodssi
ay} pue 80inos jeubis uoebouisul 8y} JO BUO JSED| 1B 8y} 0} 10adsas ypm Juswubije ui Jou st 10slgns ay) Jo a4 oy} i

804Z¢ Josuas jeubis asuodsal oy pue
aoinos feubis uonebolialul 8yl Jo auo 1SEY} 1B 0] 1adsas yum Juswiubye Ul s o8lgns syl jo ahs ay) Jeyiauym Buiuiuisiap

A

0072 Josuas [pubis azeb e woij 152igns oy} JO A3 ayj JO uonsanp 9zeb ai) JO SAledIpUl jBubis e Dulaeoal

Lotiind

A

Y077 iosuss jeubis asucdsal B Uim 108igNns au} 310 8A8 ay] woyy jeubls asuodsal 8 bulosiep

SRR

A

Z0Z¢ 8oinos jeulis uopebouLius ue yim 1oeigns aul Jo 9As sy 0} jeubis uoneBbolsul ue BuusAlep

- N oz



US 10,251,541 B2

Sheet 28 of 67

Apr. 9, 2019

U.S. Patent

8¢ 'Ol

pus

AX T4
i isioweled (eoibojoisAyd
a8y} uodn paseq
! senpeyos pawwesboid
-a4d oM 1889
! 1B Buowe WO PaJIsIes
st ajnpayos pawswesboid

(] AN Q—
808¢ oolgns
palgns ayj Jo anqupe 8y} 404

|uo jse9| je uodn paseq
pazieuosiad

sonpayss pswiuesdoid
s§ 9fnpsyos

~-o4d omy Jse9dl e
pawiwreiboid
fuowue wol palosles st

anpayos pswiweiboid
...... INPoUOS pewiue b0l | gogz sinpayos

pownuriBoud e 0 Buipiosoe 109igns oy} jo 94s aiy wioy pajosiep eubis
asuodsas sy} woy joslgns eyl jo weweied (eoibojoisAyd sy Bulunuisiep

08¢
[ensoUl U

198 &2 polgns
2y} o 8ke sy}
WO parosiep

jeubs asuodeal

sy} wiol) pelfgns
ay) io Jereweied

jeoibojoisAyd

sy} Buuisisp

(8¢ sswy
189S @Joult 1o BU0

12 108lgns sy
10 98 By} Wwoy
pajosiep publs

asuodsal a8y}

woy Josigns sy

10 191eweled

jeoiBojoisAyd
a} Bulunuieiep

Z1 22 10suss jeubis ssuodsal
2y} pue 82unos jeubis uoyebousiul 8yl 10 U0 1SES| 18 9y} 0} 1adsal yim Juswubije ut s13109lgns auy) JO 9AD Byl USyMm
1osfgns sy jo aho ay) woyy polosiep jeubis osuodsal oy wWoy 1oslgns oy; jo olswesed jeoiboioisAyd e Buuiuisiep

ol |

S
it
N N

(( 0082




US 10,251,541 B2

Sheet 29 of 67

Apr. 9, 2019

U.S. Patent

]
H
»
¢
>
[
¢
>
¢
3
I
¢
+
¢
:
It
¢
*
¢
N
.
«
*
«
>
+
@
!
§
H
bt
:
*
¢
.
It
¢
»
+
2
v
¢
v
¢
:
¥
¢
»
‘
I
»
¢
»
I
I
*
¢
r
b
a
¥
t
v
<
I
+
¢
!
b
e
Y
[
»
«
@
»
¢
H
bt
¢
»
<
h
v
¢
»
¢
2
¥
¢
»
s
I
+
¢
»
[
i
v
¢
»
¢
x
v
«
»
«
H
¥
t
3
«
e
+
¢
’
+
e
!
¢
H
bt
:
*
[
H
bt
¢
*
¢
3
I
I
>
¢
»
*
H
»
¢
:
¥
¢
»
¢
s
bt
«
+
‘
H
¥
¢
»
s
e
+
t
.
‘
e
»
¢
»
«
a
v
¢
v
«
:
+
¢
»
[
I
»
¢
»
€
¢
»

FTBZI08Mans | {7 v06z |
HEH O16¢ uonenidde i 8y jo sseumdle i G G 0162 arneussasdal aAnejUSSaldas |
{ I Ayunoes jossauisng i i oyjssesseojjeubrls i} i jeba| e Jo umipiend jebay | {ebay
i | euteubs ssuodses | i ssuodses ayy woly | i e Joquist Ajiwe} e sepiaocid e Jo ueipiend jebg
i 1 ay) woly paullIsIep i paulLLIBIEP JStaweIed P 20IAJOS [BOIpBW € Polgns | i e* EaEmE Anuey
iopwesed | i jeoiBojorsAyd 11 1 9y jo 210w 1O DUO sepnpul | | e “1opiroid aomes |
feaiBojorsAud | ay Buizynn | i Aued pejsessiul sy UBssUM Mmo.vm.rcm Jom.E:w
R Ll Rt B B §5% Kuisd poissioii | ous g0 10 |
Py eI omwmmmm m%o_ oE,m i ue o} puaJy jeoibojoishyd ayy | 10 8Uo sepnpul
: 916¢ voheat : 40 123s jeuol i1 1 Buipiebas uonewiopus Buipodes | Apred pesesaiul ayy |
i pojefesyyeay | fuessesseoyjeubls i i T T T T T T P ‘i
{ i Joeopew e uleubls | i asuodsal 8y} | | g06¢ puas feoifojoisAyd {1 Z0BZ Aued peisasaiut
i asuodsal oUl WO | | WOJ PAUILLISIBP | B ounuislep o} Jelaweled jeoibojoisAyd ue o} sepweled
! psuwieep sejeweled roypwered g JO Juswsinsesw snoneld e teotbojoisAyd
jecibojoisAuyd i jeotbojoisAyd i i o} jeubis asuodsal ay) WO POUILIISIOP oy} buipiebes |
P ay) Bugzyn | i oy Burzipn i Jejoweled jeaibojorsAyd sy Buuedwon i uogBULOL Bunsodes |
i
viic
A
Zlie
_ (4 !
A
_ 8072 |
| Iwnoo Z _
62 'Oid A
| y0i2 | (/I 0062
A
¢0LC




US 10,251,541 B2

Sheet 30 of 67

Apr. 9, 2019

0t "9Olid
#00€ Indu
2y} 0] 199fgns ay} Jo asuodsal g suiuglep 0} [rubis asuodsal ayl WoL pauluusiep Jslpwered jeabojoisAyd ayy Buizipn
A
vilcC
A
clic
_ 012 ~
A
| 8072 _
_ uuwnmo P4 |
A
_ $0.2 _
A
c0le
X
0E0g [edinadvNay 820¢ 9c0¢e Peoe -
& 10 ‘jeagnooceuieyd ;| sninwgs | § SIS SNINWIRS HOeWIOIU %mw\mm 5 HORBULIO Emwwm i
ebup |  jeaneue jj  [BUMOW il gioppjenBe i tonooonl O9PIN i HORBIIOMI WNT
e sepnjout Indur § isepnpurindu (i B SOPIIOUL L isanmoun AUl F e T pndihidl I
S S L SR i INAUS e i 800¢€ i:
LR U S eleshiag I 0T0¢ uonewLIOM] uogeuloUl !
R — — Py ey S10¢ i agmmwm‘_ @:amutmE meE@>Um i3
i 2g0g snjnuils 0coL sninugs ¢ ¢ 8L0¢ |: L L S OO GO 3 SRR i
Aloroejo ue sjel e | ¢ snjnwgs [ensia i Aioupne ue ooom coszB»E, mmuz_ocu SQE
i sepnjous induy sepnpurndur { i e sopnour Indul i sopnoul Induy § tererreremtasesesasasssssssasa s as st s s e e ‘
RIS D ettt e N ! Z00¢ 1oalgns sy 03 Indu ue Bupussead

U.S. Patent

/II 000¢




L€ 'Old

D1 L€ painsesut 94 O} UOIIBULIOU|
104 100lgns ayj jo sapeIUSSEIdS: IO
109[gNs By WO} JUSSUOD PBLLIOUY

10 aaneoiput Indul ue Buinie0s

US 10,251,541 B2

GOTE painsesiu sy oy UCHBWIoIu
40} 1oefgns ayy jo anpeiussasdal
JO 3108[gNns 8yY) WOy uogeZUOYINE
J0 aAnesipu; indut ue Buiaieoal

104 1o8lgns oy} Jo saneusssidal
Jo o8lgns 8y} Wwol Uolonysw
ue jo aanesipul Indur ve Buinisoal

vLi2
5 Y
= WX
= 1
< _ 0122 |
>
z 1
_ 8072 ~
2 _ 9022 _
: t
o
o OO OSSOSO S OSSO ,
a FOTE 19lans sy Aq uoyoslep | c0Lg
<« i Inounm paunopad aie Josuss jeubis osuodsai e yum | Alsaisniigoun pawiopad aie josuss feubis asuodsas !
109(gns oy 30 ake oy woy jeubis asuodsal e Buyosyep | B Ui 109fgns oy 30 948 oy} wioyy jeubis asuodsas |
M pue aounos jeubis uopeboudiul Ue yim osfgns | e Buposlep pue 80inos jeubis uojebosdiul ue Yyim |
: auy J0 @4a oy 03 [eubis uoneBousius ue Buusalep | | 109lgns auyy Jo ake ayl 0] jeubis uonebousiul ue Buusalep
P07 2 10suas jeubis ssuodsal e yim joaigns ouj jo aAs oy woll eubls asuadssl e Buposolep

U.S. Patent

/Il 0oie



US 10,251,541 B2

Sheet 32 of 67

Apr. 9, 2019

U.S. Patent

Z¢ "Old viZe
T T s s Aeibea e | 902 || FOZE WolsAs | | ZOZE ||
Pl Ul UORBLLIoJUS UIBO] YiIm J09igNs m.:t Ag ii i swiaisAs Buissesoid Buisseocid ejep |1 wolsAs Bussseooud |}
Um.;mucw :onmEh&E c_mom mcrmano Ag BlEp 9JOW JO OM] | e woyy Jayeuieled i i ejepeo) Jsjeweled ;
i1 efgns eyl jo Auspt ey BuluiLLIBIep (i1 usamieq 1s1euwiered jeoiBojoisAyd i jeoibojoisAyd
I P S S N SRS i1 jeotbojorsAyd | ay) buipiebas || sy} Buipsebas | !
1 ST7E ey} Buipsebes | | UOHBULIOJU | uopeulciul |
onuBooas [BURal JO oSN oyl YbNnoiys uonewopu 10 ‘iotpuweled Jo ‘iepwesed
i1} 1oeigns ey jo Ainuspr sy Buunuieiep : Jo “sepoweied ;i feoibojorsAyd | i fesibojoisAud | |
I O SRS S jeoiBojoisAyd ey i ay; Buiuiwuielep |4 ayy Buuueiep |
8 I BiE BuruusIep 4oy pesn | | 10§ pASN WeysAs | 104 pesn walshs | !
uoiuBooos [eIDE) JO OSN BYY YBNOIL) weisAs ayy Buiprebar ay) buiprebos | ! ay1 BuipseBas | |
i i josigns oy} Jo Anuep! oy} BuluwIeiap uonewuojul Josfgns {1 uogewuoju oofgns | | uonewuogl Yoalgns |
e et oy} Buipsebas | | oy} Bupsebai | sy Bupsebas | |
goet UOHBUWLIOMUE JO | UOHBWIOU] JO DUO || UORBWLIOMI JO BUO | |
yafgns auy jo Ayuept ey Buiuiuusiep § | ouo jses) je Buueys | i jses}je Buneoss i jsesfje Bupywsuel
' :
cile
A
_ 0122 |
A
_ 8022 |
| h_wu@o F4 |
A_
_ v0iZ |

A
c04¢ /I poce




US 10,251,541 B2

Sheet 33 of 67

Apr. 9, 2019

U.S. Patent

€€ 'Old

“OJIASP [BUIIXD UR O3 PapIUsues) og 0 1ojowuered [eoifojoisAyd a3 0 sAneoIpyl [RUSIS © Suisneo
pue {1osuos Jeudis asuodsar oy pue doinos [rudss
i uoneSolielul Y3 JO 2UO ISLI] 1B oY) 03 100dsar ypm jusuruSife ur s7 300fqns 9 JO 242 oy uoym 10ofgns
o1} JO 249 913 W0y pojovlap teudts osuodsea ayy wog 100fqns oyl 3o meoursred [eorSojorsdyd v Surmtuioiop
‘100fgns 3 JO 240 o4l Ylia Juouiugife ojuy
i Josuas ppudis asuodsex oY) pur 20Inos Teudis uoneSoLUT oY) JO 2UO 158 18 Fuliq 0) yosues [eudis ozed
i oy woiy 1eusSss oyl uodn 1aed ur 3s8I] 1B paseq Josuds [eudrs asuodsal oy pur oounos [eudis uoneSonul
oY1 JO 2u0 358I] 1B I1sn[pe 0] poinSyuos I0JBIDE oUo ISEI] 1¥ Sunenior JIosuass [euss asuodsar oy pue
i 2omos Jeusdts toneS01IUT 2Y) JO 2UO 1$BI] o) 18 2] 01 192dsaT i justraSife Ul J0U ST 10a{gns o) Jo 240 o I
I0SUs TRUSIS asuodsal 2y pur I3INos
{ Teudts uoneSouoput of) Jo oU0 JseS] 18 03 190d80T YiiA JUStTUSIfe UL ST 100{gNs oy JO 043 oY} OIoYM SUTHTHLINP
LIOSUDS [RUSIS 0783 B WIOL] 102fgns oy JO 949 dY} JO UOHIANP 9ZBF oY} JO 9ANRIIPUL [RUTIS © SUIAI0d01 !
Lrosuds jeudis esuodsor v Y 100ilgns oy3 Jo 948 oy wogy jeudis osuodsos v Sunovjep
122IN0S [eU3IS UOTIRTOLIIUT HE T im 102[gns o1 JO 042 o1 03 [2uds UONESOLDIUT UL SULIDATIOD

&
!
»
It

SUOLMNIISUT 2I0W JO SUQ)
POCL

eIpowW 2T RI0IS VILP OJ(RPROI-OUIYoR AIOJISURN-UOU 3I0W IO 0U(Q) 706t

amjoggnuew JO 901y 00%¢




US 10,251,541 B2

Sheet 34 of 67

Apr. 9, 2019

U.S. Patent

€ Old

{¥TPE wouey

| leaseyuy Buiiduwses

{ZTPT uousy

“oamm ww_ozzmcmwm i

oLye

uoHBIIY sourdeody

i 7OVE oInpayos
JOPE J8lionuo) Buinpsyog

FOFE 10889004d

08 |
{2INPNng e

LigeT i 9ET
e i1 uieIsAs JOSUeg
] {ojemoe | i jeondo Emj

el
wiaysAs
jeondo

)
]

Jjojempoe

Om i
80iN0S

F3yb1

01T mE:om jeudig co_wmmotmuc_

: 6 dsoy | T
hindino | jeubig asuodsay
9ct i soidwieg
iolpuweie RN i
120160}015A4
22T Jo10918Q
uaubipy
A
021 J0SS8204d
jeubiq ezen
oove
woysAg Z0vE

AIND4HO Buissanold jeubis

iogvE G iElRE |
Pisnppups | oisnpuys i
ffopny i fensin g
i OTPE Joemy ozeD
DH.I 90 [ 1osueg jeubis szen
55T eounog
| sninwing Bupporsj azes :

ZiLL jeubis
uoneboiisiy]

Zst
sSninNWiNg
Bupioei]

ozeo)

eubis
Asuodsay

P01
weofgng



US 10,251,541 B2

Sheet 35 of 67

Apr. 9, 2019

U.S. Patent

g€ "Old

act *

Jeweled
jeoibojoisAyd

00s¢
w9)sAS

vtvm UoLBILD
:mEQE Buydwesg

i STTE uoueILg
i oney esioN/eubig :

Oipe
uousii) soueidesoy

S0%E Jejjonuod Bulnpayog

POV 10SS9201d
ieubig esuodsay

807t

Zcl 10y8ieQg
ewiubiy

021 10ss800id
jeubis azen

3

40%%

induj jeubsg b
ssuodsay 905t I 'S

asuodsay

g1 ¢t
Anong
0U0Y)

i feubig

uoneboloiul

vwmm AJINSAHD [OHUOD
i snjnwing Bupjoel] oze

Aninoun Buissenoid pubig

ZLi jeubig
Josuag jeubig
osuodsay uonedousiu; oLl
reubss
..................... ssuodsay

et ow [ 801nog
jeubis uopebodiey

ozve | iTIEE
sminwig | sninuing
olpny w_m:ws

0igg
jeubig szen

g071 Josuesg
jeubis ezeg

0}
joelgns

(omm nduyy
reubis

azegy ¢St
sninwig

Suppoea]

azeo



US 10,251,541 B2

Sheet 36 of 67

Apr. 9, 2019

U.S. Patent

9¢ 'Old

i gOve

i saduieg

 5ET

asIna(g
Buissanoiy
i B1eQ

009¢
WwiosAg

FZET suespy Bununow

uolssiusues }
oieuBewonde|gy

09¢L sinjonyg
uoIssiuisuRl | e1eqg

{PIPE uouaD |
i ieasepuf budwes

THE uoudiD
ey ssion/eubis

oLve
uousls) soueydeosy

C N

909¢ I0suUag
reubis
asuodsay

om«mo\,sow
SNIMURS

i IOV einpeyos

a0ve
Jefjoquo) Buinpsyog

i Buppoel}

GOT i05usg

22t 101091
juswubyy

G2 1 108880014
jeubig szegy

TOVE 10888004
jeubig asuocdsay

g09t Amnono
Buissesoud jeubig

{jeuBig ezeo |

$09¢ 80Inog
jeubis
uoneboiselu)

ologe
101N}y

S Y

Z09¢ Buisnoy




US 10,251,541 B2

Sheet 37 of 67

Apr. 9, 2019

U.S. Patent

L€ "Old

90/¢ Josueg jeudig
$ZLE asuodsay MI-pIN
giawey Hi

rA VA% /
jopemy

ozEeY) 174 A

a3a7 poue uaed

sainog jeubig
uonebousiul Yi-pial

P oainog 1B oyt | | | PIYE Uowema | Juswubly L
it 1 reassyul Budweg | o :
H 1 IR SO i 0cl 10SS8301d | i} | ¢CLE H
T 4l ZTPE uowey | leubls ezeg 0ZIE weayshs
{1 o0 osion/ieuds | VOPE 10553003 | DUPIOBIL
H OTHE uonesn sousidecdy leubis OZE9
T | | 9suodsey
: 1 7076 einpayos ; S FAYAS
00L€ R T H BO7E Amnoso | |iowBmY
wolsAg GOvE Jojjonua) Bulnpsyog Buissenoid jeubig || 9zes
204C @ i T I
uoIsinele | (§]413 1 90LC Josusg i | YOLE 924N0S
5T7E ioenoy i feubig asuodsay jeubig uopebousyul




US 10,251,541 B2

Sheet 38 of 67

Apr. 9, 2019

U.S. Patent

8¢ "OlId

0i8e
Jsjjouos Bulinpsyos e 10 uondaHp Su) Japun sinpeyss e o Buipioooe ssiawered jeoibojoisAud sy jo ssiduwes Buiosion

809t Josuss jeubis osuodsol
8y} pue ao4nos |eubis uonebolrisiul 8y} JO SUO JSEY) 1B aU} 0} 10adsal yim juswuubye ul st 1oalgns ay) Jo 848 sy} usym
1osfgns ay jo ahs sy woy papalep jrubis asuodsal ayy woy oalgns syl 10 isisweied jeofBojoisiyd e Buiuiunsiap

o0g¢F Josues jeubis asucdsal aiy) pue
204n0s jrubis uonebBoLISIUL BY] 1O SUO 1SBS (B O] 108dsal yim Juawubye U St 103lgns au) j0 848 o] sylaym BuiiuLoep

!

$04¢ Josuas jeudls oSUCASSI B UM 109IgNns oyl §o 9As 8y ol jeubis asuocdsal e buiosisp

4

Z08¢ a24nos jeubis uoneboriaiut ue ypm 103{gns oy jo sAa ay) 03 jeubis uogeboussiul ue Buuealjep

oose — (ves )




US 10,251,541 B2

Sheet 39 of 67

Apr. 9, 2019

U.S. Patent

O 0T FOGT weisks | Z06¢ Woysks
916t UOUSILIO LOLDSI8S € S1os i swv)sAs Buissacoud Buissanoud ejep | Buissaocoid eyep
1oolgns auy Jo Ajlluapl ayl usym Ajuo sejowresed ;
Bjep SI0W 10 OM} e woy jepweted | e 0} Jojawesed
jeaibojoisAyd sy jo sejdwes Bunosios :
......................................................... usamioeq Jepwered jeaibotoisAyd | jeoibojoisAyd
M .I.....|...v..w.mm.“..\Gw.w._.m.w....,.m...D.m.Q.Awm—w&....&wmm.g.mmm.mw..%%wwwwmmw.... m EE@QOE%:Q o24y] m:mﬁummm“ “ =193} @C_U..m@mw.ﬁ
Ag 1oelgns oy} jo Ajuept syl Buryuuesiep i ! : :
............. nyncttcﬂur:c_:_.kﬁ:o 10 “Iejeuweled jeoiBojoisAyd ! jeoibojoisAuyd
jeoibojoisAyd sy} Bulupuieiep ay] Sulauisep
Z16¢ uoniuBoosl jpulal JO B98N BY) i
Bnosy 108fgns oy} Jo Aluspt syl Buluwieep ay1 Buiuiuielap i 40} pasn wioshs : 10} posn wsisAs
. JPnoiy jos1ans S 30 AUSPI 3 DURILLIISD Jo} posn woishs i oy Buipiebour | oy Bupsebas
......................................................................... ey} buipsebas i uopeuLIO/t | uofBuLICiU
016€ uonuboosi jeoey Jo asn sy uonewoul ‘slgns | qoelfgns i elgns |}
. Ubnaiuiosigns ous jo Anusp) au Dutiuuelen o Bupsebal oup Buipsebos |1 oup Buiprebor | |
UORBULIOMUE JO i} UOHBULIOHI JO JUO i UOHBLIIO JO BUO ;|
QOB¢ 1oolgns ay o Ajnuspt aul BuluuLelep auo 1se9| 18 Bueys io)ses|je Buineasl i i jseslle Buniwsues

gige
1811041U0D Buynpayns B JO UooeHp B JBpun amnpayos g o} Buipiosoe isisweled jeniBojoisAud oy jo saidwes Buposyon

A O00T 10SUSS [BUDS 35000551
2y} pue 92.nos jeubis uopebowBIUL B} JO BUO }SES] B oty 0} 10adsas ypm uawubie u st 109[gns ayj 1o 949 ay) uaym
108lgns sy} Jo 8As ay) woy paoelep leubis asuodsal sy wodl 1welfgns ayl Jo seysweled eoibojoisAyd e BuluiLielep

A
GO8¢T Josuas [eubis esuodsal sy} pue
aounos jeubis uonebolivsiul By JO BUO 1SBY) B 0} 1wadsal yum Juswuble i g1 108lgns au; jJo 948 sy pulaym Suruniusiep

/)
F0g¢ Josuas jeubis esuodsas B yum 10elgns aus Jo 948 sy} wioy jeubis esuodsas e Bupdesp

A

Z2049¢ eaunos feubis uogebousius ue Yum 10slgns ey Jo ads oy o) jeubis uonebouaiu ue Bulsayep

6¢ "Old 0066 A




US 10,251,541 B2

Sheet 40 of 67

Apr. 9, 2019

U.S. Patent

oo A T
P T P usamjaq |eAsslll i
FTOB ainpayos sy} Buikipow sepnjour | | | Buydwes wnwiuiw e
P sereweled [eaiBojoisAyd ayy Jo aidwes e Buioaliod Joj ainpencid oy Bukypow | | | 15891 18 uim sejewesed
e e e et T It e S e S LIt LT LT O Tt e feaibojoishyd oyt
T ST GO [BASI BULIES ] T GTOF oo oS SSiou-orBUB ] | | 1 J0 S2ITIES BUosllon
R © sepnjout uouaIo Saueideade ;| @ sopniou; uoueo eoueidsooe | i g5G5 poiiad Bliduies
BOOT uoLao soueldecde ey} Bulkipows sepnjpuy | §i B Bulinp sopweded |
bl sorewresed jeoibojoisAyd ay) jo ajdwes e Bunos}ioo Joy ainpesoid sy Bukyipow | | ieabojoisAyd . ¢
I I ayj jo soidwes jo i
: TO0V poued Bugjdwes ay} 30 uoniod pauruIe}epPaId B UM PBJosod | { Jaquunu peuiuueiepald |
1u88q J0U SBY UoMBIIO souedecoe ue Bunssw seidwes jo Jequinu pauiuueiepaid | e Bunos|joo i
e ji 1ojowelsed jeoibojoisAyd oy} jo sjdwes e Bunoa}oo 10j aunpaooid oy} BulAipows | Trmrseresssssasesesasessaesveeaed

...................................................................................................................................... 018t
18jj0U0D BUNPBYDS € J0 UCHOSNp 8Y) Jopun anpoayos e 0] Buipioooe isjewesed eoibojoisAyd sy jo sajduwes Buposoo

808¢ Josuss jeubis asuodsai
ay) pue 80inos jeubis uopeboliaiul By] O BUC 1889} 18 8y 01 1oadseal yim juawubie wi st 309igns oy Jo 248 auy} usym
1oelgns ay} JO 9Aa sy} woy peoelap [rubis asuodsas syl woy Joaigns ay; jo ejewesed jeoibojoisAyd e Buiulwiaiep

A
90{E J0SUBS [RUDIS 9SUOdsal oy pue
aninos jeubis uogeBolislul 8y jJo U0 jses) e 0] padsal yum jJuswubije ul st 1oolgns ay} Jo afa sy} Jayiaym Buiuiuiisiap

f

HORE 10suss [Bubls asuodsal e yim 109igns auy) JO A8 ay} wiol) eubis ssuodseas e Buiiosiap

i

Z08% o04nos jeubis uoneBousiu ur yum joefgns ayy jo sha aiy 01 feubis uoneBousiur ue BuuaAlep

o 'Ol goor N




US 10,251,541 B2

Sheet 41 of 67

Apr. 9, 2019

U.S. Patent

O11¥ pousad bBujdwes

2y} j0 uolied paulwisiapald B uiylim Paiosiiod Uusaq jJoU Sey UOUSHIO souridasoe ue Buissw seidwes (o Jequinu
pauiuuelepald e y rosuss [eubis asuodsal sy} pue s24nos jeubis uogebouialul ay] JO BUo (ses] 1B ypm Juawubye
ojut Joefgns ayy Jo ahs ay; Bung pue 108igns oy Jo azel oy} Jorilie 0] paidepe sojorvaie azel e Buneajoe

01T poued Bugdwes ay} jo uogiod pauiuisiepald e ulypm |
nmwumzoo:mmnwocmmcco:mﬁomocmﬁmoumcmmczwmémQQEmwonnEscva:&vamHmhaoo_nzmwciow

aks sy} ymw Juswubiye oju Josues jeubis ssuodsal ay) pue aounos jeubis uogebosusul 8Y) JO BUD 1se8] 1e Bulhow

B01F uonosup ozeb ay) uodn ped ul jses) Je peseq losuas jeubis esuodsal sy} pue 8aunos |
reubis uogeBousiul Y] JO U0 Isea] 18 0} Joadsas yum juswubie ur st 108lgns sy} Jo 94a aiyy seyleym Buluiuuelap |

$OSE Josuas jeubis ssuodsas sy pue
22inos [eubis uoyebolIsiul BU JO BUC 1SES] 18 0] 10adsals yim Juswubie ur 81 10algns auj JO 945 auy Jeyeum Buuuiielap

+

PORE Josuas {eubis asuodsal B 4im 103igns sy JO aA8 auj) woly} [pubis asuodsal e bujosisp

¢

Z08¢ aounos {eubis uoneBouen ue ypm 108fgns sy jo ake sy o) jpubis uopeboussiul ue Bulaayop

3

Y017 ieubls 9zeb ayl uodn paseq 199igns ay] j0 8As sy} JO uonodsup 9zeb ay) buiuuselep

A

Z01 7 109lgns eyl o ahs ue JO uondsIp azeb e jo aAjedipul uoneuLojul Bulueiuod jeubis azeb e Bunadal

¥ "Old 00i¥ |I\




US 10,251,541 B2

Sheet 42 of 67

Apr. 9, 2019

U.S. Patent

01g¢
Jsjjonuod Bunpayos e 40 Uoioasp syl Japun ainpsyons e 0} Buipicooe Jaeiueied jeoibojoisAyd ayl jo sajduies Bunosliod

B0RT Josuas [gubis esuodsas
a8y} pue 90.n0s jeubis uoneBoIvlU Byl JO BUD ISEI| jk o] 0] 10adsal yum Juawiubie ur st 10algns ay: jo 9ds ayj uaym
1signs ayl jo ake ayl woyy pajosap jeubis esuodsals ayl woy oefgns ayy jo ss1pweled jeoibojoisAyd e Buluiussiap

A
908a¢ Josuas [eubis asuodsal ayj pue
aninos jeubis uogeBouBiul B4 SO BUO 1SES| JE 0} 100dsa) Unm awiubie i st elgns oyl Jo 8a sy} Jelioym Buinpuisiep

F0Q% 105u0s [eubls asuodsal B UM 109igns oY) Jo oha oy} woig jeudls esuodses & bupooiap

vicy Z12y sieubis B80CY

sieubis asuodsal aidyinw asuodsas adiynuw O12% sieubis ssuodsal sjeubis ssuodssi aidiynuw

i ay} jo wns paybiam | i euy jo obeisae Bunow i1 edginuw oy BuiBessne | ay] Bunuwins Aq jeubis
il e Bulmusiap Ag jeubis e Buiuiueep Aq jeubs Aq jeubis uonebousiu uonebousiul pasind
gonefouou pasind uoneBoitaiul posind pasind au jo sasind a2y} jo sasjnd sidpjnws

8y} jo sasind sdiiniy 0} oy jo sesind adipinw 0} ajdinw o} ssuodsas W
! gsuodsal u pelgns sy asuodsal ul 1sifgns auy 108fans auy; 10 she ayl
}0 8he ayy Aq peonpouid j0 ahe sy} Aq peonpolid Ag peonpoid sjeubis

sjeubis asuodsal sjeufis asuodsal asuodsads ajdinuw oY)

aidiinu sy} BLauIqUIOD ajdiynut sy Buluiquiod Buiugiuos Buipnjoul 507% feubrs woneBoLeI

®>m sy} Agq peonpoud sjeuBis asucdsal sidiynus Bunosiep

0} asuodsal U 108[gns sy}
10 8h8 sy} Ag paonpoud
sjeubis asuodsai

oidninuy ayl Buiquiod

enrveany

vavarany

ko]
Q
®
=
Q.
Q
£
N
O
1]
1]
R
3
Q
£
2
=
o
£
Qo
-
o
w
o
o
Q.
0
@
-
£
g
B
0
3
1]
O
L
=
Yom
O

........................................................................................................................................................ el

Z08¢ @ounos [eubis uonebolell ue ypm 10sfgns ayl Jo ahe ay 01 jeubis uonebolaiu; ue Buueaiep

¢y "Old 0624 A




US 10,251,541 B2

Sheet 43 of 67

Apr. 9, 2019

U.S. Patent

oigg
JBIoAU0D BUNPBYDS B JO UCHORIP B4 Jepun ainpayoss e o} Bulpioooe Jeteweled jeoiBojoisAyd sy jo sejduses Bunos)joo

TOTH reubis uoneBouiisiul puoosas ay) 0} esuodsal Ul osfgns |
8y} jo 8A8 ay) woly pesuss [eubis asuodsal puooas e pue jeubis uonebouaiul 184y oy} 0] ssuodsss us 108fgns sy |
10 ohe By} woy pesuss eubls asuodsal 1s1y g Bupedwoo Ag pelgns ey 30 1ejewesed [eoiBojorsAyd auyy Buluiuiielep |

BOEE 1osuss jeubis ssuodsal
2y} pue a0inos jeubis uonefosisiul 9y JO BUO ISEB) 18 84 0] 108dsal Yim Jusuubie us st 109{gns oy JO 848 |y} usym
joslgns sy} jo ahe oy woly poroeiap jeufils asuodseol sy woy 1oalgns ayy jo Jojewesed jeoibojoisAyd e Buiuiuueep

AenwmswavewNsy

90g¢ 405uUes [eubls asuodsel ay pue
aounos jeubis uonebolisiul 8yl JO 2UO 1SBS) Je 0} 10adsal yym Juswubie u st 109[qns sy} Jo 948 oy} Jeyjoum Butuiuislep

)

YOt J0sues [eubis esuodsal B UM 108igns B JO 8Ae 8y} wol) jeubis esuodsas & buljosiep

HAR P T I POEV |
FAR A OIEF ! i1 jeubs uoneBousiur oy 1o JusuUCdWOD YiBuajarem

jeuBis uonebousiul | jeuBis uoneBouoiw i puoo9s e 0] saisuodsal 10ofgns sy} jo sAs oy |

: puooes ayj 0) oedsas | i puodss ayj o} pedsas | ! Aq peonpoid jeubss esuodssi puooas e Bugosjep
yim Aepuenbes | | yum Aisnosuepnus : pue ‘jeubls uoneBousul ayl jo Jueuodwon |
jeubis uopeBouapy | jeubis uoyeborso i yibusisaem 151y e 03 sasuodsal j1oolgns ay) Jo 94s

1841 2y Buueayep | 1841 oY) Buuenjep | ayi Aq peaonpoud jeubs ssuocdsel 1siy g Buijoalep

L A VU AU A R E R R AR A RS DA RpS.

00C Y yibusjaaem eoOdo puooas B Buiney
jeubis uoneboussiul pucoss e pue YibBuseaem jeondo
151y B Buiney jeubis uogebouaiul 11} e BulsAysp

20T by
10 syibusipaem sidginw Buiuieiuos jeubis uoneBosleiul
ue Buusalep sepnjout uopebousu ue BuleAlep

208¢ aounos jeubis uopebousiul ue Yim 109[ans sy JO 943 sy 0} jeubis uogebousiul ue Buuaaep

v
T
’
b
H
3
H
»
H
N
H

€V "Oid 00EY A




US 10,251,541 B2

Sheet 44 of 67

Apr. 9, 2019

U.S. Patent

{ TZhbeomep | (ZZhvAedsip iigZpvAedsip i gTvE Aedsip | | P mxm:;gmgwmgmgomwmw m
: Buisseooud | ! euoyde} | oweb oapia Jeindwioo | 9TyvIoyuow | i psunusslep ay; oy Buneol |
: ejepeo} | | eojjeubls ! eojeubs eoy ii ospneo i i uogew.ojus Aeydsip |
reubs indino ndine indino jeubis ndino jeubis indino 03 peydepe Aejdsip e 0}
i owbBupues | { oy buipues {i oy Bupues ay) Buipuss | sy Bupuss | jeubis ndino ay) Bupues |

0% asmonas obeiols FOFF elmoniis
glep e o} jeubis uoISSIUISURS] BIBD B 0]
indino ey) Buipuss eubis indino a3 Bupues

ZIvFndino | | OTFFIndino |
[ensia e o} jeubis {1 opne ue o} jeubis |
indino eyl Buipues | WSQSO aul Bupues |

g0v% Aeidsip e |
o1 jeuBis indino |
oy} Bupuss i

207 aimongs ndino ue 0 wisweied jeoibojoisAyd pauiwieiap auyy 0 Bunesl jeubls indino ue Buipuas

samsumsnmnm .

A —
0L8¢
1Bjj03u00 Buiinpayds g JO UORORAP B4 Japun anpayss e 0} Buipiosse iajaiuried [eoibojoisAyd oy jo sajdwies Buijoaljoo

A
208¢ 1osuos jeubis asuodsal
ay} pue sounos feubis uopeBolieiul 8 JO SUO 1SED] 1B oY) 0] padsal yum uswubie u st 1oalgns ay) Jo 84a oy usym
109(gns oy} Jo aAs oy wWol payoslap jeulis asuodsal oy wiod) 10afgns ay) jo Jseuieied jeoibooisAyd e BujuiueIap

A
08¢ Josuas |eubis asuodsas oy pue
90.n0s [eubis uoneBoLIRIUI BY1 JO BUO iSB8} 1B 0] 19adsal ypm juswubije w st joalgns ayy jo 8As ay) Jeylaym Buiuiunsiep

A

$0G¢ J0SUas jeubis asuodsal B Uim 109Igns au; JO 9A8 a8y Wol] [eubis asuodsal e bunoa)ap _

A

Z08¢ aouanos jeubis uopeBouaiul ue Yim 10algns syl jo a4a ayy o] jeubis uoneboiioul ue Buliaalep

vy 'Old A
00P¥



US 10,251,541 B2

Sheet 45 of 67

Apr. 9, 2019

U.S. Patent

g¥ "Old

ZO0PY aunongs Indino ue g} seweled jea1bojoisAyd psuiuusisp oyl 0] Buijeiss jeubis ndino ue Buipuss

0oLge
Jajjosuco BuNpayos B JO UMD 9] Jepun ainpayos g 0] Suipioooe iojeweied eoibojoisAyd oy jo seiduses Bunoayoo

P0G oelgns
ay} Jo 10winy snoanbe

ue ul soueIsgns
e JO Juswainsesw

w 205
i josigns 8y} jo pooiq
oy} Ui ouUBISgNS
© JO JUSLISINSEBW B

g04% Josuss jeubis asuodsal
2yl pue 82inos (eubis uoyebolialul 8U] JO U0 1SB8) 1B 8y} 0] Joadsal yiim jusliubiie ul s 109gns 8y jo 848 oyl usym
100lgns ayj 40 948 oy} wol peioslep jeubis esucdsal oy} woly joeigns ayy jo teewesed jeoibojoisAud e Bunuiesp

B08¢ sosues [eubis asucdsal ay} pue
o0inos jeubis uogeborisiul Byj JO B0 1SEY] JB 0] padseas yim uswubie u si 109igns oy} Jo 94s ay) soyiaym Buuiuiisisp

4

PORE 10SuUSS jBUDIS asuodsal e ypm 1oslgns oyl jo Ao sy wiol jeubis osuodsal e Buosiop

3

Z08F saunos jeubis uogebolor ue Yum 1oafgns syl Jo oAs ay) o] freubs uoneBoussiul ue Bupealep

000Gt In\




US 10,251,541 B2

Sheet 46 of 67

Apr. 9, 2019

U.S. Patent

ZOvP aumpongs ndine ue o} selpweled [eoibojoisAyd pasunuigiep sy o} Buneads jpubis indino ue Buipuss

$

018¢

Jsjionued Buinpayos e jo UsHOSIIP 8U) Jepun sjnpayos e o} Buipioooe ivyaweied rpoibojoisAyd syl Jo seidwes Buios)lod
A

m «««««««« T b B e T L L] rvmvavmbsbsas emvaav N e vt P Tt heemam P pomvaeny 4T ..Vum.@am.*mx.mnw.%@w:. .......................... w
P T B S e ; aui 108 Z09% sown
FTo7 serowesed | i { ieeoslgns sy Jos 2I0W J0
feoibojoishud awp oiov B0OF | | (40 oM@ ayiwoy ¢ 1 8uo e josigns
! i uodn paseq se|npayos 10elgns oy jo sngue wolgns oy soy | | | PAI0AIBP jeubls | | oyl jo she syl
P powwesBoid i  8uo }ses} e ucdn peseq pozijeuossad | | esuodsal i | WOy paydRlep
P -aid omyIses|ie | i semnpayos pewuielboid ; S§ BINPBYDS | | i ayj wioy : i jeubs ssuodsal |
i | Buowe woy pssies s i -sid om) 1ses| je Buowe | powweiboid | i | 1slgns ay 8y} wol
! | ojnpayos pawweiboid | woy pajoses st aNpoyds | oy} wesByM jo Jorpuieled | 1efgns sy
ayy woisym i pawnueiBoid ayp WasaUM § T iimererseeeesd resibojoisAud i j0 seyBWieIRd
LA T SRS I SO SO AN S °1¢ [°T 2 w_:Um:om ay) jeaibojoisAyd
pawwelboid e 0} mcﬁ(_ooom 1olgns ay jo sAs oy wWoly Poyosiop eubls : BuiuiuLoep oy mc_c_E 1e19p
i @suodsai ey woy Josigns sy Jo Jejeweled [eoibojoisAyd au) BUILILIBIOP | f-revmaeer s rmnraranas fensatarse e as s et .

Q08¢ Josues .mcmmw ssuodsal
8y} pue ooinos jeubis uoiebousiul 8Y) JO SUO 1SES JB oy 0} Joadsals yum Juswiubye u; st jos{gns oyj Jo aks oy} usym
108igns ayy JO A8 ay] Woy poloalap jeubis aesuodsal oy wol 109fgns o) jo Jejeuweird jeoibojoisAyd e Buiuiuueap

D03¢ Josuas [pubis asuodsal 8y pue
aounos jeubis uonebolslul By} JO BUO 1589 1B 0] 10adsal yum juswiubie ul st 109igns auyi jo 94s sy Jeyjeym Buuiuueyep

A

F0RE 10sues jeubis esuodsal g ypm 108igns o JO aAs oy wioy [eubis asuodsas e bugoelep

A

FOGE 204n0s [eubis uoneBoLaILl UB Ui 108IgNs By} JO 848 sy} 0) jeubis uopebouisiul ue Buleajep

9% "Old ooor A




US 10,251,541 B2

Sheet 47 of 67

Apr. 9, 2019

U.S. Patent

0¢7% uogeoydde
Anoos Io ssauisng

e ui jeubis asuocdsal
8y} WO} PaULISIap
ieewesed eoibojoisAyd
oy Buzyn

uopeoidde pojeias ||
-yjjeay 10 jeoipaw | i
e ui jeubys asuodsal
B} WO pauuLIsiep |
Jjgysweled
{eaBojoisAyd i

ey} Buiziiyn |

¥y 109igns aui jo aiels

ST 7 walgns ay; jo
Ssoulisje oy} ssosse
o1 jeufiis asuadsai
8y} WOl pauluLIBIap
igyowered
jeoibojoisAyd

au Buizyan

{BUOHOWD UR SSOSSE

0} jeubis asuodsau

B} W0 PBUILLIBIBP
soppuwiesed peoibojoisAyd
ay} Bugzin

Z1 77 onyejuassaides ebsi v 10 i
i ueipienb jebej e ‘loquiew Ajwey e
i “;opinoud aoinses jeoipaw e ‘psfgns
8U} JO 210Ul IO SUO SBPNPUI i}
Ayted pojsassiut ou) ugIoUMm i

014V Aued |
vmu\wm:wuc_cmownc@:mwo_mo_omw\fa

ay} Buipiebei uopewiopw Bupodsl

0Z7 puedy jeoibojoisAyd

B auiuLIglap 0] eeweied eoibojoisAud
2 J0 Juslisinsesut snojnasd e

i 0} jeubis esuodsed oy WOY pauRUIBleD
i Jejeuweled jeoiBojoisAyd ayy Bupedwuoo

B0.% enejussaidas
iebaj e uo ueipiend
jefs) & JoquueLu
Apuse; e “sepiroad
BOIAISS [BOIpaW

g Joelgns sy} jo
810U JO BUO SBPN|OUE
Auped poyseiaiu

By} LIBIaYM

Aued pejsaieiul ue o}
jepweled jeoifojoisAyd
oy} Buipiebai
yofewsopu Buliodai

Z0vH a4njongs indino ue o) 1ayoweied eoibojoisAuyd pauiusiep oyl o) Buead eubts ndino ue Bujpuss

A

olgt

Jajjosjuos BulNpayoss B 10 UONOSAP S JOpUN ainpayos e o) Buipsoooe Jepweled eoiBojoisAyd auy jo seiduses Bunoajon

A

8039¢ Josues jeubis

asuodsau ayy pue 92in0s jeubis uonebousiul ay] JO 2UO 1SE8] 18 ay) 0} 1padsal yum luawubije ul st 1osifgns syl jo aAs syl
uaym 109fans oy 0 84s oy Woy po1oslep jeubis ssundss) syl woly Josfgns ey jo seypwesed eoatbojoisiyd e Burniulaiep

A

90g¢ Josuas jeubis asuodsal ay) pue

20inos jeubis uoneBolialul By JO SUO 15T} 1B 0] 199dses Yiim uawiubie Ul s110slgns sy JO shs ayl 1auyleum Buruiuiioyep

A

FOEC J0SUBS {rUDbIs 8sUCdsal B YIM 10aigNs &y} JO 9A8 8y} wiolyj jeubis asuodsal e bujjooiep

A

708¢ 204n0s jeubis uoneBoseyl ue yum 10efgns ayl jo ahe sy o] jeubls uopeboussiul ue BuusAlep

Ly "Old

0oLy __A



US 10,251,541 B2

Sheet 48 of 67

Apr. 9, 2019

U.S. Patent

087 indut
ayy 01 Peiqns 2y jo asuodsal  aupudIap 0} jeubis asundssl sy} woly peulwislep Jejawesed jenibojoisAyd ayy Buizipn

A

Z0FT a4njongs (ndino ug 03 1elswesed eoibojoisAyd pauiuisiep sy 0) Buneres reubis indino ue Bupues

A
01i8¢e
Jojjonuod Buinpoyns e JO UOHORAPD B4 Jopun 9INPaYDs v 0} Buipioooe sojpwesed jeoibojoisAyd oy jo seduues Bunoeios

A

80BE 1osues jeubrs
asuodsals sy pue 80inos [eubis uonefoleul 8yl JO BUO JSES] JB BU} 0} 10adsal Yim Juawubife ui st joalgns au Jo afe sy
usym 10a{gns oyl jo aAs oy} wol poroslop jeudis osuodsss oy uiol) 109afgns sy jo soiaweied jeoibojoisAyd e Buiuwioiop

A —
909< 105Uas jeubis asuodsss sy
pue a2inos jeubis uonelousiul 9yl JO U0 1589 1B 0} 1oadsal yim juswubiye u st 108lgns oy} 0 aAa sy Joyleum Buluiwisiap

A

YOSE 10suas jeubis asuodsal & yim 10algns syl Jo @As sy woly eubis ssuodsas e bugossp

 \

708¢ eoinos jeubis uoneboueiu ue yim oelgns ayj Jo ahe aui o} leubis uoneBoussiul ue Buusalsp

: 9c8y i Pe8y [ Rl bl el i e |

H H [ SHINWINRS H paTAssssavavavamsssansnavana H

m Emm.;:mm m _mo_Smom:sw " m:_m,www m mNmeEwmcmm tiosninums G pigy uojeuuour co;mENh%w

i i e n Sl i i i : :

| Sopnmputjneut + 2. Soprioul Jnan jeansu e | i sepnpurindy i Aiojeisnb | 0dpIA Jund

SR T ik N SO Plesepnpouy | il

: ce8y | | pEgpbrupe |Sepnpou T i I O iehteateisni U

| leonneoewneud | sopnourindw (| ndur i | grep ¢ 4. ndul iii OISy uonewoul 808Y

P e sopnpurInduy | teeeeeeeeneins B O £ 11111011 1B I e mcemmwe Mommehov,c_

I . i DZeFsninums (i lensine igTgpeninugs | Pl O UHOMIBLL {1 DulsheApe

¢ ZZ8% sninuwims Aioyoegio | sjoere |isepnpuy i fowpneue i | 908F UOReWLoW) sepnjoul ndur |

i B sepnioutindul ; | Sopniouindut 1 09w 1} sepmounindul | o55306igns auy) of ndut ue Bupusseid
8v "Old oosy A




US 10,251,541 B2

Sheet 49 of 67

Apr. 9, 2019

U.S. Patent

O16% poinseawu ag 0} UOIBWLIOUI
10} 108fgns 8y} jo aaneiuasaidas |
houom.ﬁsmoEEob:cmwcouUmctEEm

B0BY painsesaiu g O} UoREBULICU
304 109[ans ay; j0 saleluasaIdal
10 109[gQns sy} WwoJ} uonezuoyne
10 aaneoipur induy ue Bunadal

0BT peinsesul 9g 0} UohBRULIOLUE
10} wolfgns a2y 10 sangUSSTIdad
J0 108[gns 8y} Wicl) UOnRINYSUL

40 aApesiput Indu; ue Buineoal ue Jo sAljesipul Jndul ue BuiAleDS

ZOyY samonas Indino ue g} seuieled rpoibojoisAyd pauluuelap au o) Buneiss jeubs indino ue Buipues

08¢
JOONUOS HULNPOYDS B JO UOHO3AP BY 18pun ainNpayos e o} Buiploaoe Jejaweled [eoibojoisAuyd ay) jo saidutes Buiosiion

308 JOSUDS |BUbIS o8u0d%o.
sy} pue 80unos jeubis uonebousiul By} JO BUO ISEY} 1B 8yl 0] 10adsas yum juswubie Ul st 10aigns ay] JO 948 8y} usym
1o0lgns syl jo 948 oyl wioyy payodlap |eubis asuodsal ay) wol olgns oy jo 1vjewried jesibojoisAyd e Buiuuialep

B0Q¢ Josuss [eubis osuodsal oy} pue
asinos jeubis uogebBouiaiul 8y} JO BUO 1SE9| 1B 0] 1oadsal yim uswiubie ul st 10signs ay) 1o aka au) Jsyiaym Buluiuissiap

4

FOSE Josuas jeubis asuodsal 8 Uim 108igns aui JO 9AS au] woly [eubis asuodsal g Duyosiap

i

FO6¥ 108lgns ey AQ uoioalap INOYRM
i peuuopted ale sosues [eubis esuodsas e ym joefgns
mc:om\nmmEEofmmmmmmw:oamwhmmc_womwmn

i 2065 Alaaisnaqgoun

! pawJoped aie josuss jeubls esuodsal B yum 1oalgns

: By} 0 848 oy} woly jeubis asuodsel e Bunoaiap
pu® aasnos feubis uogebouaiul ue ypm 109fgns
By} 0 8Aa ayj 0} jeubis uonebousiu ue Bunaayep

208T eoinos jeubis uoneBousiul Ue Yim 109igns ey Jo 848 ay) o jeubis uonebousiu ue BuusAlBp

pue a2inos eubis uoyeboussiul ue yum psigns
ayj jo aka oy o} jeubis uonefousiul ue Buuealsp

6 'Ol ooy A



0S "Old

US 10,251,541 B2

Sheet 50 of 67

Apr. 9, 2019

ID[JOAUO0 BUINPOYDS
, B JO UONO0.p oY) opun onpotos e 03 Surproooe xojoweted eorSojorsAyd ogy jo sojdwes Suijoojoo
pue {1osuds jeudis asuodsar oy pue 20In0S [2UTIS UOHES0IION
34} JO 200 158I] 1B 241 0 102dsas A JuswruSIfe ur 81 109fgns oy Jo 340 oy uaym 1woalqns
i oY1 Jo 242 oyl woky Paoatep jeudis asuodsal oy wioly 19afgns 3 Jo sorpwrred [porfojosAyd v Suruinualep
{10SU9S JeudIs osuodsaz 2y} pur 20INOS [BUIIS
i uoneSoxrour oY) JO SUO 158 1B 03 103dsa1 Y JudtuSI[e Ul $1100{qns oY) JO 240 2y JoYIoyYM FUIUTILIRD
‘eudys asuodsar o) wox
mpuered pardojoisAyd e sunuioisp 01 102[qns o1 JO 048 o) w0 posuas jeudis osucdsas ¢ Suissesoxd
{10Suds JeUSIS 95UOdsaI v YIMm 103[qns oy JO 940 oY) WO [RUBIS dsuodsal e Fuiooap |
‘01008 [euSis uoneforu ur yim 10fgns oy Jo 24s oy 01 jeudis uonedoreius ue JuLeArep |
: 1303

e e e e e e e

SUOTIONIISUL ATOW JO U
¥00%

BIPOW 95110)S BIBD O]qePRAI-OUILdRUI AJOJISUBL-UOU 2JOW IO U ZO0S

amiorinueul JO I0IFY 000C

U.S. Patent




US 10,251,541 B2

Sheet 51 of 67

Apr. 9, 2019

U.S. Patent

1S "Old

L O¥TS
{ aunonig H
EB:O :

39CIG &
anjersaa] i
qg9cis i
Uonenassy
€gcLs

gjey UBoH

P e

i OETS »mam_o

H

YeLS
10$58204d

teudig
asuodsay

Hiop838Q

tcmEcm_Z
SR K - 4 15
— Bunjori] 8zed)
AR | SUDIOBLL 9289
Annoann Buissenold jeubig

P {geTS
i 110ss800Id |
: m_mcm_m

ooo-hmumEo:omam
{ jjosljo0 eondo |
30T 1S BISWES WY

B0LLS G<Q\mccmuc< :

011G Josuag
jeubis ssuodssay

{q901S
i 904n0g 14617
tueBoje ueysBuny !

SO1G 804nog
jeubig uopebolisiu]

i FPIS

snjnuing
Aiojipny

fensin

0216 ngQmuﬁ\( 9zeo)

{ 251G s0inos
SNINWIRS

0
Wi
-

azeq)

001G weyshg

BRELG. .
{ B0INOS i m

| PELS 6008 |
smpnugs
iBupoea) i

mm.\m&owcmw
wmcm@ eze)




US 10,251,541 B2

Sheet 52 of 67

Apr. 9, 2019

U.S. Patent

26 "OId r0cs
................ . OL1¢g Josusg
$Z 16 10888001 < \AlLIII jeubig ssuodsay
; jeubis asuodsey
i fg0zs Amnoid oauoy |
ovig ! jeuBig uoneBolal T p| Q015 82NOG
ainonag i reubig vonebouey
inding
......................... . 20Z2¢ 18jjonuod
reeaemr e mrmonn : JojoRIlY 9ZED
POZIS | T . {$PTG oomnog |
i UODOUISH | fsninwing
i POTBUSDAXD | | Kioppny
992165 | : i OF1S J01091eQ | | Rl
: EYEIER TETS ; . $yuswiubipy . : 0C 1S 10j0B]Y 9ZB0)
49cig : T S N mes NN
i ponendsoy | : po— H ;
: HE ; : ! GTTC 108s9001d i ! L
i BT EeH | et meme e neanns i — i leubig ezeg
L GZTC i Bupjoel| azeo / ........................ .
i isjeweled B 90c$
CBOBOIOISAUA Lt L i PELG edunog |
R P i iRTSe ; P SNINWKS ;
061G Apldsig i i01CS Apnoup jonuod : ;
orner e T “ i sninwig Bupjoel) 9Ze9 j Bupioesy ozeq |
ccls
Amnou) Buisssooid eubis
0025 weyshg




US 10,251,541 B2

Sheet 53 of 67

Apr. 9, 2019

U.S. Patent

€S 'Old

FZe 1 surapy Bununop

| GOET sueauws
uoissiwisues eondo

»
.
.
»
H

EQ Indino opny

i sUBOpy UOISSHLUSURL ]
m opeubewioosil

i 09ET aunponag
P uolissiusUel | ejeq

0ZCT aumponag inding

C0t T BuisnoH

whsvavasvavas

ic1oe1e(] wswubly

{1 BE LG Jossav01y
eubig azen)

vhavevravavad

026G Aqnoa)
i Buissoooid jeubig

.mohsome:Emw
mc_xoﬁ 1 szen :

i 0LeG 10susg
jeubig azen

0cla
I0)oRIY OZeD)

womm Bw:mw
jeubig asuodssay

{9065 1 ip0es |
mEm~m>ww { soInog |
;mu_ao Mzmj

Nomm 20In0S
jeubig uoneBousiuy

00¢¢%
woisAs

A




US 10,251,541 B2

Sheet 54 of 67

Apr. 9, 2019

U.S. Patent

¥S "Old

pue

80¥PG J0suss jeubis asuodsal
ay} pue aaunos jeubis uonebouvul ay) Jo DUO 18B9] 1B oY) 0] 1oadsas yim juswublje ug st 103fgns auyl Jo aka oy} usym
108igns oy} JO 8As oy} Woll paodslep [eubis ssuodsal ay) woJ 1oafgns ay) jo 1ojewesed jeoibojoisAyd e Bujuiuielsp

!

90VG Josuas jeubis asuodsal ayy pue 921nos jrubis uonebolsiul
2y} JO 2U0 1B} 1B yum 1uauwiubiie ojus saow 0} 10algns oy} JO 9Aa ay} asned o} jopoeae szeb e Buijjonuod

1

FOTG 10suss jeubis asuodsad e yiim 109igns a8y} JO 948 ay) wod} eubis asuocdsal e Buiosiap

3

Z0PG eo4nos [eudis uonebolaiul ue yum 1osigns auy jo ofa auy 0} jeubss uoneboliaiul ue BulsAlep

oors A (CRE D




US 10,251,541 B2

Sheet 55 of 67

Apr. 9, 2019

U.S. Patent

80VG Josuss jeubis ssuodsal
sy} pue aounos jeubis uoneboiisiul 8y} 4O BUO ISE8} 1B 8y 0) adsal ypm Juswubije u st 10efgns oy} §o ahs ay) ueym
1o8lgns ayj Jo 9As ey} wioy} pajoaiap jrubls asuodsal sy} Wiy 109igns ey jo Jejsweied [eoibojoisAyd e Buiuuieiap

A

007G Josuss jeubis asucdsal ayl pue aounos jeubis uonebBouoit
BU] 10 SUO 1SS 1B Yym Juauiubiye olul Aol 0} 109[gns ay) Jo 948 sy} asned 0 Joloesye 9zeb e Buijoiuoo

§1¢6 jeubis suwies aiyj
ase jeubis asuodsal ey pue (gubis azeb oy uisiaym

POVG Josuss jeubis asuodsad B i 10algns oy Jo 9he ey woy jeubis ssuocdsau e Bunosiep

t

Z0vG aounos jeubis uonebousiut ue LM oefgns sy 10 a4a ey 01 jeubis uoneboliei ue BulBAlDD
A
90GG uopoeuip ozeb ey} uodn ped uj jses| Je paseq Josuss [eubis esuodsel 8y} pue 80Inos
jeuBis uonebouislul 8yl JO U0 1sB| 1B 0} 10adsas yum Juswubife ul st 108gns ayj jJo oAs ayj Jaylaym Buluiuaep

3

705G jeubis azeb ayy uodn peseq 1oeigns oy} Jo 9Aa By} jo uoioanp 9zel oy BuluiuLelsp

wioly J1o8igns aiy jo A8 sy} §0 uonoalip ezeb auy Jo aAledIpW
uoneusop Buieiuco sjeubis azeb jo Ajjeinid e Buiosiep |

i 5155 seounos sninwys bupbpoes | gOST 1oelgns oy} Jo aAe ayy jeubis ezeb | |
i 1 ezebjo Aueanid B yym sminwls | 1 ey Jo uononpoud esnes o) paidepe st sninwis Bupoen 9zeb aul ueIeUM | |
Bupioes; ozeB e Buueaep | | ‘eosnos sninwigs Buppe; ozeb e upm sajnwys Bupors ozeb e Buusaep | |




US 10,251,541 B2

Sheet 56 of 67

Apr. 9, 2019

U.S. Patent

96 "Old

D0VS Josuas |zubis asucdsal
oL} pue a34nos [rubis uoneBollUl B} JO BUD JSBS) 1B ay] O] padsal Yyim Jusuiubie ur 81 109fgns sy JO 848 s} usym
1oefgns ey jo ads ayy woly paoaap jeubis asuodsal oy woy 1o8{gns ayy Jo ss1swesrd (eoibojoisAyd e BusuiLLBIeP

1

3076 Josuas jeulis asuodsads sy} pue 8oinos jeubis uoyebousiul
Bl 1O BUC 1SE9} 1B Yum Juswiubiie ojul aacut 0] 109[gns oy JO 9Aa ay} asned o) Joeae azeb e Buijonuos

f

FOFG J0suss |eubis asuodsa: e ypm 109{gns ay Jo aks ayy wol jeubis asuodsal e Bunoelap

3

Z0s oounos jeubis uonebowsiul ue yum oalgns ay) Jo ahs ey 01 jeubis uopebousiul ue Buusallep




US 10,251,541 B2

Sheet 57 of 67

Apr. 9, 2019

U.S. Patent

49 "Old

pus

B0FC Josuas jeubis asucdsal

a8y} pue aoJnos jeulis uoneboliLu oy} Jo SUO ISES} 1B 8y} 0] 10adsal yum uswiubie ul st 108{gns ayy Jo aha ay) uaym
100{gns ayj Jo ohs oy woy paoalsp jeubls asuodsss oy wWol 19fgns ay; jo seyswesed jeoiBooisAud e Bujuuielep

A
T ZEIS AisnosuBynuis | o e e eomgoraeneny |
snjnwiys ensiaeuolsesiye fi ,i BTG punociboeq ensi | |} ZVLS punosbyoeq | |
i pue sninwis Aolpne sucises|ie | gZISxey i1 e o) aanees Aususiuiiyby i fensin e o}
i JOAIOP 0} 80IN0S SMYNWNS [BNSIA | § frerrrereeraeeeeeeeeeeed 11 anied jeedS JUSIORIP : anneel yibusjeaem P
BUO }SB9| B PUB @2IN0s snjnuys | $ZIG || e sapnjul sninwys jensine | {eoydo Juasepp | |
Aioypne suo jses) je Buiaup | BBWH BUIAQUL § Fwomsermresssseress e ".H,.‘.,.H....‘,,.‘...”..”..H,.‘.,.n,.‘m..u,.‘,..”..,...,._
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIINIIIIIINY | et o R ST Dunoibyoea 017G punoibyoeq |
: 0t/ eouenbes iii Zels abeuw i 915 punoiboeq i [eNSIA B O} 9ARRO) |
H P e [ENSIA B O] oAl | : _ :
UL SNINLIAS [ENSIA BUO ISB8| Y8 | | 71T LBuBonEm [eondo jo | AISURIULIUBY JuBIeypD |
pue sninwgs Alolpne suo jse9) je 021G ¢ wisned jeiodws; Ew._mt._o "....‘...,...,.‘.......,.‘.,.‘.......‘...,...,.‘.,.‘.....,.,.‘.,.‘.....,.”
JOAHSP O] 80IN0S SNINWNS {BASIA 4 ¢ 1 punoibyoeq T B 807G Aeidsip oopia
8UO0 1S9} JB pUR 804N0Ss sSNINWRS P [ENSIA : {5776 punoiboeq [ensia e Mm......“..........“........“....”..n........“..“..............u“
i Aioyipne suo yses) je Buiaup | i | BOojoaneRr {{ LTS cue b 1o L 902G eoinos by |
UL A H m m mcmwm\fm; H m w .w ” H. } .Ns .”% ".. aaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa LI
o 5575711 mondaye waned |1 Wened jeiodwal juesgp | e EeETRE
: [ i} feandoy 0 11 B SOPMOUN SINWIAS [BNSIA 4 oveenns e reenmemimend §
H oelgns eyi jo ezeb sypoeme [ i jenedsqueseyip i T T T TG Toelgns oup o 67eb |
: 0} SNNWIYRS AJOUPNE PBZYROO| ; § F-rerormemsrsrssesvoseenns ; :
e Jonyep 0} soinos snjnws | § S 1OBME O) STINWAS [BNSIA & ISASD 0} 51N0S SNINWIS [ENSiA & DUlALp |
?oﬁnmmmcoummwxm@:S:n UG 4osuaes eubis asuodsal sy pue sounos jrubis uoyebousiuy

au) JO suo 1SB9s] 1B yim justubie oiul snow 0} 108igns ayy 1o aha syl esnen o} 10)oeipe ozeb e Buyjonuod

A

FOFS Josues jeubis ssuodsas e ypm 109[gns eyl Jo afs ayy woy jeubis ssuodsal e Buosiep

A

Z20¥G 92inos feubis uoneboisiul ue yium 108lgns ay) jo ahs sy o) jeudis uoneboLsiul ue Buuaalep

ooss N




US 10,251,541 B2

Sheet 58 of 67

Apr. 9, 2019

U.S. Patent

856 "Old

018%

jeubis uoneBossiul
8y} 01 sasucdsed
wolgns sy

30 9AB 8Y} JO BURSI
B WOl Po}osep
feubis esucdsau
ay] wouyy Joaweied
jeoibojoisAyd

ay] bunnuueep

908G teubis
yoneBoLsIUl DY) 01
anisuodsal 108igns
ayy jo sho oy

JO Jowny snoanbe
ue w0l peloelap
jeubis ssuodsad
a4 wodl Jelsweied
jeoiBojoisAyd

ay) Buiuusiap

w 708G leubis |
uonebouaul |
i ayy 0} snisuodsal |
i olgns ayy 1o afe |
t s} Jo susj e WOy |

Z08%

jeubss uoneBossoiul
8y} 01 snsuodsol
elgns eys jo

5085 jeubls
ahs oy Jo JoUBUI

uogebosssiul Y} 0}
anisuodsail afgns
a8y} jo oo sy

3O JOWINY SNOSJHA
e WoJy} pasisp
reubis asuodsal

pajoslep jrubis
BU} WoJ} setewered

asuodsas i)}
Wiy Jopwesed
seoibojoisAyd
8y} buiiuslep

UB W0 palos1ap
jeubis esuodssu

1 BY] Wwioyy Jesweled
jeoibojoisAyd

ay; Supnuusiap

reotbojoisAyd
ay} Buitiuussp

80PG Josuss jeubis asuodsal
oy} pue sounos [eubis uoneBosiaiul o) JO U 189} Je ay) 0} Joadsal ypm uowubye ut st 1098[gns oyy Jo oo ay) usym
109{qns sy) jo aAs oyl WO paloalep jeubis asuodsal oy woy Josigns ay; jo Jsieweied jeoibojoisAud e Buiuslop

3

90%G Josuas jeubis asuodsas sy} pue aoinos jeubis uoyeboiaiul
ayl Jo BUO J18BY) 1B YIm Juswiubije ojus eAow 0} 108[gns By} 0 849 By} esneo 0 Jojoeie azeb e Bujosuoo

3

POPC Josuss jeubis asuodsal e ypm poslgns au) jo 8As oy} wody jeubis esuodsas g Buposiep

3

Z0PG oounos jeubis uogebousiul ue ypm osfgns oyl jo ade oy 03 jeubis uojjeboursiul ue Buuenep

ooss A ()



US 10,251,541 B2

Sheet 59 of 67

Apr. 9, 2019

U.S. Patent

pua

65 "Old

SOPC Josuas jeubls asuodsal
ay) pue sounos jzubis uonebolelul 8y JO BUO 1SBE] 1B aU 0} Joadsas Yym uswiubye u st 1palgns ey} Jo 8As sy} uaym
100lgns ayl Jo ohe oL wol pooolep rubis asuodsel oyl wioy 109igns sy Jo islewered jeoiboioisAyd e Bunnwieiep

A

90%C Josuas {rubis esucdsal sy} pue 824n0s jeubls uogefolssiul
U] JO SUO 1SED} Je yum JuswuBiie ojul anow 0} 109{gns au) jo ahs sy} osned 0} soioexie azeb e Buljonuod

A
i .‘:..-‘«,.;.....»-«:...‘..v..,v...»‘.......4..‘.....‘.....»...n...‘:..-‘ ................................................................................................. W .‘:a-.‘ b wn bbb depduddoddtapfebdepded ot i dopoidobpiary ‘..d..hlllllm .m‘ W» .....mﬁﬁ:% ‘_‘,ﬁwwmm Z Wmmm n.www MWM._MWW % - nm.. ‘W
906G BWES 38U} 8J8 UOHEZLBIOC | puocoas oy} pue uopezueiod 18iy By} WSIBUM |}
pUO28E aLf pue UOHRZURIOA ISH] BUY LHBIDUM | Lo s e mom e e e e sme gz ammr smsmzma e memm s am s ae e me ez mnens i
................................................................................ : 2066 uonezuejod puooss ayj 18 pauiliieiep m
! reuBis asuocdsed ey} 0} uonezieod 381y 8Y) 1B paulwislop [eubss asucdsed oy Bupeduiod pue ‘uogezuelod puoses |
2 18 108fgns ay} Jo aAs sy} wiol pubis asuodsas puooss e Buiuiuusiep ‘uonezueiod 1Sy e e 100fgns syl jo 8he :
{ oy woy jeubis asuodsas jsi B Buosjep sepnjoul 10afgns auy) Jo 84 ay) woy jeubis asucdsal e Buoaiap ulRIBLM W

Rt BZBG SMEUBIS™] § o7 orsrs sy 7T gieg seubis (i 7166 sieubis |
esuodsas eydpnw | | 816G SIBUBIS @suodsal i oo hse; aidmnw | | esuodses aidynw G165 [eubis
8y jo wns payybiom aidninw sy} jo abeiane oy Buibriene a3 Buuruns co:mmo.cmu.c_

e Buiuiuelap
Ag sjeubis

pasind ay} 0}
onjjeel jeubis

rarvavavan

Ag sieubis asuodsau

ssuodsal sidninuu ssuodseu ajdiinu
adynuw oy} Burnquiod

i Bunow e Buuwiglep |

Ag sjeubis | Aq sjeubis

ssuodsel sidpjn 3 T TR PRI ay; Buiuiqwoo sy Buiuiquios osuodsas ayy

oy Bunguiod : 165 1eubis UoneBoiiadl pasind oy §0 sasind oidijimu i1 jouogosiep

........... ) 98U0dss1 Ui 1o8lqns oy Jo 848 syy Aq peonpoud sjeubis esuodsel sidpinw BuuIquIcD | Buneb
LT o hEG eubis uoneBoLell pesind & BULIBAIEP Sepnioul [EUBIS UOREBOLBIUS SU} BULIGAIEP LISIBUM

207G aoanos jeubis uopeboissiu ue ypm 109fgns oy jo 943 oy o} reubis uonebolious ue Buusayep




US 10,251,541 B2

Sheet 60 of 67

Apr. 9, 2019

U.S. Patent

09 "Old

B0FC 10suas [eubis asuodsal
ayy pue aoinos jeubis uonebBoiiaiul ay) JO aU0 1SB| JE By} 0} Joadsas yum juswubye ui si joalgns ay) Jo 848 ayj uaym
oelgns ay) JO 948 syl woy poloslap (eubis ssuodsss atyy woly 1pelgns syl jo Josweied [eaBojcisAyd e Suluuie)ep

+

90%G 1osuos jeubis asuodsal siy pue a0nos jeubs uonebouau
Y] Jo au0 1sea] 1k Yim uawuubie o sAow 01 1algns ay j0 848 au} asneo 0} JopeRle azeb e Buyonuod

+

F0FS Josuas jeulis asuodsal e yim 10aigns oy} jo o4a oyl woly jeubis ssuodsal 8 Bunooep

000 1eubis esuodsay |
puooas o) pue jeubis asuodsad s ay; Buedwos
sepnjour 108lgns ey jo Jeteweled eabojoisAyd ey |

mEEEkanE@mc?,ucoommmﬁowmmcoamm‘_c:om,S:w

8009

jeufis uonebousisiul
puooas ayy 0} Joadsal
yum Ajenuenbes
jeubis uopebousyu
1841} ayy Buuealep

9009

jeubis uoneboiieit
puooas ay 0} 1adsad
yum Ajsnosuejnuis
reubis uonebousity
18414 oY) Buusniep

ayi 10 3As ay) woy jeubis esuodsal puooos e Buyosiop
pue jeubis uoyebouaul 351y 9y} 0} asuodsal uf 1oefgns
B8] j0 aAs syl wiol; jeubis ssuodses 154y 2 Bunosiap
2000 1welgns sy jo aAs oy 03 Yibusiorem {eondo puodas g Buiaey jeubis uoneboiiaiu puonas
e Buuaayep pue Palgns auy 1o ads sy 0} YiBuaasem jeondo 1siy e Buaey peubis uoyefousiul 1siy e Bupieaep

Z0¥7G @o4nos jeubis uopebBousseiul ue yum 108fgns sy} Jo A8 oy} 0} jeubis uonebousiut ue BullaAljep

0009 -




US 10,251,541 B2

Sheet 61 of 67

Apr. 9, 2019

U.S. Patent

19 'Old

019
indino oipne ue
0} jeubis nding 01 jeubis ndino

=] mcﬁcmw au; Buipuas

: goTo
m>m6w_vm9

i 5015 | i 7019
m mL_Eunbwmmm._ouwmmh:uoshwcomwwMEwcmb

Z1 19 indino jensia

(U\-'

jeubys indino giep e o} jeubis eiep e 0 jeubis
ey mcicom ndino ayy mc_ocmw indino sy} Buipuss

¥1i9
1oofgns oy

9T | | :
i jo poojq ey ur |

yolgns oy} jo
Jowny snoenbe
ug ul souesqns g
JO JUBWIRINSEOW

aoueisgns e Jo
Jusiusingseaid g

TOFC 108uss jeubis asuodsal
atj} pue aounos jeulls uonebousLiul a1 JO BuU0o 1B} Je oY o} Joadsas ym Juswubye u st 109lgns ay} JO 948 sy} uaym
olgns ay) jo ols ayl wouy peooiep teubls asuodsas oy woy 1oigns syl jo wiswesed jeoBojoisAyd e Buiuiuueiep

3

GOFS 10suas jeulis asuodsal ay; pue aoinos jeubis uonebolsiul
i) JO 2u0 188a| 18 yum swiubie oju aaow 0] 8lgns oyl J0 84a oy asnen o} Joeme azefd g Buiyjonguod

'y

FOTC sosuas jeufiis asuodsel 8 uim 109[ans au) jo aks oy wody eubis asuodsal e Buyosiap

i

Z0¥G a04nos jeubis uonebouisiul ue yum 109igns ay) j0 aAs sy} 0) jeubs uonebodisiul ue BulisAlep

o 1 (e




o
~
—
7 z9 'old
— § A e Ao e e ab et e AY AT aras s vAva v e arae st ean s e n s e van e s Bttt e ee e nAvay ALt te s avANar e nAvavaa s aeavavavan s ayavs
u e R T RO M H
o 1 it e I e, s.»lwo N@ :
— i S oofgns oy 1 i 0179 i Pt
— i g12g uopeoydde o wm@% wmw wum .Mmmwmcmw P bapmotall eAngjuasadal {1
o i AInoes Jo ssauisng ¥ UoE 8y Py {eba| e o uelpient jebey | ’ Boy i
oo : oy jeubis asuodsasr 1§ it e Joquaw Atwel e Jopiroid | feual i
- i e ufeubls ssuodsal . P q L= P! : e Jo ueipient jefa) |1
i 5 8yl wioy psuluelep 1 i 9DIAIBS {eoipaw & Josigns | L P
It By} oy psuuIsiap d 6 fud 1 H g Jaquwiaw Ajwey i
: g | iABIBUIBIEG [BOIDOJOISAYT & ¢ 11 aY1 JO SIOW IO SUO SAPNIOUE | | : Pl
f ot oy Buzygn | i Aped pejseisiul oup LiBIoUM | | © 1apIA0Id SOIMSS 1 | ¢
iojboroisAyd Iy N Hed pejsalelul ou ualsum | jeoipaw e ‘welgns i}
m o Buzipn T R : 8070 Aned syl joBIoW 0 i
r~ A Z1¢0 i1 ¢ P
o N i peisaseiu ue 0} pussy [esibojoisAyd auo sepnjpou Aued i
= i i j09fgns 8y jo aSlels i :
= L : {1 oy} BupreBas uonewsoput Buiodos | poisesoll oUl !
-~ i | 9TZg uoneoldde patees i jeuonowe we ssesse {1 T T T T T T T T T L LT :
o . -yjiesy Jo jeopow i1 o jeubis esuodsal i 8029 puay (eoibojoisAyd e 7029 Aued pajsadous |
m H e ut {eubis asuodsal i oy} woly pauluLolep || auiuelep 0} sejoweied jeoibojoisAyd ue o} Jerswered
= ay] Wol pauviuiisap | seewered | e JO Juswainsesw snoaaid e oy jeotbojoisAyd i
A i1 aojewesed eobojoisAyd § [eoibojoisAyd |} jeubis esuodsas sy} WOl paulLLBIep ay; Bupiebay !
i syt Buizin oyl Burzipn | | Joyeweled jeoibojoisAyd oy Buneduuoo uoneuiioju Buniodsai
= ————— )
= ROPS 10suUas [eubis asuodsai
« oy} pue 801nos jeubis uonehoLa]Us BY] JO QU0 1SBY| 1B 8U) 0] 1oadsal yim Jusiubie Ui si 109igns ay} JO 943 ay) uaym
) 100lgns oy jo oAa ay) woly pajosep jeubis asuodsal ay) woy 19fgns ayj jo Jejsuwesed jeoibojoisAyd e Bupnuuesp
e
= A
«

9056 Josues jeubis asuodssas ayi pue 82inos jrubis
uoRebousul Y] JO SUC ISBS} 1B YumM Juswubiie O 8A0wl 0} 108igns a1y} JO 948 oY) asned 0} Joloeae azeb e Buljjonuod

A
FOVS Josuss jeubis asuodsal B yum 1oaigns oy 10 849 oyt woll jrubis asuodss: e Bunosiap

A

Z0TS ooinos jeubis uoneboudiul ue ypm joafgns ay; jo aLs sy o3 jeubis uoneboiseiul ue Buuoaep

U.S. Patent



US 10,251,541 B2

Sheet 63 of 67

Apr. 9, 2019

U.S. Patent

€9 'Old pus
P09 indut
ayy 01 109(gns sy jJo asuodsal g suuLgep o} jeubis asuodsas ayy Wol pauiLLBIep Jejewesed (eoiBojoisAyd sy Burzn
A
T o T R ey v seryyyep o R ———
i esopnpu ndu ¢ i e sepnpui indut | e sepnpu nduy § G viE9 |
frrmeeceassannten e e S I L i HE O uopeunopur | FARSe]
{Geeobrup | | BEEGENINWNS Y | gzegsninuns | REESSRAWAS T fEo O9pIA ;| uonewouljuld
i e sepnpur | pineu e | [euueL) R S O
ndur & sepnpuiIndul | e sapnjpoul Jndut sepnpu induy ¢ 11 OLEg UORBUIOMIE 1 ¢ 80¢9
(OO R L LI JE S - oo yolessas | i uoneuLIOjUl
{zzegsninugs () 07to | | eTegeninuns || Siegsninwnsjii  Suteweuw ii bushierpe |
Aiojoego ue i sninwgs epoey ! pensin e || Asoppne ue || TOCO uoheuLIoUl Sapryoul Jndug
i sepnpuindul !iesepnpuiindul i i sepnpulindul § i SOPNOUIINGUL | e seses oo e
I AR A I S Z0t9 joelgns ayj 0} 1ndug ue m:acwmwa

80+C Josuss jeubis asucdsal
ay; pue ao4nos jeubis uoneBolBIUl B JO BUO JSES| 1B 8Y) 0} 10adsal ypm Juawiubie u st 108igns ayi jo 8As ayy usym
108lgns au; Jo Ao ay) Wou pajoalep reubls esuodsal auy wol; palgns sy jo Jejswered [roibojoisAud e Buuuieiep

GOFG Josuss |eubs asuodsas ay} pue 20inos jeubis
uoneBolialul a4} JO BUO 1SE8| 18 UNM Justiubie ojul saow 0 198(gNns ay) JO 84S ol esned o) jopeme azeb e Sulonuod

A

POVG 1osues jeubis esuodsas B Ypm 109fgns ayl Jo aAs oy wol) jeubis asuodsel e Buioslep

A

207G oounos eubis uonebouaiu ue yum 10efgns syj jo ahes ey of jeubis uonebosssiul ue BuaAep




US 10,251,541 B2

Sheet 64 of 67

Apr. 9, 2019

U.S. Patent

1434

s
i
i
¥

O0P0 pesnseaw ag o}
BOPO pounsesall 8¢ O} UOHBUWIOUI uonewLIOfU 10} 109ians au

010 pasnsesiu ag 01 uoiBWIO i
Joj yosfgns sy} jo saneuesaidasr | 4O eageluasaidas Jo 9lgns

i J0p109[gns 8y} Jo sAjeuSsaIdas IO |
i 109[gns 8y} WOJ) JUSSUCD PaLLIo |
10 aaneoipus ndus ue Buinedss |

Jo 108fgns sy wiol) uonezuoyine 8y} Wit} uononAsut ue Jo
10 aapeoiput indui ue Buneoal aAeosipul Indus ue Buineosl

i
)
i
H
T
'
v
i
»
4
'
¥
'
1
i
2
1
3
T
1
H
4
)
1
:
¥
i
)
1
H
1
i
v
3
v
1
'
4
!
¥
'
.
i
2
1
3
T
i
H
4
)
1
:
¥
1
)
1
i
¥
'
v
i
»
4
x
3
:
v
1
.
4
2
1
3
T
i
.
3
)
1
i
¥
i
)
i
"‘"""""
'
v
i
»
4
x
¥
3
¥
t
.
4
1
¥
i
1
4
2
t
H
1
i
¥
i
b
1
H
+
'
v
i
»
4
)
3
'
¥
1
b
4
1
T
4
’
4
2
1
3
T
1
)
4
2
1
3
3
'
¥
4
:
4
)
T
3
¥
1
.
4
1
T
i
'
4
A
1
3
¥
i
)
1
H
4
:
i
i
»
i
1
i

BOPS J0suss jeubis asuodsal
ayi pue aouncs jeufiis uoneBousiLl 8Y] JO BUO J8E8| JB 8y} 0] 10adsal uim awubie v st 10afgns ayj jo 84s ay) uaym
joelgns ay) jo ohe eyl wioy palosiep jeubis asuodsas sy woy yoafgns sy o Jelewesed (eoiBojoisAyd e Buluuelsp

G0¥G Josuss jeubis asuodsas sy pue aainos jrubis
uonebo.Lisiul 8y} JO BU0 1SES] JB yiim juswiubije ojur saow 0} 108lgns 8y} jo 9A8 ay) asnes o} Joeine azeb e Buijjonuod

F0F9 00lans auy Ag uonosiep noyym | ZOv9 Aaisnagoun |
i pouwnoped aie sosuss feubis asuodsal e yum 1oaigns i powuouad sie josuss jeubis ssuodsas e yyum oalgns
8y} jO ahs sy wioy eubis asuodses B Bunosiap oy} JO oAa By woly jeubss asuodsal e Bugoayep |
pue aounos jeubis uonebousiul ue yym joeigns | | pue aainos feubis uoneBorsiul Ue yim oalgns i
81 jo ake sy; 0] jeuBis uonebousiul ue Buusalep sy Jo 8Ae sy o} reulis uoneBousyul ue Bupdalep

YOPG Josuas jeubis asuodssi & ypm 108{gns sy jo sde oyl woiy eubis asuodsal e Bunosiep

4

Z0rG sounos jeubis uogebousiul ue yum elgns ayj jo ake ayy o} ieubis uogebowusiu ue Buusalep

oorg N



US 10,251,541 B2

Sheet 65 of 67

Apr. 9, 2019

U.S. Patent

G9 "Old

9159 uousyo

uoloeles e sjesw palgns eyl jo Ausp

SU1 usyM Ajuo Josuss jeubis asuodsal syl pue
8ounos jeubis uonebousiul o4} JO SUO jSBY| 1B

8y} yim Juswubije olui aAow 01 108fans ay) Jo

ahs sy esneo o} Joyseine azeb sy Bujjonuon

{1 FTGO AnsiDel e ur uopgeuuou; uibo yum joeiqns
aui Ag psisue uoneuLop wboy Buuedwos
Ag 0efgns e jo Ajuept sy Buiuiuueiep

165 uouboosl jeunel Jo asn ay)
yBnouy; 108lgns aiy jo Ajnuspl sy Busuiulelap

0159 uonubooas [eiok} JO asn a9y
yBnoiy; welfgns ayl jo Aiuapt syl Buiunuelap

9049
stoisAs Buissssoud

212D 2J0W JO OM)
usemiaq Jejeuiesed
jeoifojoisAyd

sy Buipiebey
uoNBULIOM

10 ‘io1pweled
jeoibojoisAyd

alj} Buiuuieyep

10§ POSN LWYISAS
sy Buipreboau
uoneulo ‘Joolgns
oy Buiprebay
UOHBULOUI JO

auo 1se9f je Buleys

POCT We)sAs
i Busssesoud ejep
i e wouy sorewered
reoifojoisAyd
ay) Bupaebal
UOIBLLIOMUI
1o ‘Jejswesed
; rearbojoisAyd
i ey Bumnwueiep
i 10} pOsn WojsAs
ay} Buipiebal
UORBLUIOUI
109lgns

i oy} Buipiebal
UOREBLIC}UI

JO suo

1se9) 18 Bunisosl

7060 Wweishs |
Buisseooud eyep |
e 01 Jojouteled |

jeoiBojoisAyd |

sy} Buspsebas |
uoneuLIOj |

0 Jepweled |

jeaibojorsAyd i
ay} Bujuwielep |
JO} posn WoisAs |

oy} Buipiebas |

uogeulo |
qo8lgns |

oy Buipiebas i

uoeuwIOt |

jo suoIsBY| |
je Bunywsues |

BOFG s0suas |eubis asuodsal

ay3 pue 22.4nos jeubis uonebosvILl SY] JO SUOC 1SED) B BY) 0} Joadsal yim juawiubye us s1109{gns ay) JO 8As oy usym
100igns ay) 0 948 sy} woy} paioarap reubls asuocdsal oy woy) 1vlgns oy jo selewesed ediBojoisAyd e Buiuiusiep

O0TG 10SuUSss jeublsS asuodsal oy} pue a0inos jeubis
uoneboiiai 3 JO aU0 1SES] 12 YiMm Uswiubye Ojut Ao 0] 108{gns ay] O 8A8 8l asned 0} Jojneine azebd e Buyjonuoo

A

F0OTC Josuas jeubis asuodsal 8 Uim 10aigns syl jo aAs ay} wodl jeubis asuodsal e bunosap

A

ZO¥58 on.no0s jeubis uonebosiaiul ue Yim 108igns ay) jo 94a oy 0 [eubis uopeBouiaiul ue Buuaayap

0059 .....l\



99 'Old

US 10,251,541 B2

Sheet 66 of 67

Apr. 9, 2019

"JOSUDS [RUSIS asuodsar o) pue 991n0s [RUSIS HonRFoiIoun

DU JO 21O 18B9] ' o1 03 10adsar ynm jusmaudiE U1 S1102{gns 31 Jo 040 oy uoym 10algns o

pue ‘10suas [eudis asuodsal oyl pur 90IN0s [BUSIS HoneI0LIul
SY[) 30 QU0 IS8R 1B YIIM JUUUSI[R 0T 24010 0] 102{qns a1} Jo 243 o1} 2sNEd 0] JO1RINR 9713 ¥ Sui{jonuod
Srosuos jeudis asuodsar e s 100fqns oy Jo 242 o woy jrudis asuodsar v Sunosoop

:
:
;
'
w
i Jo oko o wioly poraorap rudts asuodsal ayy woyy 109{gns oy Jo ewried paidojoisAyd v Sutmuunep
‘
t20Inos eudis uonedoiiajul ue Yim 102fqns oy} Jo 242 23 03 [ruSis HonBFOLIUI UR SULIDAI[OD
.
”
.

SUOIONIIST] 2I0UT IO JU()
$099

eIpoul 038I0IS BIEP I[GEPLII-OUIYILUT AJOJISUBI-UOU 3IOUK IO dU() ZH9O9

aimoeinued JO 2Ly 0099

U.S. Patent




US 10,251,541 B2

Sheet 67 of 67

Apr. 9, 2019

U.S. Patent

49 'Old

D
8
T
b
=

Anoaio
Buissasoid

« k
M ]
' b
H <
* k]
] )
3 +
M ¢
« a
M »
’ +
H ¢
M +
H >
1 YEL9 ;
3 <
N ¢
’ 2
’ »
’ ‘
M $
. a
] )
3 «
: jeubig :
«

: jeubi :
’ . K
b

2e19

-..--.-.-...-f..-.-.-....-..a

-

0N
T«
.
w
3}
)
3]
0

e P DA AP

.
'
1
1l
+
]
v
+
.
1
i
1
+
1
1
v
t
.
2
T
4
4
]
¥
*
.
It
]
1
+
4
-
v
+
1
1
+
+

L L T T L P L L LT PPN

tttttttttttttttttttttttttttttttttttttttt

$070 siusuodwion
Bojeuy/jeubiq

8170 801n0g

> 0c /9 92inog

Y119 J0SUSg

- 01 /90 Josuag




US 10,251,541 B2

1
UNOBTRUSIVE ACTIVE EYE
INTERROGATION

If an Application Data Sheet (ADS) has been filed on the
filing date of this application, it is incorporated by reference
herein. Any applications claimed on the ADS for priority
under 35 U.S.C. §§ 119, 120, 121, or 365(c), and any and all
parent, grandparent, great-grandparent, etc. applications of
such applications, are also incorporated by reference, includ-
ing any priority claims made in those applications and any
material incorporated by reference, to the extent such subject
matter is not inconsistent herewith.

CROSS-REFERENCE TO RELATED
APPLICATIONS

The present application is related to and/or claims the
benefit of the earliest available effective filing date(s) from
the following listed application(s) (the “Priority Applica-
tions™), if any, listed below (e.g., claims earliest available
priority dates for other than provisional patent applications
or claims benefits under 35 USC § 119(e) for provisional
patent applications, for any and all parent, grandparent,
great-grandparent, etc. applications of the Priority Applica-
tion(s)). In addition, the present application is related to the
“Related Applications,” if any, listed below.

PRIORITY APPLICATIONS

The present application constitutes a continuation of U.S.
patent application Ser. No. 14/790,079, entitled TIME-
BASED UNOBTRUSIVE ACTIVE EYE INTERRO-
GATION, naming ALLEN L. BROWN, JR.; DOUG-
LAS C. BURGER; ERIC HORVITZ; RODERICK A.
HYDE; EDWARD K. Y. JUNG; JORDIN T. KARE;
CHRIS DEMETRIOS KARKANIAS; ERIC C.
LEUTHARDT; JOHN L. MANFERDELLI; CRAIG J.
MUNDIE; NATHAN P. MYHRVOLD; BARNEY
PELL; CLARENCE T. TEGREENE; WILLARD H.
WATTENBURG; CHARLES WHITMER; LOWELL
L. WOOD, JR.; and RICHARD N. ZARE as inventors,
filed 2 Jul. 2015, which is currently co-pending or is an
application of which a currently co-pending application
is entitled to the benefit of the filing date, and which is
a division of U.S. patent application Ser. No. 13/711,
453, entitled TIME-BASED UNOBITRUSIVE
ACTIVE EYE INTERROGATION, naming ALLEN L.
BROWN; DOUGLAS C. BURGER; ERIC HORVITZ,;
RODERICK A. HYDE; EDWARD K. Y. JUNG; ERIC
C. LEUTHARDT; JORDIN T. KARE; CHRIS DEM-
ETRIOS KARKANIAS; JOHN L. MANFERDELLI,
CRAIG J. MUNDIE; NATHAN P. MYHRVOLD;
BARNEY PELL; CLARENCE T. TEGREENE; WIL-
LARD H. WATTENBURG; CHARLES WHITMER;
LOWELL L. WOOD, JR.; and RICHARD N. ZARE as
inventors, filed 11 Dec. 2012, now U.S. Pat. No.
9,101,297.

RELATED APPLICATIONS

U.S. patent application Ser. No. 13/711,436, entitled
UNOBTRUSIVE ACTIVE EYE INTERROGATION
naming ALLEN L. BROWN, DOUGLAS C.
BURGER, ERIC HORVITZ, RODERICK A. HYDE,
EDWARD K. Y. JUNG, ERIC C. LEUTHARDT, JOR-
DIN T. KARE, CHRIS DEMETRIOS KARKANIAS,
JOHN L. MANFERDELLI, CRAIG J. MUNDIE,

15

20

25

40

45

60

65

2

NATHAN P. MYHRVOLD, BARNEY PELL, CLAR-
ENCE T. TEGREENE, WILLARD H. WATTEN-
BURG, CHARLES WHITMER, LOWELL L. WOOD,
Jr., AND RICHARD N. ZARE as inventors, filed 11
Dec. 2012, now U.S. Pat. No. 9,039,179, is related to
the present application.

U.S. patent application Ser. No. 13/711,445, entitled
SELF-ALIGNING UNOBTRUSIVE ACTIVE EYE
INTERROGATION naming ALLEN L. BROWN,
DOUGLAS C. BURGER, ERIC HORVITZ, RODER-
ICK A. HYDE, EDWARD K. Y. JUNG, ERIC C.
LEUTHARDT, JORDIN T. KARE, CHRIS DEM-
ETRIOS KARKANIAS, JOHN L. MANFERDELLI,
CRAIG J. MUNDIE, NATHAN P. MYHRVOLD,
BARNEY PELL, CLARENCE T. TEGREENE, WIL-
LARD H. WATTENBURG, CHARLES WHITMER,
LOWELL L. WOOD, Ir., AND RICHARD N. ZARE
as inventors, filed 11 De¢. 2012, now U.S. Pat. No.
9,039,180, is related to the present application.

U.S. patent application Ser. No. 13/711,459, entitled
UNOBTRUSIVE ACTIVE EYE INTERROGATION
WITH GAZE ATTRACTOR naming ALLEN L.
BROWN, DOUGLAS C. BURGER, ERIC HORVITZ,
RODERICK A. HYDE, EDWARD K. Y. JUNG, ERIC
C. LEUTHARDT, JORDIN T. KARE, CHRIS DEM-
ETRIOS KARKANIAS, JOHN L. MANFERDELLI,
CRAIG J. MUNDIE, NATHAN P. MYHRVOLD,
BARNEY PELL, CLARENCE T. TEGREENE, WIL-
LARD H. WATTENBURG, CHARLES WHITMER,
LOWELL L. WOOD, Jr., AND RICHARD N. ZARE
as inventors, filed 11 Dec. 2012, is related to the present
application.

U.S. patent application Ser. No. 14/497,612, entitled
UNOBTRUSIVE ACTIVE EYE INTERROGATION,
naming ALLEN L. BROWN, JR.; DOUGLAS C.
BURGER; ERIC HORVITZ; RODERICK A. HYDE;
EDWARD K. Y. JUNG; ERIC C. LEUTHARDT; JOR-
DIN T. KARE; CHRIS DEMETRIOS KARKANIAS;
JOHN L. MANFERDELLI; CRAIG J. MUNDIE;
NATHAN P. MYHRVOLD; BARNEY PELL; CLAR-
ENCE T. TEGREENE; WILLARD H. WATTEN-
BURG; CHARLES WHITMER; LOWELL L. WOOD,
JR.; AND RICHARD N. ZARE as inventors, filed 26
Sep. 2014, is related to the present application.

U.S. patent application Ser. No. 14/497,663, entitled
UNOBTRUSIVE ACTIVE EYE INTERROGATION,
naming ALLEN L. BROWN, JR.; DOUGLAS C.
BURGER; ERIC HORVITZ; RODERICK A. HYDE;
EDWARD K. Y. JUNG; ERIC C. LEUTHARDT; JOR-
DIN T. KARE; CHRIS DEMETRIOS KARKANIAS;
JOHN L. MANFERDELLI; CRAIG J. MUNDIE;
NATHAN P. MYHRVOLD; BARNEY PELL; CLAR-
ENCE T. TEGREENE; WILLARD H. WATTEN-
BURG; CHARLES WHITMER; LOWELL L. WOOD,
JR.; AND RICHARD N. ZARE as inventors, filed 26
Sep. 2014, is related to the present application.

U.S. patent application Ser. No. 14/497,719, entitled
SELF-ALIGNING UNOBTRUSIVE ACTIVE EYE
INTERROGATION, naming ALLEN L. BROWN, IR ;
DOUGLAS C. BURGER; ERIC HORVITZ; RODER-
ICK A. HYDE; EDWARD K. Y. JUNG; ERIC C.
LEUTHARDT; JORDIN T. KARE; CHRIS DEM-
ETRIOS KARKANIAS; JOHN L. MANFERDELLI,
CRAIG J. MUNDIE; NATHAN P. MYHRVOLD;
BARNEY PELL; CLARENCE T. TEGREENE; WIL-
LARD H. WATTENBURG; CHARLES WHITMER,;
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3
LOWELL L. WOOD, JR.; AND RICHARD N. ZARE
as inventors, filed 26 Sep. 2014, is related to the present
application.

The United States Patent Office (USPTO) has published a
notice to the effect that the USPTO’s computer programs
require that patent applicants reference both a serial number
and indicate whether an application is a continuation, con-
tinvation-in-part, or divisional of a parent application. Ste-
phen G. Kunin, Benefit of Prior-Filed Application, USPTO
Official Gazette Mar. 18, 2003. The USPTO further has
provided forms for the Application Data Sheet which allow
automatic loading of bibliographic data but which require
identification of each application as a continuation, continu-
ation-in-part, or divisional of a parent application. The
present Applicant Entity (hereinafter “Applicant”) has pro-
vided above a specific reference to the application(s) from
which priority is being claimed as recited by statute. Appli-
cant understands that the statute is unambiguous in its
specific reference language and does not require either a
serial number or any characterization, such as “continua-
tion” or “continuation-in-part,” for claiming priority to U.S.
patent applications. Notwithstanding the foregoing, Appli-
cant understands that the USPTO’s computer programs have
certain data entry requirements, and hence Applicant has
provided designation(s) of a relationship between the pres-
ent application and its parent application(s) as set forth
above and in any ADS filed in this application, but expressly
points out that such designation(s) are not to be construed in
any way as any type of commentary and/or admission as to
whether or not the present application contains any new
matter in addition to the matter of its parent application(s).

To the extent that the listings of applications provided
above may be inconsistent with the listings provided via an
ADS, it is the intent of the application to claim priority to all
applications listed in the Priority Applications section of
either document.

All subject matter of the Priority Applications and the
Related Applications and of any and all parent, grandparent,
great-grandparent, etc. applications of the Priority Applica-
tions and the Related Applications, including any priority
claims, is incorporated herein by reference to the extent such
subject matter is not inconsistent herewith.

SUMMARY

In one aspect, a system for sensing information from an
eye of a subject includes, but is not limited to a gaze signal
sensor adapted for receiving a gaze signal containing infor-
mation indicative of a gaze direction of an eye of the subject;
an interrogation signal source for delivering an interrogation
signal to an eye of a subject; a response signal sensor for
sensing a response signal produced by the eye of the subject
responsive to the interrogation signal; signal processing
circuitry including: a gaze signal processor configured to
determine the gaze direction of the eye of the subject based
upon the gaze signal; an alignment detector configured to
determine whether the eye of the subject is in alignment with
respect to at least one of the interrogation signal source and
the response signal sensor based at least in part upon the
gaze direction; and a response signal processor configured to
process the response signal sensed from the eye of the
subject by the response signal sensor when the eye of the
subject is in alignment with respect to the at least one of the
interrogation signal source and the response signal sensor to
determine a physiological parameter from the response
signal. In addition to the foregoing, other system aspects are
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described in the claims, drawings, and text forming a part of
the disclosure set forth herein.

In one aspect, a system for controlling the sensing of
information from an eye of a subject includes, but is not
limited to signal processing circuitry including: a gaze signal
input adapted to receive a gaze signal containing informa-
tion indicative of a gaze direction of the eye of the subject
sensed from at least an eye of the subject; a response signal
input adapted to receive a response signal sensed from the
eye of the subject by a response signal sensor responsive to
delivery of an interrogation signal to the eye of the subject;
a gaze signal processor configured to determine the gaze
direction of the eye of the subject based upon the gaze
signal; an alignment detector configured to determine
whether the eye of the subject is in alignment with respect
to at least one of the interrogation signal source and the
response signal sensor based at least in part upon the gaze
direction; and a response signal processor configured to
process the response signal sensed from the eye of the
subject by the response signal sensor when the eye of the
subject is in alignment with respect to the at least one of the
interrogation signal source and the response signal sensor to
determine a physiological parameter from the response
signal. In addition to the foregoing, other system aspects are
described in the claims, drawings, and text forming a part of
the disclosure set forth herein.

In one aspect, a system includes, but is not limited to a
housing; an interrogation signal source housed in the hous-
ing and adapted for delivering an interrogation signal to an
eye of a subject, the interrogation signal source including at
least one light source and at least one optical system; a
response signal sensor housed within the housing and
adapted for sensing a response signal produced by the eye of
the subject responsive to the interrogation signal, the
response signal containing information regarding a physi-
ological parameter of the subject; an output structure
adapted for transmitting an output signal, mounting means
adapted for mounting the housing with respect to a display
in such a manner that the interrogation signal source and
response signal sensor are alignable with the eye of the
subject during normal use of the display by the subject. In
addition to the foregoing, other system aspects are described
in the claims, drawings, and text forming a part of the
disclosure set forth herein.

In one aspect, a method of measuring information from an
eye of a subject includes, but is not limited to; delivering an
interrogation signal to the eye of the subject with an inter-
rogation signal source; detecting a response signal from the
eye of the subject with a response signal sensor; determining
whether the eye of the subject is in alignment with respect
to at least one of the interrogation signal source and the
response signal sensor; and determining a physiological
parameter of the subject from the response signal detected
from the eye of the subject when the eye of the subject is in
alignment with respect to the at least one of the interrogation
signal source and the response signal sensor. In addition to
the foregoing, other method aspects are described in the
claims, drawings, and text forming a part of the disclosure
set forth herein.

In one aspect, an article of manufacture includes, but is
not limited to, one or more non-transitory machine-readable
data storage media bearing one or more instructions for:
delivering an interrogation signal to an eye of the subject
with an interrogation signal source; detecting a response
signal from the eye of the subject with a response signal
sensor; determining whether the eye of the subject is in
alignment with respect to at least one of the interrogation
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signal source and the response signal sensor; and determin-
ing a physiological parameter of the subject from the
response signal detected from the eye of the subject when
the eye of the subject is in alignment with respect to the at
least one of the interrogation signal source and the response
signal sensor. In addition to the foregoing, other aspects of
articles of manufacture including one or more non-transitory
machine-readable data storage media bearing one or more
instructions are described in the claims, drawings, and text
forming a part of the disclosure set forth herein.

In one aspect, a system for sensing information from an
eye of a subject includes, but is not limited to: an interro-
gation signal source for delivering an interrogation signal to
an eye of a subject; a response signal sensor for sensing a
response signal produced by the eye of the subject respon-
sive to the interrogation signal; a gaze signal sensor adapted
for receiving a gaze signal containing information indicative
of a gaze direction of an eye of the subject; at least one
actuator configured to adjust at least one of the interrogation
signal source and the response signal sensor to bring at least
one of the interrogation signal source and the response
signal sensor into alignment with the eye of the subject; and
signal processing circuitry including: a response signal
processor configured to process a response signal sensed
from the eye of the subject to determine a physiological
parameter from the response signal; a gaze signal processor
configured to determine the gaze direction of the eye of the
subject based upon the gaze signal; an alignment detector
configured to determine whether the eye of the subject is in
alignment with respect to at least one of the interrogation
signal source and the response signal sensor based at least in
part upon the gaze direction; and an actuator controller
configured to: determine a target position for at least one of
the interrogation signal source and the response signal
sensor based at least in part on the gaze direction; and
generate an actuator control signal to drive the at least one
actuator to adjust at least one of the interrogation signal
source and the response signal sensor to bring at least one of
the interrogation signal source and the response signal
sensor into alignment with the eye of the subject. In addition
to the foregoing, other system aspects are described in the
claims, drawings, and text forming a part of the disclosure
set forth herein.

In one aspect, a system for controlling the sensing of
information from an eye of a subject includes, but is not
limited to: signal processing circuitry including: a gaze
signal input adapted to receive a gaze signal containing
information indicative of a gaze direction of the eye of the
subject sensed from at least an eyve of the subject; a response
signal input adapted to receive a response signal sensed from
the eye of the subject by a response signal sensor responsive
to delivery of an interrogation signal to the eye of the
subject; a response signal processor configured to process a
response signal sensed from the eye of the subject to
determine a physiological parameter from the response
signal; a gaze signal processor configured to determine the
gaze direction of the eye of the subject based upon the gaze
signal; an alignment detector configured to determine
whether the eye of the subject is in alignment with respect
to at least one of the interrogation signal source and the
response signal sensor based at least in part upon the gaze
direction; and an actuator controller configured to: deter-
mine a target position for at least one of the interrogation
signal source and the response signal sensor based at least in
part on the gaze direction; and generate an actuator control
signal to drive the at least one actuator to adjust at least one
of the interrogation signal source and the response signal
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sensor to bring at least one of the interrogation signal source
and the response signal sensor into alignment with the eye
of the subject. In addition to the foregoing, other system
aspects are described in the claims, drawings, and text
forming a part of the disclosure set forth herein.

In one aspect, a system includes, but is not limited to a
housing; an interrogation signal source housed in the hous-
ing and adapted for delivering an interrogation signal to an
eye of a subject, the interrogation signal source including at
least one light source and at least one optical system; a
response signal sensor housed within the housing and
adapted for sensing a response signal produced by the eye of
the subject responsive to the interrogation signal, the
response signal containing information regarding a physi-
ological parameter of the subject; an input structure adapted
for receiving an input signal; at least one actuator configured
to adjust at least one of the interrogation signal source and
the response signal sensor based at least in part upon the
input signal to bring at least one of the interrogation signal
source and the response signal sensor into alignment with
the eye of the subject; an output structure adapted for
transmitting an output signal; and mounting means adapted
for mounting the housing with respect to a display in such
a manner that the interrogation signal source and response
signal sensor are alignable with the eye of the subject during
normal use of the display by the subject. In addition to the
foregoing, other system aspects are described in the claims,
drawings, and text forming a part of the disclosure set forth
herein.

In one aspect, a method of measuring information from an
eye of a subject includes, but is not limited to delivering an
interrogation signal to the eye of the subject with an inter-
rogation signal source; detecting a response signal from the
eye of the subject with a response signal sensor; receiving a
signal indicative of the gaze direction of the eye of the
subject from a gaze signal sensor; determining whether the
eye of the subject is in alignment with respect to at least one
of the interrogation signal source and the response signal
sensor; if the eye of the subject is not in alignment with
respect to the at least one of the interrogation signal source
and the response signal sensor, actuating at least one actuator
configured to adjust at least one of the interrogation signal
source and the response signal sensor based at least in part
upon the signal from the gaze signal sensor to bring at least
one of the interrogation signal source and the response
signal sensor into alignment with the eye of the subject;
determining a physiological parameter of the subject from
the response signal detected from the eye of the subject
when the eye of the subject is in alignment with respect to
the at least one of the interrogation signal source and the
response signal sensor; and causing a signal indicative of the
physiological parameter to be transmitted to an external
device. In addition to the foregoing, other method aspects
are described in the claims, drawings, and text forming a part
of the disclosure set forth herein.

In one aspect, an article of manufacture includes, but is
not limited to, one or more non-transitory machine-readable
data storage media bearing one or more instructions for:
delivering an interrogation signal to the eye of the subject
with an interrogation signal source; detecting a response
signal from the eye of the subject with a response signal
sensor; receiving a signal indicative of the gaze direction of
the eye of the subject from a gaze signal sensor; determining
whether the eye of the subject is in alignment with respect
to at least one of the interrogation signal source and the
response signal sensor; if the eye of the subject is not in
alignment with respect to the at least one of the interrogation
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signal source and the response signal sensor, actuating at
least one actuator configured to adjust at least one of the
interrogation signal source and the response signal sensor
based at least in part upon the signal from the gaze signal
sensor to bring at least one of the interrogation signal source
and the response signal sensor into alignment with the eye
of the subject; determining a physiological parameter of the
subject from the response signal detected from the eye of the
subject when the eyve of the subject is in alignment with
respect to the at least one of the interrogation signal source
and the response signal sensor; and causing a signal indica-
tive of the physiological parameter to be transmitted to an
external device. In addition to the foregoing, other aspects of
articles of manufacture including one or more non-transitory
machine-readable data storage media bearing one or more
instructions are described in the claims, drawings, and text
forming a part of the disclosure set forth herein.

In one aspect, a system for sensing information from an
eye of a subject includes, but is not limited to: an interro-
gation signal source for delivering an interrogation signal to
an eye of a subject; a response signal sensor for sensing a
response signal produced by the eye of the subject respon-
sive to the interrogation signal; and signal processing cir-
cuitry including: a response signal processor configured to
process a response signal sensed from the eye of the subject
to determine a physiological parameter from the response
signal, and a scheduling controller configured to direct
collection of samples of the physiological parameter accord-
ing to a schedule. In addition to the foregoing, other system
aspects are described in the claims, drawings, and text
forming a part of the disclosure set forth herein.

In one aspect, a system for controlling the sensing of
information from an eye of a subject includes, but is not
limited to: signal processing circuitry including: a response
signal input adapted to receive a response signal sensed from
the eye of the subject by a response signal sensor responsive
to delivery of an interrogation signal to the eye of the
subject; and a response signal processor configured to pro-
cess the response signal sensed from the eye of the subject
by the response signal sensor to determine a physiological
parameter from the response signal; and a scheduling con-
troller configured to direct collection of samples of the
physiological parameter according to a schedule. In addition
to the foregoing, other system aspects are described in the
claims, drawings, and text forming a part of the disclosure
set forth herein.

In one aspect, a system includes, but is not limited to a
housing; an interrogation signal source housed in the hous-
ing and adapted for delivering an interrogation signal to an
eye of a subject, the interrogation signal source including at
least one light source and at least one optical system; a
response signal sensor housed within the housing and
adapted for sensing a response signal produced by the eye of
the subject responsive to the interrogation signal, the
response signal containing information regarding a physi-
ological parameter of the subject; signal processing circuitry
including: a response signal processor configured to process
a response signal sensed from the eye of the subject to
determine a physiological parameter from the response
signal; and a scheduling controller configured to direct
collection of samples of the physiological parameter accord-
ing to a schedule; an output structure adapted for transmit-
ting an output signal; and mounting means adapted for
mounting the housing with respect to a display in such a
manner that the interrogation signal source and response
signal sensor are alignable with the eye of the subject during
normal use of the display by the subject. In addition to the
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foregoing, other system aspects are described in the claims,
drawings, and text forming a part of the disclosure set forth
herein.

In one aspect, a method of measuring information from an
eye of a subject includes, but is not limited to; delivering an
interrogation signal to the eye of the subject with an inter-
rogation signal source; detecting a response signal from the
eye of the subject with a response signal sensor; processing
a response signal sensed from the eye of the subject to
determine a physiological parameter from the response
signal; determining whether the eye of the subject is in
alignment with respect to at least one of the interrogation
signal source and the response signal sensor; determining a
physiological parameter of the subject from the response
signal detected from the eye of the subject when the eye of
the subject is in alignment with respect to the at least one of
the interrogation signal source and the response signal
sensor; and collecting samples of the physiological param-
eter according to a schedule under the direction of a sched-
uling controller. In addition to the foregoing, other method
aspects are described in the claims, drawings, and text
forming a part of the disclosure set forth herein.

In one aspect, an article of manufacture includes, but is
not limited to, one or more non-transitory machine-readable
data storage media bearing one or more instructions for:
delivering an interrogation signal to the eye of the subject
with an interrogation signal source; detecting a response
signal from the eye of the subject with a response signal
sensor; processing a response signal sensed from the eye of
the subject to determine a physiological parameter from the
response signal; determining whether the eye of the subject
is in alignment with respect to at least one of the interro-
gation signal source and the response signal sensor; deter-
mining a physiological parameter of the subject from the
response signal detected from the eye of the subject when
the eye of the subject is in alignment with respect to the at
least one of the interrogation signal source and the response
signal sensor; and collecting samples of the physiological
parameter according to a schedule under the direction of a
scheduling controller. In addition to the foregoing, other
aspects of articles of manufacture including one or more
non-transitory machine-readable data storage media bearing
one or more instructions are described in the claims, draw-
ings, and text forming a part of the disclosure set forth
herein.

In one aspect, a system for sensing information from an
eye of a subject includes, but is not limited to: an interro-
gation signal source for delivering an interrogation signal to
an eye of a subject; a response signal sensor for sensing a
response signal produced by the eye of the subject respon-
sive to the interrogation signal; a gaze attractor adapted to
attract the gaze of the subject to thereby cause the eye of the
subject to move into alignment with at least one of the
interrogation signal source and the response signal sensor;
and signal processing circuitry including: a response signal
processor configured to process a response signal sensed
from the eye of the subject when the eye of the subject is in
alignment with respect to the at least one of the interrogation
signal source and the response signal sensor to determine a
physiological parameter from the response signal. In addi-
tion to the foregoing, other system aspects are described in
the claims, drawings, and text forming a part of the disclo-
sure set forth herein.

In one aspect, a system for controlling the sensing of
information from an eye of a subject includes, but is not
limited to: signal processing circuitry including: a gaze
attractor controller adapted to drive a gaze attractor to cause
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the eye of the subject to move into alignment with at least
one of the interrogation signal source and the response
signal sensor; a response signal input adapted to receive a
response signal sensed from the eye of the subject by a
response signal sensor responsive to delivery of an interro-
gation signal to the eye of the subject; and a response signal
processor configured to process a response signal sensed
from the eye of the subject when the eye of the subject is in
alignment with respect to the at least one of the interrogation
signal source and the response signal sensor to determine a
physiological parameter from the response signal. In addi-
tion to the foregoing, other system aspects are described in
the claims, drawings, and text forming a part of the disclo-
sure set forth herein.

In one aspect, a system includes, but is not limited to a
housing; an interrogation signal source housed in the hous-
ing and adapted for delivering an interrogation signal to an
eye of a subject, the interrogation signal source including at
least one light source and at least one optical system; a
response signal sensor housed within the housing and
adapted for sensing a response signal produced by the eye of
the subject responsive to the interrogation signal, the
response signal containing information regarding a physi-
ological parameter of the subject; a gaze attractor adapted to
attract the gaze of the subject to thereby cause the eye of the
subject to move into alignment with at least one of the
interrogation signal source and the response signal sensor;
an output structure adapted for transmitting an output signal,
mounting means adapted for mounting the housing with
respect to a display in such a manner that the interrogation
signal source and response signal sensor are alignable with
the eye of the subject during normal use of the display by the
subject. In addition to the foregoing, other system aspects
are described in the claims, drawings, and text forming a part
of the disclosure set forth herein.

In one aspect, a method of measuring information from an
eye of a subject includes, but is not limited to; delivering an
interrogation signal to the eye of the subject with an inter-
rogation signal source; detecting a response signal from the
eye of the subject with a response signal sensor; controlling
a gaze attractor to cause the eye of the subject to move into
alignment with at least one of the interrogation signal source
and the response signal sensor; and determining a physi-
ological parameter of the subject from the response signal
detected from the eye of the subject when the eye of the
subject is in alignment with respect to the at least one of the
interrogation signal source and the response signal sensor. In
addition to the foregoing, other method aspects are
described in the claims, drawings, and text forming a part of
the disclosure set forth herein.

In one aspect, an article of manufacture includes, but is
not limited to, one or more non-transitory machine-readable
data storage media bearing one or more instructions for:
delivering an interrogation signal to the eye of the subject
with an interrogation signal source; detecting a response
signal from the eye of the subject with a response signal
sensor; controlling a gaze attractor to cause the eye of the
subject to move into alignment with at least one of the
interrogation signal source and the response signal sensor;
and determining a physiological parameter of the subject
from the response signal detected from the eye of the subject
when the eye of the subject is in alignment with respect to
the at least one of the interrogation signal source and the
response signal sensor. In addition to the foregoing, other
aspects of articles of manufacture including one or more
non-transitory machine-readable data storage media bearing
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one or more instructions are described in the claims, draw-
ings, and text forming a part of the disclosure set forth
herein.

In addition to the foregoing, various other method and/or
system and/or articles of manufacture including one or more
non-transitory machine-readable data storage media bearing
one or more instructions are set forth and described in the
teachings such as text (e.g., claims and/or detailed descrip-
tion) and/or drawings of the present disclosure.

The foregoing is a summary and thus may contain sim-
plifications, generalizations, inclusions, and/or omissions of
detail; consequently. those skilled in the art will appreciate
that the summary is illustrative only and is NOT intended to
be in any way limiting. Other aspects, features, and advan-
tages of the devices and/or processes and/or other subject
matter described herein will become apparent by reference
to the detailed description, the corresponding drawings,
and/or in the teachings set forth herein.

The foregoing summary is illustrative only and is not
intended to be in any way limiting. In addition to the
illustrative aspects, embodiments, and features described
above, further aspects, embodiments, and features will
become apparent by reference to the drawings and the
following detailed description.

BRIEF DESCRIPTION OF THE FIGURES

For a more complete understanding of embodiments,
reference now is made to the following descriptions taken in
connection with the accompanying drawings. The use of the
same symbols in different drawings typically indicates simi-
lar or identical items, unless context dictates otherwise. The
illustrative embodiments described in the detailed descrip-
tion, drawings, and claims are not meant to be limiting.
Other embodiments may be utilized, and other changes may
be made, without departing from the spirit or scope of the
subject matter presented here.

FIG. 1 is a block diagram of a system for sensing
information from an eye of a subject.

FIG. 2 is an illustration of the anatomy of an eye.

FIG. 3 is a block diagram of a system for sensing
information from an eye of a subject.

FIG. 4 is a block diagram of a system for sensing
information from an eye of a subject.

FIG. 5A depicts an example of an interrogation signal
source and response signal sensor combination for detecting
various physiological parameters.

FIG. 5B depicts an example of an interrogation signal
source and response signal sensor combination for detecting
various physiological parameters.

FIG. 5C depicts an example of an interrogation signal
source and response signal sensor combination for detecting
various physiological parameters.

FIG. 5D depicts an example of an interrogation signal
source and response signal sensor combination for detecting
a physiological parameter.

FIG. 5E depicts example of an interrogation signal source
and response signal sensor combination for detecting a
physiological parameter.

FIG. 6 is a block diagram of a system for sensing
information from an eye of a subject.

FIG. 7 is a block diagram of a system for sensing
information from an eye of a subject.

FIG. 8 is a block diagram of a system for sensing
information from an eye of a subject.

FIG. 9 is an illustration of an example a system used for
monitoring health parameters of a computer user.
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FIG. 10 is a block diagram of a system for controlling the
sensing of information from an eye of a subject.

FIG. 11 is a block diagram of a system for controlling the
sensing of information from an eye of a subject.

FIG. 12 is a block diagram of a system for controlling the
sensing of information from an eye of a subject.

FIG. 13 illustrates several embodiments of a system for
sensing information from an eye of a subject.

FIG. 14 is a flow diagram of a method of measuring
information from an eye of a subject.

FIG. 15 is a flow diagram of a method of measuring
information from an eye of a subject.

FIG. 16 is a flow diagram of a method of measuring
information from an eye of a subject.

FIG. 17 is a flow diagram of a method of measuring
information from an eye of a subject.

FIG. 18 illustrates an embodiment of a system including
a stimulation unit.

FIG. 19 is a flow diagram of a method of measuring
information from an eye of a subject.

FIG. 20 is a flow diagram of a method of measuring
information from an eye of a subject.

FIG. 21 illustrates an article of manufacture including
non-transitory machine-readable data storage media bearing
instructions for performing a method of measuring informa-
tion from an eye of a subject.

FIG. 22 is a block diagram of a system for sensing
information from an eye of a subject.

FIG. 23 is a block diagram of a system for sensing
information from an eye of a subject.

FIG. 24 illustrates an embodiment of a system for sensing
information from an eye of a subject at an airline ticket
kiosk.

FIG. 25 is a block diagram of a system for controlling the
sensing of information from an eye of a subject.

FIG. 26 is a block diagram of a system for sensing of
information from an eye of a subject.

FIG. 27 is a flow diagram of a method of measuring
information from an eye of a subject.

FIG. 28 is a flow diagram of a method of measuring
information from an eye of a subject.

FIG. 29 is a flow diagram of a method of measuring
information from an eye of a subject.

FIG. 30 is a flow diagram of a method of measuring
information from an eye of a subject.

FIG. 31 is a flow diagram of a method of measuring
information from an eye of a subject.

FIG. 32 is a flow diagram of a method of measuring
information from an eye of a subject.

FIG. 33 illustrates an article of manufacture including
non-transitory machine-readable data storage media bearing
instructions for performing a method of measuring informa-
tion from an eye of a subject.

FIG. 34 is a block diagram of a system for sensing
information from an eye of a subject.

FIG. 35 is a block diagram of an embodiment of a system
for controlling the sensing of information from an eye of a
subject.

FIG. 36 is a block diagram of a system for sensing
information from an eye of a subject.

FIG. 37 illustrates an embodiment of a system for sensing
information from a hospital patient according to a schedule.

FIG. 38 is a flow diagram of a method of measuring
information from an eye of a subject.

FIG. 39 is a flow diagram of a method of measuring
information from an eye of a subject.
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FIG. 40 is a flow diagram of a method of measuring
information from an eye of a subject.

FIG. 41 is a flow diagram of a method of measuring
information from an eye of a subject.

FIG. 42 is a flow diagram of a method of measuring
information from an eye of a subject.

FIG. 43 is a flow diagram of a method of measuring
information from an eye of a subject.

FIG. 44 is a flow diagram of a method of measuring
information from an eye of a subject.

FIG. 45 is a flow diagram of a method of measuring
information from an eye of a subject.

FIG. 46 is a flow diagram of a method of measuring
information from an eye of a subject.

FIG. 47 is a flow diagram of a method of measuring
information from an eye of a subject.

FIG. 48 is a flow diagram of a method of measuring
information from an eye of a subject.

FIG. 49 is a flow diagram of a method of measuring
information from an eye of a subject.

FIG. 50 illustrates an article of manufacture including
non-transitory machine-readable data storage media bearing
instructions for performing a method of measuring informa-
tion from an eye of a subject.

FIG. 51 illustrates an embodiment of a system for sensing
information from an eye of a subject.

FIG. 52 is a block diagram of a system for controlling the
sensing of information from an eye of a subject.

FIG. 53 is a block diagram of an embodiment of a system
for sensing information from an eye of a subject.

FIG. 54 is a flow diagram of a method of measuring
information from an eye of a subject.

FIG. 55 is a flow diagram of a method of measuring
information from an eye of a subject.

FIG. 56 is a flow diagram of a method of measuring
information from an eye of a subject.

FIG. 57 is a flow diagram of a method of measuring
information from an eye of a subject.

FIG. 58 is a flow diagram of a method of measuring
information from an eye of a subject.

FIG. 59 is a flow diagram of a method of measuring
information from an eye of a subject.

FIG. 60 is a flow diagram of a method of measuring
information from an eye of a subject.

FIG. 61 is a flow diagram of a method of measuring
information from an eye of a subject.

FIG. 62 is a flow diagram of a method of measuring
information from an eye of a subject.

FIG. 63 is a flow diagram of a method of measuring
information from an eye of a subject.

FIG. 64 is a flow diagram of a method of measuring
information from an eye of a subject.

FIG. 65 is a flow diagram of a method of measuring
information from an eye of a subject.

FIG. 66 illustrates an article of manufacture including
non-transitory machine-readable data storage media bearing
instructions for performing a method of measuring informa-
tion from an eye of a subject.

FIG. 67 is a generalized block diagram of an embodiment
of a system.

DETAILED DESCRIPTION

In the following detailed description, reference is made to
the accompanying drawings, which form a part hereof. In
the drawings, similar symbols typically identify similar
components, unless context dictates otherwise. The illustra-
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tive embodiments described in the detailed description,
drawings, and claims are not meant to be limiting. Other
embodiments may be utilized, and other changes may be
made, without departing from the spirit or scope of the
subject matter presented here.

FIG. 1 depicts a system 100 for sensing information from
an eye 102 of a subject 104, which includes a gaze signal
sensor 106 adapted for receiving a gaze signal 108 contain-
ing information indicative of a gaze direction of eye 102 of
subject 104; an interrogation signal source 110 for delivering
an interrogation signal 112 to eye 102 of subject 104; a
response signal sensor 114 for sensing response signal 116
produced by the eye 102 responsive to interrogation signal
112; signal processing circuitry 118 including a gaze signal
processor 120 configured to determine the gaze direction of
eye 102 based upon gaze signal 108; alignment detector 122
configured to determine whether eye 102 of subject 104 is in
alignment with respect to at least one of the interrogation
signal source 110 or response signal sensor 114 based at least
in part upon the gaze direction; and response signal proces-
sor 124 configured to process response signal 116 sensed
from eye 102 of subject 104 by the response signal sensor
114 when eye 102 is in alignment with respect to the at least
one of the interrogation signal source 110 or response signal
sensor 114 to determine a physiclogical parameter 126 from
response signal 116.

Interrogation signal source 110 includes light source 130,
optical system 132, and actuator 134 for adjusting light
source 130 and/or optical system 132 to control the position
and focal distance of interrogation signal 112. Response
signal sensor 114 includes light sensor 136, optical system
138, and actuator 140 for manipulating the light sensor 136
and/or optical system 138. Optical systems 132 and 138 (and
other optical systems described herein) may include various
components for controlling different aspects of the optical
signals, (e.g. focus, direction, collimation, light polarization,
wavelength composition) including, for examples, lenses,
mirrors, reflectors, filters, diffraction gratings, etc. as are
well known to those having skill in the optical arts.
Response signal sensor 114 may be adapted to sense
response signal 116 from an interior of the eye 102 of subject
104 responsive to the interrogation signal. For example,
response signal generally may be focused to detect a
response signal reflect from a particular structure in the
interior eye 102, and or be adapted to sense frequency
components found in signals reflected from a region/struc-
ture of interest within eye 102.

FIG. 2 depicts an eye 200 showing various internal
structures from which a response signal can be detected
responsive to an interrogation signal, including lens 202,
aqueous humor 204, vitreous humor 206, or retina 208. Also
depicted are iris 210 and optic nerve 212. As two specific
examples, FIG. 2 depicts interrogation signal 220 that is
reflected off a front surface of lens 202 to form response
signal 222, and interrogation signal 224 that is reflected off
retina 208 to form response signal 226.

Referring back to FIG. 1, gaze signal sensor 106 may
include various types of sensing devices, including, e.g. an
infrared camera 142 or a CCD camera 144. Gaze signal
sensor 106 and response signal sensor 114 may be different
sensors, as depicted in FIG. 1, or the same sensor as depicted
in FIG. 3. If different sensors, they may be different sensors
of the same type, or different sensors of different types. FIG.
3 depicts a system 300 in which a single signal source is used
as a combined gaze tracking stimulus source interrogation
signal source 320, which includes light source 330, optical
system 332 and actuator 334, and a single sensor is used as

20

25

40

45

55

60

65

14

gaze signal sensor/response signal sensor 302, which
includes light sensor 306, optical system 308 and actuator
310. Gaze signal/response signal 304 is produced by eye 102
in response to gaze tracking stimulus/interrogation signal
312. The sensed response signal is directed to gaze signal
processor 120 and response signal processor 124, which
along with alignment detector 122, components of signal
processing circuitry 118.

As shown in FIG. 1, system 100 for sensing information
from eye 102 of subject 104 may also include at least one
gaze tracking stimulus source 150 adapted to deliver gaze
tracking stimulus 152 to at least eye 102 of subject 104,
wherein the gaze signal 108 is produced in response to gaze
tracking stimulus 152. Here and elsewhere, elements of a
figure indicated with a dashed line are not required in all
embodiments. Gaze tracking stimulus source 150 may
include, for example, an infra-red source 154 or a near
infra-red source 156. A gaze signal sensor 106 that includes
an infra-red sensor (e.g., an infrared camera 142) may be
used in combination with an infra-red source 154, and a gaze
signal sensor that includes a near infra-red sensor (for
example, a near infra-red camera 146) may be used in
combination with a near infra-red source 156. Gare tracking
stimulus source 150 may include one or a plurality of light
sources. Gaze signal sensor 106 may include one or a
plurality of optical sensors, an optical sensor array, and/or a
camera (142, 144, 146, or 148).

Eye tracking to determining gaze direction is performed
by analysis of gaze signal 108 sensed by gaze signal sensor
106 with gaze signal processor 120. As depicted in FIG. 1,
gaze signal sensor can include a camera, which can be a
smart camera that can capture images of a user’s eyes,
process them and issue control commands within a milli-
second time frame. Image data may include results of visual
spectrum imaging, infrared imaging, ultrasound imaging.
Smart cameras are commercially available (e.g., Hamamat-
su’s Intelligent Vision System; http://jp. hamamatsu.com/en/
product_info/index.html). Such image capture systems may
include dedicated processing elements for each pixel image
sensor. Other camera systems for use as gaze signal sensors
may include, for example, a pair of infrared charge coupled
device cameras to continuously monitor pupil size and
position. This can be done as the eye follows a moving
visual target, and can provide real-time data relating to pupil
accommodation relative to objects on a display (e.g., http://
jp-hamamatsu.com/en/rd/publication/scientific_american/
common/pdfiscientific_0608.pdf). FIG. 1 depicts gaze sig-
nal processor 120 as separate from gaze signal sensor 106;
however, in some embodiments, some or all of the gaze
signal processor 120 may be packaged with and/or formed
integrally with the gaze signal sensor 106.

Eye movement and/or pupil movement may also be
measured by video-based eye trackers. In these systems, a
camera (the gaze signal sensor 106) focuses on one or both
eyes and records eye movement as the viewer looks at a
stimulus. Contrast may be used to locate the center of the
pupil, and infrared and near-infrared non-collimated light
(the gaze tracking stimulus source 150) may be used to
create a corneal reflection. The vector between these two
features can be used to compute gaze intersection with a
surface after a calibration for a subject.

Two types of eye tracking techniques include bright pupil
eye tracking and dark pupil eye tracking. Their difference is
based on the location of the illumination source (gaze
tracking stimulus source) with respect to the optical system.
If the illumination is coaxial with the optical path, then the
eye acts as a retroreflector as the light reflects off the retina,
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creating a bright pupil effect similar to red eye. If the
illumination source is offset from the optical path, then the
pupil appears dark. Thus, in some embodiments, the gaze
tracking stimulus source and the gaze response signal sensor
are co-aligned. Alternatively, the gaze tracking stimulus
source and the gaze response signal sensor be separately
aligned and located.

Bright Pupil tracking creates greater iris/pupil contrast
allowing for more robust eye tracking that is less dependent
upon iris pigmentation and greatly reduces interference
caused by eyelashes and other obscuring features. It also
allows for tracking in lighting conditions ranging from total
darkness to very bright light. However, bright pupil tech-
niques are not recommended for tracking outdoors as extra-
neous infrared (IR) sources may interfere with monitoring.

Most eye tracking systems use a sampling rate of at least
30 Hz. Although 50/60 Hz is most common, many video-
based eye trackers run at 240, 350 or even 1000/1250 Hz,
which is recommended in order to capture the detail of the
very rapid eye movements during reading, for example.

Eye movements are typically divided into fixations, when
the eye gaze pauses in a certain position, and saccades, when
the eye gaze moves to another position. A series of fixations
and saccades is called a scanpath. Most information from the
eye is made available during a fixation, not during a saccade.
The central one or two degrees of the visual angle (the
fovea) provide the bulk of visual information; input from
larger eccentricities (the periphery) generally is less infor-
mative. Therefore the locations of fixations along a scanpath
indicate what information loci on the stimulus were pro-
cessed during an eye tracking session. On average, fixations
last for around 200 milliseconds during the reading of
linguistic text, and 350 milliseconds during the viewing of
a scene. Preparing a saccade towards a new goal takes
around 200 milliseconds. Scanpaths are useful for analyzing
cognitive intent, interest, and salience. Other biological
factors (some as simple as gender) may affect the scanpath
as well. Eye tracking in human-computer interaction typi-
cally investigates the scanpath for usability purposes, or as
a method of input in gaze-contingent displays, also known
as gaze-based interfaces.

Commercial eye tracking software packages can analyze
eye tracking and show the relative probability of eye fixation
at particular locations. This allows for a broad analysis of
which locations received attention and which ones were
ignored. Other behaviors such as blinks, saccades, and
cognitive engagement can be reported by commercial soft-
ware packages.

Signal processing circuitry 118 includes alignment detec-
tor 122. As used herein, the interrogation signal source being
“in alignment” with respect to the eye of the subject refers
to positioning of the eye of the subject with respect to the
interrogation signal source such that, for example, an inter-
rogation signal 112 from the interrogation signal source 110
is able to enter and/or interact with the eye 102 of the subject
so that a measurement can be obtained from the eye of the
subject. Alignment of eye 102 of subject 104 with respect to
response signal sensor 114 refers to positioning of eye 102
of subject 104 with respect to the response signal sensor 114
such that response signal 116 from eye 102 of subject 104
can reach and can be sensed by the response signal sensor
114. Determining alignment of the eye of the subject with
respect to the interrogation signal source 110 and the
response signal sensor 114 may include determining the
gaze direction of the eye of the subject, and comparing the
gaze direction of the eye with information regarding the
position and orientation of the interrogation signal source
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and/or response signal sensor. Alternatively, or in addition,
alignment of the eye of the subject with respect to the
interrogation signal source and the response signal sensor
can be detected through the quality of the signal, e.g., by
higher signal strength in wavelengths of interest. Such
determining or detection of alignment is carried out by
alignment detector 122. It will be appreciated that the eye
may be considered “in alignment” with the response signal
sensor 114 or interrogation signal source 110 when the
response signal sensor or interrogation signal source lies
within a specified number of degrees of the gaze direction,
and may not necessarily be located exactly in line with the
gaze direction. In particular, if the interrogation signal
source has a broad output angle, or the response signal
sensor has a broad input angle, then components may be
considered to be “in alignment,” in that a measurement may
be obtained, even if the components are not exactly in line.
In some embodiments, the system may be configured to
deliver the interrogation signal to the eye of the subject with
the interrogation signal source only when the eye of the
subject is in alignment with the interrogation signal source
and the response signal sensor.

Interrogation signal source 110 and response signal sensor
114 are selected such that a signal produced by the eye in
response to the interrogation signal 112 is detectable by
response signal sensor 114. For example, as depicted in FIG.
1, the interrogation signal source is an optical signal source,
and an optical response signal is produced in response
thereto, which is detectable by an optical response signal
sensor. Optical signal sources may be characterized in terms
of wavelength/waveband of light emitted (which may be
visible, infrared, near-infrared, or mid-infrared, for
example). Wavelength, phase, amplitude and polarization of
light emitted by an optical interrogation signal source may
be modified, e.g. through the use of filters or diffraction
gratings. An optical response signal sensor used in combi-
nation with an optical interrogation signal source may be
configured (e.g. through the use of suitable filters or diffrac-
tion gratings) to sense an optical signal having particular
properties, e.g., wavelength or polarization, which may be
the same or different that the wavelength or polarization of
the light produced by the interrogation signal source. In one
aspect, the interrogation signal source is adapted to produce
light having a first polarization, wherein the response signal
sensor is adapted to detect light having a second polariza-
tion. The first polarization and the second polarization may
be the same or different.

In some embodiments described herein, a system may
include other types of interrogation signal source and
response signal sensor. For example, as shown in FIG. 4, an
acoustic (ultrasonic) interrogation signal source 402a and
acoustic (ultrasonic) response signal sensor 4064 are used.
An ultrasonic interrogation signal 404a can be used to
measure a subject’s hear rate, for example, as will be
described in greater detail herein below. In some embodi-
ments, more than one interrogation signal source and
response signal sensor may be used. FIG. 4 depicts optical
interrogation signal sources 4025 and 402¢ which generate
optical interrogation signals 4045 and 404¢, respectively, in
addition to ultrasonic interrogation signal source 402a, and
optical signal sensors 4065 and 406¢ in addition to ultra-
sonic response signal sensor 406a. Use of multiple different
interrogation signal sources and sensors permits detection of
multiple different physiological parameters 426a, 426b, and
426¢. Gaze signal sensor 106, gas tracking stimulus source
150, gaze signal processor and alignment detector 122 are as
described in connection with FIG. 1. Response signal pro-
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cessor 424 is configured to process response signals 408a,
408b, and 408¢ to determine physiological parameters 426a,
426b, and 426¢. In some aspects, multiple sensors may be
used to detect multiple different physiological parameters.
However, in some embodiments it may be desirable to use
multiple sensors in the detection of a single parameter.

Different source/sensor combinations can be used to
detect different physiological parameters. Examples of com-
binations of interrogation signal source and response signal
sensor and sensed parameters are depicted in FIGS. SA-SE.
For example, as shown in FIG. 5A, the combination of
interrogation signal source that includes a broad spectrum
light source 502a and response signal sensor that includes a
spectrometer 5064 based on a CCD array may be suited for
detecting a variety of analytes, e.g. sodium salts 526al,
glucose 52642, proteins 52643. or lipids 52644 from the
aqueous humor 504a of the eye 102, as well as other
analytes, for example as described U.S. Patent Appl. No.
2011/0184262 by Menon published on Jul. 28, 2011, which
is incorporated herein by reference.

As shown in FIG. 5B, the combination of an interrogation
signal source that includes a near-infrared light source 5025
and response signal sensor that includes near-infrared cam-
era 5065 may be suited for detecting biometric identification
526b1 from retina 50451 or biometric identification 52652
from iris 50452, for example as described in U.S. Pat. No.
5,572,596 issued to Wildes et al. on Nov. 5, 1996 and U.S.
Pat. No. 4,641,349 issued to Flom et al. on Feb. 3, 1987,
each of which is incorporated herein by reference.

As shown in FIG. 5C, the combination of interrogation
signal source that includes a tunable laser source 502¢ and
response signal sensor that includes a Raman spectroscope
506¢ based on a CCD camera may be suited for detecting,
e.g. hormones 526¢ such as epinephrine 526¢1, norepineph-
rine 526¢2, or hydrocortisone 526¢3, in aqueous humor
504c1, or blood vessels 504¢2 in conjunctiva or retina, for
example as described U.S. Pat. No. 6,961,599 issued to
Lambert et al. on Nov. 1, 2005, which is incorporated herein
by reference.

As shown in FIG. 5D, the combination of interrogation
signal source that includes a mid-infrared light source 5024
and response signal sensor that includes a mid-infrared
detector 5064 may be suited for detecting, e.g. glucose 5264
in blood vessels 5044 in sclera, for example as described in
U.S. Pat. No. 6,958,039 issued to Burd et al. on Oct. 25,
2005, which is incorporated herein by reference.

As shown in FIG. 5E, The combination of interrogation
signal source that includes tunable laser 502 and response
signal sensor that includes broad spectrum pyroelectric
detector 506¢ may be suited for detecting, e.g. warfarin 526e
in blood vessels in the sclera 504e, (see e.g., the Data Sheet:
“Warfarin IR Spectrum” which is incorporated herein by
reference).

The detection methods summarized in FIGS. 5A-5E are
described in greater detail in connection with various
examples of embodiments described herein. The response
signal may be indicative of, e.g., a feature of the vasculature
of the eye of the subject, a biometric identification of the
subject. A response signal detected by a camera may be an
image, such as an image of the vasculature of the retina,
which may be used in a biometric identification. Other
characteristic of the vasculature of the eye (e.g. movement
of the vasculature of the eye) may be indicative of other
physiological parameters, which may be derived therefrom.

In various embodiment described herein, the physiologi-
cal parameter may be a measurement of and/or indicative of
heart rate or pulse rate, blood flow, a temperature (e.g. body
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temperature), or a substance (e.g., a chemical component) in
the eye of the subject, which may be, for example, a
substance in the aqueous humor or vitreous humor, or in the
blood of the retina, conjunctiva, or sclera. A wide variety of
substances in blood, aqueous humor or vitreous humor can
be detected using spectroscopic methods, as described
herein and as known to those of skill in the relevant art.
Substances that may be detected include, but are not limited
to, glucose, oxygen, glycosylated hemoglobin, salts, pro-
teins, lipids, gases, hormones, and drugs. The physiological
parameter may be measured directly, or derived from a
parameter that is measured directly. Blood flow may be
determined, for example, with laser Doppler or thermal
flowmetry based on optical temperature measurements.
Heart rate or pulse rate can be determined from ocular pulse
measurements (see e.g., U.S. Pat. No. 3,948,248 issued to
Zuckerman et al. on Apr. 6, 1976 which is incorporated
herein by reference). Other physiological parameters may be
measured by methods known to those having skill in the art.

Multiple physiological parameters can be determined
from a subject through the use of multiple interrogation
signal sources and sensors, or by using different processing
signal approaches on data obtained with the same interro-
gation signal source(s)/response signal.

As shown in FIG. 6, in an embodiment, interrogation
signal source 602 may be adapted to deliver a pulsed
interrogation signal 604. At least one of response signal
sensor 606 and signal processing circuitry 618 is configured
to gate detection of the response signal 608 relative to the
pulsed interrogation signal 604. In an aspect, signal pro-
cessing circuitry 618 is configured to combine multiple
response signals produced by the eye of the subject in
response to multiple pulses of the pulsed interrogation
signal. Signal processing circuitry 618 may combine the
multiple response signals by various methods, e.g., by
summing and/or averaging the multiple response signals, as
indicated at 620 and 622, respectively, or by determining a
moving average or weighted sum of the multiple response
signals, as indicated at 624 and 626, respectively. Combin-
ing response signals may be beneficial in order to produce
physiological parameter data 426 that has an improved
signal-to-noise ratio or that more accurately represents the
physiological parameter being measured. As used herein, the
term “‘signal” refers to a signal of interest within the relevant
context, and the term “noise” refers to any signal that is not
of interest within the relevant context.

As shown in FIG. 7, an interrogation signal source 702¢
may be adapted to deliver an interrogation signal containing
multiple wavelengths of light A, A,, A, (for example,
interrogation signal source may be a broad spectrum source).
The system may include a first response signal sensor 706a
configured to sense a first response signal 708a produced by
the eye of the subject responsive to a first wavelength
component (h,) of the interrogation signal 704c, and a
second response signal sensor 7065 configured to sense a
second response signal 7085 produced by the eye of the
subject responsive to a second wavelength component (A,)
of the interrogation signal 704c. Alternatively, a single
sensor may sense response signals produced at two or more
different wavelengths.

Alternatively, the system may include at least a first
interrogation signal source 7024 configured to deliver a first
interrogation signal 704a having a first optical wavelength
(M) and at least a second interrogation signal source 7025
configured to deliver a second interrogation signal 7045
having a second optical wavelength (A,). Response signals
708a and 7085 are produced in response to first interrogation
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signal 704a and second interrogation signal 7045, and
detected by response signal sensors 706a and 7065 respec-
tively. Signal processing circuitry 718 including response
signal processor 724 may be configured to process a first
response signal 708a sensed from eye 102 of subject 104 in
response to the first interrogation signal 704a and a second
response signal 7085 sensed from eye 102 of subject 104 in
response to second interrogation signal 7045 by comparing
the first and second response signals with comparator 730 to
determine the physiological parameter 732. System 700 may
be configured to deliver the first interrogation signal 704a
simultaneously with respect to the second interrogation
signal 7045, or sequentially with respect to the second
interrogation signal 7045.

In an embodiment, the interrogation signal source and the
response signal sensor are co-aligned. Alternatively, the
interrogation signal source and the response signal sensor
may be separately aligned and located. If the interrogation
signal source and response signal sensor are co-aligned, it
may be necessary to only detect the alignment of the eye of
the subject with one of the interrogation signal source and
response signal sensor, in that alignment with one is indica-
tive of alignment with the other. If, on the other hand,
interrogation signal source and response signal sensor are
separately located and aligned, it may be necessary to detect
the alignment of the eye with regard to each. This is
particularly the case if the output angle of the interrogation
signal source and the input angle of the response signal
sensor are narrowly focused and tight alignment is required
in order to obtain a good measurement. If one of the
interrogation signal source and response signal sensor is
relatively unfocused and/or untargeted (having a wide input/
output angle) and one has a narrow/focused input/output
angle, its alignment with the eye may not be critical and
detection of such alignment may not be required. In addi-
tion, if a detector but no source is used (e.g., in the case that
a detectable response signal can be obtained in ambient
light), again, it would only be necessary to detect alignment
of the eye of the subject with respect to the response signal
sensor.

As depicted in FIG. 8, a system 800 for sensing informa-
tion from eye 102 of subject 104 may also include an output
structure 810 adapted to output a signal relating to the
determined physiological parameter 126. For example, out-
put structure 810 can include data transmission structure
812, a data storage structure 814, a display 816, an audio
output 818, or a visual output 820. As an example, the
system may include a display adapted to display information
relating to the determined physiological parameter. The
display may be a video monitor (including but not limited to
a television display), a computer display (including but not
limited to a display on a desktop, laptop, tablet computer,
personal digital assistance, or any other stationary, portable
or handheld computing devices), a video game display, a
telephone display (including, but not limited to, a display on
a smart phone), or a terminal of a data processing device
(any type of device having data processing capability). The
display may be incorporated in a wearable item (e.g. eye-
wear, headware, jewelry, an article of clothing, a badge, a
bandage, an adhesive patch, a wristwatch, a cuff, a sleeve, a
wristband, an armband, a helmet, a physiological support
such as a cast or brace, or a wearable a positioning structure
configured to surround a portion of the subject), an article of
furniture, an article of medical or health-care related equip-
ment (e.g., for use in a hospital, clinic, physician’s office,
care facility, or home), an article of exercise equipment (e.g.,
a treadmill, exercise bicycle, elliptical trainer), or a vehicle
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(e.g. as a display in a dashboard, control panel, or drop-down
or seat-back display of an automobile, a truck, a train, an
airplane, a motorcycle, or a boat). The particular choice of
display may depend upon the intended application of the
system, e.g. whether it is to be used for a medical or
health-related application or business or security applica-
tion, or for individual or institutional use, as illustrated by
the examples provided herein. System 800 may include
multiple output structures to permit data or information to be
output in more than one format or for more than one

purpose.

Example 1: An Unobtrusive Eye Interrogation
System Attached to a Computer Monitor to
Measure Health Parameters of a Computer User

FIG. 9 illustrates an example of a system as described
generally in connection with FIG. 1. FIG. 9 illustrates an eye
interrogation system 900 positioned relative to computer
monitor 902. Eye interrogation system 900 detects gaze
alignment and interrogates the eye 904 of a subject (com-
puter user) 906 to determine health parameters while subject
906 works at the computer 908. To detect gaze alignment, a
gaze tracking system is used to detect when the subject 906
looks at the interrogation source and/or the interrogation
sensor. The gaze tracking system includes gaze tracking
stimulus source which includes IR light source 910 and gaze
signal sensor which includes IR camera 912, which detects
the reflection of IR light from the eyes 904 of the subject
906. For example, a gaze tracking system for monitoring eye
position is available from Seeing Machines Inc., Tucson,
Ariz. (see e.g., the Specification Sheet: “faceLAB™ 5
Specifications” which is incorporated herein by reference).
Eye position, eye rotation, eye gaze position against screen,
pupil diameter and eye vergence distance may be monitored.
Eye rotation measurements of up to +/-45 degrees around
the y-axis and +/-22 degrees around the x-axis are possible.
Typical static accuracy of gaze direction measurement is
0.5-1 degree rotational error. The gaze tracking system
includes software and circuitry forming a part of gaze signal
processor (in eye interrogation system 900; the processing
capability of computer 908 may also be used, through
special purpose software or hardware installed therein) to
analyze the gaze tracking data and to detect alignment of the
user’s gaze with an broad spectrum light source (interroga-
tion signal source) 914 and/or an optical collector/spectrom-
eter (response signal sensor) 916. Alignment of the user’s
eyes with the interrogation signal source 914 or the response
signal sensor 916 triggers activation of the interrogation
signal 914 source by the circuitry in system 900.

An interrogation signal source 914 and response signal
sensor 916 are incorporated in eye interrogation system 900
to determine health parameters of the computer user. Inter-
rogation signal source 914 includes a light source which
generates broad spectrum light (approximate wavelengths:
360 nm to 900 nm) located in the interrogation system to
deliver light to the eye. For example a tungsten halogen light
source with a wavelength range of 360 nm to 2000 nm in
wavelength is available from Ocean Optics, Dunedin, Fla.
See e.g., the Specification Sheet: “HL-2000 Tungsten Halo-
gen Light Sources” which is incorporated herein by refer-
ence. Light from the source strikes the cornea, reflects off the
iris and passes through the anterior chamber of the eye
which contains aqueous humor with bioanalytes. Methods
and systems for analyzing reflected light to determine bio-
analytes in the eye are described (see e.g., U.S. Patent Appl.
No. 2011/0184262 by Menon published on Jul. 28, 2011
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which is incorporated herein by reference). Light reflected
from the eye is detected by a response signal sensor 916
which is also located in the system (See FIG. 2). The
response signal sensor 916 may include an optical collector
and a spectrometer to determine the reflected spectrum. For
example the collector may be a collimating lens assembly
with a single aspheric lens with a field of view of approxi-
mately 45 degrees (e.g., a 74-DA Collimating Lens (200-
2000 nm) is available from Ocean Optics, Dunedin, Fla.).
The lens attaches to a spectrometer for increased light
throughput and collects collimated light in a straight path of
open air and focuses it on to a spectrometer’s slit. The
spectrometer may be a fiber optic spectrometer with a
CCD-array detector and an analog to digital converter with
programmable electrical circuitry. For example a miniature
fiber optic spectrometer with a 2048-element CCD-array
detector with a range of 200-1100 nm and a grating with a
spectral range of 625 nm with best efficiency from 530 nm
to 1100 nm is available from Ocean Optics, Dunedin, Fla.
(see e.g., the Specification Sheet: USB2000+ Miniature
Fiber Optic Spectrometer which is incorporated herein by
reference). The spectrometer has a microcontroller and USB
connector to allow activation and programming of the
spectrometer by computer 908, using software/hardware
installed therein. To summarize, when the gaze tracking
system detects alignment of the user’s eyes, the signal
processing circuitry activates the interrogation signal source
914 and the response signal sensor 916 (spectrometer) to
collect data from the user’s eyes.

Health parameters for subject 906 are routinely monitored
during use of the computer to provide information to subject
906 for example. Information regarding the subject’s health
parameters may also be provided to a health care provider or
other party, for example via the internet. The interrogation
system may monitor analytes present in the anterior chamber
of the eye, for example, sodium salts, glucose, proteins,
lipids and other metabolites. For example the concentration
of sodium salts in the aqueous humor in the anterior chamber
of the eye may be determined by reflectance spectroscopy
and reference to a spectrum from a healthy subject with
blood sodium levels in the normal range. Computer algo-
rithms to determine sodium salt concentration based on
reflection spectra are described (see e.g., U.S. Patent Appl.
No. 2011/0184262, Ibid.). For example, user reflectance
spectra are compared with reference spectra to compute
analyte concentration. Multivariate analysis, e.g., Least
Square analysis, may be used to calibrate the reference data
and evaluate analyte concentrations. Sodium salt concentra-
tions in aqueous humor of the eye may be correlated with
blood sodium levels and hydration. To measure glucose
levels of the subject reflectance spectra are obtained for
concentrations of glucose as a function of wavelength. The
intensity of light measured at a specific wavelength and the
ratio of intensities at two or more wavelengths are charac-
teristic for glucose in the aqueous humor of the eye. A
characteristic pattern for glucose solutions at different wave-
lengths (e.g., 400 nm to 600 nm) may be established in vitro
with the eye interrogation system, and an algorithm may be
used to determine the concentration of glucose present in the
aqueous humor of the eye. Noncontact optical systems to
measure glucose in the eye including: energy sources emit-
ting wavelengths in the visible and near-infrared regions of
the spectrum; reflectance detectors, e.g., spectrometers, and
computer algorithms to analyze spectral data have been
described (see e.g., Patent Application No. 2011/0184262,
Ibid. and U.S. Pat. No. 5,433,197 issued to Stark on Jul. 18,
1995 is incorporated herein by reference). Glucose concen-

20

25

40

45

60

65

22

trations in the anterior chamber of the eye are correlated with
blood glucose levels and since the aqueous humor is con-
tinuously replaced, changes in blood glucose concentrations
are reflected in the aqueous humor with a delay of approxi-
mately 10 minutes (see e.g., U.S. Pat. No. 5,433,197, Ibid.).
Eye interrogation may be used to monitor the computer
user’s glycemic control. For example, the eye interrogation
system may routinely monitor glucose levels in the eye and
alert the user when hyperglycemia is evident.

To monitor the subject’s heart rate, the eye interrogation
system includes an ultrasound system to measure ocular
pulse. Ocular pulsation results from pulsatile blood flow in
vasculature of the eye and reflects heart rate. Systolic
heartbeat results in pulsatile ocular blood flow which gen-
erates a pressure wave at the retina which is transmitted
through the intraocular media to the cornea which distends,
moving 1-50 microns and then reverts back to its original
position during the diastolic portion of the heartbeat. To
measure ocular pulse the eye interrogation system includes
an ultrasound wave source 918 and a receiver 920 to
measure movement of the cornea based on Doppler fre-
quency shift (see e.g., U.S. Pat. No. 3,948,248 issued to
Zuckerman et al. on Apr. 6, 1976, which is incorporated
herein by reference). For example the ultrasound source may
be a piezoelectric-based transducer that produces a continu-
ous ultrasonic wave at approximately 1 MHz frequency
which is collimated into a beam 2 mm to 3 mm in diameter
that is focused on the cornea. Ultrasonic waves are reflected
from the moving cornea and detected by a receiver 920
which converts the ultrasonic energy into an electrical signal
that is processed by demodulation circuitry to reduce noise,
amplify the signal and determine the frequency shift (a.k.a.,
the Doppler shift) of the reflected ultrasound waves. The
frequency shift of the reflected ultrasound waves is used to
calculate the movement, i.e., pulsation, of the cornea with
respect to time, and the velocity of movement versus time is
used to calculate heart rate. The relationship between ocular
pulse and heart rate are described by linear equations (see
e.g., Saha et al., Stroke 24: 1686-1690, 1993 which is
incorporated herein by reference). A plot of ocular pulsation
velocity versus time correlates with a simultaneous electro-
cardiogram (see e.g., U.S. Pat. No. 3,948,248 Ibid.). Heart
rates are determined by eye interrogation with ultrasound
waves and transmitted to a computer for storage and com-
parison to average values for the computer user. Abnormal
heart rate is reported to the computer user. Moreover, ocular
pulsation data may be used to identify other diseases. For
example, ocular pulse distortions may indicate: carotid
stenosis, potential stroke and glaucoma. The eye interroga-
tion system may alert the computer user when ocular pul-
sation data indicate potential diseases exist.

To monitor the computer user’s temperature the eye
interrogation system may include an infrared thermometer
which remotely measures temperature in the eye. An infra-
red thermometer 922 comprised of a detector, collecting
optical system, e.g., lens and filter and processing circuitry
is incorporated in the eye interrogation system. The filter
limits the spectrum of infrared radiation that is detected, and
the lens optical characteristics determine the target size
within the eye and the allowed distance from the user’s eye.
The detector converts infrared energy into an electrical
signal which is amplified and processed by the associated
computer with programs to calculate temperature of the eye.
An infrared thermometer suitable for sensitive temperature
measurement (i.e., approximately 0.1 degree Centigrade)
that may be targeted to the iris/pupil region or to the sclera
is described (see e.g., U.S. Pat. No. 5,115,815 issued to
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Hansen on May 26, 1992 which is incorporated herein by
reference). For example an infrared camera may be used to
measure corneal temperature (see e.g., Kessel et al., Inves-
tigative Opthalmology and Visual Science 51: 6593-6597,
2010 which is incorporated herein by reference). An infrared
camera with a focal plane array detector, thermal sensistivity
=0.09 degrees C. and an accuracy of 0.1 degrees C. is
available from Fluke Corp., Everett, Wash. (see e.g,
Fluke_Ti25 Datasheet which is incorporated herein by ref-
erence). The gaze tracking system (see above) detects align-
ment of the infrared thermometer’s detector with the user’s
eye and activates the infrared thermometer. Temperature
readings are stored in the computer associated with the eye
interrogation system and the user may be alerted when
temperature at the eye is above or below the normal range
relative to the ambient temperature (see e.g., Kessel et al.,
Ibid.). Signal processing may be performed in eye interro-
gation system 900, and/or in computer 908. For example,
physiological parameter values may also be sent to computer
908 for data analysis, storage, reporting, and/or transmission
to another party (e.g. a medical caregiver). Accordingly,
system 900 permits blood glucose, heart rate, and tempera-
ture of subject 906 to be measured unobtrusively while
subject 906 uses computer 908.

In some embodiments, signal processing circuitry is pack-
aged separately from signal sources and sensors. Signal
processing circuitry (which may include hardware or soft-
ware) is readily reconfigurable for use with different types
and/or numbers of signal sources and sensors, e.g. for
measuring different physiological parameters. A user (either
the subject or a caregiver, for example) thus has the option
to configure the system as desired for a specific application.

FIG. 10 depicts a system 1000 for controlling the sensing
of information from an eye 102 of a subject 104, which
includes signal processing circuitry 1002 including a gaze
signal input 1004 adapted to receive a gaze signal 1006
containing information indicative of a gaze direction of the
eye 102 of subject 104 sensed from at least an eye 102 of the
subject; a response signal input 1008 adapted to receive a
response signal 1010 sensed from the eye 102 of the subject
104 by a response signal sensor 114 responsive to delivery
of an interrogation signal 112 to the eye 102 of the subject
104; a gaze signal processor 1012 configured to determine
the gaze direction 1014 of the eye of the subject based upon
the gaze signal 1006; an alignment detector 1016 configured
to determine whether the eye of the subject is in alignment
with respect to at least one of the interrogation signal source
110 or the response signal sensor 114 based at least in part
upon the gaze direction; and a response signal processor
1018 configured to process the response signal 1010 sensed
from the eye 102 of the subject 104 by the response signal
sensor 114 when the eye of the subject is in alignment with
respect to the at least one of the interrogation signal source
110 or the response signal sensor 114 to determine a physi-
ological parameter 126 from the response signal.

As can be seen from FIG. 10, system 1000 is used in
combination with at least gaze signal sensor 106, interroga-
tion signal source 110, and response signal sensor 114.
System 1000, used in combination with these additional
components, provides functionality similar to that offered by
system 100 as depicted in and described in connection with
FIG. 1, for example. System 1000 is adapted for use in a
system including modular components.

System 1000 can include interrogation signal control
circuitry 1018 configured to drive production of the inter-
rogation signal 112 by interrogation signal source 110.

5

10

15

25

30

40

45

50

55

60

65

24

System 1000 can include gaze tracking stimulus control
circuitry 1020 configured to drive production of a gaze
tracking stimulus 152 by a gaze tracking stimulus source
1022, In an embodiment, gaze tracking stimulus control
circuitry 1020 is configured to drive production of a gaze
tracking stimulus by a plurality of gaze tracking stimulus
sources. Response signal processor 1018 may be adapted to
process a response signal 1010 sensed from an interior of the
eye of the subject responsive to the interrogation signal, e.g,,
from a lens, aqueous humor, vitreous humor, or retina of the
eye of the subject, as discussed in connection with FIG. 2.
Response signal processor 1018 may be configured to pro-
cess the response signal to determine a feature of the
vasculature of the eye of the subject or a biometric identi-
fication of the subject, as discussed herein above.

The gaze signal input and the response signal input be
may separate inputs, as depicted in FIG. 10, or the same
input, as depicted in FIG. 11. FIG. 11 depicts a system 1100
in which a single signal source is used as a combined gaze
tracking stimulus source/interrogation signal source 1108,
driven by gaze tracking stimulus control circuitry 1106 and
a single sensor is used as gaze signal sensor/response signal
sensor 1114. Gaze signal/response signal 1112 is produced
by eye 102 of subject 104 in response to gaze tracking
stimulus/interrogation signal 1110. The sensed response
signal 1104 is directed to gaze signal processor 1116 and
response signal processor 1118, which along with alignment
detector 1120 and gaze tracking stimulus control circuitry
1106, are components of signal processing circuitry 1102.
Physiological parameter 1122 is determined by Response
Signal Processor 1118.

FIG. 12 depicts a system 1200, signal processing circuitry
1202 in which gaze signal input 1204 is adapted to receive
a signal from a gaze signal sensor 1206. In related embodi-
ments, signal processing circuitry 1202 includes a plurality
of gaze signal inputs, e.g., 1204, 1208, and 1210, adapted to
receive a plurality of gaze signals 1212, 1214, and 1216
containing information indicative of a gaze direction of the
eye of the subject 104 sensed from at least an eye of the
subject, from a plurality of gaze signal sensors 1206, 1218,
and 1220.

In an embodiment, response signal processor 1222 is
configured to process a response signal by determining a
first response signal 1224 at a first polarization, determining
a second response signal 1226 at a second polarization, and
comparing the response signal 1224 determined at the first
polarization to the response signal 1226 determined at the
second polarization with comparator 1228, wherein the first
polarization and the second polarization are different.
Response signal processor 1222 may be configured to pro-
cess the response signal sensed from the eye of the subject
by the response signal sensor when the eye of the subject is
in alignment with respect to the at least one of the interro-
gation signal source 110 or the response signal sensor 1222
to determine, for example, a measurement of oxygenation,
blood glucose, heart rate, glycosylated hemoglobin, tem-
perature (e.g., body temperature), blood flow, a substance in
the eye of the subject, or other physiological parameters as
discussed elsewhere herein, from the response signal.

In an embodiment, system 1200 includes interrogation
signal control circuitry 1230. Interrogation signal control
circuitry 1230 may be configured to drive production of a
pulsed interrogation signal by interrogation signal source
110, as described in connection with FIG. 6. Signal process-
ing circuitry 1202 may be configured to gate detection of the
response signal (e.g. 1224 or 1226) relative to the pulsed
interrogation signal. Signal processing circuitry 1202 may
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be configured to combine multiple response signals pro-
duced by the eye of the subject in response to multiple pulses
of the pulsed interrogation signal, e.g. by summing or
averaging the multiple response signals, or by determining
a moving average or weighted sum of the multiple response
signals, as illustrated and discussed in connection with FIG.
6.

In an embodiment, interrogation signal control circuitry
1230 may be configured to drive production of a first
interrogation signal having a first optical wavelength and
production of a second interrogation signal having a second
optical wavelength, as described in connection with FIG. 8.
System 1200 may be used with two or more interrogation
signal sources, e.g. 110 and 1232 as shown in FIG. 12. As
Signal processing circuitry 1202 may be configured to
process a first response signal sensed from the eye of the
subject in response to the first interrogation signal and a
second response signal sensed from the eye of the subject in
response to the second interrogation signal by comparing the
first and second response signals in order to determine the
physiological parameter, e.g. with comparator 1228. Signal
processing circuitry 1202 may be configured to drive pro-
duction of the first interrogation signal simultaneously or
sequentially with respect to the second interrogation signal.

System 1200 may include an output structure 810 adapted
to output a signal relating to the determined physiological
parameter. The output structure can include, e.g., a data
transmission structure 812, a data storage structure 814, a
display 816, an audio output 818, or a visual output 820, as
described in connection with FIG. 8. The system can include
a display adapted to display information relating to the
determined physiological parameter. The system can include
one or multiple output structures, to permit one or more
signals relating to the determine physiological parameter to
be used for various purposes, such as providing feedback
directly to the subject (in various formats, such as numerical,
graphical, or narrative), reporting to a medical care giver or
institution, sending information to a data storage device,
which may be local or remote, or to a computer network,
where it may be accessed by various parties.

FIG. 13 depicts several examples of systems in which
various components are packaged in a housing suitable for
use in combination with a conventional display device such
as, for example, a computer. System 1300 is depicted in
schematic form, including a housing 1302; an interrogation
signal source 1304 housed in the housing 1302 and adapted
for delivering an interrogation signal to an eye of a subject,
the interrogation signal source 1304 including at least one
light source 1308 and at least one optical system 1310;
response signal sensor 1312 housed within housing 1302
and adapted for sensing a response signal produced by the
eye of the subject responsive to the interrogation signal, the
response signal containing information regarding a physi-
ological parameter of the subject; output structure 1320
adapted for transmitting an output signal; mounting means
1324 adapted for mounting housing 1302 with respect to a
display in such a manner that the interrogation signal source
1304 and response signal sensor 1312 are alignable with the
eye of the subject during normal use of the display by the
subject.

In various embodiments, housing 1302 has a size and
configuration that permits it to be conveniently attached to
or otherwise positioned with respect to an existing device
incorporating a display, e.g. a television, computer (includ-
ing but not limited to a desktop, laptop, or tablet computer),
telephone, or various displays as described herein above. For
example, in FIG. 13, housing 1302a is configured to mount
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to a telephone 1330 by fitting around it in the same manner
as a conventional telephone case. Interrogation signal source
13044 and response signal sensor 1312a are positioned in
housing 13024. In another example, housing 13024 is con-
figured to mount to computer display 1332 by means of clips
13245 that serve as mounting means.

In an aspect, mounting means 1324 (see examples 1324a
and 1324b) is adapted for mounting the housing 1302 with
respect to the display such that during normal use of the
display by the subject, the interrogation signal source 1304
(see examples 1304¢ and 13045) and response signal sensor
1312 (see examples 1312a and 13125) are positioned within
the visual field of at least one eye of the subject. In an aspect,
mounting means 1324 (see examples 1324¢ and 13245) is
adapted for mounting the housing 1302 with respect to the
display such that the interrogation signal source and
response signal sensor are oriented in substantially the same
direction as the display surface of the display (see display
surface 1334 of computer display 1332, and display surface
1336 of telephone 1330). Mounting means 1324 can be any
of a variety of mounting means well known to those skilled
in the art and can be adapted for use with a particular types
of display. For example, mounting means can include one or
more clamps, clips, brackets, screws, adhesives, hook and
loop strips, pegs, tongue and groove structures, tab and slot
structures, to name a few examples.

As depicted in FIG. 13, system 1300 can include a gaze
signal sensor 106 adapted for receiving a gaze signal con-
taining information indicative of a gaze direction of an eye
of the subject. Gaze signal sensor can include an optical
sensor, or optical sensor array, which may include for
example, camera and/or a plurality of gaze signal sensors, as
depicted in and described in connection with FIG. 1, for
example.

System 1300 may also include at least one gaze tracking
stimulus source 150 adapted to deliver a gaze tracking
stimulus to at least an eye of a subject, wherein the gaze
signal is produced in response to the gaze tracking stimulus,
as described in connection with FIG. 1. The gaze tracking
stimulus source 150 may include an infra-red source; in
connection therewith, the gaze signal sensor may include an
infra-red sensor. Gaze tracking stimulus source 150 may
include a near infra-red source; in connection therewith, the
gaze signal sensor may include a near infra-red sensor. Gaze
tracking stimulus source 150 can include one or a plurality
of light sources.

Response signal sensor 1312, which includes light sensor
1314 and optical system 1316, may be adapted to sense a
response signal from various portions of the eye of the
subject responsive to the interrogation signal; e.g., from an
interior of the eye, lens, aqueous humor, vitreous humor, or
retina of the eye of the subject responsive to the interroga-
tion signal. Gaze signal sensor and the response signal
sensor can be the same sensor or different sensors, e.g. as
shown in FIG. 3. Gaze signal sensor may include an infrared
camera, and/or a CCD camera.

Various combinations of interrogation signal source 1304
and response signal sensor 1312 can be used in the various
embodiments, as described herein above. Suitable combi-
nations include, but are not limited to, an interrogation
signal source 1304 that includes a broad spectrum light
source and a response signal sensor 1312 that includes a
spectrometer based on a CCD array; interrogation signal
source 1304 that includes a near-infrared light source and
response signal sensor 1312 that includes a near-infrared
camera; interrogation signal source 1314 that includes a
tunable laser source and response signal sensor 1312 that
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includes a Raman spectrometer based on a CCD camera;
interrogation signal source 1304 that includes a mid-infrared
light source and response signal sensor 1312 that includes a
mid-infrared detector; or interrogation signal source 1304
that includes a tunable laser source and response signal
sensor 1312 that includes a broad spectrum pyroelectric
detector.

The interrogation signal source 1304 may be adapted to
produce light having a first polarization, with the response
signal sensor is adapted to detect light having a second
polarization, where the first polarization and the second
polarization are the same, or, alternatively, where the first
polarization and the second polarization are different, as
shown in FIG. 12. This may be useful, for example, if
detection of the physiological parameter is based on detec-
tion of a change in polarization caused by the presence (or
absence) of a material of interest.

In various embodiments, the physiological parameter can
be a measurement of oxygenation, blood glucose, heart rate,
glycosylated hemoglobin, temperature, (e.g., a body tem-
perature), blood flow, a substance in the eye of the subject,
or various other physiological parameters as described
herein above. As noted previously, the response signal may
be indicative of a feature of the vasculature of the eye of the
subject or a biometric identification of the subject.

System 1300 can be modified so that the interrogation
signal source is adapted to deliver a pulsed interrogation
signal, as depicted generally in FIG. 6. The response signal
sensor 1312 may be configured to gate detection of the
response signal relative to the pulsed interrogation signal. In
an embodiment, system 1300 includes signal processing
circuitry 1350 adapted to process the response signal. In one
aspect, interrogation signal source 1304 is adapted to deliver
a pulsed interrogation signal, and signal processing circuitry
1350 is configured to gate detection of the response signal
relative to the pulsed interrogation signal. Signal processing
circuitry 1350 includes hardware and/or software located in
housing 1302, or, alternatively, or in addition, in an external
data processing device 1352 (for example computer 13265
or phone 1330) or in one or more remote locations (repre-
sented by network 1340) or distributed across multiple such
locations. Signal processing circuitry 1350 may be config-
ured to combine multiple response signals produced by the
eye of the subject in response to multiple pulses of the
pulsed interrogation signal. For example, the signal process-
ing circuitry may be configured to combine the multiple
response signals by summing the multiple response signals
or averaging the multiple response signals, or by determin-
ing a moving average or weighted sum of the multiple
response signals.

As in other embodiment described herein, e.g. as
described in connection with FIG. 7, in an aspect, the
interrogation signal source 1304 is adapted to deliver an
interrogation signal containing multiple wavelengths of
light. System 1300 may include at least a first response
signal sensor configured to sense a first response signal
produced by the eye of the subject responsive to a first
wavelength component of the interrogation signal, and a
second response signal sensor configured to sense a second
response signal produced by the eye of the subject respon-
sive to a second wavelength component of the interrogation
signal. In an aspect, the system includes at least a first
interrogation signal source configured to deliver a first
interrogation signal having a first optical wavelength and at
least a second interrogation signal source configured to
deliver a second interrogation signal having a second optical
wavelength. Signal processing circuitry 1350 can be con-
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figured to process a first response signal sensed from the eye
of the subject in response to the first interrogation signal and
a second response signal sensed from the eye of the subject
in response to the second interrogation signal by comparing
the first and second response signals to determine the
physiological parameter. System 1300 can be configured to
deliver the first interrogation signal simultaneously with
respect to the second interrogation signal, or sequentially
with respect to the second interrogation signal. Interrogation
signal source 1304 and response signal sensor 1312 can be
co-aligned, or in another embodiment, interrogation signal
source 1304 and response signal sensor 1312 can be sepa-
rately aligned and located.

System 1300 includes output structure 1320, which may
include, for example, a data transmission structure 1360, a
serial port 1362, a parallel port 1364, an electromagnetic
transmission means 1366, or an optical transmission means
1368. Output structure 1320 may be adapted to transmit an
output signal to the display 1354 (for example computer
display 1332 or telephone display 1336), or to a data
processing device 1352 (which may be computer 1326, for
example), wherein, for example, the display is controlled by
the data processing device. The output structure can include
an audio output 1370 and/or a visual output 1372. A visual
output 1372 can include a display on housing 1302 (e.g., an
alphanumeric display, a screen, or simply a light emitting
diode or other indicator light) in addition to or in alternative
to the display to which housing 1302 is mounted.

Display 1354 (also visual output 1370) can be configured
to display information relating to the determined physiologi-
cal parameter. Display 1354 can be a video monitor, com-
puter display, video game display, telephone display, or
terminal of a data processing device. Display 1354 can be
incorporated in a wearable item (e.g., eyewear, headware,
jewelry, an article of clothing, a badge, a bandage, an
adhesive patch, a wristwatch, a cuff; a sleeve, a wristband,
an armband, a helmet, a physiological support such as a cast
or brace, or a wearable a positioning structure configured to
surround a portion of the subject). Display 1354 can be
incorporated in an article of furniture, an article of medical
or health-care related equipment, an article of exercise
equipment, or a vehicle, for example. Examples of such
displays are described in greater detail herein above.

FIG. 14 is a flow chart of a method 1400 of measuring
information from an eye of a subject, including delivering an
interrogation signal to the eye of the subject with an inter-
rogation signal source at 1402; detecting a response signal
from the eye of the subject with a response signal sensor at
1404; determining whether the eye of the subject is in
alignment with respect to at least one of the interrogation
signal source and the response signal sensor at 1406; and
determining a physiological parameter of the subject from
the response signal detected from the eye of the subject
when the eye of the subject is in alignment with respect to
the at least one of the interrogation signal source and the
response signal sensor at 1408. Additional variations and
expansions of method 1400 are illustrated in FIGS. 15-20.

In some method embodiments, the physiological param-
eter is a measurement of a substance in the blood of the
subject, as indicated at 1410, and in some embodiments, the
physiological parameter is a measurement of a substance in
an aqueous humor of the subject, as indicated at 1412. The
physiological parameter can be a measurement of oxygen
1413, glucose 1414, a salt 1416, a protein 1418, a lipid 1420,
a gas 1422 (e.g. oxygen), a hormone 1424, a drug 1426. The
physiological parameter can be a pulse rate 1428, a blood
flow 1430, or a temperature 1432.
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As shown in FIG. 15, a related method 1500 includes
determining the physiological parameter of the subject from
the response signal detected from the eye of the subject at
one or more set times 1502, at a set time interval 1504,
and/or according to a programmed schedule 1506. For
example, the programmed schedule can be personalized for
the subject 1508. That is, the schedule may be set depending
upon the needs or desires of the subject. In one aspect, the
programmed schedule is selected from among at least two
pre-programmed schedules based upon at least one attribute
of the subject 1510. For example, several schedules may
pre-programmed into the system, with each schedule suit-
able for subjects having a particular attribute or attributes;
e.g., the temperature of a subject may be monitored at
according to a schedule having lower sampling rates if the
subject is generally healthy, and according to a schedule
having higher sampling rates if the subject is known to be
sick and/or if a previous high temperature reading has been
detected from the subject. As another example, the schedule
for sampling blood glucose may be set depending upon how
quickly the subject’s blood glucose is expected to change at
different times during a measurement period; that is, mea-
surements may be taken more frequently immediately after
a meal and less frequently several hours after the meal if it
is expected that blood glucose will change most rapidly
immediately after a meal. Sampling more be performed at a
higher rate if a new treatment regimen is being tried than if
the subject is using a well-established treatment regimen.
Furthermore, the schedule may be selected based on the
subject’s current health status, recent activities, or other
attributes which may be entered into the system by the
subject or a care provider or the subject, or sensed with the
system. The programmed schedule can be selected from
among at least two pre-programmed schedules based upon
the physiological parameter 1512.

As shown in FIG. 16, a method 1600 can include various
additional steps, such as reporting information regarding the
physiological parameter to an interested party 1602, which
may be, for example one or more of the subject, a medical
service provider, a family member, a legal guardian or a
legal representative 1604. Alternatively, or in addition, the
method can include comparing the physiological parameter
determined from the response signal to a previous measure-
ment of a physiological parameter to determine a physi-
ological trend 1606. The method may then also include
reporting information regarding the physiological trend to an
interested party 1608, which may be, for example one or
more of the subject, a medical service provider, a family
member, a legal guardian or a legal representative 1610.

Method 1600 method may include utilizing the physi-
ological parameter determined from the response signal to
assess an emotional state of the subject 1612, or alertness of
the subject 1614. For example, heart rate, hormone levels,
body temperature, and various other physiological param-
eters as described herein can be used to determine aspects of
the subject’s emotional state (e.g., nervousness, excitement,
relaxation, etc.) or alertness, as is known to those having
skill in the relevant arts. The method can include utilizing
the physiological parameter determined from the response
signal in a medical or health-related application 1616 or in
a business or security application 1618, or both.

As shown in FIG. 17, method 1700 may include present-
ing an input to the subject 1702 and utilizing the physiologi-
cal parameter determined from the response signal to deter-
mine a response of the subject to the input 1704. In some
aspects, the input includes information 1706 (including, but
not limited to, advertising information 1708, marketing
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research information 1710, print information 1712, or video
information 1714). In some aspects, the input includes an
auditory stimulus 1716, a visual stimulus 1718, a tactile
stimulus 1720, an olfactory stimulus 1722, a gustatory
stimulus 1724, a thermal stimulus 1726, a neural stimulus
1728, or a drug, a pharmaceutical, a nutraceutical, or a
nutrient 1730. Physiological response of the subject to
advertising information or marketing research information
may be used to assess the subject’s response to such infor-
mation, for example, for product development, marketing
purposes or other business purposes. Similarly, response of
the subject to various other stimulus (auditory, visual, olfac-
tory, gustatory, etc.) may be used to determine whether or
not the subject has a favorable response to the stimulus,
which may be useful for marketing, product development or
other business purposes. Alternatively, information relating
to the subject’s response to such stimuli may indicate a
medical condition of the subject, or the subject’s response to
treatment, for monitoring or diagnostic purposes.

FIG. 18 illustrates an example of a system that can be used
for presenting stimuli and assessing the response of the
subject to stimuli by means of eye interrogation. An eye
interrogation system, computer monitor 902 and computer
908 are provided, as depicted in FIG. 8. Interrogation system
900 may be configured to detect one or more physiological
parameters indicative of the response of subject 1800 to a
stimulus presented by stimulus unit 1802. Presenting an
input to subject 1800 may include presenting an input to the
subjected in an automated fashion, under the control of
and/or with monitoring by electrical or other circuitry
(monitoring may include providing an input to a computer
reporting delivery of the input to the subject, or receipt of the
input by the subject, which does not necessarily require that
the delivery of the input is controlled by the computer). For
example, “presenting information,” which may include pre-
senting print, video, audio, auditory, or visual or graphical
information, can be done by displaying information on a
screen and/or delivering sound via speakers or headphone
(e.g. playing recorded voice, music, sound, etc.). In broad
terms, these are considered auditory stimuli and visual
stimuli, which, however, are not limited to auditory and
visual inputs having any particular information content.
Visual and auditory stimuli can readily be presented to a user
by via a computer system that includes a display and
speakers, under control of appropriate software. Other types
of stimuli can be presented using special-purpose stimulus
units. See e.g., U.S. Pat. No. 6,053,738 (describing scent,
flavor and tactile/texture stimuli), U.S. Pat. No. 6,542,442
(describing scent stimuli), and U.S. Pat. Nos. 8,308,558 and
8,248,217 (describing tactile/haptic stimuli), each of which
is incorporated herein by reference). A tactile stimulus may
include, but is not limited to, pressure or vibration, (e.g.
delivered via a probe or air puff), or electrical or electro-
mechanical stimulation, for example. An olfactory stimulus
may include delivery or release of an odorant, while a
gustatory stimulus may include delivery or release of a
flavoring agent, or provision of a food or other flavored item.
Thermal stimuli can be delivered via a beam of light or other
electromagnetic energy, by application of a heated probe, or
delivery of heated air or water. A neural stimulus can be, for
example, an electrical, magnetic, or electromagnetic stimu-
lus delivered with implanted or external (transcutaneous)
stimulator. A drug, pharmaceutical, nutraceutical, or a nutri-
ent can be delivered in a controlled fashion via an implanted
or external controlled delivery device. Delivery/release of a
stimulus may be via one or more stimulus delivery devices
controlled by electrical circuitry (or other types of circuitry,
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e.g. optical circuitry, electromechanical devices, etc.); alter-
natively, delivery of a stimulus may include action of a
human (including the subject) delivering a stimulus to the
subject in accordance with the method. The timing of
delivery of a human-delivered stimulus can be controlled by
delivering a computer- or other electrical circuitry-con-
trolled prompt for the stimulus to be delivered, or by
receiving an input indicating delivery of the stimulus via a
user-input to a computer or other electrical circuitry (e.g. by
depressing a button or switch, providing an input via a
mouse, keyboard, or microphone, or via other input devices
as are known to those skilled in the art).

As shown in FIG. 19, in one aspect, a method 1900
includes, delivering an interrogation signal to the eye of the
subject with an interrogation signal source and detecting a
response signal from the eye of the subject with a response
signal sensor are performed unobtrusively 1902. It is con-
templated that performance of the methods as described
herein can be done unobtrusively, e.g., that the measurement
of information from the eye of a subject does not appreciably
interfere with the subject’s activities, and does not require or
elicit any appreciable effort or attention from the subject. In
some embodiments a method may be considered unobtru-
sive even if a modest level of effort or attention (either
conscious or subconscious) is required of the subject. In
some embodiments, delivering an interrogation signal to the
eye of the subject with an interrogation signal source and
detecting a response signal from the eye of the subject with
a response signal sensor are performed without detection
(i.e. without conscious detection and/or without subcon-
scious detection) by the subject 1904. For example, if
detection is performed for medical monitoring purposes, the
subject may request or authorize performance of detection.
It may be more convenient (or, in some cases more accurate
information may be obtained) if the detection is performed
unobtrusively or without detection by the subject. In some
applications, e.g. monitoring of a public space such as a
government building or airport, or in various private spaces
such as a place of employment, monitoring may be per-
formed to detect health or security risks, and subjects may
be informed that monitoring will take place, although the
actual taking of measurements may be unobtrusive or unde-
tectable to the subject.

In some embodiments it may be desired to perform the
method unobtrusively and/or without detection by the sub-
ject (at the time the measurement is being made) but to
notify the subject about the performance of the method, or
perform the method at the request of or with the consent of
the subject. For example, the method may include receiving
an input indicative of an instruction from the subject or
representative of the subject for information to be measured
1906, receiving an input indicative of authorization from the
subject or representative of the subject for information to be
measured 1908, or receiving an input indicative of informed
consent from the subject or representative of the subject for
information to be measured 1910.

As shown in FIG. 20, in an embodiment, method 2000
includes transmitting at least one of information regarding
the subject, information regarding the system used for
determining the physiological parameter, or information
regarding the physiological parameter to a data processing
system 2002. In embodiment the method includes receiving
at least one of information regarding the subject, informa-
tion regarding the system used for determining the physi-
ological parameter, or information regarding the physiologi-
cal parameter from a data processing system 2004. In an
embodiment, the method includes sharing at least one of
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information regarding the subject, information regarding the
system used for determining the physiological parameter, or
information regarding the physiological parameter between
two of more data processing systems 2006.

In an aspect, the method includes determining the identity
of the subject 2008. Determining the identity of the subject
may be done, e.g., through the use of facial recognition
2010, through the use of retinal recognition 2012, or by
determining the identity of the subject by comparing login
information entered by the subject with login information in
a registry 2014, by methods known to those having skill in
the relevant arts. In an aspect, delivering the interrogation
signal to the eye of the subject with the interrogation signal
source can be done only when the identity of the subject
meets a selection criterion, as indicated at 2016; for
example, once the identity of the subject has been deter-
mined, the identity of the subject may be compared with an
identity of one or more approved subjects, and if the identity
matches an identity of an approved subject, the selection
criterion is met and the interrogation signal is delivered.

In various embodiments, methods as described herein
may be performed according to instructions implementable
in either hardware, software, and/or firmware. Such instruc-
tions may be stored in non-transitory machine-readable data
storage media, for example. Those having skill in the art will
recognize that the state of the art has progressed to the point
where there is little distinction left between hardware, soft-
ware, and/or firmware implementations of aspects of sys-
tems; the use of hardware, software, and/or firmware is
generally (but not always, in that in certain contexts the
choice between hardware and software can become signifi-
cant) a design choice representing cost vs. efficiency
tradeoffs. Those having skill in the art will appreciate that
there are various vehicles by which processes and/or sys-
tems and/or other technologies described herein can be
effected (e.g., hardware, software, and/or firmware), and that
the preferred vehicle will vary with the context in which the
processes and/or systems and/or other technologies are
deployed. For example, if an implementer determines that
speed and accuracy are paramount, the implementer may opt
for a mainly hardware and/or firmware vehicle; alterna-
tively, if flexibility is paramount, the implementer may opt
for a mainly software implementation; or, yet again alter-
natively, the implementer may opt for some combination of
hardware, software, and/or firmware in one or more
machines, compositions of matter, and articles of manufac-
ture, limited to patentable subject matter under 35 USC 101.
Hence, there are several possible vehicles by which the
processes and/or devices and/or other technologies
described herein may be effected, none of which is inher-
ently superior to the other in that any vehicle to be utilized
is a choice dependent upon the context in which the vehicle
will be deployed and the specific concerns (e.g., speed,
flexibility, or predictability) of the implementer, any of
which may vary. Those skilled in the art will recognize that
optical aspects of implementations will typically employ
optically-oriented hardware, software, and or firmware.

In some implementations described herein, logic and similar
implementations may include software or other control
structures. Electronic circuitry, for example, may have one
or more paths of electrical current constructed and arranged
to implement various functions as described herein. In some
implementations, one or more media may be configured to
bear a device-detectable implementation when such media
hold or transmit device detectable instructions operable to
perform as described herein. In some variants, for example,
implementations may include an update or modification of
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existing software or firmware, or of gate arrays or program-
mable hardware, such as by performing a reception of or a
transmission of one or more instructions in relation to one or
more operations described herein. Alternatively or addition-
ally, in some variants, an implementation may include
special-purpose hardware, software, firmware components,
and/or general-purpose components executing or otherwise
invoking special-purpose components.

Implementations may include executing a special-purpose
instruction sequence or invoking circuitry for enabling,
triggering, coordinating, requesting, or otherwise causing
one or more occurrences of virtually any functional opera-
tions described herein. In some variants, operational or other
logical descriptions herein may be expressed as source code
and compiled or otherwise invoked as an executable instruc-
tion sequence. In some contexts, for example, implementa-
tions may be provided, in whole or in part, by source code,
such as C++, or other code sequences. In other implemen-
tations, source or other code implementation, using com-
mercially available and/or techniques in the art, may be
compiled//implemented/translated/converted into a high-
level descriptor language (e.g., initially implementing
described technologies in C or C++ programming language
and thereafter converting the programming language imple-
mentation into a logic-synthesizable language implementa-
tion, a hardware description language implementation, a
hardware design simulation implementation, and/or other
such similar mode(s) of expression). For example, some or
all of a logical expression (e.g., computer programming
language implementation) may be manifested as a Verilog-
type hardware description (e.g., via Hardware Description
Language (HDL) and/or Very High Speed Integrated Circuit
Hardware Descriptor Language (VHDL)) or other circuitry
model which may then be used to create a physical imple-
mentation having hardware (e.g., an Application Specific
Integrated Circuit). Those skilled in the art will recognize
how to obtain, configure, and optimize suitable transmission
or computational elements, material supplies, actuators, or
other structures in light of these teachings.

The foregoing detailed description has set forth various
embodiments of the devices and/or processes via the use of
block diagrams, flowcharts, and/or examples. Insofar as
such block diagrams, flowcharts, and/or examples contain
one or more functions and/or operations, it will be under-
stood by those within the art that each function and/or
operation within such block diagrams, flowcharts, or
examples can be implemented, individually and/or collec-
tively, by a wide range of hardware, software, firmware, or
virtually any combination thereof, limited to patentable
subject matter under 35 U.S.C. § 101. In an embodiment,
several portions of the subject matter described herein may
be implemented via Application Specific Integrated Circuits
(ASICs), Field Programmable Gate Arrays (FPGAs), digital
signal processors (DSPs), or other integrated formats. How-
ever, those skilled in the art will recognize that some aspects
of the embodiments disclosed herein, in whole or in part, can
be equivalently implemented in integrated circuits, as one or
more computer programs running on one or more computers
(e.g., as one or more programs running on one or more
computer systems), as one or more programs running on one
Or more processors (e.g., as one or more programs running
on one or more microprocessors), as firmware, or as virtu-
ally any combination thereof, limited to patentable subject
matter under 35 U.S.C. § 101, and that designing the
circuitry and/or writing the code for the software and or
firmware would be well within the skill of one of skill in the
art in light of this disclosure. In addition, those skilled in the
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art will appreciate that the mechanisms of the subject matter
described herein are capable of being distributed as a
program product in a variety of forms, and that an illustra-
tive embodiment of the subject matter described herein
applies regardless of the particular type of signal bearing
medium used to actually carry out the distribution.
Examples of a signal bearing medium include, but are not
limited to non-transitory machine-readable data storage
media such as a recordable type medium such as a floppy
disk, a hard disk drive, a Compact Disc (CD), a Digital
Video Disk (DVD), a digital tape, a computer memory, etc.
A signal bearing medium may also include transmission type
medium such as a digital and/or an analog communication
medium (e.g., a fiber optic cable, a waveguide, a wired
communications link, a wireless communication link (e.g.,
transmitter, receiver, transmission logic, reception logic,
etc), etc.).

FIG. 21 illustrates in schematic form an article of manu-
facture 2100 that includes one or more non-transitory
machine-readable data storage media 2102 bearing one or
more instructions 2104 for delivering an interrogation signal
to an eye of the subject with an interrogation signal source;
detecting a response signal from the eye of the subject with
a response signal sensor; determining whether the eye of the
subject is in alignment with respect to at least one of the
interrogation signal source and the response signal sensor;
and determining a physiological parameter of the subject
from the response signal detected from the eye of the subject
when the eye of the subject is in alignment with respect to
the at least one of the interrogation signal source and the
response signal sensor. As discussed herein above, the
physiological parameter can be a measurement of a sub-
stance in the blood of the subject (e.g. as oxygen, glucose,
a salt, a protein, or a lipid), a measurement of a substance in
an aqueous humor of the subject (e.g., oxygen, glucose, a
salt, a protein, or a lipid, a hormone, a drug), or a pulse rate,
for example.

The one or more non-transitory machine-readable data
storage media 2102 can bear one or more instructions 2104
for performing method steps as depicted in FIG. 15 for
determining the physiological parameter of the subject from
the response signal detected from the eye of the subject at
one or more set times, one or more instructions for deter-
mining the physiological parameter of the subject from the
response signal detected from the eye of the subject at a set
time interval, and/or one or more instructions for determin-
ing the physiological parameter of the subject from the
response signal detected from the eye of the subject accord-
ing to a programmed schedule. The programmed schedule
can be personalized for the subject. The one or more
non-transitory machine-readable data storage media can be
bear one or more instructions for selecting the programmed
schedule from among at least two pre-programmed sched-
ules based upon at least one attribute of the subject. For
example, the one or more non-transitory machine-readable
data storage media bear one or more instructions for select-
ing the programmed schedule from among at least two
pre-programmed schedules based upon the physiological
parameter.

In an embodiment, the one or more non-transitory
machine-readable data storage media 2102 bear one or more
instructions for performing steps of method 1600 as depicted
in FIG. 16, for reporting information regarding the physi-
ological parameter to an interested party, one or more
instructions for comparing the physiological parameter
determined from the response signal to a previous measure-
ment of a physiological parameter to determine a physi-
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ological trend, and may also include one or more instruc-
tions for reporting information regarding the physiological
trend to an interested party. In an embodiment, the article of
manufacture 2100 includes one or more non-transitory
machine-readable data storage media 2102 bearing one or
more instructions for utilizing the physiological parameter
determined from the response signal to assess an emotional
state of the subject, or one or more instructions for utilizing
the physiological parameter determined from the response
signal to assess the alertness of the subject. The article of
manufacture may include one or more non-transitory
machine-readable data storage media that bear one or more
instructions for utilizing the physiological parameter deter-
mined from the response signal in a medical or health-
related application, or one or more instructions for utilizing
the physiological parameter determined from the response
signal in a business or security application.

In an embodiment, the article of manufacture 2100
includes one or more non-transitory machine-readable data
storage media 2102 that bear one or more instructions for
performing method 1799 as depicted in FIG. 17, including
presenting an input to the subject; and utilizing the physi-
ological parameter determined from the response signal to
determine a response of the subject to the input. In an
embodiment, the one or more non-transitory machine-read-
able data storage media bear one or more instructions for
presenting information to the subject, for example, adver-
tising information, marketing research information, print
information, or video information. In various embodiments,
the one or more non-transitory machine-readable data stor-
age media bear one or more instructions for presenting
various stimuli to the subject, e.g., an auditory stimulus, a
visual stimulus, a tactile stimulus, an olfactory stimulus, a
gustatory stimulus, a thermal stimulus, a neural stimulus, or
a drug or pharmacologically active substance.

As noted above, the method may be performed unobtru-
sively or without detection, at the instruction of the subject,
or with or without the permission or notification of the
subject. The article of manufacture 2100 may include one or
more non-transitory machine-readable data storage media
2102 that bear one or more instructions 2104 for receiving
an input indicative of an instruction from the subject or
representative of the subject for information to be measured,
receiving an input indicative of authorization from the
subject or representative of the subject for information to be
measured, and/or receiving an input indicative of informed
consent from the subject or representative of the subject for
information to be measured, as depicted in FIG. 19.

In some embodiments, the article of manufacture 2100
may include one or more non-transitory machine-readable
data storage media 2102 that bear one or more instructions
for transmitting at least one of information regarding the
subject, information regarding the system used for deter-
mining the physiological parameter, or information regard-
ing the physiological parameter to a data processing system,
as depicted in FIG. 20 at 2002.

In some embodiments, the article of manufacture 2100
may include one or more non-transitory machine-readable
data storage media 2102 that bear one or more instructions
for receiving at least one of information regarding the
subject, information regarding the system used for deter-
mining the physiological parameter, or information regard-
ing the physiological parameter from a data processing
system, as depicted in FI1G. 20 at 2004.

In some embodiments, the article of manufacture 2100
may include one or more non-transitory machine-readable
data storage media 2102 that bear one or more instructions
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for sharing at least one of information regarding the subject,
information regarding the system used for determining the
physiological parameter, or information regarding the physi-
ological parameter between two of more data processing
systems, as depicted in FIG. 20 at 2006.

In some embodiments, the article of manufacture 2100
may include one or more non-transitory machine-readable
data storage 2102 media that bear one or more instructions
2104 for determining the identity of the subject, which may
be, for example, instructions for determining the identity of
the subject through the use of facial recognition, determin-
ing the identity of the subject through the use of retinal
recognition, and/or determining the identity of the subject by
comparing login information entered by the subject with
login information in a registry, as depicted in FIG. 20 at
2008-2014.

FIG. 22 depicts a system 2200 for sensing information
from an eye 102 of a subject 104, the system including an
interrogation signal source 2202 for delivering an interro-
gation signal 2204 to an eye 102 of a subject 104; a response
signal sensor 2206 for sensing a response signal 2208
produced by the eye of the subject responsive to interroga-
tion signal 2204; a gaze signal sensor 2210 adapted for
receiving a gaze signal 2212 containing information indica-
tive of a gaze direction of an eye 102 of the subject 104; at
least one actuator 2216, 2218 configured to adjust at least
one of the interrogation signal source 2202 or the response
signal sensor 2206 to bring at least one of the interrogation
signal source 2202 or the response signal sensor 2206 into
alignment with the eye 102 of the subject 104; and signal
processing circuitry 2220 including: a response signal pro-
cessor 2222 configured to process a response signal 2224
sensed from the eye of the subject to determine a physi-
ological parameter 126 from the response signal, a gaze
signal processor 2226 configured to determine the gaze
direction of the eye of the subject based upon the gaze signal
2212; an alignment detector 2232 configured to determine
whether the eye 102 of the subject 104 is in alignment with
respect to at least one of the interrogation signal source 2202
or the response signal sensor 2206 based at least in part upon
the gaze direction; and an actuator controller 2234 config-
ured to: determine a target position for at least one of the
interrogation signal source and the response signal sensor
based at least in part on the gaze direction; and generate an
actuator control signal 2236 to drive the at least one actuator
2216, 2218 to adjust at least one of the interrogation signal
source 2202 or the response signal sensor 2206 to bring at
least one of the interrogation signal source 2202 or the
response signal sensor 2206 into alignment with the eye 102
of the subject 104.

In an embodiment, the system includes a rangefinder 2240
adapted for determining the distance between the eye 102 of
the subject and the interrogation signal source 2202 and an
autofocus system 2242 for focusing the interrogation signal
source 2202 responsive to the determined distance 2244.
Alternatively, or in addition, rangefinder 2240 may be
adapted for determining the distance between the eye of the
subject and the response signal sensor 2206; and an auto-
focus system 2242 may be adapted for focusing the response
signal sensor 2206 responsive to the determined distance.

In an embodiment, the at least one actuator 2216 is
configured to adjust the interrogation signal source 2202 by
adjusting the position of at least a portion of the interroga-
tion signal source. The interrogation signal source can
include at least one optical component 2244, and the at least
one actuator 2216, can be configured to adjust the interro-
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gation signal source 2202 by adjusting at least one optical
component 2244 of the interrogation signal source.

In an embodiment, the at least one actuator 2218 is
configured to adjust the response signal sensor 2206 by
adjusting the position of at least a portion of the response
signal sensor 2206. The response signal sensor 2206 can
include at least one optical component 2246, and the at least
one actuator 2216 can be configured to adjust the response
signal sensor 2206 by adjusting at least one optical compo-
nent 2246 of the response signal sensor.

Adjusting the position of interrogation signal source 2202
or response signal sensor 2206 can include rotational or
translation motion of the light source or sensor, or movement
or adjustment of a component that can control the position/
focal distance of the light beam being generated or sensed
(e.g., amirror, lens, or reflector). In an embodiment, the least
one actuator is configured to scan the at least one of the
interrogation signal source 2202 or the response signal
sensor 2206 through a region in which the eye of the subject
is located such that the at least one of the interrogation signal
source and the response signal sensor will be brought into
alignment with the eye of the subject at at least one position
within the scanned region.

Interrogation signal source 2202 and the response signal
sensor 2206 can be co-aligned, or separately aligned and
located, as discussed herein above.

The system may also include data capture circuitry 2250
configured to capture a response signal 2224 from the eye of
the subject in connection with determination by the signal
processing circuitry that the eye of the subject is in align-
ment with respect to at least one of the interrogation signal
source and the response signal sensor, as indicated by signal
2252 from alignment detector 2232. Data capture circuitry
2250 provides for capture (acquisition and/or storage e.g. in
data storage 2254) of data obtained while system compo-
nents are aligned such data may contain information mea-
sured from eye 102 of subject 104.

As shown in FIG. 23, system 2300 may also include a
display 2310, which may be, for example, a computer
display 2312, a telephone display 2314, or a video monitor,
a video game display, a terminal of a data processing device
(not shown). The display can be incorporated in a wearable
item, which may be, for example, eyewear, headware,
jewelry, an article of clothing, a badge, a bandage, an
adhesive patch, a wristwatch, a cuff, a sleeve, a wristband
2316 (depicted in FIG. 23), an armband, a helmet, a physi-
ological support such as a cast or brace, or a wearable a
positioning structure configured to surround a portion of the
subject. The display can be incorporated in an article of
furniture, an article of medical equipment, an article of
health-care related equipment, an article of exercise equip-
ment, or a vehicle. Examples of such displays are described
in greater detail herein above.

The system 2300 can include electrical circuitry 2320
configured to cause a visual stimulus 2322 to be displayed
on the display 2310 to attract the gaze of the subject 104.
The electrical circuitry may include at least one of hardware,
software, or firmware. In an embodiment, the electrical
circuitry 2320 is configured to cause the visual stimulus
2322 10 be displayed at a location on the display 2310 such
that when the gaze of the subject is directed toward the
visual stimulus 2322 the eye 102 of the subject 104 will be
brought into alignment with respect to the at least one of the
interrogation signal source 2202 or the response signal
sensor 2206. In various embodiments, the electrical circuitry
2320 is configured to cause a visual stimulus 2322 to be
displayed on the display 2310 that includes a different light

10

20

25

40

45

60

65

38

intensity relative to a visual background, a different optical
wavelength relative to a visual background, a different
temporal pattern of light intensity or optical wavelength
relative to a visual background, or a different spatial pattern
of light intensity or optical wavelength relative to a visual
background. The electrical circuitry 2320 can be configured
to cause a visual stimulus 2322 to be displayed on the
display that includes any or all of an image, a moving image,
or text. The visual stimulus can include or be displayed in
connection with other text and/or graphics displayed on the
screen (for example as a button that the subject must select
or click, a text box with text to be read by the subject, or a
flashing icon or moving image on the screen).

As an example, FIG. 23 illustrates a wristband 23164 on
the wrist of a subject 104, including gaze signal sensor
2210a, interrogation signal source 2202a, response signal
sensor 2206« and display 23104 showing visual stimulus
2322a. For example, visual stimulus 2322a can be a flashing
image on display 2310a on wristband 2316a. Components
on wristhand 2316a can be microfabricated/MEMS compo-
nents. Signal processing circuitry associated with armband
2316a (not depicted) may be located on wristband 2316a, or
located fully or in part at a remote location, operably linked
to components on 2316a via a wireless connection.

Example 2: An Unobtrusive Eye Interrogation
System to Monitor Passengers Upon Check-In at
the Airport

FIG. 24 depicts an example of an unobtrusive eye inter-
rogation system 2400 that is used for monitoring passenger
2404 upon check-in at an airport. Eye interrogation system
2400, which collects biometric and physiologic data from
passengers, is incorporated in a check-in kiosk 2402 at the
airport. The system automatically detects the gave of pas-
senger 2404 and aligns with his eyes at the computer
monitor at check-in. The system measures biometric param-
eters to identify passenger 2404 and physiological param-
eters to screen for stress, nervousness, anxiety and signs of
contagious disease. The eye interrogation system transmits
the passenger’s biometric and physiological data 126 to
computers at the airlines and to airport security. The system
alerts airport security and the airlines if the passenger’s
identification and/or physiological parameters indicate they
may be a potential security or health risk.

The eye interrogation system 2400 is constructed in
association with the computer screen 2406 at the check-in
kiosk 2402. The system 2400 has an active gaze alignment
system to align the interrogation system and the passengers’
eyes. Gaze tracking system 2408 is used to detect where the
passenger’s gaze strikes the computer screen. The gaze
tracking system is comprised of an IR light source (gaze
tracking stimulus source 2410) and an IR camera (gaze
signal sensor 2412 which detects the reflection of IR light
from the eyes of the passenger. For example, a gaze tracking
system for monitoring eye position is available from Seeing
Machines Inc., Tucson, Ariz. (see e.g., the Specification
Sheet: “faceLAB™ 5 Specifications” which is incorporated
herein by reference). Eye position, eye rotation, eye gaze
position against screen, pupil diameter and eye vergence
distance may be monitored. Eye rotation measurements of
up to +/-45 degrees around the y-axis and +/-22 degrees
around the x-axis are possible. Typical static accuracy of
gaze direction measurement is 0.5-1 degree rotational error.
The gaze tracking system includes electric circuitry 2414,
including e.g. software and hardware, to analyze the
reflected IR waves and to determine the position of the
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passenger’s gaze and the location of the passenger’s eyes.
Gaze tracking data 2416 is used by alignment detector 2232
and actuator controller 2428 to control actuator (s) 2216
align eye interrogation sources (e.g. 2420a, 24205, 2420¢)
and sensors (e.g. 2422a, 2422b, 2422¢) with the passenger’s
eyes. An active alighment system comprised of actuators
and controllers moves the sources and sensors into align-
ment with the passenger’s eyes. An actuated optical system
to control alignment of light sources or light sensors with a
viewer’s eves is described (see e.g., European Patent Appli-
cation No. EP 2 508 931 A1 by Oellers published on Oct. 10,
2012 which is incorporated herein by reference). Eye loca-
tion data from the gaze tracking system (see above) is
provided to a controller which is programmed to activate
linear actuators 2216, 2218 to align the eye interrogation
sources 2420a, 24205, 2420c¢4 and sensors 2422a, 2422b
2422¢ with the passenger’s eyes. Controllers capable of
motion control in six dimensions and linear actuators are
available from Newport Corp., Irvine, Calif. (see e.g. the
Specification sheet: Picomotor Piezo Linear Actuators
which is incorporated herein by reference). Rapid alignment
of the eye interrogation system with the passenger’s eyes is
followed by activation of the interrogation sources 2420,
24205, 2420c¢ and sensors 2422a, 24225, 2422¢ by system
2400.

The eye interrogation system 2400 includes electromag-
netic radiation sources and sensors which are contained
within the check-in kiosk. A light source 2424a for iris
scanning and a camera 2422a to capture iris images is
incorporated in the system to identify the passenger check-
ing in. Systems and algorithms to obtain iris images, identify
unique signatures and rapidly compare key features of iris
images to a large database of iris images are described (see
e.g., U.S. Pat. No. 5,572,596 issued to Wildes et al. on Nov.
5, 1996 and U.S. Pat. No. 4,641,349 issued to Flom et al. on
Feb. 3, 1987 which are incorporated herein by reference). An
iris scanning system which includes a near-infrared (ap-
proximately 700-900 nm) illumination source, a 1.3 mega-
pixel camera and algorithms to analyze and compare iris
images is available from Bayometric Inc., San Jose, Calif.
(see e.g., the Specification Sheet: “Crossmatch Retinal Scan
2 Iris Scanner” which is incorporated herein by reference).
Biometric information obtained by the iris scanner is com-
pared to the passenger’s ticket, passport and visa informa-
tion, and discrepancies are transmitted to airport security
personnel as well as the airlines.

To detect passengers who may be a health risk, e.g., have
a fever associated with an infectious disease, an infrared
thermometer 2432 is placed in the eye interrogation system
which remotely measures temperature in the eye. Following
active alignment of the infrared thermometer with the pas-
senger’s eye the thermometer is activated. An infrared
thermometer comprised of a detector, collecting optical
system (e.g., lens and filter) and signal processing circuitry
(in response signal processor 2430) is incorporated in the
eye interrogation system. The filter limits the spectrum of
infrared radiation detected and the lens’ optical character-
istics determine the target size within the eye and the
allowed distance from the passenger’s eye. The detector
converts infrared energy into an electrical signal which is
amplified and processed by the associated signal processors
to calculate temperature of the eye. An infrared thermometer
suitable for sensitive temperature measurement (i.e.,
approximately 0.1 degree Centigrade) that may be targeted
to the iris/pupil region or to the sclera is described (see e.g.,
U.S. Pat. No. 5,115,815 issued to Hansen on May 26, 1992
which is incorporated herein by reference). For example an
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infrared camera may be used to measure corneal temperature
(see e.g., Kessel et al., Investigative Opthalmology and
Visual Science 51: 6593-6597, 2010 which is incorporated
herein by reference). An infrared camera with a focal plane
array detector, thermal sensitivity <0.09 degrees C. and an
accuracy of 0.1 degrees C. is available from Fluke Corp.,
Everett, Wash. (see e.g., Fluke_Ti25 Datasheet which is
incorporated herein by reference). To summarize, the gaze
tracking system (see above) detects the passenger’s gaze and
eye location which are signaled to actuators which align the
infrared detector with the passenger’s eye. Next the system
controller activates the infrared thermometer and signal
processors determine eye temperature. Corneal eye tempera-
tures may be correlated with body temperatures and ambient
temperatures (see e.g., Kessel et al., Ibid.). Temperature data
are stored and analyzed by a computer associated with the
eye interrogation system, and security personnel and the
airlines are alerted when temperature in the eye is outside the
normal range and may indicate an infectious disease is
present.

To identify passengers who may represent other types of
risk such as terrorism the eye interrogation system uses a
bioanalyte detection system in conjunction with biometric
identification, e.g., iris scanning. Unobtrusive, noncontact
detection and quantitation of biological, metabolites, and
chemicals may be done using a remote spectroscopic device
to interrogate the passenger’s eye and processors and algo-
rithms to process the spectroscopic signals. For example, a
spectroscopic system to obtain Raman spectral data may
include a laser source, spatial filters, a beam splitter, notch
filters, confocal optics, a CCD detector and a low pass
electrical filter (see e.g., U.S. Pat. No. 6,961,599 issued to
Lambert et al. on Nov. 1, 2005 which is incorporated herein
by reference). The eye interrogation source may be a tunable
laser 24205 to provide excitation beams of wavelengths
from about 400 nm to 900 nm (e.g., a tunable external cavity
diode laser is available from Thorlabs, Newton, N.I.). For
example the excitation beam may be at wavelength approxi-
mately 785 nm which is barely visible to the passenger and
thus elicits Raman spectra unobtrusively A confocal optic
system allows one to focus the excitation beam on selected
regions of the eye, for example, the aqueous humor in the
anterior chamber of the eye, or the blood vessels in the
conjunctiva or the retina. A CCD detector 24225 with high
quantum efliciency in the 400-1100 nm wavelength range is
used to detect Raman spectra (e.g., a silicon CCD linear
array (Sony 2048) is available from Avantes, Broomfield,
Colo.; see “Table 4 Detector Specifications” in “Sensitivity”,
Avantes, http://www.avantes.com website, which is incor-
porated herein by reference).

To identify passengers who are under stress or agitated
and who may represent a risk to other passengers, such as
that posed by a terrorist, the eye interrogation system may
detect “fight or flight hormones”. When passenger 2404
views the check-in monitor, the active gaze alignment
system aligns and activates the interrogation source, i.e., the
tunable laser 24205, and an excitation beam of approxi-
mately 500 nm wavelength is focused on the blood vessels
in the conjunctiva of the passenger’s eye. Reflected spectra,
including any resonant Raman spectra are detected by the
CCD array 24225 and transmitted as electronic signals to the
signal processor (response signal processor 2430) of the eye
interrogation system 2400. Raman spectra which arise from
stress hormones are identified by the signal processing
software from a database of reference Raman spectra for
epinephrine, norepinephrine and hydrocortisone in blood.
The concentration of stress hormones may be determined by
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signal processing algorithms which correlate emission spec-
tra intensity with analyte concentration (see e.g., U.S. Pat.
No. 6,961,599, Tbid.). Passengers with elevated concentra-
tions of stress hormones in their blood may also be tested for
elevated heart rate, another indication of stress or agitation.

The eye interrogation system may also use pupillometry
to detect passengers who are under stress and/or a high
cognitive load. Data on pupil diameter, mean pupil diameter
change (MPDC), and mean pupil diameter change rate
(MPDCR) are collected with the gaze tracking system 2408
described above (see e.g., a gaze tracking system available
from Seeing Machines Inc., Tucson, Ariz.; the Specification
Sheet: “facelLAB™ 5 Specifications” which is incorporated
herein by reference), and parameters determined by signal
processing circuitry 2220. Methods and calculations
employing remote imaging to measure MPDC and MPDCR
and to monitor cognitive load are described (see e.g., Kling-
ner, Dissertation submitted to Stanford University May
2010: Measuring Cognitive Load During Visual Tasks by
Combining Pupillometry and Eye Tracking, available at
http://purl.stanford.edu/mv271zd7591 and Palinko et al.,
Proceedings of the 2010 Symposium on Eye Tracking
Research and Applications pp. 141-144, Austin, Tex. which
are incorporated herein by reference). For example, a remote
eye tracking system (e.g., Tobii 1750 video eye tracker
available from Tobi Technology, Inc., Falls Church, Va.)
may be used to measure pupil diameters with an accuracy of
0.34 mm and a precision of 0.12 mm. To measure cognitive
load multiple measurements are made in a time scale of
fractions of a second and the change in pupil diameter at the
initiation of a task is averaged over many repetitions. Mean
pupil diameter may vary by approximately 0.1-0.5 mm
within about 2 seconds after an increase in cognitive load
(see e.g., Klingner, Ibid.). To measure the passenger’s cog-
nitive load visual tasks are presented on the video monitor
and multiple measurements of pupil diameter are recorded
and the MPDC and MPDCR are calculated. The correspond-
ing cognitive load and stress level is computed by compari-
son to baseline data collected for the passenger and cumu-
lative data for multiple passengers analyzed by the eye
interrogation system. The calculated cognitive load is com-
pared to other parameters (e.g., cortisol level, heart rate) and
passengers who display abnormal stress parameters are
reported to airport security and to airlines personnel.

To monitor the passenger’s heart rate and respiration the
eye interrogation system is equipped with an interferometry
system that detects movement of an individual’s chest wall.
Construction of an interferometer, data acquisition systems
and signal processing algorithms to determine heart rate and
respiration are described (see e.g., Mikhelson et al., IEEE
Transactions on Biomedical Engineering, 58: 1671-1677,
2011 which is incorporated herein by reference). For
example a continuous wave millimeter-wave interferometer
is constructed integral to the eye interrogation system. A
continuous wave 94-GHz signal is generated by a cavity-
tuned Gunn diode oscillator 2420¢ and transmitted at the
computer user with a Gaussian (quasi-optical) antenna with
a lens that results in a far-field starting at approximately 0.5
meter and a beam divergence of approximately 1.5 degrees.
The gaze tracking system 2408 (see above) is used to infer
alignment of the oscillator and antenna on the user’s chest
and to signal activation of the interferometer. Interferometer
components include: a Gunn diode oscillator (94 GHz) a
circulator, a Gaussian antenna and beam splitters and mix-
ers. To acquire the reflected wave signals (via the antenna),
a 24 bit data aquisition device 2422¢ (DAQ) (e.g., a PCI-
4474 DAQ available from National Instruments, Austin,
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Tex.; see the Data sheet: “DAQ Device” which is incorpo-
rated herein by reference) is used with LabView data acqui-
sition software. The vibration signals may be processed with
programs written in MATLAB to derive chest displacements
(respiration) and heart beats from the reflected wave signals
(see e.g., Mikhelson et al., Ibid.). Heart rate and respiration
data are accumulated and analyzed by computer software
and authorities and airline personnel may be alerted when,
for example, a passenger’s heart rate and/or respiration rate
exceeds the normal range.

FIG. 25 depicts a system 2500 for controlling the sensing
of information from an eye 102 of a subject 104, including
signal processing circuitry 2502 including a gaze signal
input 2504 adapted to receive a gaze signal 2506 containing
information indicative of a gaze direction of the eye of the
subject sensed from at least an eye of the subject; a response
signal input 2508 adapted to receive a response signal 2510
sensed from the eye of the subject by a response signal
sensor 2206 responsive to delivery of an interrogation signal
2204 to the eye of the subject; a response signal processor
2222 configured to process a response signal sensed from
the eye of the subject to determine a physiological parameter
216 from the response signal; a gaze signal processor 2226
configured to determine the gaze direction of the eye of the
subject based upon the gaze signal; an alignment detector
2232 configured to determine whether the eye of the subject
is in alignment with respect to at least one of the interro-
gation signal source 2202 or the response signal sensor 2206
based at least in part upon the gaze direction; and an actuator
controller 2234 configured to: determine a target position for
at least one of the interrogation signal source 2202 or the
response signal sensor 2206 based at least in part on the gaze
direction; and generate an actuator control signal 2236 to
drive the at least one actuator 2216, 2218 to adjust at least
one of the interrogation signal source 2202 or the response
signal sensor 2206 to bring at least one of the interrogation
signal source 2202 or the response signal sensor 2206 into
alignment with the eye 102 of the subject 104.

The system may also include interrogation signal control
circuitry 2520 configured to drive production of the inter-
rogation signal 2204 by an interrogation signal source 2202.

In an embodiment, the system includes gaze tracking
stimulus control circuitry 2522 configured to drive produc-
tion of a gaze tracking stimulus 152 by a gaze tracking
stimulus source 150, including, e.g. gaze tracking stimulus
control circuitry configured to drive production of a gaze
tracking stimulus by a plurality of gaze tracking stimulus
sources. In an aspect, the gaze signal input 2504 and the
response signal input 2508 are separate inputs. In another,
the gaze signal input 2504 and the response signal input 208
are the same input, as discussed generally in connection
with, e.g. FIG. 3. The response signal processor 2222 may
be adapted to process a response signal sensed from an
interior of the eye of the subject responsive to the interro-
gation signal, e.g. from a lens, aqueous humor, vitreous
humor, or retina of the eye of the subject, as discussed herein
above. In an embodiment, the response signal processor is
configured to process the response signal to determine a
feature of the vasculature of the eye of the subject, and or
determine a biometric identification of the subject.

Gaze signal input 2504 may be adapted to receive a signal
from a camera, for example. In some embodiments, signal
processing circuitry 2502 includes a plurality of gaze signal
inputs (only one is depicted) adapted to receive a plurality of
gaze signals containing information indicative of a gaze
direction of the eye of the subject sensed from at least an eye
of the subject.



US 10,251,541 B2

43

In an embodiment, response signal processor 2222 is
configured to process the response signal by determining a
first response signal at a first polarization, determining a
second response signal at a second polarization, and com-
paring the response signal determined at the first polariza-
tion to the response signal determined at the second polar-
ization, wherein the first polarization and the second
polarization are different, as discussed in connection with
FIG. 12.

The response signal processor 2222 can be configured to
process the response signal sensed from the eye 102 of the
subject 104 by the response signal sensor to determine a
measurement of oxygenation, blood glucose, heart rate,
glycosylated hemoglobin, temperature, body temperature,
blood flow, or a substance in the eye of the subject from the
response signal, for example, as discussed herein above.

In an embodiment, interrogation signal control circuitry
2520 can be configured to drive production of a pulsed
interrogation signal by the interrogation signal source. Sig-
nal processing circuitry may then be configured to gate
detection of the response signal relative to the pulsed
interrogation signal. Signal processing circuitry can be con-
figured to combine multiple response signals produced by
the eye of the subject in response to multiple pulses of the
pulsed interrogation signal. For example, signal processing
circuitry can be configured to combine the multiple response
signals by summing or averaging the multiple response
signals, or by determining a moving average or weighted
sum of the multiple response signals. Such an approach is
illustrated in and described in connection with FIG. 6, for
example.

The system can include interrogation signal control cit-
cuitry 2520 configured to drive production of a first inter-
rogation signal having a first optical wavelength and pro-
duction of a second interrogation signal having a second
optical wavelength. Signal processing circuitry is configured
to process a first response signal sensed from the eye of the
subject in response to the first interrogation signal and a
second response signal sensed from the eye of the subject in
response to the second interrogation signal by comparing the
first and second response signals in order to determine the
physiological parameter, as described in connection with
FIG. 7. Signal processing circuitry 2502 can be configured
to drive production of the first interrogation signal simulta-
neously or sequentially with respect to the second interro-
gation signal.

In an embodiment, the system includes an output structure
810 adapted to output a signal relating to the determined
physiological parameter. Output structure 810 can be, for
example, a data transmission structure, a data storage struc-
ture, a display, an audio output, or a visual output, as
discussed in connection with FIG. 8. The system may
include a display adapted to display information relating to
the determined physiological parameter.

FIG. 26 depicts a system 2600 that includes a housing
1302; an interrogation signal source 2202 housed in the
housing 1302 and adapted for delivering an interrogation
signal to an eye of a subject, the interrogation signal source
2202 including at least one light source and at least one
optical system; a response signal sensor 2206 housed within
the housing 1302 and adapted for sensing a response signal
produced by the eye of the subject responsive to the inter-
rogation signal, the response signal containing information
regarding a physiological parameter of the subject; an input
structure 2602 adapted for receiving an input signal; at least
one actuator 2604 configured to adjust at least one of the
interrogation signal source 2202 or the response signal
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sensor 2206 based at least in part upon the input signal to
bring at least one of the interrogation signal source 2292 or
the response signal sensor 2206 into alignment with the eye
of the subject; an output structure 1320 adapted for trans-
mitting an output signal 1322; and mounting means 1324
adapted for mounting the housing 1302 with respect to a
display in such a manner that the interrogation signal source
2202 and response signal sensor 2206 are alignable with the
eye of the subject during normal use of the display by the
subject. Interrogation signal source 2202 and response sig-
nal sensor 2206 are described herein above in connection
with FIG. 22. Output structure 1320 is as described in
connection with FIG. 13. Various examples of mounting
means 1324 are described herein above, in connection with
FIG. 13. In an embodiment, system 2600 includes a gaze
signal sensor 2210 adapted for receiving a gaze signal
containing information indicative of a gaze direction of an
eye of the subject.

In an embodiment, system 2600 includes signal process-
ing circuitry 2220 adapted for determining a target position
for the at least one of the interrogation signal source and the
response signal sensor and for providing an input signal
indicative of the target position to the input structure.

System 2600 may also include at least one gaze tracking
stimulus source 150, as described herein above, adapted to
deliver a gaze tracking stimulus to at least an eye of a
subject, wherein the gaze signal is produced in response to
the gaze tracking stimulus. For example, gaze tracking
stimulus source can include an infra-red source, in which
case gaze signal sensor may include an infra-red sensor, or
a near infra-red source, which may be used in combination
with a gaze signal sensor that includes a near infra-red
sensor. Gaze tracking stimulus source may include a plural-
ity of light sources. In an embodiment gaze signal sensor and
the response signal sensor are the same sensor. In another
embodiment, gaze signal sensor and the response signal
sensor are different sensors. In an embodiment, 2600 system
includes signal processing circuitry 2220 adapted for deter-
mining at least one instruction for controlling actuator 2604.

In one aspect, mounting means 1324 can be adapted for
mounting the housing 1302 with respect to the display such
that during normal use of the display by the subject, the
interrogation signal source 2202 and response signal sensor
2206 are positioned within the visual field of at least one eye
of the subject. In one aspect, the mounting means 1324 is
adapted for mounting the housing 1302 with respect to the
display such that the interrogation signal source 2202 and
response signal sensor 2206 are oriented in substantially the
same direction as the display surface of the display.

Response signal sensor 2206 may be adapted to sense a
response signal from an interior of the eye of the subject
responsive to the interrogation signal, e.g., from a lens, an
aqueous humor, a vitreous humor, or a retina of the eye of
the subject. Gaze signal sensor 2210 may include an infrared
camera, or a CCD camera. Gaze signal sensor 2210 can
include an optical sensor or an optical sensor array, which
may include, for example, a camera or a plurality of gaze
signal sensors.

As discussed above, various combinations of interroga-
tion signal source 2202 and response signal sensor 2206 can
be selected for detecting particular analytes. For example, in
an embodiment, interrogation signal source 2202 includes a
broad spectrum light source, and response signal sensor
2206 includes a spectrometer based on a CCD array. In
another embodiment, interrogation signal source 2202
includes a near-infrared light source and the response signal
sensor 2206 includes a near-infrared camera. In another
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embodiment, interrogation signal source 2202 includes a
tunable laser source and wherein the response signal sensor
2206 includes a Raman spectrometer based on a CCD
camera. Other combinations include an interrogation signal
source 2202 that includes a mid-infrared light source and
response signal sensor 2206 that includes a mid-infrared
detector; and an interrogation signal source 2202 that
includes a tunable laser source and response signal sensor
2206 that includes a broad spectrum pyroelectric detector.

In an embodiment, interrogation signal source 2202 is
adapted to produce light having a first polarization, wherein
the response signal sensor 2206 is adapted to detect light
having a second polarization, and wherein the first polar-
ization and the second polarization are the same. In an
embodiment, the interrogation signal source 2202 is adapted
to produce light having a first polarization, wherein the
response signal sensor 2206 is adapted to detect light having
a second polarization, and wherein the first polarization and
the second polarization are different.

The response signal may be indicative of a feature of the
vasculature of the eye of the subject or a biometric identi-
fication of the subject. The physiological parameter can be,
for example, a measurement of oxygenation, blood glucose,
heart rate, or glycosylated hemoglobin. The physiological
parameter can be a temperature, e.g. a body temperature, a
measurement of blood flow, or a measurement of a substance
in the eye of the subject.

In one aspect, the interrogation signal source 2202 is
adapted to deliver a pulsed interrogation signal, as discussed
herein above. In connection therewith, the response signal
sensor 2206 can be configured to gate detection of the
response signal relative to the pulsed interrogation signal.

In an embodiment, system 2600 includes signal process-
ing circuitry 2220 adapted to process the response signal.
For example, the interrogation signal source 2202 may be
adapted to deliver a pulsed interrogation signal, and the
signal processing circuitry 2229 may be configured to gate
detection of the response signal relative to the pulsed
interrogation signal. In one aspect, signal processing cit-
cuitry 2220 is configured to combine multiple response
signals produced by the eye of the subject in response to
multiple pulses of the pulsed interrogation signal. Multiple
response signals can be combined, e.g., by summing or
averaging the multiple response signals, or by determining
a moving average or weighted sum of the multiple response
signals.

In one aspect the interrogation signal source 2202 is
adapted to deliver an interrogation signal containing mul-
tiple wavelengths of light. System 2600 can include at least
a first response signal sensor configured to sense a first
response signal produced by the eye of the subject respon-
sive to a first wavelength component of the interrogation
signal, and a second response signal sensor configured to
sense a second response signal produced by the eye of the
subject responsive to a second wavelength component of the
interrogation signal, as described herein above, e.g. in
connection with FIG. 7.

In an aspect, system 2600 includes at least a first inter-
rogation signal source 2202 configured to deliver a first
interrogation signal having a first optical wavelength and at
least a second interrogation signal source (not shown) con-
figured to deliver a second interrogation signal having a
second optical wavelength, as discussed in connection with
FIG. 7. Signal processing circuitry 2220 can be configured
to process a first response signal sensed from the eye of the
subject in response to the first interrogation signal and a
second response signal sensed from the eye of the subject in
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response to the second interrogation signal by comparing the
first and second response signals to determine the physi-
ological parameter. System 2600 can be configured to
deliver the first interrogation signal simultaneously with
respect to the second interrogation signal, or sequentially
with respect to the second interrogation signal.

In some embodiments, interrogation signal source and the
response signal sensor are co-aligned. In other embodi-
ments, interrogation signal source and the response signal
sensor can be separately aligned and located.

Output structure 1320 can include one or more of various
structures, e.g. a data transmission structure, serial port,
parallel port, electromagnetic transmission means, optical
transmission means, audio output, or visual output. Output
structure 1320 can be adapted to transmit an output signal to
the display (e.g. display 1354), or to a data processing device
1352, for example. In an embodiment, the display is con-
trolled by the data processing device 1352. Display 1354 can
be configured to display information relating to the deter-
mined physiological parameter. Display 1354 can be, for
example, a video monitor, computer display, video game
display, telephone display, terminal of a data processing
device, or other display as known to those having skill in the
relevant art. The display can be incorporated in a wearable
item (e.g., as described herein above), an article of furniture,
an article of medical or health-care related equipment, an
article of exercise equipment, or a vehicle. Examples of such
displays are described in greater detail herein above.

In an embodiment, system 2600 also includes a
rangefinder 2240 adapted for determining the distance
between the eye of the subject and the interrogation signal
source; and an autofocus system 2242 for focusing the
interrogation signal source responsive to the determined
distance. In an embodiment, system 2600 includes a
rangefinder 2240 adapted for determining the distance
between the eye of the subject and the response signal
sensor; and an autofocus system 2242 for focusing the
response signal sensor responsive to the determined dis-
tance. Rangefinder 2240 and autofocus system 2242 are
discussed in greater detail in connection with FIG. 22.

In one aspect, actuator 2604 is configured to adjust the
interrogation signal source 2202 by adjusting the position of
at least a portion of the interrogation signal source. Interro-
gation signal source can at least one optical component, and
the at least one actuator can be configured to adjust the
interrogation signal source by adjusting at least one optical
component of the interrogation signal source.

In one aspect, actuator 2604 can be configured to adjust
the response signal sensor 2206 by adjusting the position of
at least a portion of the response signal sensor. Response
signal sensor 2206 can include at least one optical compo-
nent, and the at least one actuator 2604 can be configured to
adjust the response signal sensor by adjusting at least one
optical component of the response signal sensor. The inter-
rogation signal source 2202 and the response signal sensor
2206 can be co-aligned, or alternatively, the interrogation
signal source and the response signal sensor can be sepa-
rately aligned and located.

In an embodiment, the at least one actuator 2604 is
configured to scan the at least one of the interrogation signal
source 2202 or the response signal sensor 2206 through a
region in which the eye of the subject is located such that the
least one of the interrogation signal source and the response
signal sensor will be brought into alignment with the eye of
the subject at at least one position within the scanned region.

System 2600 can include data capture circuitry 2250
configured to capture a response signal from the eye of the
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subject in connection with determination by the signal
processing circuitry that the eye of the subject is in align-
ment with respect to at least one of the interrogation signal
source and the response signal sensor.

System 2600 may also include electrical circuitry 2320
configured to cause a visual stimulus to be displayed on the
display to attract the gaze of the subject. The electrical
circuitry 2320 can include at least one of hardware, soft-
ware, or firmware, and may be configured to cause the visual
stimulus to be displayed at a location on the display such that
when the gaze of the subject is directed toward the visual
stimulus the eye of the subject will be brought into align-
ment with respect to the at least one of the interrogation
signal source and the response signal sensor. Electrical
circuitry 2320 can be configured to cause a visual stimulus
to be displayed on the display that differs from a visual
background. For example, electrical circuitry can be con-
figured to cause a visual stimulus to be displayed on the
display that includes a different light intensity, different
optical wavelength, different temporal pattern of light inten-
sity, different temporal pattern of optical wavelength, dif-
ferent spatial pattern of light intensity, or different spatial
pattern of optical wavelength relative to a visual back-
ground. Electrical circuitry 2320 can be configured to cause
a visual stimulus to be displayed on the display that includes
an image, a moving image, or text.

FIG. 27 is a flow diagram of a method 2700 of measuring
information from an eye of a subject, including; delivering
an interrogation signal to the eye of the subject with an
interrogation signal source 2702; detecting a response signal
from the eye of the subject with a response signal sensor
2704; receiving a signal indicative of the gaze direction of
the eye of the subject from a gaze signal sensor 2706;
determining whether the eye of the subject is in alignment
with respect to at least one of the interrogation signal source
and the response signal sensor 2708, if the eye of the subject
is not in alignment with respect to the at least one of the
interrogation signal source and the response signal sensor,
actuating at least one actuator configured to adjust at least
one of the interrogation signal source and the response
signal sensor based at least in part upon the signal from the
gaze signal sensor to bring at least one of the interrogation
signal source and the response signal sensor into alignment
with the eye of the subject 2710; determining a physiologi-
cal parameter of the subject from the response signal
detected from the eye of the subject when the eye of the
subject is in alignment with respect to the at least one of the
interrogation signal source and the response signal sensor
2712; and causing a signal indicative of the physiological
parameter to be transmitted to an external device 2714.

As discussed elsewhere herein, various physiological
parameters can be measured. In some method embodiments,
the physiological parameter is a measurement of a substance
in the blood of the subject, as indicated at 2716, and in some
embodiments, the physiological parameter is a measurement
of a substance in an aqueous humor of the subject, as
indicated at 2718. The physiological parameter can be a
measurement of oxygen 2720, glucose 2722, a salt 2724, a
protein 2726, a lipid 2728, a gas 2730 (e.g. oxygen), a
hormone 2732, a drug 2734. The physiological parameter
can be a pulse rate 2736, a blood flow 2738, or a temperature
2740.

As shown in FIG. 28, a method 2800 is an expansion of
the method shown in FIG. 27, which includes include
determining the physiological parameter of the subject from
the response signal detected from the eye of the subject at
one or more set times 2802, determining the physiological
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parameter of the subject from the response signal detected
from the eye of the subject at a set time interval 2804, or
determining the physiological parameter of the subject from
the response signal detected from the eye of the subject
according to a programmed schedule 2806. For example, the
programmed schedule can be personalized for the subject
2808, selected from among at least two pre-programmed
schedules based upon at least one attribute of the subject
2810, or selected from among at least two pre-programmed
schedules based upon the physiological parameter 2812.

A shown in FIG. 29, a method 2900 also includes report-
ing information regarding the physiological parameter to an
interested party 2902. For example, the interested party may
include one or more of the subject, a medical service
provider, a family member, a legal guardian or a legal
representative 2904. Method 2900 may include comparing
the physiological parameter determined from the response
signal to a previous measurement of the physiological
parameter to determine a physiological trend 2906, and
reporting information regarding the physiological trend to an
interested party 2908, e.g. one or more of the subject, a
medical service provider, a family member, a legal guardian
or a legal representative 2910. In an aspect, method 2900
may include utilizing the physiological parameter deter-
mined from the response signal to assess various states of the
subject, e.g. an emotional state of the subject 2912, or
alertness of the subject 2914. The physiological parameter
determined from the response signal can be used in a
medical or health-related application 2916, or in a business
or security application 2918.

FIG. 30 depicts a method 3000 which includes steps
2702-2714 as depicted in FIG. 27. Method 3000 also
includes presenting an input to the subject 3002 and utilizing
the physiological parameter determined from the response
signal to determine a response of the subject to the input
3004. The input may include, for example, information 3006
(e.g. advertising information 3008, marketing research
information 3010, print information 3012, or video infor-
mation 3014), an auditory stimulus 3016, a visual stimulus
3018, a tactile stimulus 3020, an olfactory stimulus 3022, a
gustatory stimulus 3024, a thermal stimulus 3026, a neural
stimulus 3028, or a drug, a pharmaceutical, a nutraceutical,
or a nutrient 3030.

FIG. 31 depicts a method 3100 which includes steps
2702-2714 as described in connection with FIG. 27. In
addition method 3100 includes delivering an interrogation
signal to the eye of the subject with an interrogation signal
source and detecting a response signal from the eye of the
subject with a response signal sensor can be performed
unobtrusively, as indicated at 3102, or, in some applications,
without detection by the subject, as indicated at 3104. As
discussed herein above, the method may include receiving
an input indicative of an instruction from the subject or
representative of the subject for information to be measured
3106, receiving an input indicative of authorization from the
subject or representative of the subject for information to be
measured 3108, or receiving an input indicative of informed
consent from the subject or representative of the subject for
information to be measured 3110.

In an aspect, a method 3200 depicted in FI1G. 32 includes
steps 2702-2714 as shown in FIG. 27, and also includes
transmitting at least one of information regarding the sub-
ject, information regarding the system used for determining
the physiological parameter, or information regarding the
physiological parameter to a data processing system 3202.
In an aspect, a method includes receiving at least one of
information regarding the subject, information regarding the
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system used for determining the physiological parameter, or
information regarding the physiological parameter from a
data processing system 3204. A method may also include
sharing at least one of information regarding the subject,
information regarding the system used for determining the
physiological parameter, or information regarding the physi-
ological parameter between two or more data processing
systems 3206.

In an aspect, the method includes determining the identity
of the subject 3208, e.g. through the use of facial recognition
3210 or retinal recognition 3212, or by comparing login
information entered by the subject with login information in
a registry 3214. As discussed herein above in connection
with FIG. 20, in an aspect, delivering the interrogation signal
to the eye of the subject with the interrogation signal source
can be done only when the identity of the subject meets a
selection criterion, e.g., matching an identity of an approved
subject.

FIG. 33 depicts an article of manufacture 3300 as gener-
ally described in connection with FIG. 21, the article of
manufacture including one or more non-transitory machine-
readable data storage media 3302 bearing one or more
instructions 3304 for carrying out a method as shown in FIG.
27, including delivering an interrogation signal to the eye of
the subject with an interrogation signal source; detecting a
response signal from the eye of the subject with a response
signal sensor; receiving a signal indicative of the gaze
direction of the eye of the subject from a gaze signal sensor;
determining whether the eye of the subject is in alignment
with respect to at least one of the interrogation signal source
and the response signal sensor; if the eye of the subject is not
in alignment with respect to the at least one of the interro-
gation signal source and the response signal sensor, actuat-
ing at least one actuator configured to adjust at least one of
the interrogation signal source and the response signal
sensor based at least in part upon the signal from the gaze
signal sensor to bring at least one of the interrogation signal
source and the response signal sensor into alignment with
the eye of the subject; determining a physiological param-
eter of the subject from the response signal detected from the
eye of the subject when the eye of the subject is in alignment
with respect to the at least one of the interrogation signal
source and the response signal sensor; and causing a signal
indicative of the physiological parameter to be transmitted to
an external device, as shown in FIG. 27. As discussed above,
the physiological parameter can be a measurement of a
substance in the blood of the subject (e.g., oxygen, glucose,
a salt, a protein, or a lipid), a measurement of a substance in
an aqueous humor of the subject (e.g., oxygen, glucose, a
salt, a protein, or a lipid, a hormone, a drug), or pulse rate),
or other parameters as discussed elsewhere herein.

The data storage media 3302 can bear one or more
instructions 3304 for performing a method as shown in FIG.
28, including determining the physiological parameter of the
subject from the response signal detected from the eye of the
subject at one or more set times, determining the physi-
ological parameter of the subject from the response signal
detected from the eye of the subject at a set time interval, or
determining the physiological parameter of the subject from
the response signal detected from the eye of the subject
according to a programmed schedule. The data storage
media can bear one or more instructions for personalizing
the programmed schedule for the subject, for example by
selecting the programmed schedule from among at least two
pre-programmed schedules based upon at least one attribute
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of the subject, or selecting the programmed schedule from
among at least two pre-programmed schedules based upon
the physiological parameter.

In an embodiment, the data storage media 3302 can bear
one or more instructions for reporting information regarding
the physiological parameter to an interested party, for
example, one or more of the subject, a medical service
provider, a family member, a legal guardian or a legal
representative. In an embodiment, the data storage media
can bear one or more instructions for comparing the physi-
ological parameter determined from the response signal to a
previous measurement of the physiological parameter to
determine a physiological trend. In addition, the data storage
media can bear one or more instructions for reporting
information regarding the physiological trend to an inter-
ested party, for example one or more of the subject, a
medical service provider, a family member, a legal guardian
or a legal representative.

The data storage media 3302 can bear instructions for
utilizing the physiological parameter determined from the
response signal to assess an emotional state of the subject,
or assess the alertness of the subject. In an embodiment, the
data storage media can bear one or more instructions for
utilizing the physiological parameter determined from the
response signal in a medical or health-related application.
Alternatively, or in addition, the data storage media can bear
one or more instructions for utilizing the physiological
parameter determined from the response signal in a business
or security application.

The data storage media 3302 can bear one or more
instructions for performing a method as shown in FIG. 30,
including one or more instructions for presenting an input to
the subject; and utilizing the physiological parameter deter-
mined from the response signal to determine a response of
the subject to the input. For example, the input can include
information (e.g., advertising information, marketing
research information, print information, or video informa-
tion), an auditory stimulus, a visual stimulus, a tactile
stimulus, an olfactory stimulus, a gustatory stimulus, a
thermal stimulus, a neural stimulus, a drug, a pharmaceuti-
cal, a nutraceutical, or a nutrient.

The data storage media 3302 can bear one or more
instructions for performing a method as shown in FIG. 31,
including one more instructions for delivering an interroga-
tion signal to the eye of the subject with an interrogation
signal source and detecting a response signal from the eye of
the subject with a response signal sensor unobtrusively, or
one or more instructions for: delivering an interrogation
signal to the eye of the subject with an interrogation signal
source and detecting a response signal from the eye of the
subject with a response signal sensor are performed without
detection by the subject.

In addition, data storage media 3302 can bear instructions
for receiving an input indicative of an instruction from the
subject or representative of the subject for information to be
measured, receiving an input indicative of authorization
from the subject or representative of the subject for infor-
mation to be measured, or receiving an input indicative of
informed consent from the subject or representative of the
subject for information to be measured, as discussed above.

In an embodiment, the data storage media 3302 can bear
one or more instructions for performing a method as shown
in FIG. 32, including transmitting at least one of information
regarding the subject, information regarding the system used
for determining the physiological parameter, or information
regarding the physiological parameter to a data processing
system. The data storage media can bear one or more
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instructions for receiving at least one of information regard-
ing the subject, information regarding the system used for
determining the physiological parameter, or information
regarding the physiological parameter from a data process-
ing system. In an embodiment, the data storage media 3302
bear one or more instructions for sharing at least one of
information regarding the subject, information regarding the
system used for determining the physiological parameter, or
information regarding the physiological parameter between
two of more data processing systems. In an embodiment,
data storage media 3302 bear one or more instructions for
determining the identity of the subject, e.g. through the use
of facial recognition or retinal recognition, or by comparing
login information entered by the subject with login infor-
mation in a registry.

FIG. 34 is a schematic diagram of a system 3400 for
sensing information from an eye 102 of a subject 104,
including an interrogation signal source 110 for delivering
an interrogation signal 112 to an eye 102 of a subject 104;
a response signal sensor 114 for sensing a response signal
116 produced by the eye 102 of the subject 104 responsive
to the interrogation signal 112; and signal processing cir-
cuitry 3402 including: a response signal processor 3404
configured to process a response signal sensed 116 from the
eye 102 of the subject 104 to determine a physiological
parameter 126 from the response signal 116; and a sched-
uling controller 3406 configured to direct collection of
samples of the physiological parameter according to a
schedule 3407.

In one aspect, scheduling controller 3406 can be config-
ured to direct collection of a predetermined number of
samples 3408 of the physiological parameter during a sam-
pling period. In one aspect, scheduling controller 3406 can
be configured to direct collection of samples with at least a
minimum sampling interval between samples. Scheduling
controller 3406 can be configured to modify the procedure
for collecting a sample of the physiological parameter if a
predetermined number of samples meeting an acceptance
criterion 3410 has not been collected within a predetermined
portion of the sampling period. For example, modifying the
procedure for collecting a sample of the physiological
parameter can include modifying the acceptance criterion
3410, which may be, for example, a signal-to-noise ratio
criterion 3412 or a sampling interval criterion 3414. For
example, if not enough samples meeting an acceptance
signal-to-noise ratio acceptance criterion have been met, a
lower signal-to-noise ratio criterion ratio may be set, so that
a larger number of samples meet the acceptance criterion. It
will be appreciated that in some embodiments of methods
described herein, sampling of data is performed continu-
ously or substantially continuously, while collection of
samples includes retaining a subset of the sampled data,
based upon a schedule and according to other acceptance
criterion, as discussed herein above, for further analysis. For
example, sampled data may be retained temporarily in a
buffer or other location, whereas collected samples may be
stored in a separate memory location or transmitted to a
remote location for longer term storage and/or analysis. In
other embodiments, data sampling is performed only when
certain criterion are met (e.g. alignment of the eye of the
subjects with interrogation signal source and/or response
signal sensor, schedule criterion, acceptance criterion, etc.)
and collecting samples is consequently substantially the
same as sampling data.

As shown in FIG. 34, system 3400 can include a gaze
signal sensor 106 adapted for receiving a gaze signal 108
containing information indicative of a gaze direction of an
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eye 102 of the subject 104; and wherein the signal process-
ing circuitry 3402 includes: a gaze signal processor 120
configured to determine the gaze direction of the eye of the
subject based upon the gaze signal; and an alignment
detector 122 configured to determine whether the eye 102 of
the subject 104 is in alignment with respect to at least one
of the interrogation signal source 110 or the response signal
sensor 114; wherein the response signal processor is con-
figured to process the response signal 116 sensed from the
eye 102 of the subject 104 when the eye of the subject is in
alignment with respect to the at least one of the interrogation
signal source and the response signal sensor to determine the
physiological parameter 126 from the response signal.

Signal processing circuitry 3402 may be configured to
cause the alignment of the eye 102 of the subject 104 with
respect to the at least one of the interrogation signal source
and the response signal sensor if a predetermined number of
samples meeting an acceptance criterion 3410 has not been
collected within a predetermined portion of the sampling
period. Alignment of eye 102 with interrogation signal
source 110 and/or response signal sensor 114 can be
achieved by causing the subject 104 to direct his or her gaze
toward interrogation signal source 110 and/or response
signal sensor 114, and/or by directing interrogation signal
source 110 and/or response signal sensor 114 toward eye
102.

System 3400 can include at least one actuator (134 or 140)
configured to move at least one of the interrogation signal
source 110 or the response signal sensor 114, respectively;
wherein the signal processing circuitry 3402 is configured to
cause the alignment of the eye of the subject with respect to
the at least one of the interrogation signal source 110 or the
response signal sensor 114 by directing the actuator (134 or
140) to move at least one of the interrogation signal source
110 or the response signal sensor 114 into alighment with the
eye 102 of the subject 104.

In an embodiment, system 3400 also includes a gaze
attractor 3416 adapted to attract the gaze of the subject 104
to thereby cause the eye 102 of the subject 104 to move into
alignment with at least one of the interrogation signal source
110 or the response signal sensor 114; wherein the signal
processing circuitry 3402 is configured to activate the gaze
attractor 3416 to cause the alignment of the eye of the
subject with respect to the at least one of the interrogation
signal source 110 or the response signal sensor 114 if a
predetermined number of samples meeting an acceptance
criterion has not been collected within a predetermined
portion of the sampling period. Gaze attractor may be 3416
any structure capable of attracting the gaze of the subject, by
attracting the attention of the subject such that the subject
directs his or her gaze toward the gaze attractor. For
example, gaze attractor may be capable of delivering a
visual stimulus 3418, an audio stimulus 3420, or both,
simultaneously or in sequence, as discussed in connection
with FIG. 23.

Response signal sensor 114 can be adapted to sense a
response signal from an interior of the eye of the subject
responsive to the interrogation signal, e.g. from a lens,
aqueous humor, vitreous humor, or a retina of the eye of the
subject.

In some embodiments, gaze signal sensor 106 and the
response signal sensor 114 may be different sensors, as
depicted in FIG. 34, or, as depicted in FIG. 3, gaze signal
sensor 106 and the response signal sensor 114 are may be the
same sensor. Gaze signal sensor can be an infrared camera
or a CCD camera, as discussed herein above.
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Various combinations of interrogation signal source 110
and response signal sensor 114 can be used, depending on
the physiological parameter to be sensed, as discussed
herein above. For example, in one embodiment, interroga-
tion signal source 110 includes a broad spectrum light source
and response signal sensor 114 includes a spectrometer
based on a CCD array. In another embodiment, wherein the
interrogation signal source 110 includes a near-infrared light
source and the response signal sensor 114 includes a near-
infrared camera. Other such combinations include interro-
gation signal source 110 includes a tunable laser source and
the response signal sensor 114 includes a Raman spectrom-
eter based on a CCD camera, interrogation signal source 110
includes a mid-infrared light source and the response signal
sensor 114 includes a mid-infrared detector, and interroga-
tion signal source 110 includes a tunable laser source and the
response signal sensor 114 includes a broad spectrum pyro-
electric detector.

Response signal may be indicative of a feature of the
vasculature of the eye of the subject or a biometric identi-
fication of the subject.

In an embodiment, system also includes at least one gaze
tracking stimulus 150 source adapted to deliver a gaze
tracking stimulus 152 to at least an eye of a subject, wherein
the gaze signal 108 is produced in response to the gaze
tracking stimulus 152. Gaze tracking stimulus source 150
may include, for example, an infra-red source, which may be
used in combination with a gaze signal sensor 106 that
includes an infra-red sensor. Gaze tracking stimulus source
may include a near infra-red source, which may be used in
combination with a gaze signal sensor 106 that includes a
near infra-red sensor. Gaze tracking stimulus source 150
may include one or a plurality of light sources. Gaze signal
sensor 106 may include an optical sensor, an optical sensor
array, or a camera. System may include a plurality of gaze
signal sensors.

In an embodiment, the interrogation signal source 110 is
adapted to produce light having a first polarization, and the
response signal sensor 114 is adapted to detect light having
a second polarization, as discussed herein above in connec-
tion with FIG. 12. The first polarization and the second
polarization may be the same, or different.

As in other embodiments discussed herein, various physi-
ological parameters can be measured. The physiological
parameter may be a measurement of oxygenation, measure-
ment of blood glucose, a heart rate, a measurement of
glycosylated hemoglobin, a temperature, e.g., a body tem-
perature, a measurement of blood flow, or a measurement of
a substance in the eye of the subject, for example.

As discussed generally in connection with FIG. 6, inter-
rogation signal source 110 may be adapted to deliver a
pulsed interrogation signal. In connection therewith, at least
one of the response signal sensor 114 and the signal pro-
cessing circuitry 3402 may be configured to gate detection
of the response signal relative to the pulsed interrogation
signal. Signal processing circuitry 3402 may be configured
to combine multiple response signals produced by the eye of
the subject in response to multiple pulses of the pulsed
interrogation signal. For example, signal processing cit-
cuitry may be configured to combine the multiple response
signals by summing or averaging the multiple response
signals, or by determining a moving average or weighted
sum of the multiple response signals.

In an embodiment, interrogation signal source 110 is
adapted to deliver an interrogation signal containing mul-
tiple wavelengths of light. In connection therewith system
3400 may include includes at least a first response signal

20

25

40

45

60

65

54

sensor configured to sense a first response signal produced
by the eye of the subject responsive to a first wavelength
component of the interrogation signal, and a second
response signal sensor (not shown) configured to sense a
second response signal produced by the eye of the subject
responsive to a second wavelength component of the inter-
rogation signal. See, e.g. FIG. 7.

In an embodiment, system 3400 includes at least a first
interrogation signal source configured to deliver a first
interrogation signal having a first optical wavelength and at
least a second interrogation signal source configured to
deliver a second interrogation signal having a second optical
wavelength. Signal processing circuitry may be configured
to process a first response signal sensed from the eye of the
subject in response to the first interrogation signal and a
second response signal sensed from the eye of the subject in
response to the second interrogation signal by comparing the
first and second response signals to determine the physi-
ological parameter. See, e.g. FIG. 7. System 3400 may be
configured to deliver the first interrogation signal simulta-
neously with respect to the second interrogation signal, or
sequentially with respect to the second interrogation signal.

Interrogation signal source 110 and response signal sensor
114 can be co-aligned, or separately aligned and located.

In an embodiment, system 3400 includes an output struc-
ture 810 adapted to output a signal relating to the determined
physiological parameter. The output structure can be a data
transmission structure, a data storage structure, a display, an
audio output, or a visual output, for example, as discussed in
connection with FIG. 8. In one aspect, system 3400 can
include a display adapted to display information relating to
the determined physiological parameter. The display can be,
for example, a video monitor, a computer display, a video
game display, a telephone display, or a data processing
device. The display may be incorporated in a wearable item,
an article of furniture, an article of medical or health-care
related equipment, an article of exercise equipment, or a
vehicle. Examples of such displays are described in greater
detail herein above.

FIG. 35 depicts a system 3500 for controlling the sensing
of information from an eye 102 of a subject 104, including
signal processing circuitry 3502 including;: a response signal
input 3504 adapted to receive a response signal 3506 sensed
from the eye 102 of the subject 104 by a response signal
sensor 114 responsive to delivery of an interrogation signal
112 to the eye 102 of the subject 104; and a response signal
processor 3404 configured to process the response signal
sensed from the eye of the subject by the response signal
sensor to determine a physiological parameter 126 from the
response signal; and a scheduling controller 3406 configured
to direct collection of samples 3408 of the physiological
parameter according to a schedule 3407.

System 3500 may include a gaze signal input 3508
adapted to receive a gaze signal 3510 containing information
indicative of a gaze direction of the eye of the subject sensed
from at least an eye of the subject; and a gaze signal
processor 120 configured to determine the gaze direction
3512 of the eye 102 of the subject 104 based upon the gaze
signal 3510; and an alignment detector 122 configured to
determine whether the eye of the subject is in alignment with
respect to at least one of the interrogation signal source 110
or the response signal sensor 114 based at least in part upon
the gaze direction 3512.

System may 3500 include gaze tracking stimulus control
circuitry 3514 configured to drive production of gaze track-
ing stimulus 152 by a gaze tracking stimulus source 1022,
wherein the gaze signal 108 is produced responsive to the
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gaze tracking stimulus 1022. In an embodiment, gaze track-
ing stimulus control circuitry 3514 is configured to drive
production of a gaze tracking stimulus by a plurality of gaze
tracking stimulus sources (not shown). Gaze signal input
3508 and the response signal input 3504 can be the same
input (e.g. if same sensor is used as the gaze signal sensor
and the response signal sensor). Alternatively, the gaze
signal input 3508 and the response signal input 3504 can be
separate inputs, e.g. gaze signal sensor and response signal
sensor are separate sensors. The gaze signal input 3508 may
be configured to receive various types of signals. In an
embodiment, gaze signal input 3508 is adapted to receive a
signal from a camera. In an embodiment, signal processing
circuitry includes a plurality of gaze signal inputs (not
shown in FIG. 35, but generally as depicted in FIG. 12)
adapted to receive a plurality of gaze signals containing
information indicative of a gaze direction of the eye of the
subject sensed from at least an eye of the subject. System
3500 may also include interrogation signal control circuitry
3516 configured to drive production of interrogation signal
112 by interrogation signal source 110.

Response signal processor 3404 may be adapted to pro-
cess a response signal 3506 sensed from an interior of the
eye of the subject responsive to the interrogation signal, e.g.
a response signal sensed from a lens, aqueous humor,
vitreous humor, or retina of the eye of the subject. Response
signal processor 3404 can be configured to process the
response signal 3506 to determine a feature of the vascula-
ture of the eye of the subject or determine a biometric
identification of the subject, as described herein above. In an
embodiment, response signal processor 3404 is configured
to process the response signal by determining a first
response signal at a first polarization, determining a second
response signal at a second polarization, and comparing the
response signal determined at the first polarization to the
response signal determined at the second polarization,
wherein the first polarization and the second polarization are
different, discussed above in connection with FIG. 12.

Response signal processor 3404 can be configured to
process the response signal 3506 sensed from the eve of the
subject by the response signal sensor 114 when the eye of the
subject is in alignment with respect to the at least one of the
interrogation signal source and the response signal sensor to
determine a measurement of a physiological parameter from
the response signal, including, for example, oxygenation,
blood glucose, heart rate, glycosylated hemoglobin, tem-
perature, body temperature, blood flow, or a substance in the
eye of the subject from the response signal.

In an embodiment, interrogation signal control circuitry
3516 is configured to drive production of a pulsed interro-
gation signal by the interrogation signal source, as discussed
above in connection with FIG. 6. Signal processing circuitry
3502 may be configured to gate detection of the response
signal relative to the pulsed interrogation signal. In one
aspect, signal processing circuitry 3502 is configured to
combine multiple response signals produced by the eye of
the subject in response to multiple pulses of the pulsed
interrogation signal, by summing or averaging the multiple
response signals, or by determining a moving average or
weighted sum of the multiple response signals.

In an embodiment, system includes interrogation signal
control circuitry 3516 configured to drive production of a
first interrogation signal having a first optical wavelength
and production of a second interrogation signal having a
second optical wavelength, as described in connection with
FIG. 7. Signal processing circuitry 3516 may be configured
to process a first response signal sensed from the eye of the
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subject in response to the first interrogation signal and a
second response signal sensed from the eye of the subject in
response to the second interrogation signal by comparing the
first and second response signals in order to determine the
physiological parameter. Signal processing circuitry 3516
may be configured to drive production of the first interro-
gation signal simultaneously with respect to the second
interrogation signal, or sequentially with respect to the
second interrogation signal.

In an embodiment, scheduling controller 3406 is config-
ured to direct collection of a predetermined number of
samples of the physiological parameter during a sampling
period. In an embodiment, scheduling controller 3406 is
configured to direct collection of samples with at least a
minimum sampling interval between samples. In an aspect,
scheduling controller 3406 is configured to modify the
procedure for collecting a sample of the physiological
parameter if a predetermined number of samples meeting an
acceptance criterion 3410 has not been collected within a
predetermined portion of the sampling period. Modifying
the procedure for collecting a sample of the physiological
parameter may be done, for example by modifving the
acceptance criterion 3410. Acceptance criterion may include
one or more of signal-to-noise ratio criterion 3412 and
sampling interval criterion 3414.

In an embodiment, signal processing circuitry 3502 is
configured to cause the alignment of the eye of the subject
with respect to the at least one of the interrogation signal
source and the response signal sensor if a predetermined
number of samples meeting an acceptance criterion has not
been collected within a predetermined portion of the sam-
pling period. System 3500 may also include at least one
actuator (134 or 140) configured to move at least one of the
interrogation signal source 110 or the response signal sensor
114; wherein the signal processing circuitry 3502 is config-
ured to cause the alignment of the eye of the subject with
respect to the at least one of the interrogation signal 110
source or the response signal sensor 114 by directing an
actuator 134 or 140, respectively, to move at least one of the
interrogation signal 110 source or the response signal sensor
114 into alignment with the eye 102 of the subject 104. In
an embodiment, signal processing circuitry 3502 may be
configured to activate a gaze attractor 3416 to cause the
alignment of the eye of the subject with respect to the at least
one of the interrogation signal source and the response
signal sensor if a predetermined number of samples meeting
an acceptance criterion has not been collected within a
predetermined portion of the sampling period. The response
signal 3506 may be indicative of a feature of the vasculature
of the eye of the subject or a biometric identification of the
subject.

FIG. 36 depicts a system 3600 that includes a housing
3602; an interrogation signal source 3604 housed in the
housing 3602 and adapted for delivering an interrogation
signal to an eye of a subject, the interrogation signal source
3604 including at least one light source and at least one
optical system; a response signal sensor 3606 housed within
the housing 3602 and adapted for sensing a response signal
produced by the eye of the subject responsive to the inter-
rogation signal, the response signal containing information
regarding a physiological parameter of the subject; signal
processing circuitry 3608 including: a response signal pro-
cessor 3404 configured to process a response signal sensed
from the eye of the subject to determine a physiological
parameter from the response signal; and a scheduling con-
troller 3406 configured to direct collection of samples of the
physiological parameter according to a schedule 3407; an
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output structure 810 adapted for transmitting an output
signal; and mounting means 1324 adapted for mounting the
housing 3602 with respect to a display in such a manner that
the interrogation signal source 3604 and response signal
sensor 3606 are alignable with the eye of the subject during
normal use of the display by the subject.

In one aspect, scheduling controller 3406 is configured to
direct collection of a predetermined number of samples of
the physiological parameter during a sampling period. In
one aspect, scheduling controller 3406 is configured to
direct collection of samples with at least a minimum sam-
pling interval between samples. Scheduling controller 3406
may be configured to modify the procedure for collecting a
sample of the physiological parameter if a predetermined
number of samples meeting an acceptance criterion 3410 has
not been collected within a predetermined portion of the
sampling period, for example by modifying the acceptance
criterion. Acceptance criterion 3410 may include, for
example, a signal-to-noise ratio criterion 3412 and/or a
sampling interval criterion 3414.

In an embodiment, a system 3600 includes a gaze signal
sensor 106 adapted for receiving a gaze signal containing
information indicative of a gaze direction of an eye of the
subject; and wherein the signal processing circuitry
includes: a gaze signal processor 120 configured to deter-
mine the gaze direction of the eye of the subject based upon
the gaze signal; and an alignment detector 122 configured to
determine whether the eye of the subject is in alignment with
respect to at least one of the interrogation signal source 3604
or the response signal sensor 3606; wherein the response
signal processor 3404 is configured to process the response
signal sensed from the eye of the subject when the eye of the
subject is in alignment with respect to the at least one of the
interrogation signal source 3604 or the response signal
sensor 3606 to determine the physiological parameter from
the response signal. The physiological parameter may be a
measurement of oxygenation, blood glucose, heart rate,
glycosylated hemoglobin, temperature, body temperature,
blood flow, or a substance in the eye of the subject, for
example.

System 3600 may also include at least one actuator 3610
configured to move at least one of the interrogation signal
source 3604 or the response signal sensor 3606; wherein the
signal processing circuitry 3608 is configured to cause the
alignment of the eye of the subject with respect to the at least
one of the interrogation signal source 3604 or the response
signal sensor 3606 by directing the actuator 3610 to move at
least one of the interrogation signal source 3604 or the
response signal sensor 3606 into alignment with the eye of
the subject.

In an embodiment, system 3600 includes a gaze attractor
3416 adapted to attract the gaze of the subject to thereby
cause the eye of the subject to move into alignment with at
least one of the interrogation signal source and the response
signal sensor; wherein the signal processing circuitry 3608
is configured to activate the gaze attractor 3416 to cause the
alignment of the eye of the subject with respect to the at least
one of the interrogation signal source 3604 or the response
signal sensor 3606 if a predetermined number of samples
meeting an acceptance criterion has not been collected
within a predetermined portion of the sampling period. As
discussed above, response signal sensor 3606 may be
adapted to sense a response signal from an interior of the eye
of the subject responsive to the interrogation signal, for
example from a lens, aqueous humor, vitreous humor or
retina of the eye of the subject responsive to the interroga-
tion signal. Gaze signal sensor 106 and the response signal
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sensor 3606 may be the same sensor, or different sensors,
depending on the parameter to be sensed and preferred
method for determining gaze direction. For example, gaze
signal sensor can include an infrared camera or a CCD
camera.

Various combinations of interrogation signal source 3604
and response signal sensor 3606 may be used, as discussed
herein above. For example, in an embodiment, the interro-
gation signal source 3604 includes a broad spectrum light
source and the response signal sensor 3606 includes a
spectrometer based on a CCD array. Other combinations
include an interrogation signal source 3604 that includes a
near-infrared light source and response signal sensor 3606
that includes a near-infrared camera, an interrogation signal
source 3604 that includes a tunable laser source and
response signal sensor 3606 that includes a Raman spec-
trometer based on a CCD camera, an interrogation signal
source 3604 that includes a mid-infrared light source and
response signal sensor 3606 that includes a mid-infrared
detector, and an interrogation signal source 3604 that
includes a tunable laser source and response signal sensor
3606 that includes a broad spectrum pyroelectric detector.

System 3600 may include at least one gaze tracking
stimulus source 150 adapted to deliver a gaze tracking
stimulus to at least an eye of a subject, wherein the gaze
signal is produced in response to the gaze tracking stimulus.
Gaze tracking stimulus source 150 may include, for
example, an infra-red source, while gaze signal sensor 106
includes an infra-red sensor. Gaze tracking stimulus source
150 may include a near infra-red source, and gaze signal
sensor 106 may include a near infra-red sensor. In some
embodiment, gaze tracking stimulus source 150 includes a
plurality of light sources. Gaze signal sensor 106 can include
an optical sensor, an optical sensor array, a camera, and/or
a plurality of gaze signal sensors, for example.

In an embodiment, interrogation signal source 3604 is
adapted to produce light having a first polarization, and
response signal sensor 3606 is adapted to detect light having
a second polarization, wherein the first polarization and the
second polarization are the same. Alternatively, interroga-
tion signal source 3604 may be adapted to produce light
having a first polarization, and the response signal sensor
3606 is adapted to detect light having a second polarization,
wherein the first polarization and the second polarization are
different.

In an embodiment, interrogation signal source 3604 is
adapted to deliver a pulsed interrogation signal, as described
in connection with FIG. 6. In one aspect, at least one of
response signal sensor 3606 and signal processing circuitry
3608 is configured to gate detection of the response signal
relative to the pulsed interrogation signal. Signal processing
circuitry 3608 may be configured to combine multiple
response signals produced by the eye of the subject in
response to multiple pulses of the pulsed interrogation
signal, for example by summing or averaging the multiple
response signals, or by determining a moving average or
weighted sum of the multiple response signals.

In an embodiment, a system 3600 includes an interroga-
tion signal source 3604 adapted to deliver an interrogation
signal containing multiple wavelengths of light. As dis-
cussed generally elsewhere herein, system 3600 may include
at least a first response signal sensor configured to sense a
first response signal produced by the eye of the subject
responsive to a first wavelength component of the interro-
gation signal, and a second response signal sensor (not
shown) configured to sense a second response signal pro-
duced by the eye of the subject responsive to a second
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wavelength component of the interrogation signal. In an
embodiment, a system includes a first interrogation signal
source configured to deliver a first interrogation signal
having a first optical wavelength and at least a second
interrogation signal source (not shown) configured to deliver
a second interrogation signal having a second optical wave-
length. Signal processing circuitry 3608 may be configured
to process a first response signal sensed from the eye of the
subject in response to the first interrogation signal and a
second response signal sensed from the eye of the subject in
response to the second interrogation signal by comparing the
first and second response signals to determine the physi-
ological parameter. The system may be configured to deliver
the first interrogation signal simultaneously with respect to
the second interrogation signal, sequentially with respect to
the second interrogation signal. Interrogation signal source
3604 and the response signal sensor 3606 may be co-
aligned, or separately aligned and located.

In one aspect, mounting means 1324 is adapted for
mounting the housing 3602 with respect to the display such
that during normal use of the display by the subject, the
interrogation signal source 3604 and response signal sensor
3606 are positioned within the visual field of at least one eye
of the subject. In one aspect, mounting means 1324 is
adapted for mounting the housing 3602 with respect to the
display such that the interrogation signal source 3604 and
response signal sensor 3606 are oriented in substantially the
same direction as the display surface of the display.

Output structure 1320 may include a data transmission
structure, which may be, for example, a serial port, a parallel
port, an electromagnetic transmission means, an optical
transmission means, an audio output or a visual output, as
discussed herein above. Output structure 1320 may be
adapted to transmit an output signal to display 1354, or data
processing device 1352. In a related embodiment, the dis-
plav 1354 is controlled by the data processing device.
Display 1354 may be configured to display information
relating to the determined physiological parameter, and may
be any of various types of displays, for example, a video
monitor, computer display, video game display, telephone
display, or terminal of a data processing device. Display
1354 can be incorporated in a wearable item, article of
furniture, article of medical or health-care related equip-
ment, article of exercise equipment, or vehicle. Examples of
such displays are described in greater detail herein above.

Example 3: An Unobtrusive Eye Interrogation
System Associated with a Hospital TV to Measure
Health Parameters on a Predetermined Schedule

FIG. 37 illustrates an eye interrogation system 3700 that
is used to measure a patient’s health parameters according to
a schedule. Eye interrogation system 3700 is placed adjacent
to a hospital patient’s television 3702 to measure health
parameters according to a predetermined schedule. The eye
interrogation system includes an interrogation signal source
3704, a response signal sensor 3706 and a signal processing
circuitry 3708 which are housed in the unit 3710 that is
mounted with respect to the patient’s TV 3702. Eye inter-
rogation system 3700 also includes a scheduling controller
3406 and a gaze attractor 3712 to engage the eyes of the
patient 3714 to collect health parameter data according to a
schedule.

The eye interrogation system employs a mid-infrared
wavelength interrogation signal source 3704 and response
signal sensor 3706 to noninvasively identify bioanalytes and
determine their concentration in the eye. The system
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includes a gaze attractor 3712 to attract the patients gaze to
interrogation signal source 3704 and response signal sensor
3706. For example, gaze attractor 3712 may include a light
emitting diode (LED) which draws the patient’s gaze to
interrogation signal source 3704 and response signal sensor
3706 when a bicanalyte determination is scheduled. For
example the LED may flash to attract the patients’ attention.
A gaze tracking system 3720 is used to detect when the user
looks at the LED gaze attractor 3712 and the interrogation
signal source and/or the response signal sensor. The gaze
tracking system 3720 is comprised of an IR light source
3722 and an IR camera 3724 which detects the reflection of
IR light from the eyes of the patient. Eye position, eye
rotation, eye gaze position against screen, pupil diameter
and eye vergence distance may be monitored. The gaze
tracking system 3720 includes software and circuitry to
analyze the gaze tracking data and to detect alignment of the
patient’s gaze with the interrogation source and/or the
interrogation detectors. Alignment of the patient’s eyes with
the interrogation sources and detectors triggers activation of
the interrogation source by the system controller.

Interrogation signal source 3704 interrogates the patient’s
eyes with mid-infrared light, which may be approximately
2.5 to 50.0 microns in wavelength. A range of mid-infrared
wavelengths is sourced from tunable external cavity lasers
which provide multiple wavelengths for spectroscopy of
bioanalytes (e.g., the Uber Tuner™ Lasers available from
Daylight Solutions Inc., San Diego, Calif.; see the Product
Sheet: “Uber Tuner™ Broad Tuning Pulsed Lasers” which
is incorporated herein by reference). For example, tunable
lasers emitting mid-infrared radiation at wavelengths
between about 8 microns and about 11 microns may be used
to identify glucose which displays an absorption signature at
those wavelengths. Irradiation of the blood vessels in the
sclera of the eye with 8-11 micron wavelength light results
in reflected spectra that may be detected by mid-infrared
detectors. For example a deuterated tri-glycine sulfate pyro-
electric detector may be used to detect the reflected mid-
infrared radiation and determine the absorption pattern.
Broad spectrum pyroelectric detectors to detect wavelengths
between approximately 700 nm and 28 microns are available
from Newport Corp., Irvine, Calif. (see the Specification
Sheet: “MIR8025™ Modular IR Fourier Spectrometers”
which is incorporated herein by reference). Signal proces-
sors and associated software determine the radiation pattern
and correlate the pattern with the known radiation signatures
in a reference database. For example, an absorption pattern
at wavelengths between approximately 8 and 11 microns
may be used to identify glucose and to determine its con-
centration (see e.g. U.S. Pat. No. 6,958,039 issued to Burd
et al. on Oct. 25, 2005 which is incorporated herein by
reference).

Eye interrogation system 3700 includes signal processing
circuitry 3708 to analyze bioanalyte concentrations, com-
pare them to reference values or to values determined
previously for the patient. For example, glucose concentra-
tion in conjunctiva blood vessels may be compared to
correlated glucose concentrations in the peripheral circula-
tion and to a normal range for glucose. Also the glucose
concentrations determined according to a predetermined
schedule may be compared. Blood glucose concentrations
outside the normal range or trending rapidly to hyperglyce-
mia are reported electronically to computer terminals of the
responsible health caregivers.

Eye interrogation system 3700 may be used to monitor a
patient’s blood concentration of a pharmaceutical such as
warfarin. A hospital patient at risk of thrombosis and throm-



US 10,251,541 B2

61

boembolism is treated with an anticoagulant, warfarin,
which prevents blood clots from forming but dosing must be
monitored closely to avoid excessive bleeding and yet
prevent clots from forming. Instead of measuring clotting
time with an ex vivo blood test the concentration of warfarin
in the blood can be monitored by scheduled eye interroga-
tions. Warfarin (also known as Coumadin) displays a char-
acteristic IR spectrum with absorption peaks at 3200 cm™
and 1747 ecm™ (see e.g., the Data Sheet: “Warfarin IR
Spectrum” in “Characterisation” which is incorporated
herein by reference). After a loading dose of warfarin is
administered the eye interrogation system is scheduled to
attract the patient’s gaze and determine the warfarin con-
centration in the blood vessels of the eye every 4 hours.
Warfarin concentrations determined by mid-infrared spec-
troscopy in the eye are correlated to blood clotting times
determined ex vivo and stored in a reference database. If the
warfarin concentration and the corresponding clotting time
are outside safe boundaries the patient’s physician is notified
and the dose of warfarin is adjusted. Data on the scheduled
interrogation times and corresponding warfarin concentra-
tions is stored in a database for analysis by the physician or
pharmacist to predict future doses of warfarin.

Eye interrogation system 3700 may also include sources
and sensors to detect other physiological parameters to
monitor the patient’s health according to a predetermined
schedule. For example the eye interrogation system may be
scheduled to measure the patient’s heart rate, respiration rate
and temperature. The corresponding components including
interrogation sources and detectors are described above in
Example 2. The health parameter data obtained from the eye
interrogation system is analyzed by signal processing cir-
cuitry 3708 and provided to health caregivers. Moreover the
health parameters may be consolidated to provide an over-
view of the patient’s health over a time frame determined by
the scheduled eye interrogations.

FIG. 38 is a flow diagram of a method 3800 of measuring
information from an eye of a subject, which includes deliv-
ering an interrogation signal to the eye of the subject with an
interrogation signal source 3802; detecting a response signal
from the eye of the subject with a response signal sensor;
processing a response signal sensed from the eye of the
subject to determine a physiological parameter from the
response signal 3804; determining whether the eye of the
subject is in alignment with respect to at least one of the
interrogation signal source and the response signal sensor
3806; determining a physiological parameter of the subject
from the response signal detected from the eye of the subject
when the eye of the subject is in alignment with respect to
the at least one of the interrogation signal source and the
response signal sensor 3808; and collecting samples of the
physiological parameter according to a schedule under the
direction of a scheduling controller 3810.

As shown in FIG. 39, a method 3900 also includes
transmitting at least one of information regarding the sub-
ject, information regarding the system used for determining
the physiological parameter, or information regarding the
physiological parameter to a data processing system 3902.
In various embodiments, the method may include receiving
at least one of information regarding the subject, informa-
tion regarding the system used for determining the physi-
ological parameter, or information regarding the physiologi-
cal parameter from a data processing system 3904; or
sharing at least one of information regarding the subject,
information regarding the system used for determining the
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physiological parameter, or information regarding the physi-
ological parameter between two or more data processing
systems 3906.

Method 3900 may include determining the identity of the
subject 3908, for example, through the use of facial recog-
nition 3910 or retinal recognition 3912, or comparing login
information entered by the subject with login information in
a registry 3914. As indicated at 3916, in some aspects the
method may include collecting samples of the physiological
parameter only when the identity of the subject meets a
selection criterion. For example, once the identity of the
subject has been determined, the identity of the subject may
be compared with an identity of one or more approved
subjects, and if the identity matches an identity of an
approved subject, the selection criterion is met.

In an embodiment shown in FIG. 40, a method 4000
includes collecting a predetermined number of samples of
the physiological parameter during a sampling period 4002.
The method may include collecting samples of the physi-
ological parameter with at least a minimum sampling inter-
val between samples 4004. The method may include modi-
fying the procedure for collecting a sample of the
physiological parameter if a predetermined number of
samples meeting an acceptance criterion has not been col-
lected within a predetermined portion of the sampling period
4006. Modifying the procedure for collecting a sample of the
physiological parameter may include modifying the accep-
tance criterion 4008, for example a signal-to-noise ratio
criterion 4010 or sampling interval criterion 4012, as dis-
cussed herein above. In another aspect, modifying the pro-
cedure for collecting a sample of the physiological param-
eter may include modifying the schedule, as indicated at
4014.

As depicted in FIG. 41, in an embodiment, a method 4100
includes receiving a gaze signal containing information
indicative of a gaze direction of an eye of the subject 4102;
determining the gaze direction of the eye of the subject
based upon the gaze signal 4104; determining whether the
eye of the subject is in alignment with respect to at least one
of the interrogation signal source and the response signal
sensor based at least in part upon the gaze direction 4106.
Method 4100 may include moving at least one of the
interrogation signal source and the response signal sensor
into alignment with the eye of the subject if a predetermined
number of samples meeting an acceptance criterion has not
been collected within a predetermined portion of the sam-
pling period 4108. In one aspect, method 4100 includes
activating a gaze attractor adapted to attract the gaze of the
subject and bring the eye of the subject into alignment with
at least one of the interrogation signal source and the
response signal sensor if a predetermined number of samples
meeting an acceptance criterion has not been collected
within a predetermined portion of the sampling period 4110.

As shown in FIG. 42, in method 4200 delivering the
interrogation signal includes delivering a pulsed interroga-
tion signal 4202. The method may also include gating
detection of the response signal relative to the pulsed
interrogation signal 4204. The method may include detect-
ing multiple response signals produced by the eye of the
subject in response to multiple pulses of the pulsed interro-
gation signal 4206, and may include combining the multiple
response signals produced by the eye of the subject in
response to multiple pulses of the pulsed interrogation
signal, for example by summing the multiple response
signals 4208, averaging the multiple response signals 4210,
determining a moving average of the multiple response
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signals 4212, and or determining a weighted sum of the
multiple response signals 4214.

As shown in FIG. 43, in method 4300 delivering an
interrogation includes delivering an interrogation signal
containing multiple wavelengths of light 4302. The method
may include detecting a first response signal produced by the
eye of the subject responsive to a first wavelength compo-
nent of the interrogation signal, and detecting a second
response signal produced by the eye of the subject respon-
sive to a second wavelength component of the interrogation
signal 4304. In an embodiment, a method includes deliver-
ing a first interrogation signal having a first optical wave-
length and a second interrogation signal having a second
optical wavelength 4306. The method may include deter-
mining the physiological parameter of the subject by com-
paring a first response signal sensed from the eye of the
subject in response to the first interrogation signal and a
second response signal sensed from the eye of the subject in
response to the second interrogation signal 4308. In an
embodiment, the method includes delivering the first inter-
rogation signal simultaneously with respect to the second
interrogation signal 4310. In another embodiment, the
method includes delivering the first interrogation signal
sequentially with respect to the second interrogation signal
4312.

In another aspect, as shown in FIG. 44, a method 4400
includes sending an output signal relating to the determined
physiological parameter to an output structure 4402, which
may include, for example, a data transmission structure
4404, data storage structure 4406, display 4408, audio
output 4410, or visual output 4412. The method may include
sending the output signal to a display adapted to display
information relating to the determined physiological param-
eter 4414. The method may include sending the output
signal to a video monitor 4416, computer display 4418,
video game display 4420, telephone display 4422, or data
processing device 4424.

As shown FIG. 45, in a method 4500, a measurement of
a substance in the blood of the subject, as indicated at 4512,
and in some embodiments, the physiological parameter is a
measurement of a substance in an aqueous humor of the
subject, as indicated at 4504. The physiological parameter
can be a measurement of oxygen 4506, glucose 4508, a salt
4510, a protein 4512, a lipid 4514, a gas 4516, a hormone
4518, or a drug 4520. The physiological parameter can be a
pulse rate 4522, a blood flow 4524, or a temperature 4526.

As shown in FIG. 46, a method 4600 may include
determining the physiological parameter of the subject from
the response signal detected from the eye of the subject at
one or more set times 4602, determining the physiological
parameter of the subject from the response signal detected
from the eye of the subject at a set time interval 4604, or
determining the physiological parameter of the subject from
the response signal detected from the eye of the subject
according to a programmed schedule 4606. In an embodi-
ment, a programmed schedule can be personalized for the
subject 4608. The programmed schedule can be selected
from among at least two pre-programmed schedules based
upon at least one attribute of the subject 4610, or selected
from among at least two pre-programmed schedules based
upon the physiological parameter 4612.

As shown in FIG. 47, a method 4700 includes reporting
information regarding the physiological trend to an inter-
ested party 4704, for example, one or more of the subject, a
medical service provider, a family member, a legal guardian
or a legal representative 4706. In an embodiment, method
4700 includes comparing the physiological parameter deter-
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mined from the response signal to a previous measurement
of a physiological parameter to determine a physiological
trend 4708. Method 4700 may also include reporting infor-
mation regarding the physiological trend to an interested
party 4710, for example one or more of the subject, a
medical service provider, a family member, a legal guardian
or a legal representative 4712.

In an aspect, method 4700 includes utilizing the physi-
ological parameter determined from the response signal to
assess an emotional state of the subject 4714 or utilizing the
physiological parameter determined from the response sig-
nal to assess the alertness of the subject 4716. In an aspect,
method 4700 includes utilizing the physiological parameter
determined from the response signal in a medical or health-
related application 4718. In another aspect, method 4700
includes utilizing the physiological parameter determined
from the response signal in a business or security application
4720.

A method 4800 shown in FIG. 48 also includes presenting
an input to the subject 4802; and utilizing the physiological
parameter determined from the response signal to determine
a response of the subject to the input 4804. The input can
include information 4806 (including, but not limited to
advertising information 4808, marketing research informa-
tion 4810, print information 4812, or video information
4814). The input may include an auditory stimulus 4816,
visual stimulus 4818, tactile stimulus 4820, olfactory stimu-
lus 4822, gustatory stimulus 4824, thermal stimulus 4826,
neural stimulus 4828, a drug 4830, a pharmaceutical 4832,
a nutraceutical 4834, or a nutrient 4836.

As shown in FIG. 49, a method 4900 includes delivering
an interrogation signal to the eye of the subject with an
interrogation signal source and detecting a response signal
from the eye of the subject with a response signal sensor
may be performed unobtrusively 4902, as described herein
above. In some embodiments, delivering an interrogation
signal to the eye of the subject with an interrogation signal
source and detecting a response signal from the eye of the
subject with a response signal sensor may be performed
without detection by the subject 4904. In various aspects, the
method may include receiving an input indicative of an
instruction from the subject or representative of the subject
for information to be measured 4906, receiving an input
indicative of authorization from the subject or representative
of the subject for information to be measured 4908, or
receiving an input indicative of informed consent from the
subject or representative of the subject for information to be
measured 4910.

FIG. 50 depicts an article of manufacture 5000 that
includes one or more non-transitory machine-readable data
storage media 5002 bearing one or more instructions 5004
for performing a method as shown in FIG. 38, including
delivering an interrogation signal to the eye of the subject
with an interrogation signal source; detecting a response
signal from the eye of the subject with a response signal
sensor; processing a response signal sensed from the eye of
the subject to determine a physiological parameter from the
response signal; determining whether the eye of the subject
is in alignment with respect to at least one of the interro-
gation signal source and the response signal sensor; deter-
mining a physiological parameter of the subject from the
response signal detected from the eye of the subject when
the eye of the subject is in alignment with respect to the at
least one of the interrogation signal source and the response
signal sensor; and collecting samples of the physiological
parameter according to a schedule under the direction of a
scheduling controller.
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In one aspect, the one or more non-transitory machine-
readable data storage media 5002 bear one or more instruc-
tions performing method steps as shown in FIG. 39, e.g.
instructions for transmitting at least one of information
regarding the subject, information regarding the system used
for determining the physiological parameter, or information
regarding the physiological parameter to a data processing
system. The data storage media 5002 bear one or more
instructions for receiving at least one of information regard-
ing the subject, information regarding the system used for
determining the physiological parameter, or information
regarding the physiological parameter from a data process-
ing system. Data storage media 5002 may bear one or more
instructions for sharing at least one of information regarding
the subject, information regarding the system used for
determining the physiological parameter, or information
regarding the physiological parameter between two of more
data processing systems. Data storage media 5002 may bear
one or more instructions for determining the identity of the
subject, for example through the use of facial recognition or
retinal recognition, or by comparing login information
entered by the subject with login information in a registry,
also as shown in FIG. 39.

The data storage media 5002 may bear one or more
instructions for performing a method as shown in FIG. 40,
including collecting a predetermined number of samples of
the physiological parameter during a sampling period. In an
aspect data storage media 5002 bear one or more instruc-
tions for collecting samples of the physiological parameter
with at least a minimum sampling interval between samples.
Data storage media 5002 may bear one or more instructions
for modifying the procedure for collecting a sample of the
physiological parameter if a predetermined number of
samples meeting an acceptance criterion has not been col-
lected within a predetermined portion of the sampling
period. In another aspect, data storage media bear one or
more instructions for modifying the procedure for collecting
a sample of the physiological parameter includes modifying
the acceptance criterion. The acceptance criterion may
include, for example, a signal-to-noise ratio criterion, or a
sampling interval criterion.

Data storage media 5002 may bear one or more instruc-
tions 5004 for performing a method as shown in FIG. 41,
including receiving a gaze signal containing information
indicative of a gaze direction of an eye of the subject;
determining the gaze direction of the eye of the subject
based upon the gaze signal; determining whether the eye of
the subject is in alignment with respect to at least one of the
interrogation signal source and the response signal sensor
based at least in part upon the gaze direction; and determin-
ing whether the eye of the subject is in alignment with
respect to at least one of the interrogation signal source and
the response signal sensor. Data storage media 5002 may
bear one or more instructions for determining the physi-
ological parameter from the response signal when the eye of
the subject is in alignment with respect to the at least one of
the interrogation signal source and the response signal
sensor. This may include, for example, one or more instruc-
tions for causing alignment of the eye of the subject with
respect to the at least one of the interrogation signal source
and the response signal sensor if a predetermined number of
samples meeting an acceptance criterion has not been col-
lected within a predetermined portion of the sampling
period; one or more instructions for causing the alignment of
the eye of the subject with respect to the at least one of the
interrogation signal source and the response signal sensor by
moving at least one of the interrogation signal source and the
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response signal sensor into alignment with the eye of the
subject; or bear one or more instructions for: causing the
alignment of the eye of the subject with respect to the at least
one of the interrogation signal source and the response
signal sensor by activating a gaze attractor adapted to attract
the gaze of the subject to thereby cause the eye of the subject
to move into alignment with at least one of the interrogation
signal source and the response signal sensor.

Data storage media 5002 may include one or more
instructions for performing a method as shown in FIG. 42,
including one or more instructions for delivering the inter-
rogation signal includes delivering a pulsed interrogation
signal. In one aspect, the data storage media may bear one
or more instructions for gating detection of the response
signal relative to the pulsed interrogation signal. In one
aspect, the data storage media may bear one or more
instructions for detecting multiple response signals pro-
duced by the eye of the subject in response to multiple pulses
of the pulsed interrogation signal. The data storage media
may in addition bear one or more instructions for combining
the multiple response signals produced by the eye of the
subject in response to multiple pulses of the pulsed interro-
gation signal by summing the multiple response signals, by
averaging the multiple response signals, by determining a
moving average of the multiple response signals, and/or by
determining a weighted sum of the multiple response sig-
nals, for example.

Data storage media 5002 may bear one or more instruc-
tions for performing a method as shown in FIG. 43. In an
embodiment, data storage media 5002 bear one or more
instructions for delivering an interrogation signal containing
multiple wavelengths of light. The data storage media may
then also bear one or more instructions for detecting a first
response signal produced by the eye of the subject respon-
sive to a first wavelength component of the interrogation
signal, and detecting a second response signal produced by
the eye of the subject responsive to a second wavelength
component of the interrogation signal. In another embodi-
ment, the data storage media bear one or more instructions
for delivering a first interrogation signal having a first
optical wavelength and a second interrogation signal having
a second optical wavelength. Data storage media may bear
one or more instructions for determining the physiological
parameter of the subject by comparing a first response signal
sensed from the eye of the subject in response to the first
interrogation signal and a second response signal sensed
from the eye of the subject in response to the second
interrogation signal.

Data storage media 5002 may bear one or more instruc-
tions for performing a method as shown in FIG. 44. In one
aspect, data storage media bear one or more instructions for
delivering the first interrogation signal simultaneously with
respect to the second interrogation signal. In another aspect,
data storage media bear one or more instructions for deliv-
ering the first interrogation signal sequentially with respect
to the second interrogation signal. In various embodiments,
the data storage media bear one or more instructions for:
sending an output signal relating to the determined physi-
ological parameter to an output structure, which may be, for
example, a data transmission structure, data storage struc-
ture, a display, an audio output, or a visual output. In an
aspect, data storage media 5002 bear one or more instruc-
tions for sending the output signal to a display adapted to
display information relating to the determined physiological
parameter. In some embodiments, data storage media bear
one or more instructions for sending the output signal to a
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video monitor, a computer display, a video game display, a
telephone display, or to a data processing device.

Data storage media 5002 may include instructions relating
to determination of various different physiological param-
eters, including, for example, a measurement of a substance
in the blood of the subject, such as oxygen, glucose, a salt,
a protein, or a lipid, a measurement of a substance in an
aqueous humor of the subject, such as oxygen, glucose, a
salt, a protein, or a lipid, a hormone, a drug, a pulse rate, a
measurement of glycosylated hemoglobin, a temperature, a
body temperature, a measurement of blood flow, a measure-
ment of a substance in the eye of the subject.

In an aspect, data storage media 5002 bear one or more
instructions for performing a method as shown in FIG. 46,
including determining the physiological parameter of the
subject from the response signal detected from the eye of the
subject at one or more set times. In another aspect, data
storage media bear one or more instructions for determining
the physiological parameter of the subject from the response
signal detected from the eye of the subject at a set time
interval. In an aspect, data storage media bear one or more
instructions for determining the physiological parameter of
the subject from the response signal detected from the eye of
the subject according to a programmed schedule. The pro-
grammed schedule may be personalized for the subject. The
programmed schedule may be selected from among at least
two pre-programmed schedules based upon at least one
attribute of the subject. and/or based upon the physiological
parameter.

In an aspect, the data storage media 5002 bear one or more
instructions for for performing a method as shown in FIG.
47, including reporting information regarding the physi-
ological trend to an interested party, such as the subject, a
medical service provider, a family member, a legal guardian
or a legal representative. In another aspect, data storage
media bear one or more instructions for comparing the
physiological parameter determined from the response sig-
nal to a previous measurement of a physiological parameter
to determine a physiological trend. The data storage media
may also bear one or more instructions for reporting infor-
mation regarding the physiological trend to an interested
party, e.g. one or more of the subject, a medical service
provider, a family member, a legal guardian or a legal
representative. Data storage media may bear one or more
instructions for utilizing the physiological parameter deter-
mined from the response signal to assess an emotional state
of the subject, and/or one or more instructions for utilizing
the physiological parameter determined from the response
signal to assess the alertness of the subject. Data storage
media may bear one or more instructions for utilizing the
physiological parameter determined from the response sig-
nal in a medical or health-related application, or one or more
instructions for utilizing the physiological parameter deter-
mined from the response signal in a business or security
application.

In one aspect, data storage media 5002 bear one or more
instructions for performing a method as shown in FIG. 48,
including presenting an input to the subject; and utilizing the
physiological parameter determined from the response sig-
nal to determine a response of the subject to the input. For
example, the input may include information (advertising
information, marketing research information, print informa-
tion, or video information, for example), an auditory stimu-
lus, a visual stimulus, a tactile stimulus, an olfactory stimu-
lus, a gustatory stimulus, a thermal stimulus, a neural
stimulus, a drug, a pharmaceutical, a nutraceutical, or a
nutrient.
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Data storage media 5002 may include instructions 5004
for performing a method as shown in FIG. 49, including
delivering an interrogation signal to the eye of the subject
with an interrogation signal source and detecting a response
signal from the eye of the subject with a response signal
sensor are performed unobtrusively, and/or without detec-
tion by the subject. Data storage media may include one or
more instructions for receiving an input indicative of an
instruction from the subject or representative of the subject
for information to be measured, receiving an input indicative
of authorization from the subject or representative of the
subject for information to be measured, or receiving an input
indicative of informed consent from the subject or repre-
sentative of the subject for information to be measured.

FIG. 51 depicts a system 5100 for sensing information
from an eye 5102 of a subject 5104, which includes an
interrogation signal source 5106 for delivering an interro-
gation signal to eye 5102 of a subject 5104; a response signal
sensor 5110 for sensing a response signal produced by the
eye 5102 of the subject 5104 responsive to the interrogation
signal; a gaze attractor 5120 adapted to attract the gaze of the
subject 5104 to thereby cause the eye of the subject to move
into alignment with at least one of the interrogation signal
source 5106 or the response signal sensor 5110; and signal
processing circuitry 5122 including: a response signal pro-
cessor 5124 configured to process a response signal sensed
from the eye of the subject when the eye of the subject is in
alignment with respect to the at least one of the interrogation
signal source 5106 or the response signal sensor 5110 to
determine a physiological parameter 5126 from the response
signal. System 5100 is discussed connection with an
example of an eye interrogation system incorporated into a
treadmill 5128, for monitoring and display of physiological
parameters. However, various other implementations of sys-
tem 5100 will be apparent to a person having ordinary skill
in the art, based on the disclosure presented herein.

Example 4: An Eye Interrogation System on a
Treadmill to Monitor and Display Physiological
Parameters

A noncontact eye interrogation system 5100 which mea-
sures and displays physiological parameters 5126 to a runner
is built into treadmill 5128. The eye interrogation system
includes gaze attraction and tracking components to align
the runner’s eyes with an interrogation signal source 5106
and a response signal sensor 5120. The system includes a
signal processing circuitry to activate the interrogation
source 5106 and response signal sensor 5110 during exercise
and to obtain physiological data from the detected signals.
The noncontact eye interrogation system 5100 unobtrusively
monitors and displays heart rate, respiration rate, body
temperature, and oxygen saturation in the blood. In the
example shown in FIG. 51, the system may include signal
processing circuitry (including hardware and software) that
causes the physiological parameter 5126 to be displayed on
a liquid crystal display (LCD) 5130 display on the treadmill
5128.

To align the runner’s eyes with the interrogation signal
source 5106, gaze attractor 5120 is incorporated in the
system. A gaze attractor 5120 may be a light that draws
attention while the runner exercises, as shown in FIG. 51.
For example, the eye interrogation system may have a LED
gaze attractor 5120¢ which flashes and draws the runner’s
gaze to the vicinity of interrogation source 5106 and
response signal sensor 5110 when a physiological parameter
5126 is to be measured. Signal processing circuitry 5122
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may activate the LED 5120¢ and interrogation system
according to a preset schedule, e.g. every 10 minutes, or
according to the runner’s preset preferences. A gaze tracking
system is used to detect when the runner looks at the LED
gaze attractor 5120q, interrogation signal source 5106 and
response signal sensor 5110. The gaze tracking system is
comprised of a gaze tracking stimulus source 5134 that is an
IR light source 5134a and a gaze signal sensor 5136 that is
an IR camera 5136a which detects the reflection of IR light
from the eyes of the runner. Eye position, eye rotation, eye
gaze position against screen, pupil diameter and eye ver-
gence distance may be monitored. The gaze tracking system
includes software and circuitry forming gaze signal proces-
sor 5138 to analyze the gaze tracking data and alignment
detector 5140 to detect alignment of the runner’s gaze with
the interrogation source and/or the interrogation detectors.
Alignment of the runner’s eyes with the interrogation signal
source 5106 and response signal sensor 5110 triggers acti-
vation of the interrogation signal source 5106 by the signal
processing circuitry 5122.

To monitor the runner’s heart rate 5126a and respiration
51265 the eye interrogation system is equipped with an
interferometry system that detects movement of an individu-
al’s chest wall. Construction of an interferometer, data
acquisition systems and signal processing algorithms to
determine heart rate and respiration are described (see e.g.,
U.S. Pat. No. 7,272,431 issued to McGrath on Sep. 18, 2007
and Mikhelson et al., IEEE Transactions on Biomedical
Engineering, 58: 1671-1677, 2011 which are incorporated
herein by reference). For example a continuous wave mil-
limeter-wave interferometer is constructed integral to the
eye interrogation system. A continuous wave 94-GHz signal
is generated by a cavity-tuned Gunn diode oscillator 51064
and transmitted at the runner with a Gaussian (quasi-optical)
antenna with a lens that results in a far-field starting at
approximately 0.5 meter and a beam divergence of approxi-
mately 1.5 degrees. The gaze tracking system (see above) is
used to establish alignment of the oscillator and antenna on
the runner’s chest and to signal activation of the interfer-
ometer. Interferometer components include a Gunn diode
oscillator 5106a (94 GHz) a circulator, a Gaussian antenna
and beam splitters and mixers. To acquire the reflected wave
signals a 24 bit data acquisition device (DAQ 51104) (e.g.,
“24-Bit, 102.4 kS/s, 8 and 4-Channel Dynamic Signal
Acquisition” available from National Instruments, Austin,
Tex.; see the Data sheet: “DAQ Device” which is incorpo-
rated herein by reference) is used with LabView data acqui-
sition software. The vibration signals may be processed with
programs written in MATL AB to derive chest displacements
(respiration) and heart beats from the reflected wave signals
(see e.g., Mikhelson et al., Ibid.). Heart rate and respiration
data are analyzed and displayed by system circuitry and
software. The data may be displayed on a LCD on the
treadmill and the runner may be alerted when maximum
heart rate is exceeded. Abnormal heart rate may also be
transmitted to a healthcare worker or medic.

To monitor the runner’s temperature 5126¢ an infrared
thermometer is incorporated in the eye interrogation system
which remotely measures temperature in the eye. Following
alignment of the runner’s eye with the infrared thermometer
the thermometer is activated. An infrared thermometer com-
prised of a detector, collecting optical system (e.g., lens and
filter) and signal processing circuitry is incorporated in the
eye interrogation system. The filter limits the spectrum of
infrared radiation detected and the lens’ optical character-
istics determine the target size within the eye and the
allowed distance from the runner’s eye. The detector con-
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verts infrared energy into an electrical signal which is
amplified and processed by the associated signal processors
to calculate temperature of the eye. An infrared thermometer
suitable for sensitive temperature measurement (i.c.,
approximately 0.1 degree Centigrade) that may be targeted
to the iris/pupil region or to the sclera is described (see e.g,,
U.S. Pat. No. 5,115,815 issued to Hansen on May 26, 1992
which is incorporated herein by reference). For example an
infrared camera 5110¢ may be used to measure corneal
temperature (see e.g., Kessel et al., Investigative Ophthal-
mology and Visual Science 51: 6593-6597, 2010 which is
incorporated herein by reference). An infrared camera 5110¢
with a focal plane array detector, thermal sensitivity <0.09
degrees C. and an accuracy of 0.1 degrees C. is available
from Fluke Corp., Everett, Wash. (see e.g., “Fluke Indus-
trial/Electrical Thermal Imagers, Models: Ti25 and Til0”
Datasheet which is incorporated herein by reference). To
summarize, during exercise on the treadmill the LED gaze
attractor 5120a lights up and the gaze tracking system
detects alignment of the runners’ eye with the infrared
thermometer. Next the system controller activates the infra-
red thermometer and signal processors determine eye tem-
perature from the infrared radiation. The runner’s tempera-
ture data are displayed on display 5130 of treadmill 5128
and may be transmitted to a remote device, e.g., a computer
(not shown) for analysis and storage. For example, analysis
of corneal eye temperatures shows that they may be corre-
lated with core body temperatures (see e.g., Kessel et al.,
Ibid.). If safe core body temperatures are exceeded the eye
interrogation system may alert the runner on the system
LCD and alert health care workers by email.

To measure the runner’s oxygenation of hemoglobin
51264, the eye interrogation system may also incorporate an
interrogation light source and response signal sensor to
measure oxyhemoglobin and deoxyhemoglobin in the fun-
dus of the eye. An apparatus and methods to measure
oxyhemoglobin and deoxyhemoglobin in the eye are
described (see e.g. U.S. Pat. No. 6,149,589 issued to Dia-
conu et al. on Nov. 21, 2000 which is incorporated herein by
reference). An interrogation source 5106 that generates
wavelengths between 450 nm and 850 nm is integrated in the
eye interrogation system (see FIG. 8). For example a tung-
sten halogen light source with a wavelength range of 360 nm
to 2000 nm in wavelength is available from Ocean Optics,
Dunedin, Fla. See e.g., the Specification Sheet: “HL-2000
Tungsten Halogen Light Sources” which is incorporated
herein by reference. The optical system may include lenses
and filters to focus and limit the wavelength spectrum of the
light beam. Light reflected from the eye is detected by a
response signal sensor 5110 which is also located in the
interrogation system. The response signal sensor 5100 may
include an optical collector and a spectrometer to determine
the reflected spectrum. For example the collector may
include a collimating lens assembly with a single aspheric
lens with a field of view of approximately 45 degrees (e.g.,
a 74-DA Collimating Lens (200-2000 nm) is available from
Ocean Optics, Dunedin, Fla.). The lens attaches to a spec-
trometer for increased light throughput and collects colli-
mated light in a straight path of open air and focuses it on
to a spectrometer’s slit. The spectrometer may be a fiber
optic spectrometer with a CCD-array detector and an analog
to digital converter with programmable circuitry. For
example a miniature fiber optic spectrometer with a 2048-
element CCD-array detector with a range of 200-1100 nm
and a grating with a spectral range of 625 nm with best
efficiency from 530 nm to 1100 nm is available from Ocean
Optics, Dunedin, Fla. (see e.g., the Specification Sheet:
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USB2000+ Miniature Fiber Optic Spectrometer which is
incorporated herein by reference). The spectrometer has a
microcontroller and USB connector to allow activation and
programming of the spectrometer by a computer.

The spectrum of reflected light emanating from the fundus
of the eye is detected by the CCD array and electronic
signals are processed to derive the absorption spectrum for
the runner’s eye. Absorption peaks between 500 nm and 600
nm may be analyzed to determine the fraction of oxygenated
hemoglobin (see e.g., Dianconu et al., Ibid.). Computation
of the reflectance spectra and comparison to reference
spectra for oxygenated and deoxygenated hemoglobin per-
mits calculation of the percentage oxygenation of total
hemoglobin in the runner’s eye. The percent oxyhemoglobin
may be displayed on the LCD display 5130 of the treadmill
5128 and the runner may be alerted if the percentage of
oxygenated hemoglobin falls below healthy levels. The
percent oxyhemoglobin data may also be sent to healthcare
workers or exercise physiologists.

In an embodiment, system includes a gaze signal sensor
5136 adapted for receiving a gaze signal containing infor-
mation indicative of a gaze direction of an eye of the subject;
a gaze signal processor 5138 configured to determine the
gaze direction of the eye of the subject based upon the gaze
signal; and an alignment detector 5140 configured to deter-
mine whether the eye of the subject is in alignment with
respect to at least one of the interrogation signal source 5106
or the response signal sensor 5110 based at least in part upon
the gaze direction.

In an embodiment, the response signal sensor 5110 is
adapted to sense a response signal from an interior of the eye
of the subject responsive to the interrogation signal, for
example, from a lens, aqueous humor, vitreous humor,
and/or retina of the eye of the subject responsive to the
interrogation signal.

As depicted in FIG. 51, gaze signal sensor 5136 and the
response signal sensor 5110 can be different sensors. How-
ever, in some embodiments, gaze signal sensor 5136 and the
response signal sensor 5110 are the same sensor. In some
embodiments, gaze signal sensor 5136 includes an infrared
camera or CCD camera.

System 5100 can include an interrogation signal source
5106 that includes a broad spectrum light source and
response signal sensor 5110 that includes a spectrometer
based on a CCD array. In other embodiments, interrogation
signal source 5106 includes a near-infrared light source and
response signal sensor 5110 includes a near-infrared camera,
interrogation signal source 5106 includes a tunable laser
source and response signal sensor 5110 includes a Raman
spectrometer based on a CCD camera, interrogation signal
source 5106 includes a mid-infrared light source and the
response signal sensor 5110 includes a mid-infrared detec-
tor, or interrogation signal source 5106 includes a tunable
laser source and response signal sensor 5110 includes a
broad spectrum pyroelectric detector, for example.

In some embodiments, the response signal is indicative of
a feature of the vasculature of the eye of the subject, or
indicative of a biometric identification of the subject.

As shown in FIG. 51, system 5110 can include at least one
gaze tracking stimulus source 5134 adapted to deliver a gaze
tracking stimulus to at least an eye of a subject, wherein the
gaze signal is produced in response to the gaze tracking
stimulus. In one embodiment, gaze tracking stimulus source
5134 includes an infra-red source. In connection therewith,
gaze signal sensor 5136 includes an infra-red sensor. In
another embodiment, gaze tracking stimulus source 5134
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can include a near infra-red source, and gaze signal sensor
5136 can include a near infra-red sensor.

Gaze tracking stimulus source 5134 may include a single
light source, or a plurality of light sources. Gaze signal
sensor 5136 can include an optical sensor, optical sensor
array, camera, or plurality of gaze signal sensors.

In an embodiment, interrogation signal source 5106 is
adapted to produce light having a first polarization, and the
response signal sensor is adapted to detect light having a
second polarization, wherein the first polarization and the
second polarization are the same. In an embodiment, inter-
rogation signal source is adapted to produce light having a
first polarization, and the response signal sensor is adapted
to detect light having a second polarization, wherein the first
polarization and the second polarization are different. See,
e.g. discussion in connection with FIG. 12.

In an embodiment, interrogation signal source 5106 is
adapted to deliver a pulsed interrogation signal. At least one
of the response signal sensor 5110 and signal processing
circuitry 5122 is configured to gate detection of the response
signal relative to the pulsed interrogation signal. Signal
processing circuitry 5122 may be configured to combine
multiple response signals produced by the eye of the subject
in response to multiple pulses of the pulsed interrogation
signal, e.g., by summing or averaging the multiple response
signals, or determining a moving average or weighted sum
of the multiple response signals. See, e.g., discussion in
connection with FIG. 6.

In an embodiment, the interrogation signal source 5106 is
adapted to deliver an interrogation signal containing mul-
tiple wavelengths of light, as discussed generally in connec-
tion with FIG. 7. System 5100 may include at least a first
response signal sensor configured to sense a first response
signal produced by the eye of the subject responsive to a first
wavelength component of the interrogation signal, and a
second response signal sensor configured to sense a second
response signal produced by the eye of the subject respon-
sive to a second wavelength component of the interrogation
signal. In an embodiment, system 5100 includes at least a
first interrogation signal source configured to deliver a first
interrogation signal having a first optical wavelength and at
least a second interrogation signal source configured to
deliver a second interrogation signal having a second optical
wavelength. Signal processing circuitry 5100 may then be
configured to process a first response signal sensed from the
eye of the subject in response to the first interrogation signal
and a second response signal sensed from the eye of the
subject in response to the second interrogation signal by
comparing the first and second response signals to determine
the physiological parameter. System can be configured to
deliver the first interrogation signal simultaneously with
respect to the second interrogation signal, or sequentially
with respect to the second interrogation signal. Further
details regarding this approach are provided in connection
with FIG. 7.

In some embodiments, interrogation signal source 5106
and the response signal sensor 5110 are co-aligned. In other
embodiments, interrogation signal source 5106 and the
response signal sensor 5110 are separately aligned and
located.

System 5100 also can also include an output structure
5140 adapted to output a signal relating to the determined
physiological parameter 5126. Qutput structure may
include, for example, data storage structure, display, audio
output, or visual output, as discussed herein above, and
depicted, e.g., in FIG. 8. System may include a display (e.g.
display 5130) adapted to display information relating to the
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determined physiological parameter 5126. The display can
be a video monitor, computer display, video game display,
telephone display, or terminal of a data processing device,
for example. In various embodiments, the display 5130 can
be incorporated in a wearable item, an article of furniture, an
article of medical or health-care related equipment, an article
of exercise equipment (as illustrated in FIG. 51), or a
vehicle. Examples of such displays are described in greater
detail herein above.

Physiological parameter 5126 may be a measurement of
oxygenation, blood glucose, heart rate, glycosylated hemo-
globin, temperature, body temperature, blood flow, or a
substance in the eye of the subject.

In some embodiments, gaze attractor 5120 includes a
visual stimulus source 5142 for delivering a visual stimulus
to attract the gaze of the subject. For example, the visual
stimulus source 5120 can be a mirror, light source (such as
an LED), or video display. In one aspect, the visual stimulus
source 5120 is adapted for attachment to various types of
displays or other items that the subject may look at, or
toward which a subject may turn his or her head or direct his
or her gaze during use of, attention to, or interaction with the
item. Items to which a visual stimulus source may be
attached include a video display, computer display, video
game display, television, terminal of a data processing
device, smart phone, smart book, book, article of furniture,
article of medical equipment, or article of exercise equip-
ment.

Visual stimulus source 5142 may be adapted to produce a
visual stimulus that differs from a visual background in some
manner, for example, a visual stimulus that includes a
different light intensity, different optical wavelength, differ-
ent temporal pattern of light intensity, different temporal
pattern of optical wavelength, different spatial pattern of
light intensity, or different spatial pattern of optical wave-
length relative to a visual background. Visual stimulus
source 5142 may be adapted to produce a visual stimulus
that includes an image, a moving image, or text. In one
aspect, at least one visual stimulus source 5142 is configured
such that when the gaze of the subject is directed toward the
visual stimulus the eye of the subject will be brought into
alignment with respect to the at least one of the interrogation
signal source 5106 or the response signal sensor 5110.

In another aspect, gaze attractor 5120 includes at least one
auditory stimulus source 5144 for delivering a localized
auditory stimulus to attract the gaze of the subject. At least
one auditory stimulus source 5144 can be configured such
that when the gaze of the subject is directed toward the
auditory stimulus the eye of the subject will be brought into
alignment with respect to the at least one of the interrogation
signal source 5106 or the response signal sensor 5110. In an
embodiment, gaze attractor 5120 includes at least one audi-
tory stimulus source 5144 and at least one visual stimulus
source 5142 configured to deliver at least one auditory
stimulus and at least one visual stimulus in sequence. In an
embodiment, gaze attractor includes at least one auditory
stimulus source 5144 and at least one visual stimulus source
5142 configured to deliver at least one auditory stimulus and
at least one visual stimulus simultaneously.

FIG. 52 is a schematic diagram of a system 5200 for
controlling the sensing of information from an eye of a
subject, including signal processing circuitry 5122 includ-
ing: a gaze attractor controller 5202 adapted to drive a gaze
attractor 5120 to cause the eye of the subject to move into
alignment with at least one of an interrogation signal source
5106 or the response signal sensor 5110; a response signal
input 5204 adapted to receive a response signal sensed from
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the eye of the subject by a response signal sensor 5110
responsive to delivery of an interrogation signal to the eye
of the subject; and a response signal processor 5124 con-
figured to process a response signal sensed from the eye of
the subject when the eye of the subject is in alignment with
respect to the at least one of the interrogation signal source
5106 or the response signal sensor 5110 to determine a
physiological parameter 5126 from the response signal.

System 5200 may further include a gaze signal input 5206
adapted to receive a gaze signal containing information
indicative of a gaze direction of the eye of the subject sensed
from at least an eye of the subject; a gaze signal processor
5138 configured to determine the gaze direction of the eye
of the subject based upon the gaze signal; and an alignment
detector 5140 configured to determine whether the eye of the
subject is in alignment with respect to at least one of the
interrogation signal source 5106 or the response signal
sensor 5110 based at least in part upon the gaze direction.

Response signal processor 5124 can be configured to
process the response signal to determine a feature of the
vasculature of the eye of the subject, or to determine a
biometric identification of the subject, as discussed herein
above.

In one aspect, gaze attractor controller 5202 is adapted to
drive a visual stimulus source 5142 for delivering a visual
stimulus to attract the gaze of the subject. The visual
stimulus source may be, for example, a mirror, a light
source, or a video display. In one aspect, gaze attractor
controller 5202 is adapted to drive the visual stimulus source
to produce a visual stimulus that differs from a visual
background, which may be, for example, a visual stimulus
that includes a different light intensity, different optical
wavelength, different temporal pattern of light intensity,
different temporal pattern of optical wavelength, different
spatial pattern of light intensity, or different spatial pattern of
optical wavelength relative to a visual background.

Gaze attractor controller 5202 may be adapted to drive the
visual stimulus source 5142 to produce a visual stimulus that
includes an image, a moving image, or text. In another
aspect, gaze attractor controller 5202 is adapted to drive at
least one auditory stimulus source 5144 for delivering a
localized auditory stimulus to attract the gaze of the subject.
In another aspect, gaze attractor controller 5120 is adapted
to drive at least one auditory stimulus source 5144 and at
least one visual stimulus source 5142 to deliver at least one
auditory stimulus and at least one visual stimulus in
sequence. In yet another aspect, gaze attractor controller
5202 is adapted to drive at least one auditory stimulus source
5144 and at least one visual stimulus source 5142 to deliver
at least one auditory stimulus and at least one visual stimulus
simultaneously.

In an embodiment, system 5200 includes interrogation
signal control circuitry 5208 configured to drive production
of the interrogation signal by the interrogation signal source
5106.

In an embodiment, system includes gaze tracking stimu-
lus control circuitry 5210 configured to drive production of
a gaze tracking stimulus by a gaze tracking stimulus source
5134, wherein the gaze tracking stimulus is adapted to cause
production of the gaze signal the eye of the subject. In an
embodiment, gaze tracking stimulus control circuitry 5210
is configured to drive production of a gaze tracking stimulus
by a plurality of gaze tracking stimulus sources, e.g. as
described herein above. Response signal processor 5124
may be adapted to process a response signal sensed from an
interior of the eye of the subject responsive to the interro-
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gation signal, e.g., from a lens, aqueous humor, vitreous
humor, or retina of the eye of the subject responsive to the
interrogation signal.

In an aspect, response signal processor 5124 is configured
to process the response signal to determine a feature of the
vasculature of the eye of the subject. In one aspect, response
signal processor 5124 is configured to process the response
signal to determine a biometric identification of the subject.

Gaze signal input 5206 and response signal input 5204
can be separate inputs, as depicted in FIG. 52, or the same
input, for example as in FIG. 4. In an embodiment, gaze
signal input 5206 is adapted to receive a signal from a
camera.

In an embodiment, signal processing circuitry 5122
includes a plurality of gaze signal inputs (generally as
depicted in FIG. 12) adapted to receive a plurality of gaze
signals containing information indicative of a gaze direction
of the eye of the subject sensed from at least an eye of the
subject.

In an embodiment, response signal processor 5124 is
configured to process the response signal by determining a
first response signal at a first polarization, determining a
second response signal at a second polarization, and com-
paring the response signal determined at the first polariza-
tion to the response signal determined at the second polar-
ization, wherein the first polarization and the second
polarization are different, as discussed herein above, e.g. in
connection with FIG. 12.

Response signal processor 4125 can be configured to
process the response signal sensed from the eye of the
subject by the response signal sensor 5110 when the eye of
the subject is in alignment with respect to the at least one of
the interrogation signal source 5106 or response signal
sensor 5110 to determine a measurement of oxygenation,
blood glucose, heart rate, or glycosylated hemoglobin, tem-
perature, body temperature, blood flow, or a substance in the
eye of the subject from the response signal, for example.

In one aspect, interrogation signal control circuitry 5208
is configured to drive production of a pulsed interrogation
signal by the interrogation signal source, as described gen-
erally herein above in connection with FIG. 6. Signal
processing circuitry 5122 may be configured to gate detec-
tion of the response signal relative to the pulsed interroga-
tion signal. Signal processing circuitry 5122 may be con-
figured to combine multiple response signals produced by
the eye of the subject in response to multiple pulses of the
pulsed interrogation signal, for example by summing or
averaging the multiple response signals, or determining a
moving average or weighted sum of the multiple response
signals.

In one aspect, a system 5200 includes interrogation signal
control circuitry 5208 configured to drive production of a
first interrogation signal having a first optical wavelength
and production of a second interrogation signal having a
second optical wavelength. Signal processing circuitry 5122
may then be configured to process a first response signal
sensed from the eye of the subject in response to the first
interrogation signal and a second response signal sensed
from the eye of the subject in response to the second
interrogation signal by comparing the first and second
response signals in order to determine the physiological
parameter. Signal processing circuitry 5122 may be config-
ured to drive production of the first interrogation signal
simultaneously with respect to the second interrogation
signal, or configured to drive production of the first inter-
rogation signal sequentially with respect to the second
interrogation signal.
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In another aspect, system 5200 includes an output struc-
ture 5140 adapted to output a signal relating to the deter-
mined physiological parameter. Output structure can
include, for example, a data transmission structure, data
storage structure, display, audio output, or visual output, as
described herein above. In an aspect, system 5200 includes
a display 5130 adapted to display information relating to the
determined physiological parameter 5126.

FIG. 53 depicts a system 5300 that includes a housing
1302; an interrogation signal source 5302 housed in the
housing 1302 and adapted for delivering an interrogation
signal to an eye of a subject, the interrogation signal source
5302 including at least one light source 5304 and at least one
optical system 5306; a response signal sensor 5308 housed
within the housing 1302 and adapted for sensing a response
signal produced by the eye of the subject responsive to the
interrogation signal, the response signal containing infor-
mation regarding a physiological parameter of the subject; a
gaze attractor 5120 adapted to attract the gaze of the subject
to thereby cause the eye of the subject to move into
alignment with at least one of the interrogation signal source
5302 or the response signal sensor 5308; an output structure
1320 adapted for transmitting an output signal; mounting
means 1324 adapted for mounting the housing with respect
to a display in such a manner that the interrogation signal
source 5302 and response signal sensor 5308 are alignable
with the eye of the subject during normal use of the display
by the subject.

In an aspect, mounting means 1324 is adapted for mount-
ing the housing 1302 with respect to the display such that
during normal use of the display by the subject, the inter-
rogation signal source 5302 and response signal sensor 5308
are positioned within the visual field of at least one eye of
the subject. In an aspect, mounting means 1324 is adapted
for mounting the housing 1302 with respect to the display
such that the interrogation signal source 5302 and response
signal sensor 5308 are oriented in substantially the same
direction as the display surface of the display.

In an embodiment, system 5300 includes a gaze signal
sensor 5310 adapted for receiving a gaze signal containing
information indicative of a gaze direction of an eye of the
subject. Gaze signal sensor 5310 may include, for example,
an optical sensor, an optical sensor array, a camera, and/or
a plurality of gaze signal sensors.

System 5300 may also include a gaze signal sensor
processor 5138 configured to determine the gaze direction of
the eye of the subject based upon the gaze signal, and an
alignment detector 5140 configured to determine whether
the eye of the subject is in alignment with respect to at least
one of the interrogation signal source 5302 or the response
signal sensor 5308 based at least in part upon the gaze
direction.

Gaze signal sensor 5310 and the response signal sensor
5308 can be the same sensor, or different sensors. Gaze
signal sensor 5310 may include, for example, an infrared
camera or a CCD camera.

In an embodiment, interrogation signal source 5302
includes a broad spectrum light source and the response
signal sensor 5308 includes a spectrometer based on a CCD
array. In other embodiments, interrogation signal source
5302 includes a near-infrared light source and response
signal sensor 5308 includes a near-infrared camera, interro-
gation signal source 5302 includes a tunable laser source and
the response signal sensor 5308 includes a Raman spec-
trometer based on a CCD camera, interrogation signal
source 5302 includes a mid-infrared light source and
response signal sensor 5308 includes a mid-infrared detec-
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tor, or interrogation signal source 5302 includes a tunable
laser source and response signal sensor 5308 includes a
broad spectrum pyroelectric detector.

In an embodiment, system 5300 includes at least one gaze
tracking stimulus source 5134 adapted to deliver a gaze
tracking stimulus to at least an eye of a subject, wherein the
gaze signal is produced in response to the gaze tracking
stimulus. In an embodiment, gaze tracking stimulus source
5134 includes an infra-red source; gaze signal sensor 5310
may then include an infra-red sensor. In an embodiment,
gaze tracking stimulus source 5134 includes a near infra-red
source and gaze signal sensor 5310 includes a near infra-red
sensor. In some embodiments, gaze tracking stimulus source
5134 includes a plurality of light sources.

In an aspect, response signal sensor 5308 is adapted to
sense a response signal from an interior of the eye of the
subject responsive to the interrogation signal, e.g., from a
lens, aqueous humor, vitreous humor, or retina of the eye of
the subject. The response signal may be indicative of a
feature of the vasculature of the eye of the subject, or
indicative of a biometric identification of the subject, as
discussed herein above. In various embodiments of the
system, the physiological parameter is a measurement of
oxygenation, blood glucose, heart rate, glycosylated hemo-
globin, temperature, body temperature, blood flow, or a
substance in the eye of the subject, for example.

In an embodiment, interrogation signal source 5302 is
adapted to produce light having a first polarization, and the
response signal sensor 5308 is adapted to detect light having
a second polarization, and wherein the first polarization and
the second polarization are the same. In an embodiment, the
interrogation signal source 5302 is adapted to produce light
having a first polarization, wherein the response signal
sensor 5308 is adapted to detect light having a second
polarization, and wherein the first polarization and the
second polarization are different. In one aspect, interrogation
signal source 5302 is adapted to deliver a pulsed interroga-
tion signal. Response signal sensor 5308 may be configured
to gate detection of the response signal relative to the pulsed
interrogation signal. System may include signal processing
circuitry 5320 adapted to process the response signal. In an
embodiment, interrogation signal source 5302 is adapted to
deliver a pulsed interrogation signal, and the signal process-
ing circuitry 5320 is configured to gate detection of the
response signal relative to the pulsed interrogation signal.
Signal processing circuitry 5320 may be configured to
combine multiple response signals produced by the eye of
the subject in response to multiple pulses of the pulsed
interrogation signal, for example, by summing or averaging
the multiple response signals, or by determining a moving
average or weighted sum of the multiple response signals.

In an embodiment, interrogation signal source 5302 is
adapted to deliver an interrogation signal containing mul-
tiple wavelengths of light. System 5300 may include at least
a first response signal sensor configured to sense a first
response signal produced by the eye of the subject respon-
sive to a first wavelength component of the interrogation
signal, and a second response signal sensor configured to
sense a second response signal produced by the eye of the
subject responsive to a second wavelength component of the
interrogation signal (not shown in FIG. 53, but described
and depicted elsewhere herein).

In an embodiment, system 5200 includes at least a first
interrogation signal source configured to deliver a first
interrogation signal having a first optical wavelength and at
least a second interrogation signal source configured to
deliver a second interrogation signal having a second optical
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wavelength. Signal processing circuitry 5320 may be con-
figured to process a first response signal sensed from the eye
of the subject in response to the first interrogation signal and
a second response signal sensed from the eye of the subject
in response to the second interrogation signal by comparing
the first and second response signals to determine the
physiological parameter. System may be configured to
deliver the first interrogation signal simultaneously with
respect to the second interrogation signal, or sequentially
with respect to the second interrogation signal.

Interrogation signal source 5302 and the response signal
sensor 5308 can be co-aligned, or separately aligned and
located, as described herein above.

Output structure 1320 may include various structures, for
example, a data transmission structure 1360, serial port
1362, parallel port 1364, electromagnetic transmission
means 1366, optical transmission means 1368, an audio
output 1370, or visual output 1372. Output structure may be
adapted to transmit an output signal to the display. Output
structure 1320 may be adapted to transmit an output signal
to a data processing device, and the display may be con-
trolled by the data processing device, for example. For
example, such a display may be configured to display
information relating to the determined physiological param-
eter. A display to which housing 1302 is attached via
mounting means 1324 may be a video monitor, computer
display, video game display, telephone display, or terminal
of a data processing device. The display may be incorpo-
rated in a wearable item, an article of furniture, an article of
medical or health-care related equipment, an article of
exercise equipment, or a vehicle. Examples of such displays
are described in greater detail herein above.

In an embodiment, response signal 5308 is indicative of
a feature of the vasculature of the eye of the subject. In an
embodiment, the response signal may be indicative of a
biometric identification of the subject. In an aspect, gaze
attractor 5120 includes a visval stimulus source for deliv-
ering a visual stimulus to attract the gaze of the subject, as
discussed herein above. Visual stimulus source may be a
mirror, light source, or video display, for example. In an
aspect, visual stimulus source is adapted for attachment to a
video display. In an aspect, visual stimulus source is adapted
to produce a visual stimulus that differs from a visual
background, e.g., that includes a different light intensity,
different optical wavelength, different temporal pattern of
light intensity, different temporal pattern of optical wave-
length, different spatial pattern of light intensity, or different
spatial pattern of optical wavelength relative to a visual
background. In various embodiments, visual stimulus source
is adapted to produce a visual stimulus that includes an
image, a moving image, or text. In an aspect, visual stimulus
source is configured such that when the gaze of the subject
is directed toward the visual stimulus the eye of the subject
will be brought into alignment with respect to the at least one
of the interrogation signal source 5302 or the response signal
sensor 5308. In an aspect, gaze attractor 5120 includes at
least one auditory stimulus source for delivering a localized
auditory stimulus to attract the gaze of the subject, as
discussed herein above. In an aspect, the at least one
auditory stimulus source is configured such that when the
gaze of the subject is directed toward the auditory stimulus
the eye of the subject will be brought into alignment with
respect to the at least one of the interrogation signal source
5302 or the response signal sensor 5308. In an aspect, gaze
attractor 5120 includes at least one auditory stimulus source
and at least one visual stimulus source configured to deliver
at least one auditory stimulus and at least one visual stimulus
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in sequence. Gaze attractor 5120 may include at least one
auditory stimulus source and at least one visual stimulus
source configured to deliver at least one auditory stimulus
and at least one visual stimulus simultaneously.

FIG. 54 is a flow chart of a method 5400 of measuring
information from an eye of a subject, including delivering an
interrogation signal to the eye of the subject with an inter-
rogation signal source 5402; detecting a response signal
from the eye of the subject with a response signal sensor
5404; controlling a gaze attractor to cause the eye of the
subject to move into alignment with at least one of the
interrogation signal source and the response signal sensor
5406; and determining a physiological parameter of the
subject from the response signal detected from the eye of the
subject when the eyve of the subject is in alignment with
respect to the at least one of the interrogation signal source
and the response signal sensor 5408.

FIG. 55 illustrates a further method 5500, which includes
detecting a gaze signal containing information indicative of
a gaze direction of the eye of the subject sensed from at least
an eye of the subject 5502; determining the gaze direction of
the eye of the subject based upon the gaze signal 5504; and
determining whether the eye of the subject is in alignment
with respect to at least one of the interrogation signal source
and the response signal sensor based at least in part upon the
gaze direction 5506.

In an aspect, method 5500 (and other related methods)
may include delivering a gaze tracking stimulus with a gaze
tracking stimulus source, wherein the gaze tracking stimulus
is adapted to cause production of the gaze signal by the eye
of the subject 5508. The method may include delivering a
gaze tracking stimulus with a plurality of gaze tracking
stimulus sources 5510. In an embodiment, the method may
include detecting the gaze signal from at least an eye of the
subject with a camera 5512, or detecting a plurality of gaze
signals containing information indicative of the gaze direc-
tion of the eye of the subject from at least an eye of the
subject 5514. In an aspect, the gaze signal and the response
signal are the same signal 5516. Alternatively, the gaze
signal and the response signal may be the separate signals
5518.

As shown in FIG. 56, in an embodiment, a method 5600
includes determining a feature of the vasculature of the eye
of the subject 5602. In an embodiment, method 5600
includes determining a biometric identification of the subject
5604.

In an embodiment, in a method 5700 depicted in FIG. 57,
controlling the gaze attractor includes driving a visual
stimulus source to attract the gaze of the subject 5702, such
as amirror 5704, a light source 5706, or a video display 5708
to deliver a visual stimulus. Controlling the gaze attractor
can include driving the visual stimulus source to produce a
visual stimulus that includes a different light intensity 5710,
different optical wavelength 5712, different temporal pattern
of light intensity 5714, different temporal pattern of optical
wavelength 5716, different spatial pattern of light intensity
5718, or different spatial pattern of optical wavelength 5720
relative to a visual background. Controlling the gaze attrac-
tor can include driving the visual stimulus source to produce
a visual stimulus that includes an image 5722, a moving
image 5724, or text 5726. Controlling the gaze attractor can
include driving at least one auditory stimulus source to
deliver a localized auditory stimulus to attract the gaze of the
subject 5728. In an embodiment, controlling the gaze attrac-
tor includes driving at least one auditory stimulus source and
at least one visual stimulus source to deliver at least one
auditory stimulus and at least one visual stimulus in
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sequence 5730. In an embodiment, controlling the gaze
attractor includes driving at least one auditory stimulus
source and at least one visual stimulus source to deliver at
least one auditory stimulus and at least one visual stimulus
simultaneously 5732.

As shown in FIG. 58, a method 5800 includes determin-
ing the physiological parameter from the response signal
detected from an interior of the eye of the subject responsive
to the interrogation signal 5802, e.g., from a lens 5804,
aqueous humor 5806, vitreous humor 5808, or retina 5810 of
the eye of the subject responsive to the interrogation signal.

As shown in FIG. 59, in a method 5900, detecting a
response signal from the eye of the subject includes detect-
ing a first response signal from the eye of the subject at a first
polarization, determining a second response signal from the
eye of the subject at a second polarization, and comparing
the response signal determined at the first polarization to the
response signal determined at the second polarization 5902.
Depending upon the intended application, the first polariza-
tion and the second polarization may be different as shown
at 5904, or the same as shown at 5906. In an embodiment,
delivering the interrogation signal includes delivering a
pulsed interrogation signal 5908. The method may further
include gating detection of the response signal relative to the
pulsed interrogation signal 5910. In an embodiment, the
method includes combining multiple response signals pro-
duced by the eye of the subject in response to multiple pulses
of the pulsed interrogation signal 5912. The method may
include combining the multiple response signals by sum-
ming 5914 or averaging 5916 the multiple response signals,
or by determining a moving average 5918 or weighted sum
5920 of the multiple response signals.

A shown in FIG. 60, in an embodiment, method 6000
includes delivering a first interrogation signal having a first
optical wavelength to the eye of the subject and delivering
a second interrogation signal having a second optical wave-
length to the eye of the subject 6002. The method may also
include detecting a first response signal from the eye of the
subject in response to the first interrogation signal and
detecting a second response signal from the eye of the
subject in response to the second, wherein determining the
physiological parameter of the subject includes comparing
the first response signal and the second response signal
6004. For example, it may include delivering the first
interrogation signal simultaneously with respect to the sec-
ond interrogation signal 6006, or delivering the first inter-
rogation signal sequentially with respect to the second
interrogation signal 6008.

As shown in FIG. 61, in an embodiment, a method 6100
includes sending an output signal relating to the determined
physiological parameter to an output structure 6102, which
may be, for example, a data transmission structure 6104,
data storage structure 6106, display 6108, audio output
6110, or visual output 6112. As described elsewhere herein,
the physiological parameter determined at step 5408 may be,
for example, a measurement of a substance in the blood of
the subject 6114, a measurement of a substance in an
aqueous humor of the subject 6116, oxygen 6118, glucose
6120, a salt 6122, a protein 6124, a lipid 6126, a gas 6128,
ahormone 6130, a drug 6132, a pulse rate 6134, a blood flow
6136, or a temperature 6138.

As shown in FIG. 62, in an aspect, a method 6200
includes reporting information regarding the physiological
parameter to an interested party 6202, such as one or more
of the subject, a medical service provider, a family member,
a legal guardian or a legal representative 6204. In an aspect,
method 6200 includes comparing the physiological param-
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eter determined from the response signal to a previous
measurement of a physiological parameter to determine a
physiological trend 6206. The method may further include
reporting information regarding the physiological trend to an
interested party 6208, such as one or more of the subject, a
medical service provider, a family member, a legal guardian
or a legal representative 6210. In an aspect, method 6200
includes utilizing the physiological parameter determined
from the response signal to assess an emotional state 6212
or the alertness 6214 of the subject. In an aspect, the method
includes utilizing the physiological parameter determined
from the response signal in a medical or health-related
application 6216. In another aspect, the method includes
utilizing the physiological parameter determined from the
response signal in a business or security application 6218.

As shown in FIG. 63, in an embodiment, a method 6300
includes presenting an input to the subject 6302; and utiliz-
ing the physiological parameter determined from the
response signal to determine a response of the subject to the
input 6304. For example, the input may include information
6306 (e.g., advertising information 6308, marketing
research information 6310, print information 6312, or video
information 6314), an auditory stimulus 6316, a visual
stimulus 6318, a tactile stimulus 6320, an olfactory stimulus
6322, a gustatory stimulus 6324, a thermal stimulus 6326, a
neural stimulus 6328, a drug 6330, a pharmaceutical 6332,
a nutraceutical 6334, or a nutrient 6336.

As shown in FIG. 64, in aspect of a method 6400,
delivering an interrogation signal to the eye of the subject
with an interrogation signal source and detecting a response
signal from the eye of the subject with a response signal
sensor are performed unobtrusively 6402, or without detec-
tion by the subject 6404, as discussed herein above. Method
6400 may also include receiving an input indicative of an
instruction from the subject or representative of the subject
for information to be measured 6406, receiving an input
indicative of authorization from the subject or representative
of the subject for information to be measured 6408, or
receiving an input indicative of informed consent from the
subject or representative of the subject for information to be
measured 6410.

As shown in FIG. 65, a method may 6500 may include
transmitting at least one of information regarding the sub-
ject, information regarding the method used for determining
the physiological parameter, or information regarding the
physiological parameter to a data processing system 6502,
receiving at least one of information regarding the subject,
information regarding the method used for determining the
physiological parameter, or information regarding the physi-
ological parameter from a data processing system 6504, or
sharing at least one of information regarding the subject,
information regarding the method used for determining the
physiological parameter, or information regarding the physi-
ological parameter between two of more data processing
systems 6506. In an embodiment, method include determin-
ing the identity of the subject 6508, for example, through the
use of facial recognition 6510, through the use of retinal
recognition 6512, or by comparing login information
entered by the subject with login information in a registry
6514. In an embodiment, the method includes controlling
the gaze attractor to cause the eye of the subject to move into
alignment with the at least one of the interrogation signal
source and the response signal sensor only when the identity
of the subject meets a selection criterion. Determining
whether the identify of the subject meets a selection criterion
is performed generally as discussed herein above, e.g. in
connection with FIG. 20.
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FIG. 66 depicts an article of manufacture 6600 including
one or more non-transitory machine-readable data storage
media 6602 bearing one or more instructions 6604 for:
delivering an interrogation signal to the eye of the subject
with an interrogation signal source; detecting a response
signal from the eye of the subject with a response signal
sensor; controlling a gaze attractor to cause the eye of the
subject to move into alignment with at least one of the
interrogation signal source and the response signal sensor;
and determining a physiological parameter of the subject
from the response signal detected from the eye of the subject
when the eye of the subject is in alignment with respect to
the at least one of the interrogation signal source and the
response signal sensor, e.g., a method as shown in FIG. 54.

In an embodiment, data storage media 6602 may bear one
or more instructions for detecting a gaze signal containing
information indicative of a gaze direction of the eye of the
subject sensed from at least an eye of the subject; and
determining the gaze direction of the eye of the subject
based upon the gaze signal; determining whether the eye of
the subject is in alignment with respect to at least one of the
interrogation signal source and the response signal sensor
based at least in part upon the gaze direction, e.g., as in FIG.
3s.

In an embodiment, data storage media 6602 may bear one
or more instructions for determining a feature of the vascu-
lature of the eye of the subject or determining a biometric
identification of the subject, e.g. as in FIG. 56.

In an embodiment, data storage media 6602 may bear one
or more instructions for performing method steps as shown
in FIG. 57, e.g. where the one or more instructions for
controlling the gaze attractor include one or more instruc-
tions for driving a visual stimulus source to deliver a visual
stimulus (e.g., a mirror, light source, or video display) to
attract the gaze of the subject. In various embodiments, the
one or more instructions for controlling the gaze attractor
include one or more instructions for driving the visual
stimulus source to produce a visual stimulus that includes a
different light intensity, a different optical wavelength, a
different temporal pattern of light intensity, a different
temporal pattern of optical wavelength, a different spatial
pattern of light intensity or a different spatial pattern of
optical wavelength relative to a visual background. In addi-
tion, the one or more instructions for controlling the gaze
attractor may include one or more instructions driving the
visual stimulus source to produce a visual stimulus that
includes an image, a moving image, or text. In an embodi-
ment, the one or more instructions for controlling the gaze
attractor include one or more instructions for driving at least
one auditory stimulus source to deliver a localized auditory
stimulus to attract the gaze of the subject. In an aspect, the
one or more instructions for controlling the gaze attractor
include one or more instructions for driving at least one
auditory stimulus source and at least one visual stimulus
source to deliver at least one auditory stimulus and at least
one visual stimulus in sequence. In another aspect, the one
or more instructions for controlling the gaze attractor
include one or more instructions for driving at least one
auditory stimulus source and at least one visual stimulus
source to deliver at least one auditory stimulus and at least
one visual stimulus simultaneously.

In an embodiment, the data storage media 6602 bear one
or more instructions for performing method steps as shown
in FIG. 55, including one or more instructions for delivering
a gaze tracking stimulus with a gaze tracking stimulus
source, wherein the gaze tracking stimulus is adapted to
cause production of the gaze signal the eye of the subject, or
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one or more instructions for delivering a gaze tracking
stimulus with a plurality of gaze tracking stimulus sources.
In an embodiment, the data storage media bear one or more
instructions for detecting the gaze signal from at least an eye
of the subject with a camera. In an embodiment, the data
storage media bear one or more instructions for detecting a
plurality of gaze signals containing information indicative of
the gaze direction of the eye of the subject from at least an
eye of the subject.

In an embodiment, the data storage media 6602 may bear
one or more instructions for determining the physiological
parameter from the response signal detected from an interior
of the eye (e.g., from a lens, aqueous humor, vitreous humor,
or retina) of the subject responsive to the interrogation
signal, e.g. as in the method of FIG. 58.

In an embodiment, data storage media 6602 bear one or
more instructions for performing method steps as shown in
FIG. 59, ¢.g. where the one or more instructions for detect-
ing a response signal from the eye of the subject include one
or more instructions for detecting a first response signal
from the eye of the subject at a first polarization, determin-
ing a second response signal from the eye of the subject at
a second polarization, and comparing the response signal
determined at the first polarization to the response signal
determined at the second polarization. The first polarization
and the second polarization may be different, or the same as
discussed above. In an embodiment, one or more instruc-
tions for delivering the interrogation signal includes one or
more instructions for delivering a pulsed interrogation sig-
nal. The data storage media may bear one or more instruc-
tions for gating detection of the response signal relative to
the pulsed interrogation signal. The data storage media may
bear one or more instructions for combining multiple
response signals produced by the eye of the subject in
response to multiple pulses of the pulsed interrogation
signal, e.g. by summing or averaging the multiple response
signals, or by determining a moving average or weighted
sum of the multiple response signals.

The data storage media 6002 may bear one or more
instructions for delivering a first interrogation signal having
a first optical wavelength to the eye of the subject and
delivering a second interrogation signal having a second
optical wavelength to the eye of the subject, as shown in
FIG. 60. In addition, data storage media 6002 may bear one
or more instructions for detecting a first response signal
from the eye of the subject in response to the first interro-
gation signal and detecting a second response signal from
the eye of the subject in response to the second, wherein
determining the physiological parameter of the subject
includes comparing the first response signal and the second
response signal. The data storage media 6002 may bear one
or more instructions for delivering the first interrogation
signal simultaneously with respect to the second interroga-
tion signal. The data storage media 6002 may bear one or
more instructions for delivering the first interrogation signal
sequentially with respect to the second interrogation signal.

The data storage media 6002 may bear one or more
instruction for performing a method as shown in FIG. 61,
including one or more instructions for sending an output
signal relating to the determined physiological parameter to
an output device, which may be, for example, a data
transmission structure, data storage structure, display, audio
output, or visual output. The physiological parameter may
be a measurement of a substance in the blood of the subject
(e.g. oxygen, glucose, or glycosylated hemoglobin), a mea-
surement of a substance in an aqueous humor of the subject
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(e.g., oxygen, glucose, or glycosylated hemoglobin), a pulse
rate, a temperature, or a blood flow, for example.

In an embodiment, the data storage media 6002 bear one
or more instructions for performing a method as shown in
FIG. 62, including one or more instructions for comparing
the physiological parameter determined from the response
signal to a previous measurement of a physiological param-
eter to determine a physiological trend. In addition, the data
storage media may bear one or more instructions for report-
ing information regarding the physiological trend to an
interested party (for example, one or more of the subject, a
medical service provider, a family member, a legal guardian
or a legal representative). In an aspect, the data storage
media 6002 bear one or more instructions for utilizing the
physiological parameter determined from the response sig-
nal to assess an emotional state of the subject. In an aspect,
the data storage media 6002 bear one or more instructions
for utilizing the physiological parameter determined from
the response signal to assess the alertness of the subject. In
an aspect, the data storage media 6002 bear one or more
instructions for utilizing the physiological parameter deter-
mined from the response signal in a medical or health-
related application. In another aspect, the data storage media
6002 bear one or more instructions for utilizing the physi-
ological parameter determined from the response signal in a
business or security application.

In an aspect, the data storage media 6002 bear one or more
instructions for performing a method as shown in FIG. 63,
including one or more instructions for presenting an input to
the subject; and utilizing the physiological parameter deter-
mined from the response signal to determine a response of
the subject to the input. The one or more instructions for
presenting an input to the subject may include one or more
instructions for presenting information (e.g., advertising
information, marketing research information, print informa-
tion, or video information), or presenting a stimulus (e.g., an
auditory stimulus, visual stimulus, tactile stimulus, olfactory
stimulus, gustatory stimulus, thermal stimulus, neural stimu-
lus, drug, pharmaceutical, nutraceutical, or nutrient).

In an aspect, the data storage media 6002 bear one or more
instructions for methods as shown in FIG. 64, including one
or more instructions for receiving an input indicative of an
instruction from the subject or representative of the subject
for information to be measured. In an aspect, the data storage
media 6002 bear one or more instructions for receiving an
input indicative of authorization from the subject or repre-
sentative of the subject for information to be measured. In an
aspect, the data storage media 6002 bear one or more
instructions for receiving an input indicative of informed
consent from the subject or representative of the subject for
information to be measured.

In various embodiments, the data storage media 6002 bear
one or more instructions for performing a method as shown
in FIG. 65, including one or more instructions for transmit-
ting at least one of information regarding the subject,
information regarding the method used for determining the
physiological parameter, or information regarding the physi-
ological parameter to a data processing system, receiving at
least one of information regarding the subject, information
regarding the method used for determining the physiological
parameter, or information regarding the physiological
parameter from a data processing system, or sharing at least
one of information regarding the subject, information
regarding the method used for determining the physiological
parameter, or information regarding the physiological
parameter between two of more data processing systems. In
an aspect, the data storage media 6002 bear one or more
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instructions for determining the identity of the subject, for
example through the use of facial recognition, through the
use of retinal recognition, or by comparing login informa-
tion entered by the subject with login information in a
registry.

Although specific embodiments are described herein,
those skilled in the art will appreciate that methods and
systems as described herein can be implemented in various
ways. FIG. 67 depicts a generic system 6700, illustrating
components of systems described herein above. Reference is
made throughout to “signal processing circuitry.” Signal
processing circuitry, as used herein, for example, such as
signal processing circuitry 6702 illustrated in FIG. 67, may
include any or all of digital and/or analog components 6704,
one or more processor 6706 (e.g. a microprocessor), and
memory 6708, which may store program module 6710
and/or data 6712. Systems as described herein may receive
signals from various sensors (e.g., sensors 6714 and 6716
depicted in FIG. 67) and send control signals to various
types of signal sources used for interrogating the eye to
determine eye position or physiological parameters (e.g.
sources 6718 and 6720). System 6700 may include other
components as known to those skilled in the art, e.g. one or
more power supply 6722, and /O structure 6724. 1/O
structure permits communication with various types of user
interface devices (represented by user interface 6730) and
various types of remote device 6732, which may have signal
processing capability conferred by signal processing cir-
cuitry 6743 and may perform some or all of the signal
processing tasks required by system 6700, or which may
perform additional processing of data generated by 6700,
e.g. determination of appropriate medical treatment based on
physiological parameters.

In a general sense, those skilled in the art will recognize
that the various embodiments described herein can be imple-
mented, individually and/or collectively, by various types of
electro-mechanical systems having a wide range of electrical
components such as hardware, software, firmware, and/or
virtually any combination thereof, limited to patentable
subject matter under 35 U.S.C. § 101; and a wide range of
components that may impart mechanical force or motion
such as rigid bodies, spring or torsional bodies, hydraulics,
electro-magnetically actuated devices, and/or virtually any
combination thereof. Consequently, as used herein “electro-
mechanical system” includes, but is not limited to, electrical
circuitry operably coupled with a transducer (e.g., an actua-
tor, a motor, a piezoelectric crystal, a Micro Electro
Mechanical System (MEMS), etc), electrical circuitry hav-
ing at least one discrete electrical circuit, electrical circuitry
having at least one integrated circuit, electrical circuitry
having at least one application specific integrated circuit,
electrical circuitry forming a general purpose computing
device configured by a computer program (e.g.. a general
purpose computer configured by a computer program which
at least partially carries out processes and/or devices
described herein, or a microprocessor configured by a com-
puter program which at least partially carries out processes
and/or devices described herein), electrical circuitry forming
a memory device (e.g., forms of memory (e.g., random
access, flash, read only, etc.)), electrical circuitry forming a
communications device (e.g., a modem, communications
switch, optical-electrical equipment, etc), and/or any non-
electrical analog thereto, such as optical or other analogs
(e.g., graphene based circuitry). Those skilled in the art will
also appreciate that examples of electro-mechanical systems
include but are not limited to a variety of consumer elec-
tronics systems, medical devices, as well as other systems
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such as motorized transport systems, security systems, and/
or communication/computing systems. Those skilled in the
art will recognize that electro-mechanical as used herein is
not necessarily limited to a system that has both electrical
and mechanical actuation except as context may dictate
otherwise. In a general sense, those skilled in the art will
recognize that the various aspects described herein which
can be implemented, individually and/or collectively, by a
wide range of hardware, software, firmware, and/or any
combination thereof can be viewed as being composed of
various types of “electrical circuitry.”

Those skilled in the art will recognize that at least a
portion of the devices and/or processes described herein can
be integrated into an image processing system. Those having
skill in the art will recognize that a typical image processing
system generally includes one or more of a system unit
housing, a video display, memory such as volatile or non-
volatile memory, processors such as microprocessors or
digital signal processors, computational entities such as
operating systems, drivers, applications programs, one or
more interaction devices (e.g., a touch pad, a touch screen,
an antenna, etc), control systems including feedback loops
and control motors (e.g., feedback for sensing lens position
and/or velocity; control motors for moving/distorting lenses
to give desired focuses). An image processing system may
be implemented utilizing suitable commercially available
components, such as those typically found in digital still
systems and/or digital motion systems.

Those skilled in the art will recognize that at least a
portion of the devices and/or processes described herein can
be integrated into a data processing system. Those having
skill in the art will recognize that a data processing system
generally includes one or more of a system unit housing, a
video display, memory such as volatile or non-volatile
memory, processors such as microprocessors or digital sig-
nal processors, computational entities such as operating
systems, drivers, graphical user interfaces, and applications
programs, one or more interaction devices (e.g., a touch pad,
a touch screen, an antenna, etc), and/or control systems
including feedback loops and control motors (e.g., feedback
for sensing position and/or velocity; control motors for
moving and/or adjusting components and/or quantities). A
data processing system may be implemented utilizing suit-
able commercially available components, such as those
typically found in data computing/communication and/or
network computing/communication systems.

The herein described subject matter sometimes illustrates
different components contained within, or connected with,
different other components. It is to be understood that such
depicted architectures are merely exemplary, and that in fact
many other architectures may be implemented which
achieve the same functionality. In a conceptual sense, any
arrangement of components to achieve the same function-
ality is effectively “associated” such that the desired func-
tionality is achieved. Hence, any two components herein
combined to achieve a particular functionality can be seen as
“associated with” each other such that the desired function-
ality is achieved, irrespective of architectures or intermedial
components. Likewise, any two components so associated
can also be viewed as being “operably connected”, or
“operably coupled,” to each other to achieve the desired
functionality, and any two components capable of being so
associated can also be viewed as being “operably cou-
plable,” to each other to achieve the desired functionality.
Specific examples of operably couplable include but are not
limited to physically mateable and/or physically interacting
components, and/or wirelessly interactable, and/or wire-
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lessly interacting components, and/or logically interacting,
and/or logically interactable components.

In some instances, one or more components may be
referred to herein as “configured to,” “configured by,”
“configurable to,” “operable/operative to,” “adapted/adapt-
able,” “able to,” “conformable/conformed to,” etc. Those
skilled in the art will recognize that such terms (e.g. “con-
figured to™) generally encompass active-state components
and/or inactive-state components and/or standby-state com-
ponents, unless context requires otherwise.

While particular aspects of the present subject matter
described herein have been shown and described, it will be
apparent to those skilled in the art that, based upon the
teachings herein, changes and modifications may be made
without departing from the subject matter described herein
and its broader aspects and, therefore, the appended claims
are to encompass within their scope all such changes and
modifications as are within the true spirit and scope of the
subject matter described herein. It will be understood by
those within the art that, in general, terms used herein, and
especially in the appended claims (e.g., bodies of the
appended claims) are generally intended as “open” terms
(e.g., the term “including” should be interpreted as “includ-
ing but not limited to,” the term “having” should be inter-
preted as “having at least,” the term “includes™ should be
interpreted as “includes but is not limited to,” etc.). It will be
further understood by those within the art that if a specific
number of an introduced claim recitation is intended, such
an intent will be explicitly recited in the claim, and in the
absence of such recitation no such intent is present. For
example, as an aid to understanding, the following appended
claims may contain usage of the introductory phrases “at
least one” and “one or more” to introduce claim recitations.
However, the use of such phrases should not be construed to
imply that the introduction of a claim recitation by the
indefinite articles “a” or “an” limits any particular claim
containing such introduced claim recitation to claims con-
taining only one such recitation, even when the same claim
includes the introductory phrases “one or more” or “at least
one” and indefinite articles such as “a” or “an” (e.g., “a”
and/or “an” should typically be interpreted to mean “at least
one” or “one or more”); the same holds true for the use of
definite articles used to introduce claim recitations. In addi-
tion, even if a specific number of an introduced claim
recitation is explicitly recited, those skilled in the art will
recognize that such recitation should typically be interpreted
to mean at least the recited number (e.g., the bare recitation
of “two recitations,” without other modifiers, typically
means at least two recitations, or two or more recitations).
Furthermore, in those instances where a convention analo-
gous to “at least one of A, B, and C, etc.” is used, in general
such a construction is intended in the sense one having skill
in the art would understand the convention (e.g., “a system
having at least one of A, B, and C” would include but not be
limited to systems that have A alone, B alone, C alone, A and
B together, A and C together, B and C together, and/or A, B,
and C together, etc.). In those instances where a convention
analogous to “at least one of A, B, or C, etc.” is used, in
general such a construction is intended in the sense one
having skill in the art would understand the convention (e.g.,
“a system having at least one of A, B, or C” would include
but not be limited to systems that have A alone, B alone, C
alone, A and B together, A and C together, B and C together,
and/or A, B, and C together, etc.). It will be further under-
stood by those within the art that typically a disjunctive word
and/or phrase presenting two or more alternative terms,
whether in the description, claims, or drawings, should be
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understood to contemplate the possibilities of including one
of the terms, either of the terms, or both terms unless context
dictates otherwise. For example, the phrase “A or B” will be
typically understood to include the possibilities of “A” or
“B” or “A and B.”

With respect to the appended claims, those skilled in the
art will appreciate that recited operations therein may gen-
erally be performed in any order. Also, although various
operational flows are presented in a sequence(s), it should be
understood that the various operations may be performed in
other orders than those which are illustrated, or may be
performed concurrently. Examples of such alternate order-
ings may include overlapping, interleaved, interrupted, reor-
dered, incremental, preparatory, supplemental, simultane-
ous, reverse, or other variant orderings, unless context
dictates otherwise. Furthermore, terms like “responsive to,”
“related to,” or other past-tense adjectives are generally not
intended to exclude such variants, unless context dictates
otherwise.

While various aspects and embodiments have been dis-
closed herein, other aspects and embodiments will be appar-
ent to those skilled in the art. The various aspects and
embodiments disclosed herein are for purposes of illustra-
tion and are not intended to be limiting, with the true scope
and spirit being indicated by the following claims.

What is claimed is:

1. A system for sensing information from an eye of a

subject, comprising:

an interrogation signal source for delivering an interro-
gation signal to the eye of the subject;

a response signal sensor for sensing a response signal
produced by the eye of the subject responsive to the
interrogation signal,

a gaze attractor adapted to attract the gaze of the subject
to thereby cause the eye of the subject to move into
alignment with at least one of the interrogation signal
source and the response signal sensor; and

signal processing circuitry including;

a response signal processor configured to process a
response signal sensed from the eye of the subject
when the eye of the subject is in alignment with
respect to the at least one of the interrogation signal
source and the response signal sensor to determine a
physiological parameter from the response signal;
and

an data transmission structure adapted to output a signal
relating to the determined physiological parameter.

2. The system of claim 1, including:

a gaze signal sensor adapted for receiving a gaze signal
containing information indicative of a gaze direction of
the eye of the subject;

a gaze signal processor configured to determine the gaze
direction of the eye of the subject based upon the gaze
signal; and

an alignment detector configured to determine whether
the eye of the subject is in alignment with respect to at
least one of the interrogation signal source and the
response signal sensor based at least in part upon the
gaze direction.

3. The system of claim 1, wherein the interrogation signal

source is adapted to deliver a pulsed interrogation signal.

4. The system of claim 1, wherein the data transmission

structure includes a serial port, a parallel port, an electro-
magnetic transmission means, or an optical transmission
means.

5. The system of claim 1, including a display.
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6. The system of claim 5, wherein the display includes a
video monitor, a computer display, a video game display, a
telephone display, a terminal of a data processing device.

7. The system of claim 5, wherein the display is incor-
porated into a wearable item, an article of furniture, an
article of medical or health-care related equipment, an article
of exercise equipment, or a vehicle.

8. A method of measuring information from an eye of a
subject, comprising;

delivering an interrogation signal to the eye of the subject

with an interrogation signal source;
detecting a response signal from the eye of the subject
with a response signal sensor, wherein the interrogation
signal is reflected from a region or structure within the
eye of the subject to form the response signal;

controlling a gaze attractor to cause the eye of the subject
to move into alignment with at least one of the inter-
rogation signal source and the response signal sensor;

determining a physiological parameter of the subject from
the response signal detected from the eye of the subject
when the eye of the subject is in alignment with respect
to the at least one of the interrogation signal source and
the response signal sensor, wherein the physiological
parameter includes a measurement of at least one of a
substance in the blood of the subject, a substance in an
aqueous humor of the subject, oxygen, glucose, a salt,
a protein, a lipid, a gas, a hormone, a drug, a pulse rate,
a blood flow, and a temperature; and

transmitting at least one of information regarding the
subject, information regarding a method used for deter-
mining the physiological parameter, or information
regarding the physiological parameter to a data pro-
cessing system.

9. The method of claim 8, including:

detecting a gaze signal containing information indicative

of a gaze direction of the eye of the subject sensed from
at least the eye of the subject;

determining the gaze direction of the eye of the subject

based upon the gaze signal; and

determining whether the eye of the subject is in alignment

with respect to at least one of the interrogation signal
source and the response signal sensor based at least in
part upon the gaze direction.

10. The method of claim 9, wherein the gaze signal and
the response signal are the same signal.

11. The method of claim 9, including detecting a plurality
of gaze signals containing information indicative of the gaze
direction of the eye of the subject from at least the eye of the
subject.

12. The method of claim 8, wherein controlling the gaze
attractor includes at least one of driving a visual stimulus
source to deliver a visual stimulus to attract the gaze of the
subject, driving at least one auditory stimulus source to
deliver a localized auditory stimulus to attract the gaze of the
subject, driving at least one auditory stimulus source and at
least one visual stimulus source to deliver at least one
auditory stimulus and at least one visual stimulus in
sequence, and driving at least one auditory stimulus source
and at least one visual stimulus source to deliver at least one
auditory stimulus and at least one visual stimulus simulta-
neously.

13. The method of claim 8, including receiving at least
one of information regarding the subject, information
regarding a method used for determining the physiological
parameter, or information regarding the physiological
parameter from a data processing system.
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14. The method of claim 8, including sharing at least one
of information regarding the subject, information regarding
the method used for determining the physiological param-
eter, or information regarding the physiological parameter
between two or more data processing systems.

15. The method of claim 8, including:

determining an identity of the subject through the use of

at least one of facial recognition, retinal recognition,
comparing login information entered by the subject
with login information in a registry; and

controlling the gaze attractor to cause the eye of the

subject to move into alignment with the at least one of
the interrogation signal source and the response signal
sensor only when the identity of the subject meets a
selection criterion.

16. The method of claim 8, including determining a
feature of the vasculature of the eye of the subject.

17. The method of claim 8, wherein detecting a response
signal from the eye of the subject includes detecting a first
response signal from the eye of the subject at a first
polarization, determining a second response signal from the
eye of the subject at a second polarization, and comparing
the response signal determined at the first polarization to the
response signal determined at the second polarization.

18. The method of claim 8, including

presenting an input to the subject; and

utilizing the physiological parameter determined from the

response signal to determine a response of the subject
to the input.

19. The method of claim 18, wherein the input includes at
least one of information, advertising information, marketing
research information, print information, video information,
an auditory stimulus, a visual stimulus, a tactile stimulus, an
olfactory stimulus, a gustatory stimulus, a thermal stimulus,
a neural stimulus, a drug, a pharmaceutical, a nutraceutical,
or a nutrient.

20. The method of claim 9, including

delivering a gaze tracking stimulus with a gaze tracking

stimulus source, wherein the gaze tracking stimulus is
adapted to cause production of the gaze signal by the
eye of the subject.

21. The method of claim 9, including

delivering a gaze tracking stimulus with a plurality of

gaze tracking stimulus sources, wherein the gaze track-
ing stimulus is adapted to cause production of the gaze
signal by the eye of the subject.

22. The method of claim 8, wherein delivering the inter-
rogation signal includes delivering a pulsed interrogation
signal.

23. The method of claim 22, including gating detection of
the response signal relative to the pulsed interrogation
signal.

24. The method of claim 22, including combining mul-
tiple response signals produced by the eye of the subject in
response to multiple pulses of the pulsed interrogation
signal.

25. The method of claim 24, including combining the
multiple response signals by at least one of summing the
multiple response signals, averaging the multiple response
signals, determining a moving average of the multiple
response signals, and determining a weighted sum of the
multiple response signals.

26. The method of claim 8, wherein the interrogation
signal is a first interrogation signal having a first optical
wavelength, and wherein the method includes delivering a
second interrogation signal having a second optical wave-
length to the eye of the subject.
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27. The method of claim 26, wherein detecting the
response signal includes detecting a first response signal
from the eye of the subject in response to the first interro-
gation signal and detecting a second response signal from
the eye of the subject in response to the second interrogation
signal, and wherein determining the physiological parameter
of the subject includes comparing the first response signal
and the second response signal.

28. The method of claim 8, including delivering the
interrogation signal to the eye of the subject with the
interrogation signal source only when the eye of the subject
is in alignment with the interrogation signal source and the
response signal sensor.

29. The system of claim 2, wherein the gaze signal sensor
includes at least one of a camera, an infrared camera, a CCD
camera, an optical sensor, and an optical sensor array.

30. The system of claim 3, wherein at least one of the
response signal sensor and the signal processing circuitry is
configured to gate detection of the response signal relative to
the pulsed interrogation signal, and wherein the signal
processing circuitry is configured to combine multiple
response signals produced by the eye of the subject in
response to multiple pulses of the pulsed interrogation
signal.

31. The system of claim 1, wherein the gaze attractor
includes at least one of a visual stimulus source for deliv-
ering a visual stimulus to attract the gaze of the subject and
an auditory stimulus source for delivering a localized audi-
tory stimulus to attract the gaze of the subject.

32. The method of claim 9, wherein the gaze signal and
the response signal are separate signals.

33. The method of claim 8, wherein controlling the gaze
attractor includes driving a visual stimulus source to deliver
a visual stimulus to attract the gaze of the subject, wherein
the visual stimulus that includes at least one of a different
light intensity relative to a visual background, a different
optical wavelength relative to a visual background, a dif-
ferent temporal pattern of light intensity or optical wave-
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length relative to a visual background, a different spatial
pattern of light intensity or optical wavelength relative to a
visual background, an image, a moving image, or text.

34. The method of claim 17, wherein the first polarization
and the second polarization are different.

35. The method of claim 8, including sending an output
signal relating to the determined physiological parameter to
an output structure.

36. The method of claim 35, including sending the output
signal to at least one of a data transmission structure, a data
storage structure, a display, an audio output, or a visual
output.

37. The method of claim 8, wherein the response signal is
detected from at least one of a lens, an aqueous humor, a
vitreous humor, and a retina of the eye of the subject
responsive to the interrogation signal.

38. The method of claim 8, including comparing the
physiological parameter determined from the response sig-
nal to a previous measurement of a physiological parameter
to determine a physiological trend.

39. The method of claim 38, including reporting infor-
mation regarding the physiological trend to an interested

40. The method of claim 8, wherein delivering an inter-
rogation signal to the eye of the subject with an interrogation
signal source and detecting a response signal from the eye of
the subject with a response signal sensor are performed
without detection by the subject.

41. The method of claim 40, including receiving an input
indicative of an instruction from the subject or representa-
tive of the subject for information to be measured.

42. The method of claim 40, including receiving an input
indicative of authorization from the subject or representative
of the subject for information to be measured.

43. The method of claim 40, including receiving an input
indicative of informed consent from the subject or repre-
sentative of the subject for information to be measured.
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