The invention relates to a systemfor recognising faces. For¥gpe-s aws
cométcial television network, the cost of its advertising tine depends
critically on the popularity of its progranms anong the television view ng
audi ence. Popularity, in this case, is typically nmeasured in terns of the
programis share of the total audience viewng television at the tine the
programairs. As a general rule of thumd -advertisers prefer to place
their advertisenents where they will reach the greatest nunber of people.
Thus, there is a higher demand anong commer ci alhthermay: Packes PIRI7TANIANOL| S| ng
time slots along side nore popular Rrogr ams. Such tinme slots can al so
demand a hi gher price. B B G IO I ES t el evi si on
advertising depends so crit igad fi O ef erences of the
tel evision audi ence, the te njin n
! ual The(inventi559re aé%g td é g&stem for identifying
5 members of a viewing audience.
. For a commercial television network, the cost of
its advertising time depends critically on the popularity
of its programs among the television viewing audience.
Popularity, in this case, is typically measured in terms

10 of the program's share of the total audience viewing

television at the time the program airs. As a general
rule of thumb, advertisers prefer to place their
advertisements where they will reach the greatest number
of people. Thus, there is a higher demand among

15 commercial advertisers for advertising time slots along
side more popular programs. Such time slots can also
demand a higher price.

Because the economics of television advertising
depends so critically on the tastes and preferences of

20 the television audience, the television industry invests
a substantial amount of time, effort and money in
neasuring those tastes and preferences. One preferred
approach involves monitoring the actual viewing habits of
a group of volunteer families which represent a cross-

25 section of all people who watch television. Typically,
the participants in such a study allow monitoring
equipment to be placed in their homes. Whenever a
participant watches a television pregram, the monitoring
equipment records the time, the identity of the program

30 and the identity of the members of the viewing audience.
Many of these systems require active participation by the
television viewer to obtain the monitoring information.
That is, the viewer must in some way interact with the
equipment to record his presence in the viewing audience.

35 If the viewer forgets to record his presence the
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a substantial anmount of tinme, effort and noney in neasuring those tastes
and preferences. One preferred approach involves nonitoring the actual
view ng habits of a group of volunteer fam lies which represent a cross-
section of all people who watch television. Typically, the participants in
such a study allow nonitoring equipnment to be placed in their hones.
Whenever a partici pant watches a tel evi=si2o® program the nonitoring

equi pnent records the tinme, the identity of the programand the identity of
t he nmenber s méniteringwstatistiicacwillhhe bhcompleteyst Ensgeeeials active

partiCipat'QH¥%y1é§§ $§ﬁ§¥15199e¥bgﬂfioﬁor9§% ' dtﬁﬁ ERQiEQiEQ sion

i nf ormation e Vi ewer in so
equi prent t VieWe¥ d ¥he mergchikely ikeisi thahgt adgehberedf the V|ewer

forgets to roeffsbiss péﬂs@ﬂéﬁihljehaﬁﬂtéoﬂw Beakbapléteahd BRror
I nconpl ete. v# eneral the | ess manual intervention required by the

t el evi si 8n the nore likely it is that the gathered statistics on
view ng habits wnlls@duamﬂﬂhaveEbuénﬂduweﬂapaa which automatically

identify members of the viewing audience without
requiring the viewer to enter any information. For
example, U.S. 4,858,000 to Daozehng Lu, issued August 15,

10 1989 describes such a system. In the system, a scanner
using infrared detectors locates a member of the viewing
audience, captures an image of the located member,
extracts a pattern signature for the captured image and
then compares the extracted pattern signature to a set of

15 stored pattern image signatures to identify the audience
member.

Summary of the Invention
In general, in one aspect, the invention is a
recognition system for identifying members of an _

20 audience. The invention includes an imaging system which
generates an image of the audience; a selector module for
selecting a portion of the generated image; a detection
means which analyzes the selected image portion to
determine whether an image of a person is present; and a

25 recognition module for determining whether a detected
image of a person resembles one of a reference set of
images of individuals.

Preferred embodiments include the following
features. The recognition module also determines which

30 one, if any, of the individuals in the reference set the
detected image resembles. The selection means includes a
motion detector for identifying the selected portion of
the image by detecting motion and it includes a locator
nmodule for locating the portion of the image




2 Systens have been devel oped which automatically identify nenbers
of the vi ewi ng audi ence without requiring the viewer to enter any

i nf ormati on. For exanple, U S. 4,858,000 to Daozehng Lu, issued August 15,
1989 descri bes such a system In the system a scanner using infrared
detectors | ocates a nenber of the view ng audi ence, captures an imge of
the | ocated nenber, extracts a pattern signature for the captured i mnage and
then conpares the extracted pattern signature to a set of stored pattern

i mage sigmﬂLwazréspénuiméfyottheaﬁdbenoe thabperson detletedisen the

A gor | thrs. aRFoeiripAcyabeh; phe58eeE8eIbn AREng aRH The ! = Vol ror
Recognltlon"‘reqngmtt namvéubgnempbqys§sfénstnamblsbcandebamamunlset of
| mages of i nqlydlslid S1dr #ﬁ@ﬁﬁfiﬂé&d £ s?eégivaiﬁ' Qsmg‘é@.h%i rel @ multi-

di nensi onal i nmage” space. ese are (se eter det ect ed
i mge of 8 f Whetherncinage of anpersencisnpresentoin thgesediectads of

individuals ortiaﬁeoﬁr@ﬁ&nlma@¥eﬂﬁﬂoﬂoﬁhoﬁh€€§rn'Eeéoﬁh&%&oﬁSPQCt
t hereof, a reco lon system Conprisin nmeans . for representing a

ref erence sett@ff n @RPicKca %9t|ﬂ6| 3#aaavgcsera éet ajmulti-

dimensional image space to characterize the reference
set. In addition, the second pattern recognition

10 technique also represents each member of the reference
set as a point in a subspace defined by the set of
eigenvectors. Also, the image of a person is an image of
a person’s face and the reference set includes images of
faces of the individuals.

15 Alsc in preferred embodiments, the recognition
system includes means for representing the reference set
as a set of eigenvectors in a multi-dimensional image
space and the detection means includes means for
representing the selected image portion as an input

20 vector in the multi~-dimensional image space and means for
computing the distance between a point identified by the
input vector and a subspace defined by the set of
eigenvectors. The detection means also includes a
thresholding means for determining whether an image of a

25 person is present by comparing the computed distance to a
preselected threshold. The recognition module includes
means for represénting each member of the reference set
as a corresponding point in the subspace. To determine
the location of each point in subspace associated with a

30 corresponding member of the reference set, a vector
associated with that member is projected ontc the
subspace.

The recognition module also includes means for
projecting the input vector onto the subspace, means for

35 selecting a particular member of the reference set, and

This Sheet Has Been Rm




eigenvectors in a multi-dinensional inmage space, and a recognition
modul & for deternining whether a detected i nmage of a face resenbl es one of
the reference set of inages of faces of individuals; the recognition
system being characterised in further conprising: an inmaging system
adapted to generate an image; a selector nodule for selecting a portion of
sai d generated i mage; and a detection neams -adapted to determ ne whet her
the sel ected image portion contains an image that can be classified as an

i mge of a fasmnsafok dedmpht dngmaadéstantedivighinathel subspacesenti ng said

Space and moaReesn &b BTHRE ARHEL¥IBh by BB bEe Tk R, SEITRE Aretoy
sai d i nput \MXﬁqﬁonuahtprmhe|sdbﬁPQGEOaaﬂ Shbspaéatdéhinhé Bubspacteset of
ei genvect or s,y and.4 4% (g&“§1§ﬁ-€nge£S$Eb€Ea Ee*s adapted to use

npu

3 the dlstance SO C erm ne sai d sel ected i mage
portion c®ntains an Inagenexal c dn @%’%l&ﬁnﬁp‘b’s the i inygntion isce: and

in that the RRRAYBY #P TBEWE Ly EngCREABELECof an audience. The

invention includes the steps of generating an image of
the audience; selecting a portion of the generated image;
analyzing the selected image portion to determine whether

10 an image of a person is present; and if an image of a
person is determined to be present, determining whether
the image of a person resembles one of a reference set of
images of individuals.

One advantage of the invention is that it is fast,

15 relatively simple and works well in a constrained
environment, i.e., an environment for which the
associated image remains relatively constant except for
the coming and going of pecople. In addition, the
invention determine whether a selected portion of an

20 image actually contains an image of a face. If it is
determined that the selected image portion contains an
image of a face, the invention then determine which one
of a reference set of known faces the detected face image
most resembles. If the detected face image is not

25 present among the reference set, the invention reports
the presence of a unknown person in the audience. The
invention has the ability to discriminate face images
from images of other objects.

Other advantages and features will become apparent

30 from the following description of the preferred

embodiment and from the claims.

Fig. 1 is a block diagram of a face recognition
system;
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to said detection nmeans for determ ning whether an inage portion determ ned
to contain an i mage that can be classified as an image of a face resenbl es
one of the said reference set of inages of faces of individuals. In a
second and alternative aspect of this invention., we provide a nmethod of
recognition conprising the steps of: generating an inmage;

selecting a portion of said generated i wager representing a
reference set of images of faces of individuals as a set of eigenvectors in
a mul ti-di nensi onal Figge2siaca;, flow diagramcpfeamntinigiadiidatdlerct ed i mage

portion as agJ C L1, SA] | - di [ | rage space;

conputing thgﬂg%%é"r%g {)%t: v&a}gen gégog%&l’ e%#&?ed&%%}éshi d i nput vector and
a nul ti-di nensi onal E&fspicdsdef iflow diagziam oft the opgaratdeomof the

using the cogyl ' ﬁi“*?ﬁ(h & M HggWhet her the sel ected inmage portion
contai ns an inggiq?ﬁg§ican je Sﬁggsi?ieq as an image of a person's face;
and 5 if it Fidgdefedfi Aedlork dingram ofi admptdgn detestiomn i mage
that can be ghated ik Aot ingILadés dwDE HP M Ssdqiiéncdlcd e fhayag . Whet her
said image of a person's face resenbles one of a reference set”of inmages
of faces of individuals. Preferred enbodi nents include the foll ow ng
features. Thegtreradixd i g rosetetpbgo det ermi nes which one, if any, of the

Referring to Fig. 1, in an audience monitoring

system 2, a video camera 4, which is trained on an area

10 where members of a viewing audience generally sit to
watch the TV, sends a sequence of video image frames to a
motion detection module 6. Video camera 4, which may,
for example, be installed in the home of a family that
has volunteered to participate in a study of public

15 viewing habits, generates images of TV viewing audience.
Motion detection module 6 processes the sequence of image
frames to identify regions of the recorded scene that
contain motion, and thus may be evidence of the presence
of a person watching TV. In general, motion detection

20 module 6 accomplishes this by comparing successive frames
of the image sequence so as to find those locations
containing image data that changes over time. Since the
image background (i.e., images of the furniture and other
objects in the roomi will usually remain unchanged from

25 frame to frame, the areas of movement will generally be
evidence of the presence of a person in the viewing
audience.

When movement is identified, a head locator module

8 selects a block of the image frame containing the

30 movement and sends it to a face recognition module 10
where it is analyzed for the presence of recognizable
faces. Face recognition module 10 performs two
functions. First, it determines whether the image data
within the selected block resembles a face. Then, if it
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individuals in the reference set the detected i nage resenbles. The

sel ection neans includes a notion detector for identifying the sel ected
pertion of the inage by detecting notion and it includes a | ocator nodul e
for locating the portion of the imge corresponding to the face of the
person det ect ed. In the recognition system the detection neans and the
recognition nodule enploy a first and segond pattern recognition

techni ques, respectively, to determ ne whether an i mage of a person's face

4 is p{ _eseraoe'swh zfié]ﬁnﬁf!é?(ﬁl eFh g, tn':d&uné 1t aaetegeives vbnéb}lxagt then
recognition techni ques empl o genye, (s i mul Li-

di megsi onal fltar?fgg%qp?&% qr% %yfa%afaezﬁfeee'}(foézes?%eoglef%é)%%ben@g?. refﬁreaﬁai tion,
tpe hseco?dseﬁammmwincknﬂgyﬂﬁdnnexamnlnucﬁhﬁ imaggsre@rﬁaeaSsoEaahlnenber
of the re erm%?fb%r%eg%fg‘%&% é%ﬁl# i w F}?&?s?ﬁéc}%és‘e%uﬁeﬁéﬁ set of

ei genvect ors. . means also I nc reshol di ng neans
for detedm mong tarsing systemdips dreen pnsm kedace is present by conparing

the conputed distangg partoPheitkesbedghlitasholednctionsCead i on modul e
i ncl udes neans for_  representing each nmgnper
recognizer 10 employs a multi-dimensional representation
in which face images are characterized by a set of
eigenvectors or "eigenfaces'. In general, according to
10 this technique, each image is represented as a vector (or
a point) in very high dimensional image space in which
each pixel of the image is represented by a corresponding
dimension or axis. The dimension of this image space
thus depends upon the size of the image being represented
15 and can become very large for any reasonably sized image.
For example, if the block of image data is N pixels by N
pixels, then the multi-dimensional image space has
dimension N®. The image vector which represents the NxN
block of image data in this multi-dimensional image space
20 is constructed by simply concatenating the rows of the
image data to generate a vector of length N2,

Face images, like all other possible images, are
represented by points within this multi-dimensional image
space. The distribution of faces, however, tends to be

25 grouped within a region of the image space. Thus, the
distribution of faces of the reference set can be
characterized by using principal component analysis. The
resulting principal components of the distribution of
faces, or the eigenvectors of the covariance matrix of

36 the set of face images, defines the variation among the
set of face images. These eigenvectors are typically
ordered, each one accounting for a different amount of
variation among the face images. They can be thought of
as a set of features which together characterize the

35 variation between face images within the reference set.



of the reference set as a corresponding point in the subspace. To determ ne
the | ocation of each point in subspace associated with a correspondi ng
menber of the reference set, a vector associated with that menber is

proj ected onto the subspace. The recognition nodul e al so includes
means for projecting the input vector onto the subspace, neans for

sel ecting a particul ar nenber of the refgrence set, and neans for conputing
a distance within the subspace between a point identified by the projection
of the i nputEacic tfarce ninmadgd el sedsimt ew bl n heheohultiadihensibapace

[ d
that it s faayd Ml BEhite PRIPE more of Foff) E5 848n biGphvaKRLET ' °
envi ronnent S9 thatueaghuexg#mwnC¢Qﬂ nepresents og seertit efl ghagblyemi ns
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detected face Image IS not present anong reference set he system can
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advant ages aghreRRint s é’btééti)fcﬁﬂ&:@ﬁl@ﬁr&f'taflﬁ%éf%&ﬂbiﬁ&tﬁandéicm ption
of the preferred enbodi nent. In the draw n I s, a_bl ock

di agram of ANEELL® nfagesysikagh face cag, @SQ be %P&'Bﬁ/iﬁﬁﬁﬁﬁam of

an initiali i) oHIe aie o ¢ fesedtre foces) eLogn] (£ NGsEVENAE; have theFi 9. 3
is a flom/dla ram, of, t he eratlon OH&%H@ f.ace _reco n|t|o du&ge and
¢

Fig. 4is alﬁl S8 % %@%ﬁﬁ Ues i ctigrefore Ceount #3z

10 most variance within the set of face images. The best M*
eigenfaces span an ¥'-dimensional subspace {referred to
hereinafter as "face space”) of all possible images.

This approach to face recognition involves the
initialization operations shown in Pig. 2 to “train®

18 recognition module 10. First, a reference set of face
images is obtained and each of the faces of that set is
represented as a corresponding vector or point in the
multi-dimensional image space (step 100). ‘Then, using
principal component analysis, the distribution of points

20 for the reference set of faces is characterized in terms
of a set of eigenvectors (or eigenfaces) (step 102). If
a full characterization of the distribution of points is
performed, it will yield N2 eigenfaces of which ¥ are
non-zero. Of these, only the ¥' eigenfaces corresponding

2% to the hi@hest eigenvalues are chosen, where ¥' < ¥ <<
N3. This subset of eigenfaces is used to define a
subspace (or face space) within the multidimensional
image space. 'Finally, each member of the reference set
is represented by a corresponding point within face space

130 {step 104). For a given face, this is accomplished by
projecting its point in the higher dimensional image
space onto face space.

' If additional faces are added to the reference set
at a later time, these operations are repeated to update

35 the set of eigenfaces characterizing the reference set.



systemfor locating faces wthin a sequence of inages.

Referring to Fig. 1, in an audience nonitoring system?2, a video canera 4,
whtch is trained on an area where nmenbers of a view ng audi ence general ly
sit to watch the TV, sends a sequence of video imge franes to a notion
detection nodule 6. Video canmera 4, which may, for exanple, be installed in
the home of a famly that has volunteered to participate in a study of
public viewi ng habits, generates images~of TV view ng audi ence. Mtion

egi ons of the recol HEREE cERRS: FAFOUTALIPR MOAIOR. Lond ™ RELHIA) eV dence
of the presenge jghlamersothmistiupy shown | in geber al , tovtecagrbrectace
modul e 6 acconpllshes t1S Py YR [ SHGF B3hYPe 82 ™ Pirat, face
recognition module 10 projects the input image (i.e., the
¥ image presumed to contain a face) onto face space by '
projecting it onto each of the ¥' eigenfaces (step 200).
Then, module 10 determines whether the input image is a
face at.all (vhether known or unknown) by checking to see
if the image is sufficiently close to "face space" (step
10 202). That is, module 10 computes how far the input
image in the multi-dimensional image space is from the
face space and compares this to a preselected threshold.
If the computed distance is greater than the preselected
threshold, module 10 indicates that it does not represent
15 a face image and motion detection module 6 locates the
next block of the overall image which may contain a face
image. _
If the computed distance is sufficiently close to
face space (i.e., less than the preselected thresheld),
20 recognition module 10 treats it as a face image and
proceeds with determining whose face it is (step 206).
This involves computing distances between the projection
of the input image onto face space and each of the
reference face images in face space. If the projected
- 2% input image is sufficently close to any one of the
reference faces (i.e., the computed distance in face
space is less than a predetermined distance), recogntion
module 10 identifies the input image as belonging to the
individual associated with that reference face. If the
30 projected input image is not sufficently close to any one
of the reference faces, recogntion module 10 reports that
a person has been located but the identity of the person
is unknown. _
_ The mathematics underlying each of these steps
35 will now be described in greater detail.



of the image sequence so as to find those | ocations containing i mage data’

t hat changes over tine. Since the imge background (i.e., imges of the
furniture and other objects in the room) will usually remain unchanged from
frame to frame, the areas of novenent will generally be evidence of the
presence of a person in the view ng audi ence. - When novenent is

I dentified, a head |ocator nodule 8 sele®s-a block of the inage frane
contai ning the novenent and sends it to a face recognition nodule 10 where
it is analyzed for the presence of recogni zabl e faces. Face recognition
modul e 10 pegf PLiIBat: qj}kﬂugnk,,lrst it determ nes mhether the i mage
data within The se D 2Senbl es a face.  Then

,C, S e
-6- does reser‘rtﬁ%taaf%%%e efi’éwﬁbt%?n?n@g@ﬁﬂ%@ﬁﬁﬁiﬁﬁél N b¥ace is
one of a refgrgpgayser ¢B-biegs intmnsgitenv@leRs. The face image is

represented in the multi-dimensional image space as a
5 vector of dimension N®. Thus, a typical image of size

256 by 256 becomes a vector of dimension 65,536, or,
equivalently, a point in 65,536adimensional image space.
An ensemble of images, then, maps to a collection of
points in this huge space.

i0 . Images of faces, being similar in overall
configuration, are not randomly distributed in this huge
image space and thus can be described by a relatively low
dimensional subspace. Using principal component
analysis, one identifies the vectors which best account

i8 for the distribution of face images within the entire
image space. These vectors, namely, the *eigenfaces"®,
define the “"face space”. Each vector is of length N2,
describes an N by N image, and is a linear combination of
the original face images of the reference set.

20 Let the training set of face images be Dys Ty
Iys.00,Fy. The average face of the set is defined by
¥ = ()" 3, T, ' (1)

where the summation is from n = 1 to M.  Each face
differs from the average by the vector &, = Ty - ¥. This
25 set of very large vectors is then subject to principal
component analysis, which seeks a set of M orthonormal
vectors, u,, which best describes the distribution of the
‘data. The kth vector, u,, is chosen such that:
A = (M) g (u,Te,)? | (2)
30 is a maximum, subject to:
{1, if 1 =k

J :

"y, = §;, = {3)

ik ik
- i 0, otherwise



set may include, for exanple, the images of faces of all menbers of the
famty in whose house the audience 5 nonitoring system has been install ed.
To performits recognition functions, face recogni zer 10 enpl oys a

mul ti-di mensional representation i n which face i nages are characteri zed
by a set of ei genvectors or "eigenfaces". In general, according to 10
this technique, each image is representgg as a vector (or a point) in
very high dinmensional imnmage space in which each pixel of the imge is

represent edrily %e%%b&%ﬁlﬁo”ﬂhagscalaébﬁﬁ”séﬁé fhed¢igenlbetdrgeangon of this
| mage space t hus 3nds upqQn the skze of the | mage bei ng, represented

15 and cane%gggﬁﬁlﬁéﬁy F@ﬁ@?cﬁéﬁeéﬂy cEadBimaras L aee majeix - For
exanple, if the blqgk_ofmjﬂhgﬁgdgt% is N pixels by N pi xelegy then the
mul ti - di mensi onal image_space *h8s® di mension Nerr]. The inage vector
whi ch represents the Rochds bl ock of image data in this nulti-di nensional

| mage spAceyRBrel thelRRlthisd adsbxggs' @ﬁ' Y, Qoacytenmenﬁatﬁxr gys of the
i mage data to generate a qvect op th N ace | nages,

li ke all ot heweyezsi hige M nh@ey raﬁﬁd deﬁ%§ﬂ£§§§§t§§eb?'pGﬁE9§VﬁF§ﬁF§ this
mul ti-di ”enéggn@ig‘emgues AR BRcohie at %Mﬁz@&t‘&&é%ésﬁ@%r however,

tends to be wthin a region of the Inmage space. Thus, the
dlstrlbutloﬁY§i@ﬂécé@aﬁﬁ #i&eSef er ence set can be characteri zed by

using principal conpgneré mafz.sléf dd¥ea p@iﬁagum BHePEhBEi 8phceofBoneNt s
of the dist r| But! %%nOfthe dlm%%%slbn oft Q‘.%ea eeriya OiirmSa Oef stha% yovariance
matri x ¥ less ge sp
(namely, if, ¥ < N2 ), there will be only ¥ - 1, rather
than N2, meaningful eigenvectors. (The remaining
eigenvectors will have associated eigenvalues of zero.)
One can solve for the N3-dimensional eigenvectors in this
15 case by first solving for the eigenvectors of an ¥ by ¥
matrix - e.g. solving a 16x16 matrix rather than a 16,384
- by 16,384 matrix - and then taking appropriate linear
combinations of the face images &;. Consider the

eigenvectors v, of A2 such that:

20 ATAv, = gV, (5)
Premultiplying both sides by A, yields:
AA(Avi = AV (6)
from which it is apgarent that Av; are the eigenvectors
of

25 C = AA.
Following this analysis, it is possible to
construct the ¥ by M matrix L = A%3, where L, = 8. "8,
and f£ind the ¥ eiqenvectors, Vyis of L. Thege vectors
determine linear combinations of the ¥ training set face
30 images to form the eigenfaces u,: |
M

. Kol



30 the set of face inmages, defines the variation anong the set of face

I mges. These ei genvectors are typically ~ordered, each one accounting
for a different anount of vari ation anong the face i mages. They can be
t hought of as a set of features which together characterize the 35
vari ati on between face imges within the reference set. . :

-7- Each face image | ocation withia ife-nul ti-di nensi onal I mage
space contributes nore or less to each eigenvector, . so that each

ei genvector repr esenmm s aingihesid ythe cémm,azﬂidmsl&réeé@ééeﬂ to

25 e Sl shncerpor SR R B ol o 7
non"zero"elgehﬂ&ggs { rtdathecendersobeheppumhenabﬁdimagessingtwd'y t he
e Eher o it of DERT Lt BRAEEILS, | sl REATRLLS) 350 B Bl
i mges. %he images/will be relatively swall (¥ << K%), and the
calculations become quite manageable. The associated
eigenvalues provide a basis for ranking the eigenvectors
according te their usefulness in characterizing the
variation ameng the images.

10 In practice, a smaller X' is sufficient for
identification, since accurate construction of the image
is not a requirement. In this framework, identification
becomes a pattern recognition task. The eigenfaces span
an ¥'~dimensional subspace of the original ¥? image

18 space. The M' significant eigenvectors of the L matrix
are chosen as those with the largest associated
eigenvalues. In test cases based upon ¥=16 face images,
¥'=7 eigenfaces were found to yield acceptable results,
igé,, a level of accuracy sufficient for monitoring a TV

20 audience for purposes of studying viewing habits and
tastes.

A new face image (I') is transformed into its
eigenface components (l.e., projected inte ®"face space®)
by a simple operation,

25 Wy = U (T - W), | (8)
for k = 1,...,M'. This describes a set of peint-by~point
image multiplications and summations, operations which
may be performed at approximately frame rate on current
image processing hardware.

30 ' The weights form a vector 0* = [wywy <.y ] that
describes the contribution of each eigenface in
representing the input face image, treating the
eigehfaces as a basis set for face images. The vector
may then be used in a standard pattern recognitien

35 algorithm to find which of a number of pre-defined face



ei genfaces span an M -di nensional subspace (referred to herei nafter as
"face space") of all possible inmges. Thi s approach to face
recogni tion involves the ‘initialization operations showmn in Fig. 2 to
"train" 15 recognition nodule 10. First, a reference set of face

I mages i s obtained and each of the faces of that set is represented as
a correspondi ng vector or point in the mul ti-di mensi onal i mge space
(step 100). Then, using princi pal conpbnent anal ysis, the distribution

of points 20 for the referencg set .of faces |s characterjzed.,in_terns
of Blset of GFURRRRL oL ROF-oPgBRr de8eT LbEpchReosRce.  The s1npleRt
characteri zatmeithed fée desetrmbningnwhichofate tlass ppevidesedhe bewit! |

4 Gent nces CAVRERURATND 35 2ho rkie: Fare i H8BaCR0ke. P ERR AB%e’ e

M < M<< dlass |k That sibiwizes thgeBhaltédiap diedtaneedefine a

subspace gor face space), Wdqshin 2mul ti di mensi onal ge space.
Finally, %ach nenber%gﬂ twgb?efé%@ﬁcé set i's represen*%@ by a
correspondin@mﬁﬁe%;#wtﬁia'?actOSpéeecBbbingtémeLbhy.fﬁ@& slgssen Thee,
this is acco Lsh proLegt ' I, Nt ., hi.ghe | si ona
| mage sp?cgeééon o %%% xs? a%g}é EéiWIéééd%fé%%fd? é?@ﬁa?’gea%gghggg added
to the referasftelseteigenface repeesentatichesvenpar anadis numberepfated to

update 35 the, 5614,004859¢052¢6% SBbAG) €bkZbA8n! §HaiiaLE1Ce ACkace

10 is classified as belonging to class k when the minimum €,
is below some chosen threshold ¢ . Otherwise the face is
classified as "unknown", and optionally used to create a
new face class.

- Because creating the vector of weights is

15 ~eguivalent to projecting the original face image onto the
low-dimensional face space, many images (most of them
looking nothing like a face) will project onto a given

'pattern vector. This is not a problem for the system,
however, since the distance ¢ between the image and the

20 face space is simply the squared distance between the
mean-adjusted input image & =TI - ¢ and B, = Zwgu,, its
projection onto face space (where the summation is over k
from 1 to M'):

e = & - a,)? (10)

25 Thus, there are four possibilities for an input image and
its pattern vector: (1) near face space and near a face
class; (2) near face space but not near a known face
class; {3) distant from face space and near a face class;
and (4) distant from face space and not near a known face

30  class.

In the first case, an individual is recognized and
identified. In the second case, an unknown individual is
present. The last two cases indicate that the image is
net a face image. Case three typically shows up as a

35 false positive in most other recognition systems. In the



After face recognition nodule 10 is initialized, it inplements the
steps shown in Fig. 3 to recogni ze face: | mges supplied by face | ocator
nodule 8. First, face recognition nodule 10 projects the input inmage
(i.e., the 5 inmage presuned to contain a face) onto face space by
projecting it onto each of the M eigenfaces (step 200). . Then, nodul e
10 determ nes whether the input inage i« 8 - face at all (whether known
or unknown) by checking to see if the image is sufficiently close to
"face space" desfoyilidll ébbdineital hoyewvendyl€hd Ofabspuresodmitian wég | nput

compar es i P8 Gere Manteg A AP I Lo Lo cAR. Hfatanct HEHARRRC T
greater than thiee imagmiand cthe subspach Pl experted 1@@@’@1@%&84 hat it

does not represent 15 a face inmage and notion detection nodule 6 |ocates

t he next block of the‘overall | mage mhlch may contain a face I mage.
Sum ri I 1genrs 2 Recogn __ 100 _. ‘7 €

5 To summarize, the eigenfaces appx@ach to face
recognition involves the following steps:

1. Collect a set of characteristic face iﬁages
of the known individuals. This set may
include a number of images for each person,

10 with some variation in expression and in
lighting. (Say four images of ten people, so
M = 40.) '

2. Calculate the (40x40) matrix L, find its
eigenvectors and eigenvalues, and choose the
is M' eigenvectors with the highest associated
eigenvalues. (Let ¥' = 10 in this example.)

3. Combine the normalized training set of images
according to Eq. 7 to produce the (¥' = 10)
eigenfaces u.

20 4., For each known individual, calculate the
class vector @, by averaging the eigenface
pattern vectors f3 (ffom Eg. 9} calculated
from the original (four) images of the
individual. Choose a threshold ¢, which

25 defines the maximum allowable distance from
any face class, and a threshold ¢, which |
defines the maximum allowable distance fronm
face space (according to Eg. 10).



| f the, conputed distance is sufficiently close to face space (i.e.,

| ess than the preselected threshold), 20 recognition nodule 10 treats it as
a frace i mage and proceeds -with determ ning whose face it is (step 206).
Thi s invol ves conmputing di'stances between the projection of the input

| mage onto face space and each of the reference face imges in face
space. If the projected 25 input inmage 45 sufficently close to any one of
t he reference faces (i.e., the conput'ed distance in face space is

less than a predeter g nedp@ﬁb@@ﬁehew %&%“ti bAge to Bulgen ddantifies
the input inmage as bel ongin I ndi Vi associ ated w th that

reference face. If the 39335 F@@té&slﬁﬂ@@eFRBQ@Q§9§uﬂfsﬁﬁ3|qﬁ§ﬁ§ﬂp%§ose

to any one of the ref gl edeecehdheRnowAC@IAEBEYN afad the HlsWé% tgeat
a person has been |ocated But the identity. of he per son unknown.
The mat hematics under|yi n§268cFP8FCrhedé gp@p gisfange € ﬁbﬁmbec39§§ f¥ed in

greater dgtail. the input image as not a face. If the
minimum distance €, S §, and the distance ¢ <
$., classify the input face as the individual
associated with class vector fl,. If the
minimum distance €, > 9€ and € < 4, then the
1¢ | image may be classified as "unknown”, and
optionally used to begin a new face class.

6. If the new image is classified as a known
individual, this image may be added to the
- original set of familiar face images, and the
18 eigenfaces may be recalculated (steps 1 - 4}.
This gives the opportunity to modify the face
space as the system encounters more instances
of known faces. |

In the described embodiment, calculation of the
20 eigenfaces is done offline as part of the training. The
recognition currently takes about 400 msec running rather
inefficiently in Lisp on a Sun 4, using face images of
size 128x128. With some special-purpose hardware, the
current version could run at close to frame rate (33
25 mseg).

Designing a practical system for face recognition
within this framework reguires assessing the tradeoffs
between generality, required accuracy, and speed. If the
face recognition task is restricted to a small set of

30 pebple (such as the members of a family or a small
company), & small set of eigenfaces is adegquate to span
the facea of interest. If the system is to learn new



-9- ' Calculatlng Ei genf aces Let a
face |nage I (x,y) be a two-dinensional N by N array of (8-bit)

i nttensity val ues. The face inmge is represented in the

mul ti-di mensional image space as a 5 vector of dinmension N err]. Thus, a
typi cal image of size. 256 by 256 beconmes a vector of dinmension 65, 536,
or, equi valently, a point in 65, 536=dh@gensi onal inmage space. An
ensenbl e of images, then, maps to a collection of - points in this huge
space. 10 faces bﬁﬁﬂéprééehﬁcﬁanybgé@®mﬁIﬁdiﬂaﬁgbﬁﬁbagﬂé'set of

f but ed his h
and thus can BLORSERRPRCALE] S IkEnk: ooRsSHRRA." G nonci onal Subepace.

Usi ng pri nci pal conponent analy5|s one identifies the vectors which
best account .15, é LOE -k : : ,‘j,f,‘-ges within the entire
|nage Space. °“The jefitaces”, define the "face

space". Each vectorllﬂ(ﬂhqeﬁﬁﬂqr v%ﬂr?MbOd‘Eﬁgéslﬁ@giQQ ﬂ§§§ctﬁbnage and.
is a I|ne t&O f f, ARG
C Cﬁ@@ﬁi‘é & Ofnd' head EBéaQbh‘gWulea(‘&el es be r [ne&r 3]@:4&{

set. 20 ralnlna set o ace I nma
rferr], .. r?@$i¥i°ﬂh@fa§§§aﬁga aB€ BNY: person | e isgene
[err] = (“0&£é#éd[§yr%i&éérbamera 4 by implementin the tbacking\here the

sunmation is ace iffers romtrilemag\(eer%ga%me%/ t he

vector [err] a£G?%%$$m de?gg%?ETﬁpsFlg. . sequence of

30 from video camera 4 first passes through a spatio-

16 temporal filtering module 32 which accentuates image
locations which change with time. Spatio-temporal
filtering module 32 identifies the locatlions of motion by
performing a differencing operation on successive frames
of the sequence of image frames. In the output of the

15 spatio-temporal filter module 32, a moving person Wlights
up® whereas the other areas of the image containing neo
motion appear as black.

The spatio-temporal filtered image passes to a
threshelding module 34 which produces a binary motion

20 . image identifying the locations of the image for which
the motion exceeds a preselected thresheold. That is, it
locates the areas of the image containing the most
motion. In all such.areas, the presence of & person is
pestulated. _

25 A motion analyzer module 36 analyzes the binary
notion image to watch how "motion blobs” change over time
to decide if the motion is caused by a person moving and
to determine head position. A few simple rules are
applied, such as "the head is the small upper blob above

30 a larger blob (i.e., the body)", and "head motion must be
reasonably slow and contiguous" (i.e., heads are not
@xpecté& to jump around the image erratically).

The motion image also allows for an estimate of
scale. The size of the blob that is assumed to be the



25 set of very large vectors is then subject to principal conponent

anal ysi s, which seeks a set of M orthonor mal vectors, u[err], which
best describes the distribution of the data. The kt h vector, uferr]’
i s chosen such that: ' [err] (2) 30 s a
maxi mum subject to: [err]

10 - The vectors u[err] and scalarsi§err] are the.eigenvectors and
ei genval ues, respectlveE{, of the covariance matri x C =~
(M[err] [empying head determines the sizg of the subimage-tpAsend] 5

where the ngpr féc@ z-éc,%grﬂiti'é}? rodiied {0 (seeP¥gVe().iSThigrr] by Nerr],

and detern1n|n err | envect or s
ub mag@ is resca ed to flt the dimensions of the

eigenfaces.

Face space may alsa be used to Iocate faces in
single images, either as an alternative to locating faces
from motion (e.g. if there is too little motien or many
nmoving objects) or as a method of achieving more

10 precision than is possible by use of motion tracking
alone.

Typically, images of faces do not change radically
when projected into the face space; whereas, the '
projection of non-face images appear gquite different.

15 This basic ldea may be used to detect the presence of
faces in a scene. To implement this approach, the
distance ¢ between the local subimage and face space is
calculated at every location in the image. This
calculated distance from face space is then used as a

20 wmeasure of "faceness". The result of calculating the
distance from face space at every point in the image is a
"face map® €(x,y) in which low values (i.e., the dark
areas) indicate the presence of a face.

Direct application of Eg. 10, however, is rather

25 expensive computationally. A simpler, more efficient
nethod of calculating the face map €({x,y) is asg follows.

To calculate the face map at every pixel of an
image I(x,y)., the subimage centered at that pixel is
projected onto face space and the projection is then

30 subtracted from the original subimage. To project a
subimage I' onto face space, one first subtracts the mean
image (i.e., ¥), vesulting in 8 =I' - ¥, With #; being
the projection of & onto face space, the distance measure
at a given image location is then:



and ejgenval ues can becone an intractable-task for typi cal inmage sizes.
I f the nunber of data points in the face space is 10 |less than the
di‘mensi on of the overall image space (nanely, if, M< Nerr]), there
will be only M- 1, rather than N err], neaningful eigenvectors. (The
r emai ni ng ei genvectors w Il have associ ated ei genval ues of zero.)

One can solve for the N err]-dinmensionaly-gigenvectors in this 15 case by
first solving for the eigenvectors of an Mby M matrix - e.g. solving a
16x16 matrix rathergﬂhan@§ 165 JPA by 16,384 matrix - and then taking
appropriate |inear conbi natipns of the face i mages [err] Consider the
ei genvectors v[err] of =Af&rr] &buth thlg) 20 Alerr]Avferr] =

[err] = 8t®)- pTg PrendRdgolyi bot h si des , yields:
AA[err]Av[err] [err] [g&g] B Bk A (G)Qile from whi ch
it is apparent that Avfefr$ %r@m%ﬂya ei genvectors of 25 C = AAlerr]

Fol | owi tRis | Spgdd 31 S | 03 trix
L = A ?ﬁr] ,ﬁlvi%g?efy%[ Z(rgr ]Etf%'[ er ri ILﬁeeeiérfd 5 ﬁad(:ltqhe Rﬂﬂgoéég%\?‘ggi%sw%?err] ,
of L. These thecedgentaceaset (#mfye ;N heandcbhyi pigepfeces ane M training set

face 30 im@¥§hdﬁﬁgﬁ§in4é5%é§énwﬁaCes uferr]: [err]
7 [3 .
7 8,8, = Z,w,2 | | (12)
and
10 e*(x,y) = #¥(x,y)8(x,y) - % o (x,y) (13)

vhere €(x,y) and w;(x,y} are scalar functions of image
location, and 8(x,y) is a vector function of image
location.
The second tern of Eq. 13 is calculated in
15 practice by a correlation with the L eigenfaces:
Ziwiz(x,y) = Eiﬁm(x,y)m$
(T {x,y) - #)"u, (14)
£, (P (x,¥)u, - ¥Tu,)
| % (I(x,y)®u; - ¥7u,)
20 where ® is the correlation operator. The first term of
Eg. 13 becomes ' . :
0% (x,)8(x,y) = (F(x,y) - ©)T(C(x,y) - )  (15)
= '’ (x,y)(x,y) ~ 29¢°T'(x,y) + 7w
= r*(x,y)T({x,y) - 2I'(x,y)8¥% + &T¢

§

%

25 so that
€?(x,y)=rT(x,y)T(x,y) ~ 20°T'(x,y)@% +
" v%% + 5, (I'(x,y)®u,-veu,)
(15) _
Since the average face ¥ and the eigenfaces u, are fixed,
30 the terms ¥ ¥ and ¥@u; may be computed ahead of time.
Thus, the computation of the face map involves
only I + 1 correlations over the input image and the
computation of the first term rm(x,y)f(x,y).'_This is
computed by squaring the input image I(x,y) and, at each



-11- Wth this analysis the calculations are greatly

reduced, fromthe order of the nunber of pixels in the i mges (N err])
to the order of the number of images in the training set (M. In
practice, the training set of face 5 inages will be relatively small (M
<< N[err]), and the cal cul ati ons becone quite nmanageabl e. The

associ at ed ei genval ues provide a basig «f or ranking the ei genvectors
according to their usefulness in characterizing the vari ati on anong the
i mages. 10 image ldoatdicar! imuesning ¢ squared wivesehitherlocal
|den;|ficat|gﬁﬁﬁ&#ﬁ§e accurate construction of the inmge s not a

requi rement I's framework, identification becones a pattern
recogni tion task. The elgenfaces span an M -di nensi onal subspace of the
original N[E%QQEﬁ WA rinndadace. The M significant eigenvectors of the L
matri x CHOSEN a5

(9.5
Experimeg%g gh%ga %hg%r%%%%g%%i%%n?%%rf@rmance
5 decreases quickly as the head size, or scale, is
misjudged; Tt is therefore desirable for the head size
in the input image must be close to that of the '
eigenfaces. The motion analysis can give an estimate of
head size, from which the face image is rescaled to the

10 eigenface size.

Another approach to the scale prablem, which may
be separate from or in addition to the motion estimate,
is to use multiscale eigenfaces, in which an input face
image is compared with eigenfaces at a number of scales.

15 In this case the image will appear to be near the face
space of only the closest scale eigenfaces.
Equivalently, the input image (i.e., the portion of the .
overall image selected for analysis) can be scaled to
multiple sizes and the scale which results in the

20 smallest distance measure to face space used.

Other embodiments are within the following claims.
For example, although the eigenfaces approach to face
recognition has been presented as an information |
processing model, it may also be implemented using simple

25 parallel computing elements, as in a connectionist system
or artificial neural network.

What is claimed is:




sigenvalues. In test cases based upon M=16 face i nmages, M =7

e|genfaces‘ﬁETE_TBUﬁﬂ“rU“yreid acceptabl e results, i.e., a level of
@wam,rr-vlm itoring a TV 20 audi ence for pur poses of
"#ﬁﬁ t ast es. A new face inmage [err]
s '« eigenface conponents (i.e., projected into
"face space") by a sinple operatian,;ga. (8) 25 [err] for
k=1, ..., M. This describes a set of point-by-point I mage
mul tiplications and sunmati ons, operaggggagyhlch may be perforned at

approximately franme rate on curr, ge, praoces hardmare
The wei ghts forma %ect@rrFEPQPl%g°n[ﬁW@FFP\ﬂd% :%Qﬁﬁiﬂq nemh ?Eﬁ
?escr! bep tbF aonlaididricn) @h@asysawem;apmsﬂng. representing the input
ace inmage, treatin enf ace a baS| set_ _far face es. The

vect or may thengﬁegﬁggﬁng %s %@ﬁ%bgﬁﬂﬁg? t Sghittiase rE%ﬁ%orlthm
to find #hi eaddlersgpunber of pre- defl ned face

a selector module for selecting a portion of said
.generated image;

a detection means which analyzes the selected
image portion to determine whether an image of a person

W 8 £ & W0

is present; and

ig a recognition module responsive to said detection
11 means for determining whether a detected image of a

12 person identified by said detection means resembles one
13 of a reference set of images of individuals.

2. °The recogniticn system of claim 1 wherein said
recognition moedule also determines which one, if any, of
the individuals in said reference set said detected inmage
resembles.

e W & =2

3. The recognition system of claim 1 wherein said
selection means comprises a motion detector for
identifying the selected portion'of said image by
detecting motion. '

d G N e

4. The recognition system of claim 3 wherein said
selection means further comprises a locator module for
locating the portion of said image corresponding to a
face of the person based on motion detected by said
motion detector.

T & W B

8. The recognitian system of claim 1 wherein said
detection means employs a first pattern recognition
technique to determine whether an image of a person is
present in the selected portion of the image.

W N

Thns S[faeee Has Been R«Tilmd



- 12 cLaéEEE‘““f*aﬁy~—best describes the face. The sinplest

nmet hod for ch face class provides the best description -
of - an i nputgs i @E@ﬁw o find the face class k that mninizes the
Eucl i di an di sfanee & [err] where [err] is a vector
describing the kth face class. The face classes [err] are cal cul ated by
averaging the results of the eigenfapg £epresentation over a snal

nunber of face imges (as few as one) of each individual. A face 10

is classified as belonging to class k when the nininun1[err] S belomr

sone ch sen t hresho e
unkno and optlénal §‘ ggg%i?ﬁfga S%%egﬂa% eﬁifaé‘éme I‘%‘se in saafd
Because &remml’tﬁmtx’e(m@um eRploys dssﬁgﬁn@qmmémreoogmbpeom ng the

originalyf a%%ah@ﬁ%ﬁne?’ﬁd’ ded¥6e; mné %&ﬂ@?% a&efz?&% edPififge TBEYal MRUES

(nmost of them ooki n not I ng ace) w r oj ect onto a given

pat t er n 4 ecPEFSOMiresepias LN Bf it id referageechet.  however, since
t he distance [err] between the |nage and the 20 face space is sinply t he
squared di stance between the - an- agjusted ina err] err]

- Terr] Tand [err] =7ferFpe F’?§°§nm&P6‘j yeten Gﬁt &@59(1\%&35»4
summat i gn | $i9¥er gattern recognition technique employs a set of
3 eigenvectors in a multi-dimensional image space to

4 characterize said reference set.

1 8. The recognition system of claim 7 wherein said
second pattern recognition technique alsoc employs said
set of eigenvectors.

8. The recognition system of claim 8 wherein said
second pattern recognition technigque also represents each
menber of said reference set as a point in a subspace
defined by said set of eigenvectors. '

& W N

10. The recognition system of claim 9 wherein
saild image of a person is an image of a person'’s face and
wherein said reference set comprises images of faces of
said individuals.

o W N 2

11. The recognition system of claim 1 further
comprising means for representing said reference set as a
set of eigenvectors in a multi-dimensional image space
and wherein said detection means comprises means for
representing said selected image portion as an input
vector in said multi-dimensional image space and means
for computing the distance between a point identified by
said input vector and a subspace defined by said set of
eigenvectors. '

1
2
3
4
8
6
7
8
9




froml toM): —————————err] (10) 25 Thus,

there are four osslbll for an i nput inage and its pattern vector:
(1) near faﬂm miﬁ; g@ a face class; (2) near face space but not
near a kno ; n (3) distant from face space and near a face

cl ass; and (4) “di stant from face space ‘and not near a known face 30
class. In the first case, .apii adividual is recognized and
identified. |In the second case, an unknown individual is present. The

last twg cases Indlmle Tm@tréds@gmﬁﬁgsnlsystemnef amgﬁemm@ﬁ@reiﬁase three

tsgg![ gﬁgl?/ Shoﬁ% &%ﬁf tm mea%lss%ur%%etr' \éz%mlp%lré%sst ot ther r@t&nl jio descrl bed

enbod! nment , méansv;é'm' ﬂb@e&almn@@ﬂ@thammmque dfe algexsoer dsecause of
the siognifigaREedkSkLYNconParYRY said computed distance to a
$ preselected threshold.

13. The recognition system eﬁ'claim 12 wherein
sald recognition module comprises means for representing
each member of said reference set as a corresponding
peint in said subspace.

@ W R B

14. The recognition system of claim 13 wherein
the location of each peint in subspace associated with a
corresponding member of said reference set is determined
by projecting a vector assocciated with that member onto
said subspace.

Ul > W R s

'15. The recognition system of claim 14 wherein
sald recognition module further comprises means for
projecting said input vector onte said subspace.

N

16. The recognition system of claim 1% wherein
sald recogniticn module further comprises means for
selecting a particular member of said reference set and
means for computing a distance within said subspace
between a point identified by the projection of said
input vector onto sald subspace and the point in said
subspace associated with said selected member.

= & U1 & W N =2

17. The reé@gnition system of claim 15 wherein
said reccgnition module further comprises means for
determining for each member of sald reference set a
distance in subspace between the location associated with
that member in subspace and the point identified by the
projection of said input vector onto said subspace.

r
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the i nage and thqﬂggbspaee/of’éxpected face i mges. Summary of Ei genface
RecognltlonﬂPrﬁ’édure S __.ww 10 summarize, the eigenfaces approach to
face reco i sEd gkt he fol | owi ng steps: 1.

Col | ect a set At H%%Tc face i mages of the known
I ndi vi dual s. skt hay i ncl ude a nunber of inmages for
each person, 10 W th sone yariation in expression and in
lighting. (Say four inages of ten people, so M= 40.)
2.. Cal cul ate the (40x40) natrix L, find its ei genvectors

and ei gegval ues, and,cho e . | Qe 0 Lth the
hi ghest associ at ed 3‘8' % cojq%ltejlod%rﬁxﬁtf@s.oyﬁﬁ%&%%q¥?$t his
exanple. 3 said image o8.a ﬁhmsbneishenn®ERQEiQ§datparabn@$s€a§efammhges
accord'ngkaﬁ%keﬂhtéhféoféfgréﬂée(égé cohPrises images of facBkIgH aces

ul err
[ I said indiv;duals.

19. A method for identifying members of an
audience, the method comprising:

generating an image of the audlence;

selecting a portion of said generated image;

analyzing the selected image portion to determine
whether an image of a person is present; and

if an image of a person is determined to be
present in said selected image portion, determining
whether said image of a person resembles one of a
reference set of images of individuals.

W B " & W S W A

i
L =]

1 20. The method of claim 19 further comprising the
step of determining which one, if any, of the members of
said reference set said image of a person resembles.

@ &9

21. The method of claim 19 wherein the image of
the audience is a sequence of image frames and wherein
the method further comprises detecting motion within the
sequence of image frames and wherein the selected image
portion is determined on the basis of the detected
motion.

@ BB B W B e

i 22. The method of claim 19 further comprising the
2 step of representing said reference set as a set of

3 eigenvectors in a multi-dimensional image space and -

4 wherein the step of analyzing the selected image portion
5 to determine whether an image of a person is present

6 comprises representing said selected image portion as a

7 input vector in said multi-dimensional image space and




For each known i ndividual, calculate the

wﬁ‘ 5 byggpver agi ng the eigenface pattern

A_M ' E&F 9) cal cul ated fromthe origina
ee _ i ndi vidual . Choose a threshold [err]

defines the maxi num al | owabl e di stance from

any face class, and a threshold [err]emgécg defines the
EBX|nu?1allomable di stance from face space (according to
a 10 {

For cach ndiPTREEInG he 3185aDGe, pPFregn @ point idthtified by said
patterngvecimput evedtoheand sa anubspace defined by safidr set @feach known

cl ass ﬁ% & [err] to _ face space. |If the
dlstan% [erﬁ? % é&% classify 5 t he i nput inmage as not a

face. If the m ni mum di stance [err] [err] [err] and the
distancg [err] [erml, 7The method of claim 22 wherein the step of :

2 analyzing the selected image portion to determine whether
an image of a person is present further comprises
comparing said computed distance to a preselected
threshold.

& e G

24.  The method of claim 23 wherein the step of
determining whether said image of a person resembles a
member of said reference set comprisés representing each
member of said reference set as a corresponding peint in
said subspace.

G B W R B2

2%, The method of claim 24 wherein the step of
determining whether said image of a person resembles a
member of said reference set further comprises
determining the location of each peint in subspace
associated with a corresponding member of said reference
set by projecting a vector associated with that member
onto said subspace.

SR ST T S R UR

26. The method of claim 25 wherein the step of
determining whether said image of a person resembles a
member of sald reference set further comprises projecting
said input vector ontc said subspace.

> W N =

27. The method of claim 26 wherein the step of
deternining whether said image of a person resembles a
member of said reference set further comprises selecting
a member of said reference set and computing a distance
within said subspace between a point identified by the
projection of said input vector onto said subspace and

nmﬂ“ il




[err] _classify the input face as the individual

associ at s tor [err]. If the m ni num

di st ance| {888 ikl 5118 iHE 0 ifkind [err] [err] [err] then the 10 _ .
i mge may*be¢ cliasH fised#*as "unknown", and optionally used
to begin a new face class. 6. If the new inmage is
classified as a known < Bdi W dual, this inage may be added
to the original set of famliar face inmages, and the 15

ei genfacegs neNebgolifealaukaliad suipRvel asshoiated with said sellditfedi ves
the opportunity to nodify the face space as the system
encount efs BPEPERst ances’ of known faces. : I'n

t he described enbodi ment, calculation of the 20 eigenfaces is done offline

as part gf the (raingd. allGearnod C6P0P1ALAN26 LEERELN LRKCSLAROUE 400
ineffrcrently in"Lisp on a Sun 4

msec running rather , using-face inmages

of’ sizze degsmmrining vhetber sodd dwage sfs@ mensony gesanbles &urrent
ver si on goul c F@%%ﬂ% @%ﬁ@r
3 ngﬁﬁéra&f %?/%taetrzﬁ% or a&%%gcgf%tt%iéfn v%isiehsi n this framework

Designing a practica

r equi res%assgéggﬁ@iﬂﬁégt fageopch menhex pfe pajéhaefiangnee &nh ed accuracy,
a]pd speed.. distifice inf 86BspleedNelthveer e TodatSion Hod thiatd wieitdr Set

© 6 1in subspace and the point identified by the projection of

7 said input vector onto said subspace.

29. The method of claim 28 wherein said image of
a person is an image of a person’s face and wherein said
reference set comprises images of faces of said

1
2
3
4

individuals.




30 people (such as the nenbers of a fénily,dr a small conpany), a

smal | set of eigenfaces is adequate:to span® - the faces of ‘interest. If
the systemis to | earn new ‘faces or represent many people, a
| arger basis set of eigenfaces wll |ikely be required.

In the described enbodi nent, notion detection 5 nodule 6 and head | ocator
nodul e 8 | ocates and tracks the posidgsan of the head of any person

wi thin the scene vi ewed by video canera 4 by |nplenent|ng the tracking

algorithmdepicted in Fig. 43 FACECRECOGHNT TS ST 30 from video
canera 4 first passes throuyt ;,:hk'
whi ch accentuates i mage AT OIS - crantge W

Spat i o-t enpor al A recognltion system for identiﬁying nembers of an

audience, the system including an imaging system which
generates an image of the audience; a selector module for
selecting a portion of the generated image; a detection
means which analyzes the selected image portion to
determine whether an image of a person is present; and a
recognition module responsive to the detection means for
determining whether a detected image of a person
identified by the detection means resembles one of a
reference set of images of individuals.

appl2610



4

filteriing nodul e 32 i dentil fies the | ocaﬂtf'lzons of notion by perforning a
di-ff erenci ng operation on successive. frames’ -of the sequence of imge
frames. In the output of the 15 spatio- terrporal filter module 32, a moving
pe#&%ﬁ”"{‘hﬂh‘fﬂ“ M"WWWE‘%ET’&TEHS&OWTHHQE contarnryno

noti on appear as bl ack. The spatio-tenporal filtered inmage
passes- to a.. . . .thresholdi-ng—nodul e--34 whi-¢h -produces- a -bi-Rar y--mti-6a8 =20~ ...c
i mage identifying the |ocations of the i @ge for which t he notion

exceeds . a, _p_r_ese_eggz_admmho] d,.That .1 —.it... ..lacates _the.areas of the . __

I mage containing the nmot i on. all such areas, the presence of a
person is post ul g 25 A notion an_g_layng[“ modul e 36 anal yzes
fRe Binary  ~~ noti gANAmge to wat ch how "notion bl obs"  change over time
to decide if the nption is caused by a person noving and to determ ne

head—post ti-om— A4 wrsn MpHETOrES "aT e =" “Hppl Ted,~ SuTh-as e ead— s e

smal | upper bl op; ye 30 a [TgsdeT hob ( mg the ody)", and "head notion
must--be - - 233 GRRPh WS- a6k PRt ]
expected to junpwasagnd the

- BT MO e = e e

Wrﬁatlc | | The notion i mage
al so allows for _:aﬁﬁtfat.e br==pTstal e %E@SIZ& of.the.bl.ob.that is .
assuned to be the % <«
6.4 )
%2 ¢h! Sip
e e o Z I Z e ol
< - ioeR Moo
nveens THEBANDIG oot Akt | |
— ——- —_ S ] auves
Q' . T Ko
et o Tt ,‘& : &
'll'e 5 e ° '.5-."., ) oy % . - [ 23 XN W N
e & i Yq‘.&ﬁ 3 o o 1:’;;?,-' é-.
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16 . nhoving head determnes the sréﬁzof the subinage to send to face

recognrtlon nmodule 10 (see Fig. 1). Thi's subrnage S rescaled to fit
t he di nensi ons of the ei genfaces. 5 Using "face space" to |locate
the face Face space nmay al s@ be used to | ocatew$qces in
single inmpges, either as an alternativeSo Jocating fac fromnotion
(e.g. if thef}&:@wﬁé@%ﬁ'iﬁi@iﬁtm@@ @z oy imagé@VI ng . obJ ects) or as a
met hod df _achieving.nore. 5015100 1-haR s possi-bleby use—ofotiod

t racki ng al one. ‘ 7

radi cal | poe——v—when—prolected—i REe-—SPace—wher-eas e ey
proj ectijon oftcalmulate thagekgem@aaesqﬁrwm uhéfaeﬁerendé sﬁhbskbepingrdéa
may be ysed tomidettlee ¥heigenfaces whiich cérrespind atscthe. highesfhpl eneft
this apﬁroac@igeﬂyeluegrstance [err] bet ween the | ocal subimage and fage

1 al -
space 18 eat-cutated—at CVery ruuaLTLuu Fr—=the—rmage—Fis

/JQQ _
calculate the corresponding distribution in M-dimensional
sub-space for all members of the reference set by
projecting their face images onto the "face space®

FIG. 2

{ P

Calculate a set of weights based on the input image and the
¥ eigenfaces by projecting the input image onte each of the
.elgenfaces

109

l ydai
Determine if the image is a face at all (whether known or

unknown) by checking to see if the image is sufficiently
close to ®face space®
as
i s

i it is a face, ¢lassify the weight pattern as either a
known person or as unknown

FIG. 3



. : GFo45-S gres
) calcul ated distance fromface space is then used as a 20 __neasure of

facenes‘s The resul t of cal cuI atl ng the ck;i st ance £ facespace 6
ev TN TeTRGe “face map" [ ern} Exedpsion \whieh. | ewpvadduies
(| the a3 =13 eas)” 1 ndi ate t he presenc!ew (ACe.: naged I3 “3 ad‘rﬁr'i 13,

8“‘*&b’bﬂ°r’cé‘f¥‘6’n ~of 1ERp8eq g::-- i s rather 25 ,enpz shveg
cq b siarOnalppeed - s topased -l I r[ﬁatf Q A c%ggég at 't@%a (Qp .....
f dEé Drapiope) rrpesed) i & peged ok-l-o\ Fo cal "cuT ate‘tRe face nap a

|s

eVIER AISiR@ | OFPABAH -err 1 pREGE-H(%] V) | te t 3ok
pri@}ArE ek ®ECEPICe. . space.and..1.k t'ﬂ é}gd&ﬁﬁﬁﬁi ar;pi f'r"mw

the orrgrnal subr nage: 6 project a ~subimage [err] onto face space,
Corr] ferrl. wtnTord rarntIBErebbeln cof thbnt SR QB e 1 =
space, the distmmoaudbeseee the sysieg wempnfsgardocation is then:
17 an imaging system which generates an image of the

5 -audience; ' '

a selector module for selecting a portion of said
generated image; |

means for representing a-reﬁerence set of images
of individuals as a set of eigenvectorsugn a multi-

10 dimenéionaiiimage space; .

a detection means which determines whether the
selected image pdrtion contains an image that can be
classified as an image of a-person, said detection means
including means for representing said selected image

15 portion as an input vector in said multi-dimensional
image space and means for computing the distance between
a point identified by said input vector and a multi- '
dimensional- subspace def;ned by saild set of eggenvectera,
wherein said detect.ion means uses the computed distance
20 to determine whether the selected image pq:@;eg contains
an image that can be classified as an iméée of a person;
and - ' '
a tecpgniticn-ﬁodule responsive to said detection
means for determining whether a detected image of a .
25 person identified by saild detection means resembles one
of the reference set of images of individuals.

2. The recognition system of claim 1 wherein said
detection means further comprises a thresholding means
for determining whether an image of a person is present

30 by comparing said computed distance to a preselected

T
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. .[err] Because [err] is a linear conbination of

" lerr] ”“”5*'~T~',/hf

t he -éi genf ir] wferr] u[err]) and the eigenfaces are
orthonor%é PRBICRAE) 1Rz U X [err] (12) and 10

[err] (X, y)e=lerry &, y)[err](x,y) - [err] werr](x,y) (13) wher e
[err](x,y) and Werr](x,y) are scalar functions of inmage | ocati on, and
[err](X,y) Is a vector function of inage | ocation. - The

second termof Eq. 13 is calculated in 15 ractice f .a correlation wth
the L eigenfaces: 3. The regogpition’smy eF & ¥1Psltﬁﬁet8PPe§§%§Qn
operator. Theeféttlidemeis confiisd8 henotksn detector f@fr]

jdentifying the selected portion of said image by
detecting m@ticn.

5 4. The recognition system of claim 3 wherein said
selection means further comprises a locator module for
locating the portion of said image corresponding to a
face of the person baﬁgg_cn.mqtign detected by said
m@ti@n detector.

10 5. The recognition system of claim 1 wherein said
image of a person is an image of a persoﬁ's face and
wherein said reference set comprises images of faces of
said individuals.

6. The recognition system of claim 1 wherein sa.l
15 recognition module comprises means for representing each
member of said reference set as a corresponding point in
said subspace. '

7. fThe recognition system of claim 6 wherein the
location of each point in subspace associated with a.
20 correspending member of said reference set is determined

by projecting a vector associated with that member onto
said subspace.

8. The recognition system of claim 7 wherein sdid
recognition module further comprises means for proiecting
25 said input vecter onto said subspace.

S. The recognition system of claim 8 wherein said’
recocnition module further comprises means for selecting
a particular member of said reference set and means for
computing a distance within said subspace between a point
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* 25+ so that [err] (15) Since the average face [err]
and the eigenfaces u[err] are fixed, 30 the terns [err] and [err] may be

conput ed _m :j!l Thus, the conputation of the face map

|nvolves§m'Mngu MEHHMOrreIatlons over the input inmage and the

conput atidn irst” term[err](x,y)[err](x,y isis conput ed by
dn 6f the'fi% [ ]1( ) 1( ). This i db

squaring the input image 1(x,y) and, 28t each
18 imge |l ocation, sunm ng the squared val ues of the Iocal

identified by the projection of said input vector onteo
salid subspace and the point in said subspace associated
with said selected member.

1¢. - The recognltlon syatem of claim 8 wherein
5 sald recognition module further comprises means for
deterrining for each member of said reference set a
distance in subspace between the location associated with
that member in subspace and the point identified by the
prejection of said input vector onto said subspace.

iQ 1. The reccgnition system of claim 10 wherein
said image of a person is an image of a person’s face and
wherein said reference set comprises images of faces of
said individuails.

12. A method for identifying members of an
15 audience, the method comprising:
generating an image of the audience;
selecting a portion of said generated image;
representing a reference set of images of
individuals as a set of eigéenvectors in a multi-
26 dimensional image space;
representing said selected image portion as an
input vector in said multi-dimensional image space;
computing the distance between a point identified
by said input vector and a multi-dimensional subspace
25 defined by said set of eigenvectors;
using the computed distance to determine whether
the selected image portion contains an image that can be
classified as an image of a person; and
if it is determined that the selected image
30 contains an image that can be classified as an image of a
person, determining whether said image of a person

T | REPLACEMEN
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' sublnage_‘-‘g“‘TE‘rﬁvaF+ance Experinments reveal that recognition
perfOrnan oy ses gqui ckly as the head size, or scale, is msjudged. It

is therefdy fRPe i fickll t he head size in the input image nmust be close

to t-hat of * he et Jc, #4 -The notion analysis can give an estimte of

head si ze, fron1mh|ch the face i mage is rescaled to the eigenface size.

Anot her approach to the scale probleﬁ% whi ch may be separate fromor in

addition to the notion estimate, is to use nultiscale eigenfaces, in which

an input face inmage is conpared 1th e enface at _a nu r of scales. In
this case t@@@ﬁﬁ%ggs\/\ﬂﬂe Sarre cr"éaﬁe@ h& fé”‘é@ggﬁag’?of only the

cl osest scaigaglr9genkaess. EqU|vaIentIy the input inage (i.e., the portion

of the overall inage selected for analysis) can be scaled to multiple sizes
and the scale which results in the snmallest distance neasure to face space
used. Ct her enbodi Wret mezhedf efsiclledm A@ faxiipee, carphdaingt hke

ei genf aces ro e r Q%ﬁg

i nformat i ona€$%c§§ e%éé&%{&?%?iéﬁ <Ph blégl%g?’gngﬁtee ugié?ing&gisnafe
par al : el SCos@Edl ngf@lzmm senssaid ammeeﬁu BNPEESONS EARHP LGS i ci al
neural networ

14. The method of claim 12 wherein the image of
the audience is a sequence of image frames and wherein
the method further comprises detecting moticn within the
sequence of image frames and wherein thé‘selected image

10 portion is determined on the basis of the detected
motion.

15. The method of claim 12 wherein the step of
determining whether the selected image portion contains
an image that can be classified as an image of a person

15 Ffurther comprises comparing said computed distance to a
preselected threshold.

16. The method of claim 15 wherein the step of
deteraining whether said image of a person resembles a
member of said reference set comprises representingsgach

2¢ member of said reference set as a corresponding point in
sald subspace. '

17. The method of claim 16 wherein the step of
determining whether said image of a person resembles a
member of said reference set further comprises

25 deﬁexmining the location of each point in subspace
associated with a corresponding member of said reference
set by projecting a vector associated with that member
onto said subspace.
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conpris'ﬂ
faces
space,

T CLAI M5 1. A recognition syste

 ~5@” a set of eigenvectors in a multi-dinensiona
i1 on nodule for determ ning mhether a detected

m

representing a reference set of images of

I mage

I mmge of a face resenbles one of the reference set of ‘images of faces
of individuals; the recognition systéh being characterised in

further conprising an i magi ng system adapted to generate an inmage; a
sel ector nodule for selecting a portion of said generated inmage; and a
det ecti on neans adap8ed tihedeatedhrdche ivdieiar thetwieinethenti§eppelti on
contains angqRge (Il CoRebhef' 23241 15058% A al PRISA reddfiresohd

det ecti on neans

10

15

20

member of said reference set further comprises projecting
sald input vector onto said subspace.

19. The method of claim 18 wherein the step of
determining whether said image of a person resembles a
rember of said reference set further comprises selecting
a member of said reference set and ccmputing a distance
within said subspace between a point identified by the
projection of said input vector onto said subspace and
the point in said subspace associated with said selected
member.

20.- The method of claim 18 wherein the step of
determining whether said image of a person resembles a
member of said reference set further comprises
determining for each meuber of said reference set a
distance in subspace between the location for that member
in subspace and the point identified by the projecticn of
said input vector onto said'subsyace.

21. The method of claim 20 wherein said image of
a person is an image of a person’s face and wherein said
reference set comprises images of faces of said
individuals.

————
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o Bot38$ 0o ¥
I-ncl'udi ng means for representlng sai.d .sel ected i nage portion as an I nput

vector in said nulti-dinensional inage'space and nmeans for conputing the

di stance between a point identified by said input vector and a

mul ti-di mensi onal subspace defined by said get of eigenvectors; and in that
said detection neans is adapted to use the dlstance so conputed to
determ ne whether a said sel ect gdragiP@ecoGktTy Sre@kMIS an i nage that can
be classified as an inmage of a face; and in t ~ recognition nodul e
is responsive to said detection neans for determ ning whether an inmage
portion deter ni nefFheo igwengiianarelahege tohat sysvemcfoxr asetdgnisiang facksnge
of a face resenbles one of the said reference set of images of faces of

i ndi vi dual s. Bor a\cammgpﬁﬁamohekq%isﬁnﬁnnaﬁﬁﬁﬁ&}thhﬁ]Qﬂsh Bf further
charact eri seqigh ;403 \A% d%&ﬁﬁtd%d&aahﬁzﬂé&ﬁﬁ 5&%@5@5?@1&@1@*10' di ng

means for detern1n|n er an 1 na 3@ S g | % Z conpari ng
sai d conput e@fdliWaﬁt?@gF@mﬁ BW@@%I?& &? Kr8 ﬂgpd;.ew;.n augrengr ecogniti on
syst em accor Giepla@i€yai inlehlisrtdss, is typically measured in terms

of the program's share of the total audience viewing
television at the time the program airs. As & general
rule of thumb, advertisers prefer to place their
advertisements where they will reach the greatest number
of pecple. Thus, there is a2 higher demand among
commercial advertisers for advertising time slots along
side more popular programs. Such time slots can also

demand a higher price.

Because the econcmics of television advertising
depends so critically on the tastes and preferences of
the television audience, the television industry invests
a substantial amount of time, effort and money in )
measuring those tastes and preferences. One preferred
approach involves monjitoring the actual viewing habits of
a group of volunteer families which represent a cross-
section of all people who watch television. Typically,
the participants in such a study allow monitoring
equipment to be placed in their homes. Whenever a
participant watches a television program, the monitoring
eguipment xrecords the time, the identity of the progran
and the identity of the members of the‘yiewing audience.
Many of these systéms require active participation by the
television viewér to cbtain the monitoring information.
That is, the viewer must in some way interact with the
equipment to record his presence in the viewing audience.
If the viewer forgets to record his presence the

m@nitoring statistics will be incomplete. In general,
the less manual intervention required by the television
viewer, the more likely it is that the gathered
statistics on viewing habits will be complete and errox
free. QﬁfLACnNE%H?SHEETS SG 7 >

SO IR




20 characterised in that said recognition nodule conprises neans for
representing each nenber of said reference set as a correspondi ng point in
sai d subspace. 4. A recognition systemaccording to daim3, further
characterised in that the |ocation of each point in subspace associ ated
with a correspondi ng menber of said refergnce set is determ ned by
projecting a vector associated wth that nenber onto said subspace.

5. A recognition sWﬁm@ NpelrO devalopdd dhitheautbmebicallyed in

that said

i nput vect oFABREBLE PERRERED

recognition md“'ggeg{xé'r&fé&ir@?’%&ise%%mn&gﬁ proj ecting said

rrecogni t1 on system accordi ng

to O aim5,régeihengctneavhiewesetio emtert aty Janfermadsisyhi tifFG@F nodul e

further

example, U.S. 4,858,000 to Daozehng iu, issuved August 15,
1989 describes such 2 system. In the system, a scanner
using infrared detectors locates a member of the viewing
audience, captures an image of the located meaber,
extracts a pattern signature for the captured image and
then compares the extracted pattern signature to a set of
stored pattern image signatures to jidentify the audience

menber.

The present inventors in SPIE Vol. 1182 Intelligent Robots
and Computer Vision VIII: Algorithms and Techniques {1983} pp 22-
32 “Face Processing: Models for Recognition®, propose a
recognition system in which a reference set of images of
individuals is represented as a set of eigenvectars in a multi-
dimensiocnal image space. These are used to determine whether a
detected image of a face resembles one of the reference set of
images of faces of individuals.

The present invention provides, in a first aspect thereof,
a recognition system comprising: means f£or representing a
reference set of images of faces of individuals as a set of
eigenvectors in a multi-dimensienal image space, and a
recognition module for determining whether a detected image of
a face resembles one of the reference set of images of faces of
individuals; the recognition system belng characterised in
further comprising: an imaging system adapted to generate an
image; a selector module for selecting a portion of said
generated imagé: and a detection means adapted to determine

whether the selected image gzortion contains an image that can be

classified as an image of a face, said detection means inciuding
means for representing said selected image portion as an input
vector in said multi-dimensiomal image space and means for
computing the distance between a point identified by said input
vector and a multi-dimensional subspace defined by said set of
eigenvectors; and in that said detection means is adapted to use

11 DEC ¥97




conprises neans for selecting a particular menber of said reference set and
means for conputing a distance within said subspace between a point
identified by the projection of said input vector onto said subspace and
the poi ht in said subspace associ at ed 'th sai d selected nmenber. | 7.
A recognition systemaccording to d ai further characterised in that

sai d reco@ifétafé‘o?a%é’%& c&d{:&ng?i' e:%o'&ﬁzhm?nﬁﬁx ﬁ%@‘e téjeéﬂ 11%% gh@l each

menber of said nce set stance |n su spaciﬁa ween ocati on
aSSOC|ated®Wﬁ9$|Pﬂ%FLﬂ%nﬁgP 210 A PG ek hE2P0 QQﬁﬁﬁ%ﬁﬁﬁ@daﬁyaﬂhe
proj ecti ontmdge @fla fipve; vt dn timtotaalnécsghspm module is8reshonsgoegnition

system accol didig Qe c%'l%lmeéixlé %B%rd anih @%&H%rdta@aa&né % -§ for

representlng sald reference set includes nean o sai d
ref er ence SekeHLRRd b rPRERIRER durge SHBE RadePaclagRAL %)%’c?*ﬁra’héW§g a
conmput ed dbftanface nckeaibles aineaof i thhycait gefacence set of images of

faces of individuals.

in a second and alternmative aspect of this invention, we
provide a method of recognition comprising the steps of:
generating an image:;

selecting & portion of said generated image;

representing a reference set of images of faces of
individuals as a2 set of eigenvectors im & multi-dimensional image
space;

representing said selected image portion as an input
vecter in said multi-dimensional image space;
. computing the distance between a point identified by
said input vector and a multi-dimensional subspace defined by
said set of eigenvectors;

using the computed distance to determine whether the
selected image portion contains an izage that can be classified
as an image of a person’s face; and

if it is determined that the selected image contains an
imege that can be classified as an image of a person’s face,
determining whether said image of a person‘’s face resembles one
of a reference set of images of faces of individuals.

Preferred embodiments include the following features. The
recognition module also determines which one, if any, of the
individuals in the reference set the detected image resembles.
The selection means includes a wmotion detector ﬁor'identifying
the selected portion of the image by detecting motion and it
includes a locator module for locating the portion of the image
corresponding to the face of the person detected. In the
recognition system, the detection means and the recognition
module employ a first and second pattern recognition techmiques,
respectively, to determine whether an image ©f a person’s face

11 DEC 997




21 9. A nmethod of recognition conprising the steps of:

generating an inmge; ' sel ecting a portion of said generated

i mage; representing a reference set of inmges of faces of
individual s+ as a set of eigenvectors in g multi-dinensional inmage space;
representing said selected image portion as an input vector in said

nul ti - di mebsipredenurdge thpaselected porti6R el tiHY ikaged aﬁa@ﬁmnbgh%éﬁna

d |
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person’ s fagsspRse ddfined bt IRl etveetokgnges of faces of

I ndi vi dual s. The detection means also includes a thresholding means for
determining whether an image of a person’s face is present by
comparing the c:@mpt,it:ed distance to a preselected threshold. The
recognition wodule includes means for representing each member
of the reference set as a corresponding peint in the subspace.
To determine the location of each point in subspace associated
with a corresponding member of the reference set, a wvector
associated with that member is projected onto the subspace.

The recognition module also includes means for proj ecting
the input vector onto the subspace, means for selecting a
particular member of the referemce set, and means for computing
a distance within the subspace between a point identified by the
projection of the input vector onto the subspace and the point
in the subspace associated with the selected memberx.

One advantage of our system is that it is fast, relatively
simple and works well in a constrained environment, i.e. an
environment for which the associated image remains relatively
constant exc:ept for the coming and going of pecple. If the
detected face image is not present among the reference set, the
system can report the presence of an unknown person ifm the
audience. _

Other advantages and features will become apparent from the
following description of the preferred embodiment.

In the drawings;

Fig. 1 is a block diagram of a face recognition system;

- Filg. 2 is a flow diagram of an initialization
procédiife for the face recognition medule;
Fig, 3 is a flow diagram of the operation of the
face. recognition module; and
Pig. 4 is a block diagram of a m@t:ion detection
systen for lccating faces within a seguence of images.




.10. A method according to Claim9, further conprising the step of

determ ning which one, if any, of the nenbers of said reference set said

i mage of a person's face resenbl es. 11. A method according to Claim
9, wherein.the step of determ ning whether the selected image portion
contains an image that can be classified as an i mage of a person's face
further conprises conparing said conputed distance to a presel ected

t hreshol d. ~12. A method according®o Caim11l, wherein the step of
determ ning whether said i mage of a person's face, resenbl es a nenber of

sai d reference set RefgFrieg tapFigent: nin ar Rydisree opoBAterdster ence set

as a system 2, a video camera 4, which is trained on an area
where members of a viewing audience generally sit to
watch the TV, sends a seguence of video image frames to a
motion detection module 6. Video camera 4, which may,
for example, be installed in the home of a family that
has volunteered to participate in a study of public
viewing hébits, generates images of TV viewing audienge.
Motien detection module 6 processes the sequence of image
frames to identify regions of the recorded scene that
contain motion, and thus may be evidence of the presence
of a person watching TV. In general, motion detection
module 6 accomplishes this by comparing successive frames
of the image sequence so as to find those locations
containing image data that changes over time. Since the
image background (i.e., images of the furniture and other
cbjects in the room) will usually remzin unchanged from
frame to frame, the areas of movement will generally be
evidence of the presence of a person in the viewing
audience.

When novenent is identified, a head locator module

8 selects a block of the image frame containing the
movement and sends it to a face recognition module 10
where it is analyzed for the presence of recognizable
faces. Face recognrition module 10 performs two
functions. First, it determines whether the image data
within the selected block resembles a face. Then, if it
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22 correspondi ng point in sald subspace _ 13. A nethod accordlng to
Claim 12, wherein the step of detetfi ni-ng Wwhether said i mge of a person' s
face resembl es a menber of said reference set further conpri ses determ ning
t he | acatian of each point in subspace associated with a corresponding
menber of said reference set by projecting a vector associated with that
menber onto sai d subspace. 14. A ggthod accordirng to Caim13,
wherein the step of detern1n1ng whether said inmage of a person's face
resenbl es a, menbe sai d referenc set furt r r ing said
i nput vecto%m%ﬁ?oigﬁﬁﬁlgﬂbsﬁﬁgglng he Sﬁ%afea‘ iﬂg% Q%C%P%|g g G ai m
14, wherei nsthimagep of determining whether said image of a person's
face resenbl es a nenber of said reference set further conprises determ ning
for each nenber of said reference set a distance in subspace between the
| ocati on fofcabetinvapbance subspace

Experiments reveal that recognition performance

decreases quickly as the head size, or scale, is
misjudged. It is therefore desirable for the head size
in the input image must be close to that of the
eigenfaces. The motion analysis can give an estimate of
head size, from which the face image is rescaled to the

eigenface size.

Anocther approach to the scale problem, which may
be separate from or in addition te the motion estinmate,
is to use multiscale eigenfaces, in which an input face
image is compared with eigenfaces at a number of scales.
In this case the image will appear to be near the face
space of enly the closest scale eigenfaces.
Bgquivalently, the input image (i.e., the portion of the
overall image selected for analysis) can be scaled to
multiple sizes and the scale which results in the
smalliest distance measure to face space used.

Other embodiments are feasible. For example, although the
eigenfaces approach to face recognition has been presented as an
information processing model, it may also be implemented using
simple parallel computing elements, as in a comnectionist system
or artificial neural network.

41 DEC W9/




and the point identified by the projection of said input vector onto said
subspace. 23 18. The
nethoa"‘T_ETETﬁfI? wherein the step of determ ni.ng whet her said i mage of

a pers ‘Mﬂl menber of said ngference set further conprises
proj ec B (Rl ARAL Gl vector onto said subspace. 5 19. The
nmet hod @Ia#n1ﬂ8 Swshérein the step of determ ni ng whet her said i mage of
a person resenbles a menber of said reference set further conprises
sel ecting a nenber of said reference set and conputing a di stance
wi thin said subspace between a poi nt iGiiMSf i ed by the 10 projection of
sai d i nput vector onto said subspace and the point in said subspace
associated with said selected

1. A recognition system comprising: weans for

representing a reference set of images of faces of
individuals as a set of eigenvectors in a multi-dimensional
image space, and a recognition module for determining
whether a detected image of a £face resembles one of the
reference set of images of faces of individuals; the
recognition system being characterised in  further
comprising: an imaging system adapted to generate an image;
a selector module for selecting a portion of said generated
image; and a detection means adapted to determine whether
the selected image portion contains an image that can be
classified as an image of a face, said detection means
including means for representing said selected image portion
as an input vector in said multi-dimensional image space and
means for computing the distance between a point identified
by said input vector and a wmulti-dimensional subspace
defined by said set of eigenvectors; and in that said
detection means is adapted to use the distance so computed
to determine whether a said selected image portion contains
an image that can be classified as an image of a face; and
in that the recognition module is responsive to said
detection weans for determining whether an image portion
determined to contain an image that can be classified as an
image of a face resembles one of the said reference set of
images of faces of individuals. '

2. A recognition system according to Claim 1, further
characterised in that said detection means further comprises
a thresholding means for determining whether an image of a
person is present by comparing said computed distance to a
preselected threshold.

3. A recognition system according to Claim 1, further
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20. The nethod of claim 18 wherein the step of

SN AT AT

ﬁ il ses determ ning for each menber of said
in subspace and t he point ideﬁ@ified by the projection of

stsanee i n subspace between the-location for that

ge of a person resenbles a 15 nenber of said

sai d

or onto sajd subspace. 21. The method of claim 20

chanagferssed ip W%oﬁﬂ@ recogmblion @egulsoRowpPrasesand

widans r@ﬁr%ﬁaéﬁtmé&?%ﬂénﬁ%@%@fséﬁ&%ﬁér&%@ set as

S.
a corresponding point in sald subspace.

4. A recognition system according to Claim 3, further
characterised in that the location of each point in subspace
associated with a corresponding member of said reference set
is determined by projecting a vector associated with that
member onto said subspace. '

5. A recognition system according to Claim 4, further
characterised in that said recognition module further
comprises means for projecting said input vector onto said
subspace. '

6. A recognition system according to Claim 5, further
characterised 4in that said recognition module further
comprises means for selecting a particular member of said
reference set and means for computing a distance within said
subspace between a point identified by the projection of
said input vector onto said subspace and the point in said
subspace associated with said selected member.

7. A recognition system according to Claim 5, further
characterised in that said recognition module further

comprises means for determining for each member of said

reference set a distance in subspace between the locaticn
associated with that member in subspace and the peoint
identified by the projection of said input vector onto said
subspace.

8. A recognition system according to Claim 1, further
characterised in that said means for representing said
reference set includes means for adding a wmemwmber to said
reference set by projecting into said subspace an input
vector having a computed distance indicative of an image of

a face.
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7" the point in said subspace associated with said selected 8 nenber. 1
28. Themethod—of——ctarm26 wherein the step of 2 determ ning whether said
i mage of Wl es a 3 nmenber of said reference set further

conpri se IQ§t or each nenber of said- reference set a 5

di stance "id1"3 ‘Steen the | ocatdson for that nenber 6 in subspace
and t he poi nt i dentified by the projection of 7 said input vector onto
sai d subspace. 1 29. The nethod of claim 28 wherein said inage

of 2 a person igs am wWEBHEACE ardricMARion! asnootelimhanai atepidoB: reference
set conprises i %ggg,ae&_néag&si ‘afgesal d 4 individuals.

selecting a portion of said ¢onerated image;
representing a reference set of images of.faces of
individuals as a set of eigenvectors in a multi-dimensional image

space;

representing said selected inage portion as an input
vector in said multi-dimensional image space;

computing the distance between & point identified by
said input vector and a multi-dimensional subspace defined by
sald set of eigenvectors;

using the computed distance to determine whether the
selected image portion contains an image that can be classified
as an image of a person’s face; and

if it is determined that the selected image contains an
image that can be classified as an image of a person’s face,
determining whether said image of a person’s face resembles one
of a reference set of images of faces of individuals.

10. A method according to Claim 9, further comprising
the step of determining which one, if any, of the members of
said reference set said image of a person’s face resembles.

11. A method according to Claim 9, wherein the step of
determining whether the selected image portion contains an
image that can be classified as an image of a person’s face
further comprises comparing sald computed distance to a
preselected threshold.

i2. A wmethod according to Claim 11, wherein the step
of determining whether said image of & person’s face
regembles a member of said reference set comprises
representing each member of said reference set as 2
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corresponding point in said subspace.

13. A method according to Claim 12, wherein the step
of determining whether said image of a person’s face
resembles a member of said reference set further comprises
determining the location of each point in subspace
associated with a corresponding member of said reference set
by projecting a vector associated with that member onto said

subspace.

14. A method according to Claim 13, wherein the step
of determining whether said image ©f a person’s face
resembles a member of said reference set further comprises

projecting said input vector onto said subspace.

1S. A methcod according to Claim 14, wherein the step
of determining whether said image of a person’s face
resembles a member of said reference set further comprises
determining for each member of said reference set a distance
in subspace between the location for that member in subspace
and the point identified by the projection of said input

vector onte said subspace.




