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ABSTRACT

Pictures of human faces are successfully analyzed by a computer
program which extracts face-feature points, such as nose, mouth, eyes
and so on. The program wes tested with more than 800 photographs.
Emphasis is put on the flexible picture analysis scheme with feedback
which wes first employed in the picture analysis program with
remarkable success. The program consists of a collection of rather
simple subroutines, each of which works on the specific part of the
picture, and elaborate combination of them with backup procedures
makes the whole process flexible and adaptive. An experiment on face
identification of 20 people wes also conducted.

This is a part of the author's doctorial thesis submitted to
Department of Information Science, Kyoto University, Kyoto, Japan
in November 1973. The thesis title was " Picture Processing System
by Computer Complex and Recognition of Human Faces".
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CHAPTER 1

INTRODUCTION

Picture processing by computer has found its application in
various fields. Character recognition has shown the most practical
success. Furthermore, the techniques span much more sophisticated
applications such as interpretation of biomedical images and X-ray
films, measurement of images in nuclear physics, processing of a large
volume of pictorial data sent from the satellites, etc.

The particular problem attacked in this thesis 1S computer
analysis and identification of human faces. Pictures of human faces
are successfully analyzed by a computer program which extracts face-
feature points, such as nose, mouth, eyes, and so on. The program
was tested with more than 800 photographs The research has been
done with mainemphasis on the method of how to incorporate the picture

structures into the picture anlysis program. The success of the
program is due to theemploymentof a flexible picture analysis scheme
with feedbacks, which will be described in the next chapter. An

experiment on face identification of 20 people was also conducted.

1-1. Picture Analysis and Recognition = New Aspects

When shown the pictures of the human face of Fig. 1-1, we can
immediately tell the positions of the nose, mouth and eyes; and more-



111-3  Computer Extraction of Face Features . . . . . . . ..

111-3-1  Data Set . . . . . . e e e e e e e
111-3-2  Two-Stage Process . . . . « v v v v v v 4w .
111-3-3  Sampling _of Finer Image Data . . . . . . . ..

111-3-4  Description of Extraction Process . . . . . ..
111-4  Facial Parameters . . . . & & & & & & & & & & & & . .
111-5 Identification Test . . & & & v v v v v v e e e e e .

CHAPTER IV CONCLUSION

IV-1  Sumnary of This Thesis . . . . . . . . . ... ...
IV-2  Picture Structure and Analysis Kethod . . . .. . ..
IV-3  Picture Analysis and Problem Solving . . . . . . ...

REFERENCES . v v v i o e o e s e s e e s s s e e e e e

APPENDIX A COMPARISON OF LINE-DETECTION OPERATORS . . . . ..
APPENDIX B SUPPLEMENTARY EXAMPLES OF RESULTS OF ANALYSIS

OF CHAPTER II . . & v i o e e e e e e e a e s
APPENDIX C  RESULTS OF FACE-FEATURE EXTRACTION OF CHAPTER II1l



ly, completely new aspects appear.

In the case of printed characters, one can assume the standard
pattern. Thus processing usually involves matching with the standard
pattern or feature measurements at predetermined points, and decisions
about the existence of features are based on the combinational logic.

On the other hand, in processing complex natural images such as
faces, the situation is further complicated. There is such a wide
variety in the input images that the measurement of features must be
adaptive to each individual image and relative to other feature mea-

surements. In addition to these low-level processings = so to speak
"local" processing — the system needs decision algorithm of higher
level — it should be referred to as "global” recognition = ; it has

to interpret the structures of the picture.

The picture analysis program for human-face photographs. develop-
ed in this thesis, shows some of these rew aspects of advanced picture
processing. It employs a rew flexible analysis scheme which elaborate-
ly combines local processing with global recognition.  Backup proce-
dures with feedback and retrial play a very important role in it.
Since the variety of pictures to be treated is enormous, fixed analy-
sis algorithms are not very powerful. The process must be flexible
and adaptive in the sense that the analysis in a certain portion of a
picture is carried out repeatedly with a change of parameters until it
gives a satisfactory result. If the analysis fails. its cause is ex-
amined in detail to find out the part where the analysis must be per-
formed once more. The flexibility of the human-face analysis program
results certainly from these. backup procedures.

This is one of the first works that actually implement such a
flexible analysis scheme in the picture analysis program. The detail
will be described in CHAPTER 1.

In CHAPTER tIT, computer identification of 20 people by their
faces is attempted, using two pictures for each person. A set of
facial parameters is calculated for each picture on the basis of fea-



over, we can say that both pictures surely portray the same person.
Picture analysis and recognition by computer concerns itself with this
type of two-dimensional image processing. In this thesis, | selected
human-face pictures as objects of processing.

Character recognition by machine has been investigated very inten-

sively as one of the most fundamental problems with practical value.
Today computer processing of visual images has come to deal with more
sophisticated problems: scene analysis in robot projects, biomedical
or meteorological image interpretation, recognition of faces or finger-
prints, etc.

It might be considered that recognition of faces or other natural
scenes would be only a little more complex than characters, but actual-

Figure 1-1 Pictures of human face.



concerned with poth the humen and the computer's ability of human-face
identification(Harmon {7] , Goldstein, Harmon and Lesk (5] ). After two
preliminary experiments they constructed an interactive system for
human-face identification(Goldstein , Hamon and' Lesk[6]) .

A human operator {s given a photograph of one member of the popu-
lation. He describes this target face to the computer using rather
subjective "features' like long ears , wide-set eyes, etc. The comput-
er searches through the population to retrieve the "target™ on the basis
of this subjectively assigned feature judgment. In this way the sys-
tem takes advantage both of the human's superiority in describing
features and of the machine's superiority in making decisions based on
accurate knowtedge of population statistics.

Those works mentioned above do not deal with humen faces as the
object of picture processing, and the problem of automatic feature
extraction from a picture of the face has been left open for further
research.

The first serious work in this direction is perhaps one by
Kelly(10], which is most closely related to the work reported here.
H uses five measurements from a picture of the entire body such as
height, width of shoulders, etc. and five measurements from a close-up
of the head such as width of the head, distance between eyes, etc.
His program could identify about ten persons whose photographs were
taken in a standardized manner. Various methods are used in recogniz-
ing each part of the picture: subtraction, edge detection, template
matching, and dynamic threshold setting. All of these methods are
applied heuristically in a goal-directed manner.

Much more intensive study is reported in this thesis. Only a
picture of the face is used. Accurate feature points are located in
it,from which the measurementson facial parametersare derived. Though
the general flow of processing resembles that of Kelly, an important
and clear difference exists in the picture analysis program. The
analysis program is not a straight-line program that processes an



ture points located by the picture analysis program. In the identifi-
cation test, 15 out of 20 people were correctly identified. This
result is compared with the case in which a human operator locates the
feature points, and it is demonstrated that computer measurement is
almost as good as human measurement. The two-stage process employed
in the computer feature extraction includes a "distant™ feedback that
involves both high-level decision and low-level processing.

1-2. Related Works

A tremendous number of papers have been published on pictorial
pattern recognition or picture processing: for instance, see Nagy[14]
and Rosenfeld(17].

In spite of the fact that it is a matter of everyday practice to
recognize faces, machine recognition of human faces has not been at-
tempted so often as recognition of characters or other picture inter-
pretation tasks.

The work begun by 8ledsoe(Chan and 8ledsoe(3], 8ledsoe(2])) is the
first important attempt, It 1S a hybrid man-machine system: a human
operator locates the feature points of the face projected on the RAND
tablet, and the computer classifies the face on the basis of those
fiducial marks. The parameters employed are normalized distances and
ratios among such points as eye corners, mouth corners, nose tip, head
top, etc.

Kaya and Kobayashi (9] discussed in the Information theoretic
terms the number of faces that can be identified by this kind of para-
metrization.

Recently, Harmon and his associates did a systematic research



ponents are detected In rather a top-down manner directed by the mode?
of the face embedded In the program.



input picture in a predetermined order, but it employs a flexible pic-
ture analysis scheme with feedback. The success of the program has
shown that the scheme is very powerful for processing of complex pic-
tures.

Before Kelly's work, Sakai, Nagao and Fujibayashi[18] have writ-
ten a program for finding faces in photographs by template-matching
method. They first produce a binary picture which contains the edges
of the input picture. A template for a human face is divided into
several subtemplates each of which corresponds to the head line, fore-
head, eyes, nose Or mouth. Those subternplates are matched with the
edge picture. A set of points with high matching output whose mutual
spatial relationship is reasonable assure the existence of a face.

Fischler and Elschlager[4] describe a sophisticated method for
detecting the global structure by a set of local template matchings.
Suppose that an object (e.g., a face) is composed of several compo-
nents (e.g., eyes, nose, mouth, etc.) which must satisfy some spatial
relationships in order to be recognized as such. A plausible model
of this is a set of mass points which are mutually connected by
springs: the degree of relationship between two components is repre-
sented by "spring constant” of the spring that connects them, and the
extent to which the relationship is not satisfied is regarded as
"stretching the spring”. The evaluation function combines both the
degree of local matching of each component and the cost of stretching
the springs. Given an input image, the locations of components are
determined such that the evaluation function |s minimal by using a
kind of dynamic programming. They applied this method to the problem
of locating feature points in a face.

These two methods have some parallelism in their nature and may
be effective to detect an object in a scene; but they appear to be
tirne-consuming, and yield only approximate locations of components.
The method employed in this thesis is completely different. The com-



CHAPTER II

ANALYSIS OF HUMAN-FACE PICTURES

11-1. Introduction

I'n picture processing and scene analysis by computer, compared
with character recognition, we are confronted with much more compli-
cated pattern variations and noise behavior. Therefore it i s necessary
that the processing should take advantage of structural Or contextual
information about object patterns in order to achieve good results.

In this chapter, the problem of picture analysis of human faces
is presented as an example of automatic analysis of complex pictures.
A computer program for it has been developed: given a photograph of
the human face, the program extracts feature points such as the eyes,
mouth, nose, and chin. A flexible picture analysis scheme with feed-
back is successfully employed in the program.

First, the significance of the problem is briefly described.
Then the computer analysis procedure for human faces is outlined and
the flexible picture analysis scheme with feedback is introduced.
A complete description of the analysis will be given in 11-4.
More than 800 photographs have been processed by the program and the
results are presented. This chapter principally treats picture analy-
sis. The problem of face-identification wusing the located feature
points will be discussed in CHAPTER II1.






as is also the case with ny work reported here.

11-3.  Outline and Features of Analysis Method

This section outlines the analysis method of human-face photo-
graphs to give a general view of the program.  Then is explained the
picture analysis scheme with feedback, which s employed in the pro-
gram.

11-3-1. Outline of Analysis

Fig. 2-1 is the block diagram illustrating the flow of analysis.
Main body of the analysis program wes written in the NEAC 2200/200
assembler language.

off-line

mode ‘\\\" \

/
Fss V
or
TV camera )

Digitized
gray-level
piciure

Binary
picture

on-line
mode Laplacian Extraction
operator of face
features

Figure 2-1 Block diagram of analysis of
human-face photographs.
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11-2.  The Problem — Human Face as Object of Picture Analysis

Human faces are very interesting asan object of picture analysis
for several reasons :
(1) They are not artificial, and not as simple as cubes or pyramids
which have been used in the visual scene analysis of hand-eye projects.
2) A face has many component substructures: eyes, nose, mouth, chin
and so on, which can be recognized as such only in the proper "context
of the face".
(3) These components are distributed in the face within a certain per-
missible range, whose mutural relations can be correctly grasped by
the concept of picture structure.
(4) Lines in a face are very difficult to define, difficult to ex-
tract and are not straight, all of which make the problem of interest.
(5) The variety of human faces is as large as the humen family.

Pictures of human faces contain mawy essential problems to be in-
vestigated in the field of picture processing. How far the zutomatic
analysis procedure can go into detail and can categorize the human
faces has interested me

What we are going to deal with are photographs of one full face
with no glasses or beard. W assume that the face in a photograph may
have tilt, forward inclination, or backward bent to certain degrees,
but is not turned to the side. The pr-5lem in this chapter is, given
a photograph of the human face, to locate the face-feature points in
order to characterize the face.This kind of problem is referred to as
feature extraction in pattern recognition, and is regarded as most
difficult and important. In the attempts at camputer recognition of
faces made by Bledsoe(Z), Kaa and Kobayashi {9] , and Goldstein, Harmon
and Lesk (6] , the feature extraction was due to human-operator's abili-
ty to extract or describe features of the face. In contrast, the
works by Sakai, Nagao and Fujibayashi[18), Kelly(10] and Fischler and
Elschlager(4] are attempts to automate this feature extraction process,

10



Figure 2-3

Typical sequence Of the
analysis steps.

top of head
cheeks and
sides of face
nose, mouth,
and chin

) chin contour

) face-side lines
g nose lines
)

(a)
(5]
{c)

eyes )
face axis

o
o3 hom O

components. These steps are shown in Fig. 2-3 from(a)to(h). There are
several backup procedures with feedback among them, hence some analy-
sis steps might be tried more than once. Various picture processing
techniques are used in the analysis program.

more than
located
shown in

As a final result,
thirty feature points are
= e == in the binary picture as
Fig. 2-4.

Once these feature points are
located , muh more precise features
o can be measured hy returning again

v
LEITRIPY S
o

to the original photograph. The
method and significance of this

refinement process will be discussed
In CHAPTER I11.

Figure 2-4

Result of feature
extraction.
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Figure 2-2 Picture input and line extraction.
The dark horizontal line in the upper
part is due to the burn in the CRT
surface of the FSS used for digitization.

A photograph (or a real view) of the face is converted to a dig-
ital array of 140 x 208 picture elements, each having a gray level of
5 bits (i.e., 32 levels), by means of a flying spot scanner or a TV
camera. Fig. 2-2(a) is an original photograph, and Fig. 2-2(b) is
the gray-level picture digitized by the FSS. The program can work 1in
either on-line or off-line mode. In on-line mode, .the digitized pic-
ture is fed directly into the analysis program, and in off-line mode,
it is stored once on a magnetic tape for later use.

The binary picture of Fig. 2-2(c) is obtained Dby applying a
Laplacian operator (i.e. two-dimensional secondary differentiation)
on the gray-level picture and thresholding the result at a proper
level. This binary picture represents contour portions where bright-
ness changes significantly. The analysis program which locates face-
feature points works on this binary picture.

The analysis steps are first to find the approximate position of
the face, and then to go into detail on the positions of face

12



times with a change of parameters until it gives a satisfactory result.

I do not ¢laim that this scheme is completely new. Similar ideas
may have been suggested by several authors. | believe, however, that
this is one of the first works that actually implement the scheme with
feedback and show its powerfulness in the picture analysis.

This analysis scheme has the following excellent properties:
(1) Inevitably the analysis proceeds in a top-down goal-directed
manner, which makes the analysis efficient because the necessary local
operations are applied on only the relevant portions estimated by the
process.
(2) The analysis algorithm which is to be prepared for each step can
be fairly simple, because it knows what to look for and can be repeat-
edly performed on the most probable area with improved parameter val-
ues using the feedback process. Unlike the straight-line scheme,
errors at each step are not accumulated, but will be disclosed in the
succeeding steps and recovered by the backup procedures. This is one
of the most important features.
(3) The economy of memay and processing time for the analysis is
great if a flexible scanning device is available which samples only
the significant parts. This advantage is fully taken in the extract-
ion of precise locations of feature points, which will be described
in CHAPTER 111.

11-4. Complete Description of Analysis

This section describes in detail the flow of analysis that is
illustrated in Fig. 2-1; from input of picture through final result.

11-4-1. Input of Picture

A picture (or a real view) of a face is first transfonned into a

15



11-3-2. Flexible Picture Analysis Scheme with Feedback

The distinguishing feature of the program is that subroutines
divided into blocks, each for detecting a part of the face, are com-
bined into action not only by making use of the contextual information
of a face. but also by employing backup procedures with feedback.

As shown in Fig. 2-5 each step of analysis consists of three
parts: prediction, detection, and evaluation. The result is evaluat-
ed for the purpose of knowing whether the program can proceed to the
next step. BTan unsatisfactory result {s yielded. its cause is
examined to find out the step where the analysis must be performed
again. There are two cases of feedback. Direct feedback is used to
modify the parameters of the analysis step just executed.  The other
is a feedback to former steps. It takes place when the imperfection
of the result is disclosed during the succeeding analysis in the form
of an unsatisfactory evaluation; usually the evaluation criteria are
not so severe, and SO sometimes the process may have gone to the next
step even though the analysis at one step is not perfect. In this way,
the total process of analysis becomes flexible and adaptive. The
analysis in a certain portion of a picture may be performed several

|

Prediction Former steps

4

A
Detect ion }, __ 1 parameter

LJ.”n.admcanon Discard
a part of
results so
Evaluation —pl far obtained
- 1 not qood




When a TV camera s ysed as an input device, the humen operator
adjusts the camera watching a monitor TV,  so that the object face
may be seen at the appropriate position with the appropriate size.
The video level {s also adjusted manually. The whole frame consisting
of 240 x 300 picture elements is completely digitized and then it is
edited into an array of 140 x 208 by software.

The picture digitized in these ways is either fed into the face
analysis program in on-line mode, or stored on the magnetic tape in
the data collection stage of off-line analysis.

11-4-2. Line Extraction by Laplacian Operator

The next step of processing 1S to extract lines and contours from
the picture. The operator illustrated in Fig. 2-8 is applied to the
digital picture of Fig. 2-7, and then thresholding the result at a
proper threshold value produces the binary picture shown in Fig. 2-9.
This binary picture represents contour portions where brightness
changes significantly. It preserves the structural information of the
original gray-level picture and yet far easier to deal with because of
the binary values. All the succeeding analysis is performed upon this
binary picture. The threshold value is fixed to 30.

As to edge or contour detection, a number of papers have appear-
ed: for a survey, see [13] that contains a large number of references.
The operator used here is fundamentally a digital Laplacian operator
(two-dimensional secondary differentiation). Let I(x,y) be a function
that represents a gray-level picture. The Laplacian is defined as:

2 2 %1 (x,y) , 321(x,y) .

v I(X-Y) = axx + ayz . (2 ])
The simplest digital version of this Laplacian is

2 = - -

Vst My Qiag * Ty * g * Liga) o (2-2)
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digital array by means of a flying-spot scanner(FSS) or a TV camera.
When the FSS is used, the standard material is a photograph in which
lies a full face of about 2 a. The photograph is scanned by the
flexible scanning program described in [8], and digitized to an
array of 140 x 208 elements, each of 5 bits of brightness information
(i.e. 32 levels). As shown in Fig. 2-6, a & x & rectangle spot is
used and sampling is made at every 3 points. The face inthe digi-
tized picture is typically of size 80 x 80 ~ 100 x 100. The necessa-
ry time for input is about 5 seconds. Fig. 2-7 shows a line printer
output of a digitized picture with various characters superimposed to
approximate the gray levels.

The reason why the input digitization is rough sampling by a
rather large-sized spot is that extreme details are not necessary in
the next line-extraction process: averaging effect of a large spot
suppresses high-frequency noise and thus prevents extra unimportant
lines in a face from being extracted.

Since the scanning program of the FSS is highly flexible, appro-
priate comnands of an human operator allow various kinds of photographs
to be digitized into the standard format: fine scanning for a smaller-
sized phot.graph and coarse scanning for a larger-sized one; further-
more in the case of a photograph in which there are several people,
the scan and input of one particular face can be performed very easily.

/

Figure 2-€

Scanning by a flying 5 » X e
spot scanner.  The .

spot size is 5 x b5

and the sampling 5
interval is 3.

s
N\
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Figure 2-10 (a) Robertz operator; and (b) Madawum of differences.

For comparison, three operators for edge detection including the
Laplacian of Fig. 3-8 were applied on the same set of pictures; the
other two are the first derivative of Robertz[16] (see Fig. 2-10(a))
and the maximum of differences (see Fig. 2-10(b)) for 3 X 3 window.
The results are presented in Fig. 2-11 and APPENDIX A contains supple-
mentary data. They show the superiority of the Laplacian operator |
used. It can detect slow but apparent changes in brightness as well
as sharp edges, because it takes broader area into account. Further-
more, it is observable that the different values of threshold do not
yield any significant difference in the resultant binary pictures.

A very efficient program of the Laplacian operator has been coded,
by taking maxdmum advantage of variable-length word and implicit ad-
dressing of NEAC 2200/200, though the computer is not so fast: 2-usec
memory-cycle time for a 6-bit character. It takes only 14 seconds to
convert from Fig. 2-7 to Fig. 2-9.

Any additional operations such as thinning, elimination of isolat-
ed points, etc. are not performed on the binary picture.  The reason
is that significance of line elements nay vary from position to posi-
tion, or in other words mey depend on the “context": a set of line
elements forming a long line may mean the contour of the face or mean-
ingless edges in the background; a group of isolated points may come
from noise or show the existence of low-contrast edges around the chin.
The "context" information is used positively in the picture analysis
program.

19
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Operator for line extraction.
This is fundamentally a
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11-4-3.  Analysis Program

Fig. 2-12 1llustrates the general flow of analysis: 1t shows the
logical connection of subroutines in the analysis program of human-

face pictures. In general, the analysis steps proceed fran easy
to difficult, and from grasping approximate information to detecting
accurate positions of eyes, nose, mouth and so on. Each subroutine

shown by the square box tries to detect each component (e.g., eye)
satisfying specific conditions (e.g., location, size and shape) in the
predicted region. A typical sequence of analysis steps is from(a) to
(h) as shown in Fig. 2-2.

There are several backup procedures with feedback interwoven
among the analysis steps. According to whether one step succeeds or
fails in the feature detection, which subroutine to be executed next
is determined, and various parameters in the program are modified.
The main part of backup procedures will be described in the next sub-
section 11-4-4.

@. nead IS fece |$ Note . mouth | § oin 18 i-“ :::g
top sides ang chin contour cantaur
l' I' I' 1'(/ "
Aalax the The slit ts fatlures tn
sTOP overall within B-detection 22:::‘: STOP Estimate the
constraints a certain gather et frem the the other ¢ye
of the distance around C 7 :umm sert sres from the
prograa from o ? datersined
no eye position
A |
sTOP Either nalf
of the ¢hin
WMove down cantour 13
the slit obtained 1!
n/ yor $: Success
o PS: Partial success
?: Fatlure

Figure 2-12 General flow of analysis program.



Figure 2-11
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A fundamental «ysety1 technique of picture processing used
throughout the prograa {s an 'integral projection™. As shown in
Fig. 2-13, a s14t of proper width and length is placed in a picture.
A histogram {s obtained along the length of the slit by counting the
number of elements ®** In the direction of the'width. This is called
an integral projection (curve) of the slit. If the slit is applied
within a suitable area with the proper direction and width, the inte-
gral projection tells reliably the position of a component in the pic-
ture even in the presence of noise.

Now, the analysis steps will be described in detail.

1) Top of Hed

A horizontal slit is mowed down from the top of the picture. The
first position with sufficient output is presumed as the top of the
head H. This position is used only for setting the starting point of
slit application in the next step, and therefore it need not be so
precisely determined.

2) Sides of Face at Cheeks

Starting from the point of a certain distance below H, a horizon-
tal slit of width h is applied successively, shifting downward with
»/2 overlap as in Fig. 2-14. Fig. 2-14(a) shows three successive
outputs. Wm the slit crosses the cheeks, its integral projection
displays characteristic patterns like the lowest one of the three in
Fig. 2-14(a): two long clearances and one or two peaks sandwiched by
them. The two long clearances are the cheeks. and the outputs at
these positions in the upper slits show the eyes or sometimes the
effect of glasses. Thus we can determine the left and right sides of
the face as the left and right ends of these two vacant portions.
They are indicated by L and R in Fig. Z-14. Since we need to know
these positions only approximately, the width # of the slit is set
rather large so that it can pick up thin line portions.  Here ve set
h = 10.
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slit

Figure 2-13

Integral projection
of a slit.
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R (a) Integral projection
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(b) Integral
projection of
a vertical
slit

Figure 2-14 Detection of the face sides, nose, mouth,
and chin by the application of slits.
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Figure 2-15 Types of peaks.

little. And then matching is tried again. If there is no match even
then, this step is a failure, and the backup procedure will work to
reactivate the step 2).

4) Chin Contour and Smoothing

In obtaining the chin contour, a method like tracing it fran one
of its ends would probably lead in the wrong direction because of the
existence of line splits and extra lines, even if an elaborate means
such as line extension is employed. Such a method is substantially
based on the local decision, i.e., 'line connectivity. Since we have
already known, at least approximately, the face sides L and R, the
nose N, the upper lip M and the chin C, we can lieit the search area
for the chin contour. As shown in Fig. 2-17, the search area is de-
termined by L, R, C, M and N. Nineteen radial lines are drawn down-
ward from M in every 10 degrees. These lines are expected t0 Cross
the chin contour in the predicted area at nearly right angles, if the
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Erroneous detection of L and R in this step will cause the suc-
ceeding step 3) or 4) to fail in detecting the expected components,
and thus the analysis will come back to this step again to obtain the
correct positions of L and R. (See example(1) of 11-4-4)

3) Vertical Positions of Nose, Mouth and Chin

A vertical slit of width LR/4 is placed at the center of L and R
as shown in Fig. 2-14. A nose, a mouth and a chin are probably in it
if L and R are approximately correct and if the face does not tilt or
turn a great deal. It is observed that in the integral projection
curve of the slit the peaks appear which correspond to the nose, mouth
and chin. Fig. 2-14(b) is one of the typical curves. The integral
projection curve is then coded into a compact form by using the sym-
bols for the types of the peak and its length, as shown in Fig. 2-15.
The integral projection of Fig. 2-14(b) IS coded as follows:

R(17)-B(8)-M(5)+B(3)+M(3)-B(10):M(4) (2-3)

Before coding, the curve Is smoothed so that small gaps or noisy peaks
are eliminated.

The form of this curve changes widely depending on the face and
existence of face inclination, shadow, mustache, wrinkles and so on.
At present, nine typical curves are prepared as standard types. They
are also coded in the same manner and stored in the table. The table
is shown in Fig. 2-16 with the explanation of how it is read. In a
word, each standard type specifies mutual positional relations of the
nose, mouth and chin. The table can be extended simply by adding the
rev types. The integral projection of the input picture is compared
with the standard types. If it matches with only one type, the verti-
cal positions of the lower end of the nose N, the upper lip M and the

point of the chin C are obtained. For instance, the integral
projection(2-3) of Fig. 2-14(b) matches TYPE 3. If there are more
than one match, the matching criteria of the standard types are chang-
ed with a little more rigidity. In case there is no match, the match-
ing criteria are slightly relaxed, or the vertical slit is shifted a
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positions of L, R, ¢, M and N are COrrect. A slit is placed along
each radial 1ime and {ts integral projection is examined. A contour
point B {5 detected ag the peak nearest to M within the specified
area, The sequence of B's thus obtained for nineteen radial lines is

smoothed. The lim{t imposed ON the search area and the smoothing en-

able this step to avetd mistaking long wrinkles or neck lines for a
part of the chin contour.

In the B point detection, 8 is not determined on the radial line
whose incidental integral projection contains

no conspicuous peak
within the search area.

In case B’S cannot be determined on three
consecutive radial lines, the contour detection is judged unsuccessful.
The program activates the backup procedure. The cause is investigated

and an appropriate recovery action will be taken.  (See examples (2)
and (3) of 11-4-4)

AuRBIEng

Figure 2-17

Extraction of chin
contour. The search
area is established
and a slit is placed
along each radial
line.
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5) Nose End Points and Cheek Areas

As is shown in Fig. 2-18, by successive application of horizontal
slits starting from N, ve can trace upward the nose as well as the

left and right face sides up to approximately the eye position. Both

ends of the nose, P and Q, are located. Then the left and right cheek

areas are determined as those which are enclosed by the nose lines and
face-side lines.
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6) B Positions

Examination of the vertical and horizontal integral projections
of the cheek areas gives the rectangles containing the eyes. Fig. 2-18
illustrates the method: first, vertical summation is done between
the face side and the nose side, and then horizontal sumation in the
zone obtained from the vertical summation. As in the case of
Fig. 2-19(a), the rectangle nay contain a part of the eyebrow, the
nose or the face-side line. Even a part of the eye may lie outside of
it. The following operations determine the position of the eye pre-
cisely: first, the operations of fusion and shrinking{17) are executed
in the rectangle cut out of the picture to eliminate gaps and hollows
which often appear in the eye area(Fig. 2-19(b), (C)). The connected
component of the maximum area is then identified and singled out in
the rectangle(fig, 2-19(d)). The parts which are outside the rectan-
gle, but wrk-ch are connected to this component, are joined, and the
fusion and shrinking are performed again on this extended component
(Fig. 2-19(e)). The position, the size, and the shape of the compo-
nent are examined whether they satisfy certain conditions which the
locations and properties of feature points so far obtained impose.

Ye;tica}l ~ vertical
integra S : ' integral
projection projection

[ ’ !
28, &=

horizontal integral pmjection

Figure 2-18 Cheek areas and rectangles which
contain the eye.
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Misrecognition of L and R. Misrecognition of
N, M, and C.

failures in 8 detection occur around the misrecognized C in a symmet-
rical manner. W this is found, the backup mechanism forces the
program to go back to the step 3) to re-examine the positions of
N, M and C.

(3) W the chin contour is unsatisfactorily located.

In the detection of chin contour at the step 4), there often
exists a short break in the contour, or the real contour line partial-
ly sticks out of the search area. Then the complete contour is not
determined. Usually in this case, however, either half of the contour
is obtained correctly. Thus, as shown in Fig. 2-22, for the radial
line whose B wes not obtained, a prediction point B 1S determined
there by utilizing the symmetrical property with respect to the verti-
cal axis. The same routine for chin-contour detection is again exe-
cuted with the narrover search region around 8' and with the lower
threshold for peak detection. B this process it might be possible to
detect the thin portion of the contour which wes undetectable in the
first trial.
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If they do, the eye center is determined as the center of the rectan-
gle which circumscribes the component(fig. 2-19(f}). In this way, the
left and right eye centers, S and T, are obtained.

This concludes a whole analysis procedure.  As the final result

all the feature points extracted are printed out on the lineprinter
as was shown in Fig. 2-4.

11-4-4,  Backup Procedures with Feedback

In the process of face analysis described above, errors may occur
in various steps. To manage them, several backup procedures with
feedback were introduced. In the following descriptions are demon-
strated a few typical examples.

(1) W face sides, L and R, are incorrectly located.
L and R are usually determined at the step 2) by detecting the

existence of two wide areas of the cheeks on both sides of the nose.
The method is very simple, ard therefore sometimes they are misrecog-
nized,especially in a woman’s face like Fig. 2-20. W the analysis
proceeds to the next step 3), where a vertical slit is applied to find
the nose, mouth and chin, the integral projection curve differs marked-
ly from what is expected. Thus the analysis fails there. The program
goes back to the step 2) once more, and tries t0 find out another
possibility for L and R. Fig. 2-20 is an example in which the correct
results were obtained in the second trial. We could determine these
positions correctly in this way for many pictures for which the analy-
sis wes first unsuccessful.

(2) W the nose(N), mouth(M) and chin(C) are incorrectly located.
There are cases where N, M and C are determined in the step 3)

as upward shifted positions as {n Fig. 2-21. This trouble is discover-
ed as failures in detecting the chin contour at the step 4). Usually
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Other than the examples mentioned above, there are many minor
feedbacks. Compound feedback may also occur. For instance, the fail-
ure in the chin-contour detection activates the step 4), whose failure,
then. makes the program go back to the step 3).

It is notable that this trial-and-error process with the feedback
mechanism allowed each analysis step to be simple. The once-and-for-
all process would have required that each step be highly elaborate and
reliable, in order to avoid delivering erroneous results to the suc-
ceeding steps.

In many steps, simple pattern matching methods have been employed.
It should be mentioned that pattern matching applied to the restricted
region in a picture has a positive meaning in contrast to that applied
to the whole picture. A successful match means that what was expected
exists in the predicted region. It increases the reliability of the
analysis results so far obtained and used for prediction as well as
adding the new result. On the other hand, failure in matching may
require that some of the program parameters be modified or that a feed-
back procedure be activated for corrections and retrials.

11-5. Results of Analysis

About 800 pictures of human faces have been processed by the pro-

gram described above. Most pictures (688) of this large data set were
obtained in digital form at the World Fair '70 OSAKA in 1970. Nippon
Electric Company ran an attraction named "Computer Physiognomy":
a person sits before a TV camera, the picture of his face is digitized
and fed into the computer, a simple program extracts lines and locates
a few feature points (the method is the same as that described in [12])
and, finally, his face is classified into one of seven categories,
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Figure 2-22

Failure in detecting
chin-contour points.
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As shown in Fig. 2-23, one of the face-side lines that are deter-
mined in the step 5) may extend to the wrong direction, which results

in a wrong prediction area of the eye.

Thus, at the next step 6) the

component expected to be the eye does not satisfy the necessary con-
dition.

Then a new prediction area is established from the position
of the other eye, and the determination of this eye position is tried
again.

The face-side line is also corrected by tracing it downward
from the correct eye position.
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step fn Whichlthe error Or
unrecovered fatlure occurred
Cll:sfiory N-?" correct o:":; nose
0 -4 | face chin nose
faces faces | results r::?;::d sides ":r‘l‘ltnh contour | &% | width
full face with
no glasses or| g70 608 62 5 14 17 19 7
beard
full face with
glasses 17 2 75 4 4 2 65
face with turn
or tilt 79 63 16 4 3 3 5 1
fact with beard,
and others 27 a 12 4 1

Table 2-1 Sumnary of results of analysis

11-5-2. Examples and Discussions

(1) Two sets of examples

Fig. 2-24 and Fig. 2-25 present two complete sets of examples.
In each figure, part(a) is the original photograph and part(b) shows
the gray-level representation of the digitized picture on the line-
printer. Part(c) gives the binary picture in which the extracted fea-
ture points are indicated by dots. To verify how well the program
located the feature points, their coordinates are marked on the en-
Targed original photograph as shown in part(d).

Fig. 2-26 shows the picture in which the same set of feature
points is located by  human. Comparison of Fig. 2-24(d) with
Fig. 2-26 shows that the computer extraction S considerably good.
Most results of pictures in the group(a) which are judged as correct

are of this quality.
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each of which is represented by a very famous person. Though the pro-
gram wes not very reliable, the attraction itself was very successfy),
A lot of people participated in it, a number of whose faces were
stored on ten magnetic tapes. They include faces of young and old,
males and females, with glasses and hats, and faces with a turn, tilt
or inclination to a slight degree. |t is of great interest to see how
the program works with them. The rest of the data set comprises
pictures | took for the purpose of investigating the performance and
limitation of the program.

11-5-1.  Summary of Results

The results are summarized in Table 2-1. The input faces were
categorized into four groups:

(a) full face with no glasses or beard

(b) full face with glasses

(c) face with turn or tilt

(d) face with beard, and others
The first category corresponds to the faces which were assumed for the
input of the program. The result of analysis weas judged either
"correct" or "incorrect” by human inspection. "Incorrect" includes
erroneous results and unrecovered failures. In the case of incorrect
results, the step in which the error or unrecovered failure took place
i s examined.

For pictures of the group(a), 608 pictures out of 670 were
successfully analyzed, giving all of the face-feature points correct-
ly. for about 200 of them the analysis failed halfway once or twice,
but the feedback mechanism including diagnosis, correction, and retri-
al , made recovery possible.

As is seen in Table 2-1, the program works fairly well also on
pictures of groups (b), (c) and (d) which do not satisfy the presumed
constraints.
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(c) (d)

Figure 2-24 Result of the analysis : example 1.
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The locations of the feature points obtained in the binary
picture may contain small errors: eye centers lie a bit on the
outer side; face-side lines are apt to shift a little to the darker
side. These phenomena stem from the property of the Laplacian opera-
tor used in the line extraction. The Laplacian operator, as is easily
seen, produces a big positive output when it IS on the darker side of
the edge in the original picture. Thus, in the binary picture which
i s obtained by thresholding the differential picture, lines appear on
the darker side of the real edge, rather than just on the right posi-
tion.

In the next chapter, more precise locations are obtained by
returning to the original picture, for the purpose of face identifica-
tion.

(2) Face with facial lines or extra shadow

Facial lines and extra shadow in the face often result in trouble-
some line segments in the binary picture, hence failure or error of
the analysis. In Fig. 2-27, the correct result is obtained because
the search of the chin contour wes limited to a small area based on
the implicit model of the face. In the case of Fig. 2-28, the program
wes deceived by the several parallel line segments near the mouth and
was not able to detect the face-side line.

(3) Face with glasses

In the case of faces with glasses, the program usually fails in
the step of eye detection or gives erroneous eye positions, but this
is only natural because the program wes not taught that people may
wear glasses!!; all the other results, however, are usually correct.
Fig, 2-29 illustrates an example.

(4) Face with mustache

In the face with mustache, thick line segments appear between
mouth and nose as shown in fig. 2-30, and the nose (P and Q indicate
the nose ends) is often located below the right position.
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Figure 2-25 Result of the analysis : example 2.
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Figure 2-30

Face with mustache.
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Figure 2-31

Face with turn or tilt : example 1.
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Figure 2-35

Picture of low contrast.

|

= - -
= - .==——.
=
=
'
E
=
- =
- i-
T
= %
- - =
2 == : £
= 2
== = =
== ﬁ
P =
SR
.
=
L |
: = -_— 1
z P
§ E3
&
£ 3
= F
B £
o T = P
= = = x =
L o = L P H
i g

. --": OIS . }
Digitized picture i i .
by the beem (00) (¢) Binary picture

the chin contour
is not detected.

43



: example 2.

Face with turn or tilt

Figure 2-32
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(7Y Noisy pictures

A lot of noisy points exist in the picture of Fig. 2-34. However,
they did not produce any effect on the analysis result, thanks to
the use of integral projection and the predictive nature of the
program. The operation of eliminating a small isolated  segments
beforehand may seem preferable, but sparse segments are often meaning-
full as in the case of Fig. 2-33.

(8) Picture of low contrast

In the case of pictures of low contrast around the chin, there is
no chin contour detected in the binary picture. Fig. 2-35is atypical
example. In this case, the beam-intensity control of the flying-spot
scanner(8] is very useful; it changes the relation of input picture
density vs. output digital value as shown in Fig. 2-3€(c). Fig. 2-35(b)
wes sampled by the beam (00). The use of the beam (10) increases the
contrast of the middle range in the digital picture as shown in Fig.
2-3€(a).  Therefore, in Fig. 2-36(b) the chin contour appears in the
binary picture and the analysis program can detect it.

(9) Size variation

The program itself is able to accept the size variation of face
up to 15~ 20%. It may be readily extended so that larger variations
are acceptable, by making combined use of the flexible scanning
program of FSS ( kanade{8]). Suppose a face in the input picture is
too small, The program will fail in the first step of detecting the
face sides L and R, but the size of the face can be estimated. Based
on the estimation, finer scanning with a smaller spot size will
probably produce a digital picture in which the face is of the accept-
able size.

APPENDIX B contains supplementary examples.  Muh more examples
would be necessary to completely show the excellent properties of the
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Figure 3-36 Effect of beam-intensity control

(5) Face with turn or tilt

Fig. 2-31 and Fig. 2-32 show the faces that involve a small
extent of turn and tilt. Though the results are fairly good, the
positions of mouth, nose ends and eye rectangle have some errors
because no explicit compensation is mede for the turn and tilt.

(6) Case of sparse chin-contour segments

Fig. 2-33 illustrates the case in which the feedback process with
adaptive threshold setting in the chin-contour detection made it
possible to detect a set of sparse line segments as forming the chin
contour.
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CHAPTER II1

IDENTIFICATION OF HUMAN FACES

111-1. Introduction

The recognition of a face is one of the most common human experi-
ences, and yet it is very difficult to explain how this is done.
Little research has been reported on machine identification of faces.
This chapter describes an attempt at face identification of 20 people
by computer.

Main emphasis is put on computer extraction of face features
from the picture. The identification test of faces was conducted
mainly to verify the results of the feature-finding algorithms, as
well as to attempt an automatic visual identification of people.
Therefore the method employed i s rather standard and straightforward:
the picture is first analyzed to locate feature points; then, facial
parameters are calculated; a weighted Euclidian distance defined on
these parameters is used to measure the similarity of faces.

111-2. The Problems

To automate the identification of human faces, three problems
arise as in other pattern-recognition tasks:
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program, but the successful results of analysis or more than ggp
pictures have demonstrated that the flexible picture analysis scheme
with feedback which was employed in the program 1is very powerful for
dealing with complex pictures.
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such points as eye corners,mouth extremities, nostrils, and chin top.
These facial landmarks are located by computer picture processing.
Decision-making uses a simple Euclidian distance defined on the
feature parameters.

111-3. Computer Extraction of Face Features

111-3-1. Data Set

Machine identification of 20 people by their faces wes attempted.
They were all young people, 17 males and 3 females, without glasses,
mustache or beard. Pictures of the subjects were taken in two series,
i.e., two pictures for each person. The first and second pictures
of the same person were taken in a different place with a time inter-
val of one month. Thus, a collection of 40 photographs of a full face
was used in the experiment. No special arrangements on lighting and
other photographic conditions were made, except for asking the subject
to turn a full face. The films were processed in a normal way, and
positive prints with an appropriate size were produced to fitwith
the opaque-material head of the flying-spot scanner.

111-3-2. Two-Stage Process

Computer picture processing is carried out to locate face-feature
points in the face, such as eye corners, nostrils, chin contour and
so on. As shown in Fig. 3-1, the whole process consists of two stages.
The first stage is exactly the process described in CHAPTER 1I: the
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(1) Selection of effective features to identify faces

About face-features, a few works have been reported. Bledsoe[2]
and Kaya and Kobayashi[9] used geometrical parametrization on the
basis of coordinates of facial landmarks, whereas Goldstein, Harmon
and Lesk[6] used subjective descriptors of features such as face
shape, hair texture and lip thickness.

(2) Machine extraction of those features

Computer processing of human-face pictures for feature extraction
has rarely been studied. Face-identification systems So far developed
are man-machine system, in which feature extraction is performed more
or less by human. In Kelly's work[10], only five measurements are
drawn from the face, and it seems that measurements in the body
picture, e.g., height and width of shoulders, play more important roles
in his identification test.

(3) Decision-making based on the feature measurements

This 1s related to learning machines in pattern recognition.
Many elaborate alogrithms to derive the optimal decision rule have
been proposed.  Actually, however, in such a complex problem as the
identification of faces, the set of selected features mainly deter-
mines the performance of identification. In fact, Bledsoe and
Kelly used & rather simple weighted Euclidian distance. In the
tasks of suspect-face-file search and fingerprint-file search, it is
more reliable and useful to find a small subset in which the target
is surely included than to try to identify the best match in the file.
The rank-ordering process devised in [6] provides quick reduction of
target population.

At present the problems (1) and (3)are not of our major concern,
though they are of interest. Computer extraction of facial features
is our principal purpose. In this thesis, the geanetrical parametri-
zation was used to characterize a face; distances and angles among
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Figure 3-2 Result of the first stage of processing.

111-3-3. Sampling of Finer Image Data

The first thing to do is to obtain finer image data of the
confined portions. From the feature points obtained in the first
stage, four small regions are settled as shown in Fig. 3-3. They
correspond to the right eye, left eye, nose and mouth. This time, the
scanning is made with the highest resolution, i.e., spot size = 1 x 1
(point spot) and sampling step = 1. The "best" beam intensity is
selected to obtain the details. Four kinds of beam intensity are
available as was mentioned in CWPER Il (see Fig. 2-36(c)). The best
beam intensity to be used for each region is determined as follows.
Take the nose region for instance. Fig. 3-4(a) shows the histogram
of gray levels contained in the corresponding region of the digital
picture which was scanned by the beam intensity (00) and used in the
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whole picture is scanned to produce a S5-bit digital picture of
140 x 208 elements; the sampling is made at every 3 addressable points
by a5 x 5 spot by means of the flexible scanning program of the
flying-spot scanner; then the secondary different fation and threshold-
ing yield a binary picture, in which the picture analysis program
locates a Set of facial landmarks; anexample of the processing result
of the first stage is shown in Fig. 3-2.

The coarse scanning by a relatively large spot has eased the
succeeding differential operation and feature-finding algorithms of
the first stage, but, for the purpose of face-identification, the
accuracy is insufficient. Once the locations of eyes, mouth, nose
etc. are known, at least approximately, one can return to the original
picture to extract more accurate information by confining the process-
ing to smaller regions and scanning with higher resolution. This
refinement process is the second stage, which will be described in the
following two subsections

Coarse scanning on T
the whole picture .
with low-pass . : First
filtering Binary picture stage
Extraction of
# facial landmarks
/"’ !
Original
g /
picture
Fine scanning Fine image data of T
on the confined | specific parts Second
' Precise location
' of feature points v

Figure 3-1 Two-stage process for computer measurement
of features of human-face photographs.
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(d) Mouth

Figure 3-5 Printouts of detailed image data.

first stage (see Fig. 3-5(c)). The histogram indicates that the
shades of gray in the region range from 8 to 26. Thus the beam
intensity (10) will provide the best detail, because the middle range
is digitized into 32 levels, and the darker and brighter ranges satu-
rate to the lowest value 0 and the highest value 31, respectively.
In fact, as shown in Fig. 3-4(b) the mw histogram of the detailed
image data of the nose region (Fig. 3-5(c)) proves the effect of this
beam selection: the whole digital range is used effectively.

In this way, the best beam intensity is selected for each region:
(00) for the region of wide-range intensity, (01) for dark region,
(10) for medium, and (11) for bright. Fig. 3-5 shows the printouts
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Figure 3-3

Four regions to be
sampled in the second
stage. They are
determined by the

positions of S, T,
P, Q, and M

Size of the regions:

Eye == 70 x 40
Nose == 80 x 50
Mouth -- 105 x 50 .

gray level
ATV IS=SRYNIES

gray level

b o o T T I

frequency

(b)

Figure 3-4 Histogram of gray levels.
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(a) Elimination of irrelevant (b) Determination of eye
portions rectangle

Figure 3-6 Detection of eye comers

The operations shown in Fig. 3-6 can locate the eye corners
precisely. The first operation is to erase the connected canponents
which cross the frame edge and lie outside of the circumscribed
rectangle of the right eye $155535, that has been determined in the
first stage (Fig. 3-6(a)). This operation eliminates the portions
that correspond to eyebrow, nose line, and hair. The circumscribed
rectangle of the remaining components, AJALALA, is determined
(Fig. 3-8(v)); it indicates the precise location of the eye.

The same operation is performed on the left-eye region. The
result is illustrated in Fig. 3-7; the four vertexes are displayed

in the gray-level digital picture.

(2) Nose

In the nose region, the two nostrils are the features that can
be consistently obtained, because they appear extremely dark.

Two small areas are fixed, in which the left and right nostrils
may be contained, respectively. P-tile method is applied on each
area to determine the threshold that singles out the nostril from the
background: the threshold value is the minimum T such that the number
of points which are darker than T exceeds a predeternined number
P = 45. Points that are darker than T are located, and the fusion of
distance 1 is perforned on it. The center of gravity of the madmm
component in each area is computed as the center of the nostril.
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of the detailed image data (upper) and those of the corresponding
regions In the picture used in the first stage (lower). It can be
seen that the upper pictures contain more details.  This re-scanning
process can be regarded as a kind of visual accommedation in both
position and light intensity; the conditions of image-data sampling
are adapted to the individual portions.

I11-3-4. Description of Extraction Processes

After acquisition of the finer image data, the next processing
is to extract more precise information from each region.  This time,
all the operations used are very straight and simple:  thresholding,
differentiation, integral projection, and so on.  Such simple opera-
tions suffice to get the facial details, because the program knoas
what part of the face it is looking at and what properties it deals
with. Moreover it should be noted that this two-stage process could
reduce the memory and time which might have been wasted for processing
unnecessarily fine image data of irrelevant portions.

(1) Be
Fig. 3-5(a) is the gray-level representation of image array in

which the right eye is contained. For each picture element l‘.j, the
first derivative

dlis = 1 atia*icger) = (iajatlin g liage)!

+ I(Ii-'lj-‘l*lij-]”iﬂj-ﬁ - (Ii-ljﬂ”ijﬂﬂiﬂjﬂ)l (3-1)

is computed. Fig. 3-6(a) shows the binary picture in which the (i,J)
element has 1 if dIij>e or 0 if dIl.J.<e. The value of € is set 15 in
this experiment.
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Fig. 3-8 illustrates this process. Fig. 3-9 shows the results: the
centers of nostrils are displayed in the picture.

3) Mouth

Lip thickness and the shape Of mouths are very distinctive
features of people, but It is not easy to extract them with consis-
tency. Therefore,in the mouth region, only the position and breadth
of the mouth are used.

The lips occupy a relatively dark and oblong area in the mouth
region as can be seen in Fig. 3-5(d). As shown in Fig. 3-10, the
vertical integral projection is first calculated. The deepest valley
V corresponds to the dark portion where the upper and lower lips meet.
It shows the vertical position of the mouth. Next, along this hori-
zontal line, a narrow band is established as shown in Fig. 3-10.
From the horizontal projection of this band, the breadth can be deter-
mined by detecting the darker part; the detail is explained in
Fig. 3-10. The left and right extremities of the mouth located in
this way are displayed in the picture of Fig. 3-11.

This completes the second stage of the processing. All the
facial feature points which have been extracted inthe first and
second stages are used to calculate facial parameters.

Examples of the processing results are presented in APPENDIX C.
They are a part of 40 pictures used in the identification experiment.

111-4. Facial Parameters

A set of sixteen facial parameters X = (x.l, Xoy «ves X]G) shown
in Fig. 3-12 is calculated. They all are ratios of distance and area,
and angles to compensate for the varing size of pictures. In order
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Figure 3-7 Eg comers.

(a) P-tile method and fusion (b) Centers of gravity of
madmum  componen

Figure 3-8 Detection of nostrils.

Figure 3-9 Centers of nostrils.
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over the whole set of data. That is, y; means how far the parameter
value x, is from the mean m.= E[xi], normalized by the standard devia-
tion 0,0 Yy takes a positive value if LY is greater than the mean and
negative 1Fsmaller than the mean. Thus a picture is expressed by a
vector Y = (¥ ¥, ceenYe)

On the other hand. the same set of facial parameters is measured
by human hand in the enlarged photograph of the face using a millime-
ter scale and a transparent millimeter grid. The normalization s
also performed. This is done to compare the feature measurements by
computer with those by human. Hereafter, the superscripte or his
put on the parameter variable Y; when it is necessary to indicate
whether it is obtained by computer or by human.

AB/0C
ST/AB
NC/0C

curvature of the
= .
¢4 'top of the chin

(AEGC+AFCH)/(51+SY)

=Qa

% (e£+eY)
8

»x X
[ "

>
"

XN/XC
NM/XC
(hy#h )/ST
(vg+v. )/ST
a/ST
b/ST
ST/XN

<
»x X
W on

w
Qb
W
ll\x
x
]

S SY - hatched areas

x X xX X
"

Figure 3-12 Facial parameters.
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to eliminate the differences of dimension and scale among the compo-
nents of X, the vector X is normalized according to the following

equatian:
y-z_‘_ £=1' 2’ cee gy 16 (3-2)

where m, Elx,1, o = E[(x; = m;)?]; and E[-] stands for the average

Figure 3-10 Determination of mouth extremities.

Figure 3-11

Mouth extremities.
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[11-5. ldentification Test

The phase of identification test of faces was run separately from
the phase of picture processing. The whole collection of 40 pictures
was processed, and all the parameter measurements were obtained both
by computer and by hand. The resultant normalized vectors ZYc and
! for 1 =2~ 40 were recorded on a magnetic tape.

The experiment wes run as follows. The collection of 40 pictures
wes divided into two sets of equal size. The first set that comprises
20 pictures, one picture for each person, is the reference set R, or
the set of knoan individuals.  The remaining 20 pictures are used as
the test set T or the set of unknown individuals. Now the problem is:
given a picture in the test set T, find the picture of the same per-
son in the reference set R.

W chose a simple distance

16
a(y, v ) = T Jy. - yi|¥ (3-6)
i=1 ¢ v

as a measure of similarity between the pictures v and Y'. Therefore,

Feature k 1

measurerm 4 1 2 3
Computer 10 9 10 10
Human 15 13 13 12

Table 3-2z The number of people who were correctly
identified when all the parameters were
used. A Dbetter performance is obtained
when ineffective parameters are omitted
in decision-making .
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Before going to identification experiment, the effectiveness or
repeatability of parameter values has been examined in the following
way. Pick up a picture ,Y. Let ZY' be the other picture of the same
person. Then

2

Y = g - (3-3)

i s hopefully the minimum of the set
S;= Uy, - .l Lk=1,2, ..., 90, k¥ 1}, (3-4)

but this is not always the case. Let ,u. be the .r.-th smallest of

Si Table 3-1 tabulates the average uitand standafd deviation 8 of

4" Over the whole collection of pictures, i.e.,
R 2
/(o r. - o))

a.
1

(3-5)

8.

1

Yio Yy Y3 T Yy Y Yy Xy Yy Yy Yy Yig Nig Tig Yy Yie (Average

12,2 5.6 6.9 6.2 190 1.3 150 137 137 17.1 11.0 10.7 12.7 7.3 30.% 0.8 | 143
8 9.7 9.6 95 9.1 104 W3 0.8 110 101 99 7.7 1§ 00 t.¢ 06 05

10.2 10.1 4.8 13.& 17.¢ 12,0 11,9 191 122 93 1183 117 114 9.0 T13.& 16.8 |12.7
S 7.9 8.8 .0 105 &8 82 90 97 05 70 105 09 ¢4 7.9 100 0.1

Table 3-1 Repeatability of parameter values.

The upper and lower rows correspond to, respectively, measurements by
computer and by hand. It can be said from the table that the reli-
ability of individual parameters is not very high. The accuracy of
computer extraction is slightly inferior to that of human extraction.

60



when given a picture ®&T in the test set, the answer is the picture Y
in the reference set such that

min d(Y, Y') = d(v, Y). (3-7)
Y'er

The identification test was carried out for K = %, 1, 2, 3.
Table 3-2 summarizes the results. The correct identification is
45 ~ 75%.

Better results are obtained when ineffective parameters are not
used in calculating the distance.  The parameters, the sun of whose
a, and 8, fs large, are regarded as ineffective.* In the camputer
extraction, Ys» Vg and Y4 are discarded and in the humn extraction,
Yor Yg and y,,. Therefore only thirteen parameters are used. The
results of identification test are presented in Table 3-3 (computer
extraction) and Table 3-4 (human extraction). The entry number stands
for the rank of the real target picture: 1" means that the correct
individual is identified. In both tables, 15 out of 20 people are
correctly identified in the best cases.

Fom this limited experiment it is difficult to judge whether a
fully automatic identification of faces is feasible or not, but the
experiment has shown that the computer is certainly capable of ex-
tracting facial features that can be used for face identification of
people, almost as reliably as a person.

*This criterion nmay be justified as follows. Suppose s follows
a normal distribution N(ai, 8«;)' Then C, =a, +8, is the rank below
which 84%of cases fall.
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Rank of the real fank ;f the resl
target picture target picture
pemon | 2| 1] 2] 3 X 11y 2] 3
Person 7
A } ! 1 1 A 1 ) 1 1
8 1 1 ) 1 8 2 2 2 2
¢ L300 S I R I ¢ N ERRE
0 3131 f ) 2 L v ]y I
€ LI S I O £ 2 v ] vl
F 4 5 5 5 F 1 1 1 1
6 1 {21 3le & HIEEERER
H 2 2 2 1 H 6 3 3 5
1 ) ) 1 2 1 1 1 1 1
J 2 } 1 1 J 1 1 1 1
K 1 1 1 ) X ) 2 2 5
t 2 2 1 2158 L 1 1 1 1
" 1 1 1 1 " 5 5 ] 5
N 2 ! 1 1 N 1 1 2.1 2
0 2 ) 1 1 0 1 1 1 1
p 1 1 1 1 P 1 1 1 1
Q 5 5 2 ) q 4 3 2 3
R 1 1 1 1 R 1 1 ) 1
3 2 2 1 1 s 1 1 } \
T 4 3 3 2 4 ¢ 7 2 T ¥ ] )] 1
Average 1.2 18 15 1.8 Average 1.8] 1.5] 15| 1.8
Number Nusber
of correct| o | 15 | 14 | s forrectig |15 (14 [
cation cation
Table 3-3 Table 3-4
Results of identification Results of identification
test; feature measurement test; feature measurement
by computer. by human.
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CHAPTER IV

CONCLUSION

Iv-1.  Summary of This Thesis

This thesis has been devoted to the descriptions of computer
analysis and identification of human faces. 1t can be sumnarized as
follows:

(1) In CHAPTER II, the analysis of human-face photographs has been
performed as a task of pictorial information processing.  Given
a photograph of the face, the analysis program can locate facial
feature points, such as eye corners, nose, mouth, chin contour
and so on. More than 800 pictures were successfully processed
by the program.

(z) The flexible picture analysis scheme was presented and employed
in the analysis program of human face. It consists of a collec-
tion of rather simple subroutines, each of which works on the
specific part of the picture, and elaborate combination of them
with feedback interwoven makes the whole process flexible and
adaptive. The face-analysis program developed in this thesis is
one of the first ones that implement this type of analysis
scheme with feedback for picture analysis. Excellent proper-
ties of the program as well as successful resultsof the analysis
have proved that this manner of organizing programs is very
promising to the analysis of complex pictures.
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area of black portions in a character. A decision rule that divides
the feature space into subspaces assigns an unknown pattern to one of
predefined classes. Many algorithms have been proposed for construct-

ing the optimal decision rules. But in this method, as is often point-
ed out, the choice of features is more crucial than the decision rule.

In extracting features from a picture, two-dimensional Fourier
transforms and histograms of gray levels may be useful, for example,
in distinguishing corn fields from woods in aerial photographs, but
in cases where the structure of the pattern is of more concern, they
do not work satisfactorily. Therefore, it becomes essential to pro-
vide the computer with the structural information of patterns.

Noticing the analogy between the structure of patterns and the
syntax of languages, Kirsch[11], Narasimhan[15], and others began
to take the so-called linguistic approach. As shown in Fig.4-1, the
input pattern is first represented in a string of primitive elements
which are extracted in a rather microscopic way. Then a syntactic
analysis is performed on the string in order to decide whether the
given pattern is in the particular class or not. This approach could
be successfully applied to line-like patterns, such as handwritten
characters, tracks of bubble-chamber photographs, and chromosome pic-

tures, achieving more flexibility than the template-matching method
or the method based on the statistical decision theory.

Primitive- ; Syntactic
; strin
Input element S o
pattern ——|extraction analysis
Grammar (Structure)

Figure 4-1 Introduction of structure in the liguistic
approach; this scheme is not satisfactory
for complex pictures.

€7



(3) In CHAPTER 111, visual identification of people by their faces
was tested. 15 out of 20 people were correctly identified rely-
ing solely on measurements obtained by a computer. This is the
first success of machine identification of human-face photographs,

(4) Though simple, the two-stage process employed in extracting
precise features has a significant meaning. It is an example of
distant feedback: high-level decision affects and controls input
sampling stage.

IV-2. Picture Structure and Analysis Method

This section provides a discussion on the generalized concept of
the method used for processing human-face photographs.

Several methods of pattern recognition so far developed are first
discussed briefly from the point of manipulating the picture structure.

The techniques of correlation in two dimensions can be used for
pattern recognition. Prepared a file of standard objects, a given
scene is correlated with each member of the file and it is concluded
that i1t most resembles that object which gives the maximum correlation.
This type of approach is often termed "template matching” and it has
an advantage that high-speed computation of correlation may be carried
out by means of optical devices. Although straightforward in concept,
the template-matching method, we know, 1is less potent for recognizing
patterns with large variations, because it is sensitive to translation,
magnification, brightness, contrast and orientation.

Statistical pattern recognition is another important approach.
The pattern is treated as a multi-dimensional vector in the feature
space, the components of which denote individual observations, e.g., the
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only in the context of a face; in fact, many other components show the
shape of the eye in the picture. This means that the search for the

component with the shape of the eye should be done in the region in

which the eye is expected to exist.

The scheme of Fig. 4-2 which | employed is better for this pur-
pose: first the region in which a particular part (e.g. head top) is
predicted to exist is determined by taking full advantage of a pricr:
knowledge about the object class of pictures and of the global but
sometimes not SO precise information extracted from the input picture.
Then the component with specific properties is detected in it. As a
result, the information about the picture under processing 1S rein-
forced and this can be used, in turn, for determining where to look
for the next part. Iteration of these processes leads to the acquisi-
tion of information enough to describe the given picture.

Procedures of detecting parts are divided into subroutines and
they operate on the estimated search area under given constraints.
Each procedure can take advantage of the fact that it knows what to
look for and where to look at. For rough and tentative estimation of

input

a priori knowledge picture

of the object class
of pictures

r—foetection of the

l components with

Srediction Y Specl led properties

infzgﬁgkion
about the input
picture

within the predicted
region

I “(success) (Failure)

roinforcomont

carvoction rotrial =

Figure 4-2 Generalized concept of the picture analysis
scheme employed 1in this thesis.
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The linguistic approach presents certain difficulties in its ap-
plication. In addition to the difficulty in describing a two-dimen-
sional image in the string form, the method suffers from the fact that
the stage of primitive-element extraction does not know what element
is meaningful and what 1S noise because it IS separated from the stage
of syntactic analysis. Another reason for this is that primitive ele-
ments are usually line segments and arcs: they are neither subparts
nor substructures of the picture, but only convenient units of process-
ing. Recently a method appeared which uses a description of the
picture in terms of properties of regions (e.g. circular) and rela-
tions between them (e.g. adjacent), instead of lines[1]. It may have
the same kind of disadvantages unless the relational structures of
objects which are stored do not direct the process of pictorial analy-
sis of a given scene.

In order to overcome this difficulty, Shaw[2C] proposed a top-
down goal-directed syntax analyzer. It "parses™ the picture in the
analogous manner to a classical top-down string parser:  the grammar

is explicitly used to direct the analysis and to control the calls on
picture processing routines for primitive elements. Unfortunately
the relation the analyzer uses is only the head-and-tail concatenation,
thus limiting its applicability.

Now, let"s discuss the significance of the method | employed in
anlyzing pictures of human faces. Some difficulties would be en-
countered if the linguistic approach were taken for human-face analy-
sis. Suppose that small line segments, arcs and the like are selected
as the primitives. Then the resultant rules for composing a face
would be intolerably complicated and awkward. Moreover, a lot of
noisy line segments unrelated to the face structure, perhaps from
wrinkles and hair style, would be annoying. Thus it is more conve-
nient to consider a face to be composed of larger substructures such
as eyes, nose, mouth and so on, having the relatively macro-positional
relations. Recall that the eyes, for instance, are recognized as such
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prepared. the member of which works on the specified region and yields
certain results when given a set of data it needs; the routines are
called into action in the appropriate sequence with retrial and feed-
back interwoven.

This scheme, when advanced, leads to the view that a picture-
analysis program should be a problem-solving program: that is, the
analysis does not proceed in a predetermined order, but the program
decides the best sequence of analysis steps depending on individual
input pictures, on the basis of a priori knowledge and evidence so far
gathered about the given input. The program selects from a collection
of routines one that is expected to give the most reliable result.
The selected routine is executed and the total information about the
input increases. In this way, the program reaches the goal of describ-
ing the given picture. In its process, the several aspects of problem-
solving techniques will appear inevitably, such as evaluation of inter-
mediate results, subgoal setting, backtracking and so on. The problem
of data structure is the most essential in this method, and one pos-
sible approach is discussed by Nagao[12].

The problem of computer picture processing has may  different
phases. Sometimes, a single transformation performed upon the whole
picture may suffice the purpose, among them uniform enhancement or
smoothing. W it comes to analysis or understanding of the picture,
the problem will involve much deeper aspects; structure, knowledge,
and problem solving. The results of this thesis suggest that, rather
than individual techniques of picture processing, it is more essential
to combine them in a proper manner based on the context and structure
of the picture. The work reported here will serve to advance picture
processing in that direction.
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search areas. procedures insensitive to noise are used which might not
be so accurate, but once the search areas for specific components are
established, accurate procedures are employed which determine the ex-
act properties of the components, and which sometimes incorporate

ad hoe methods.  Ifthe program fails te detect the component satisfy-
ing the specified conditions in the predicted area, it diagnoses the
cause, and may modify the program parameters, OF may go back to the
former steps. This kind of feedback mechanism makes the whole pro-

cess very flexible. Note that it alsosimplifies each step of analysis:
perfectresults need notto beobtained in the once-and-for-all process-
ing, for theerrors, whendetectedatlater steps, canbe recovered.

The feedback may involve the input scanning of the picture to
obtain more proper image data. A simple example is the two-stage pro-
cess described in the first part of CHAPTER]II for extracting precise
features of the face. This "distant" feedback prevents waste of memo-
ry and time for treating unnecessarily fine image data.

The scheme described above resembles somewhat the top-down goal-
directed syntax 2nalyzer of Shaw(20] in that both employ "detection-
after-prediction" process. In our scheme, however, (1) a priori
structural information about patterns is embedded in the procedures,
therefore, (2) the next part to be looked for and its search area are
determined by taking into account a broader context than the local
head-tail connection in Shaw's analyzer, and (3) modification of the
program parameters and backtracking can be performed more flexibly.
In contrast to Shaw's approach it may be a more problem-dependent
scheme.

IV-3. Picture Analysis and Problem Solving

The picture analysis scheme used in the analysis of human-face
pictures is fundamentally as follows: a collection of routines is
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APPENDIX A

COMPARISON OF LINE-DETECTION OPERATORS

Example 1

(a) Gray-level
picture

(b) Laplacian
operator
(Fig. 3-8)

(b-1) e = 25

(b-2) & = 35

(c) Robertz
operator
(Fig. 3-10(a))

(c-1Y e =4
(c-2)e =2

(d) Maximum of
differences
(Fig. 3-10(b))

(d-1) 8 = 4
(d-2) 8
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APPENDIX B

SUPPLEMENTARY EXAMPLES OF RESULTS OF ANALYSIS
OF CHAPTER I1I

1. Simple Case
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Example 2

(a) Gray-1level
picture

(b) Laplacian
operator
Fig. 3-8)
(b-1) 8 = 25
(b-2) 8

(c) Robertz
operator
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Fig. 3-10(a))
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(d) Maximum of
differences
(Fig. 3-10(b))
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4. Face with facial lines

e

(3

5. Face with glasses; eye centers
happened to be obtained
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Chin contour with breaks
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APPENDIX

C

RESULTS OF FACE-FEATURE EXTRACTION
OF CHAPTER 111

This appendix contains 10 sets of pictures
(2 sets x 5 persons) to show the results of

face-feature extraction described in CHAPTER II1I.

They are a part of 40 pictures used in the
experiment of face identification. Each set
comprises (i) a digitized gray-level
picture; (ii) a binary picture in which the
feature points located in the first stage of
analysis are marked as dots; and (iii) pictures
displaying the right eye corners, left eye
corners, nostrils and mouth extremities, which
are located in the second stage of analysis.
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