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CHAPTER 1

: INTRODUCTION

| ,
Most present day plocture processing programs are

unsultable for the analysis of naturally oceurling visual

scenes: When presented with objects such as trees, cars,

and people, these programs would become hopelessly confused,

What Is more, after looking at the structure of these

programs, It becomes obvious that there are no simpje

generalizations of these techniques which wll| succeed,

This thesis describes an attempt to develop a computer

program which performs a compiex picture processing task,

The task Is to ohoose, from a collection of plcturesof

people, those plctures that depict the same person,

In brief, the program works by finding the |ocatlon of

features such as eyes, nose,orf shoulders In the plctures,

© Individuals are classified by measurements between such

features, The Interesting and difficult part of the work
reported In thls thesis Is the detection of these features

in digital plctures,

The methods of the program as wel| as the goals of the

research are summarized In the next chapter. In general,

the primary purpose of this research has been directed

toward the development of new techniques for plcture

processing, The ldentifloation of people Is only an

Interesting problem that can be used for this purpose, It

1 | |
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is an Interesting problem because plctures of people are so

complex, and there |[s great varjation between plctures,

This Is In sharp contrast to the simple geometrical sollds

used so often In research In plcture processing,

No one has previously dealt successfully with complex

oblects such as people In computer plcture processing, The

success of the program Is due to and Illustrates the

heurlstic use of context and structure, A new, Widely

useful, techniaue called planning has been applied to

plcture processing, Planning Is a term which Is drawn from

artificlal Intelligence research In problem solving,

| The bulk of the work of this thesis has been devoted to

methods of finding low leve| features such as eves or

shoulders In digital oplctures, Many of the methods

developed by previous researchers have been applled to

different parts of the problem, The large number of methods

that are used canbe Indicated by summarizing the technlaques

used In recognizing each part of the plcture. Each method

|s discussed more fully In the remainder of the thesis: The

pos|tion of the body 1s Jocated by subtraction of the

background, The top of the head and the feet are Identified

by template matching, The wedges of the head, neck,

shoulders, and hips are found by edge detection operators,

The outline of the head Is obtained using planning to guide

goal directed search after using edge detectors, The eyes

are found by dynamlc threshold setting followed by smoothing

2
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and template matching, The nose Is |ocated by dynamic

| threshold setting, The mouth Is found with a |Ine detection

operator, All of these methods are applled heuristically

in a goal directed manner which Is based on an impllclt

model of the structure of the human body, |

| A large part of the success of this research Is due to

the avajlabllity of powerful Interactive computer facilities

for experimentation with the picture processing algorithms,
~ Most often In devising algorithms for ldentifying particular

features, It was found that Intultion was faulty. The

experimental procedure used to develop the final methods

went somewhat as follows, For a particular feature a method

for Identification would be postulated, This method would

be programmed and tried, Usually the method would fali.

Using the display terminals available on the time~sharing

system It was possible to watch the progress of the

algorithm while It was running, Parameters could be varied

interactively, This led to Insight as to why the method

failed and would suggest new methods or modifications, This

"nostulate=try~fajl" loop usually had to be repeated many

times before a satisfactory method was found, Once the

method was found, "flne~tunling™ was made feasible by the

interactive facilities,

3
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HISTORY,

~My first Interest In this problem began In a class

project In the winter of 1967, A small amount of effort was

devoted to this problem wuntll the spring- of 1968 when

serious work began, The past two years have been devoted to

this thesis research and to a study of basic plcture

processing procedures,

At first one of the goals was to recognize people

on-line as they were standing In front of the TV camera,

Eventually It turned out that the characteristios of the TV

Inoyt system avaliable prevented this, The chlef problem Is

the Inability of the system to provide detal| over a wide

range of |lght Intensity values, If the entire video signal

is dloitized, very I|lttle detall Is present, In order to

get facia| detalis, the video signa| must be clipped top and

bottom and the resulting narrow window digitized. Thls

leads, however, to the necessity of adjusting external

lighting, TV sensitivity, and clip levels for each person,

This Is time oonsuming and so error~prone as t0 be

impratical, [It demands too muoh of the patience of a

volunteer subject, The work of J, M, Tenenbaum (1978),

on automatic accommodation of visual parameters, proml|ses |

Improvement In this area,

As a oonseguence of the |Imitations on the quality of

TV input, the following scheme was adopted for obtalning

acceptable pictures, A number of ploetures of people would

4
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be taken In a ploture taking session, Later these pictures

would be examined visually by printing them on a

| Ine=printer using an approximate grey=scale (about 5

minutes per ploture) or displaying them on a storage tube

(about 280 minutes per ploture), Those plctures which

contained sufficient detall would be retained for

processing, Minor faults did not cause a plcture to be

excluded) this was not a selection to fit the pecullarities

of the recognition program,

ORGANIZATION,

. This thesis is structured to discuss first the problem,

next the so|utlions, and then the resujts, The next chapter

will outline the goals of this research and relevant past

work, Chapters 3 to 5 discuss the so|utions In broad terms

and In compalrison with alternative approaches, Chapter 3

surveys plcture analysis and description, Chapter 4

discusses goal-directed plcture processing and the use of

models, Chapter 5 covers the new technique, planning,

Chapters 6, 7, and 8 examine the recognition algorithms In

detall, Chapter 9 outlines the use of the nearest nelghbor

classification ajgorlthm, The final chapter summar]zes

results and offers suggestions for further work. |

.
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| CHAPTER 2

THE PROBLEM = RECOGNITION OF PEOPLE

This ohapter wli| describe the overall goals and

methods of the research described In this thes|s, ‘The

method used for recognition wiil be outiined briefly to

provide an overview of the structure of the program, In

addition, past work on the recognition of people by oomputer

will be summmar|zed, | |

GOALS,

There |s great potential for enhancing the usefulness

of computers by the addition of visual Input capabliitles,

The primary goal of the research reported here has been the

development and Improvement of techniques for computer

ploture processing,

The term "plcture processing” Is used In this thesisto

mean the processing of a plcture obtained from the outside

world, It Includes areas often called "pictorial pattern

recognition” and "picture analysis and description", It

excludes generation of plctures by computer, so-called

| ncomputer graphics", This corresponds to Rosenfeld’s usage
“of "plgture processing” ([1969al, (M|iler and Shaw [1968]

ascribe a wider meaning to the term,)

An effort has been made to apply heuristic methods,

drawn from artificial Intejlilgence research in problem

6
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solving, to computer plcture processing, "A heuristic Is a

rule of thumb, strategy, trick, simplification, or any other

kind of device which drastically |Imlts search for solutions

In large problem spaces" (Felgenbaum and Feldman [1963], p,.

6), The term artificial Intelligence has been used With a

wide varlety of meanings by speclalists in various flelds,

In thls thesls artificial Intel |lgence research Is

considered to be complex problem solving by computer (of

problems which may require Intelligence for thelr solution)

using heuristic techniques, Examples of such research

include the General Problem Solver of Newell,» Shaws and

Simon [1959]; programs that play checkers and chess (Samuel

[1967], Greenblatt et al. (1967]); and the Dendral program

of Lederberg and Felgenbaum [1968] for inference In organic

chemistry,

Effective computer plcture processing wlll probably

come about via the Incorporation of heuristic methods. The

problems to be solved are large, complex, and not well

understood, Adaptation to plcture processing of generally

effective heuristics used by artificlal Intelligence workers

appears to be the best way to attack these problems,

Surprisingly, In the past there has been relatively Ilttie

interaction between these two research areas.

"Advancement of computer plcture processing can come

from work on a speciflc problem, Past experience Is meager

and generally usefu| concepts are few, The primitive state

, .
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of knowledge makes It appropriate to attempt a particular

problem with hopes of generalizing the results, This Ts

| what has been done In the work reported here,

The problem which has been chosen [8 the followings

deve|op a program whlch wij| identify people from pictures

taken by a TV camera attached to a computer,

OUTLINE OF THE METHOD,

The general scheme of operation of the program can be

summarized as follows, Two plctures of the Individual to be

recognized are read nto the computer, One Is a plcture of

the entire body, head to feet, The other Is a close~up of

the head. The program processes the plotures to locate

feature polnts such as the Irises of the eyes, nostriis, the

top of the head, Once these points are found, measurements

are derived from them such as height, distance between eyes,

width of head, etc, These measurements are then used In a

pattern classification algorithm to extract the |dentity of

the person from a dictionary containing known individuals:

and thelr measurements,

The method out|lned above appears quite straight-

forward? locate features, obtain measurements, classify

pattern, Obviously. obtaining measurements once feature

points are located Is a trivial operation, The final stage

of the method, pattern classification, has been well

studled, Glven a good set of features, there are standard

8
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classiflcatlon algorithms which may be used, However, the

first step, locating the features In a digital plcture, Is a

process about which very |lttle Is known.

This then Is the maln effort of this thesis research:

accurately locating desired specific points on plctures of

people. Such low level plcture processing, called varlous|y

feature extractlon, pre-processing, or characterization of

the plcture, Is generally recognized as the most difficult

part and the principal problem in pattern recognition, (See,

for example, Ho and Agrawala [1968], p, 2182,) It Is

worthwhile emphasizing, In view of the fact that so much

previous work In pattern recognition has been concerned with

mathematical technlques for classification, that

in this work classification has received only minor

attention,

Measurements from the face and body should provide a

good means of Jldentifying people. The reason for thls

expectation |s that physical measurements were the basls of

the Bertl|lon system for ldentification of people, which had

wide use In police work prlor to the discovery of the

usefulness of fingerprints (Thorwald £19651), This

expectation Is confirmed by the results obtained by Bledsoe

~ which are described later In this chapter,

The measurements whlch have been selected for use In

this thesls are given In Flgures 2-1 and 2-2, Each

measurement |s normalized by dividing It by the measured

9
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Figure 2-1, Measurements from the body,

2, Width of head,
3, Width of neck,
4, Wldth of shoulders, }
5, Width of hips,

| 10
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Flgure 2-2, Measurements from the head,

| 1, W]dth of the head,
2, Dlstance between eyes,
3, ODlstance from top of head to eyes,
4, Dlstance from eyes to nose,

| 5, Distance from eyes to mouth,

11 |
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© helght,

PREVIOUS WORK,

A number of papers have appeared In which ‘plctures of |

faces have been partially processed by computer and the

results displayed, Examples are the papers by Narasimhan

and Forango [1964] and Hueckel [1969], Both of these papers

present computer produced |lne drawings of faces which were

"derived from grey scale Input plotures, Such operations are

fine for presenting faces to the human eye but represent

only a very smal] step toward computer desoription and

recognition,

The principal prior work on recognition of people by

computer has been done by W,W, Bledsoe,. This work was begun

at Panoramic Research, Ine, and continued with P,E, Hart at

Stanford Research Institute, (See Bledsoe [1964] and

£19661),

There are differences and simljarlties between the work

of Bledsoe and the work reported here, The chlef difference

Is that Bledsoe created a man=machlne system In whigh a

human operator, working with a face projected on a Grafacon

or "Rand tablet", located the feature points on the face and

manually pointed out thelr position for the computer to

record, In contrast, my work consists primarily of an

attempt to automate thls feature location step, Bledsoe was

concerned wlth regognlition of photographs of faces} |

12 |
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consider both body and face, Bledsoe permitted a wide

variation In head rotation, tilt, lean, photograph aua|lty,

and |lght oontrast} I require much more standardization of

pose and can obtain [It since I control the plcture taking

environment, In spite of these differences, the work

reported here follows the basic .|dea for visual

ldentifioatlion of people first |ald cut by Bledsoe: {ind

the measurements and use them for Identification, Another

"way of summarizing thls Ist! automate the Identification

technlaues of Bertl|lon,

Bledsoe’s results verifled that faclal measurements

made on photographs could be used effectively for faolal

recognition, In his work, measurements were obtained from

2080 photographs, 2 photographs for each person In the

sample, Given a set of measurements for an unknown person,

the classification system attempted to supply a name or a

small ist of names which included the unknown Individual.

Using various classification methods Bledsoe found that an
average reduction In uncertalnty of about 1/188 could be

obtained,

Bledsoe’s group was also concerned to a |imited extent

with finding features automatically (Bisson (1965al],

£1965b1), The results of this were Inconclusive; many

problems were encountered trying to determine the |ocation

of feature points, Bledsoe’s success with facial

classiflocation using measurements while leaving open the

| 13 |
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problem of automatic feature |ocation has been a stimujus

for the work reported In this thesis,

Sakal, Nagao, and Fulibayashl [1969] have reported

their work on finding faces In photographs, Their goal Js

to detect If a face or faces are present In a plcture, .They

first produce a picture which contalns the edges of the

inout plcture, A large oval template corresponding to the

head outline |s then matched with the edge ploture, Aj

reasonable positions and sizes of the template are trled,’

In those positions where the oval template recelves a high

response, the head hypothes|s |s checked by further template

matching that expects many edges In the eyes, nose, and

| mouth and few edges on the forehead, This method appears

to be time consuming, and the result [8s only an approximate

location for the head In the plcture,

Three Russians, E|’bur (19671, VYurans (1967), and

Rastrigan [1967], have presented methods for |dentlfying

faces from photographs, The methods assume that a

representation of a face as a set of points |s avallable,

The papers are most|y on projective geometry’ there Is very

little mention of application, Hart (1969) has prepared a

summary of the content of these papers,

14 |
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CHAPTER 3

PICTURE ANALYSIS AND DESCRIPTION BY COMPUTER

This chapter wlll discuss past work |n automatlo

pleture anajysis and description, Applleations wil| be

summarized brlef|y, Useful technliaues which have been

developed wi|| then be described In some detall, |

APPLICATIONS,

Applications of computer plecture processing oan be

summarized as an area of much past work with (ttle scild

success, Many exper|ments have been performed which have

used computers to process and |dent|fy visual Images: In |
only one area has thls work passed from the experimental] to

the practical,» This area Is optical character recognition

(OCR), The methods used for OCR will be discussed,

Following this some of the other appliloation areas will be

surveyed,

Character reading machines are a practical success,

To quote a long time |jeader In the development of the fleid,

"It Is now possible to read with any des|red acouracy any

reasonably good printing whether done by typewriter, |

high-speed printer, or typesetter" (Rabinow [1968], p.24),

In many ways, the problems encountered In reading characters

are different from and simpler than the problems found In

more general ploture proocessing,. Nevertheless, because of
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the great success whlch has been achleved by OCR, It Is

appropriate to examine the methods which have been used to

achleve thls success so that thelr potential for other types

of plcture processing may be considered,

One method whlch has been used for. successful OCR Is

special Input, designed for recognition, The many character

sets Intended for machine reading are examples of this,

Rabinow reports bul|ding a high resolution machine to read

alphanumeric characters specifically designed for machine

reading, "It read without error, that Is, It has read

several blllion characters without a single error and the

relect rate Is something of the order of one character in 2

milllon" (C1968, p.7), Control of the |nput with

regognition In mind must be considered In any general

pleture processing task,

Specla| character sets are not the only characters

which can be read by reading machines, In general however

it 1s the fact that printed characters are black against a

contrasting background, with more or Jess sharp edges, that

permits the use of stralghtforward recognition methods with

success, A good dlscusslon of the recognition methods used,

the subJect of the next several paragraphs, may be found In

Character Recognition 1967 (British Computer Soclety

(19671), |

Character readers generally recognize characters by

template matching, The character "A" for Instance Is
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compared with |dea|lzed specimens of "A", "B", ,., , "2" to

determine the best match, The matching |[s not however a

stralghtforward cross-correlation, which Ignores the fact

that many characters have common areas and that some areas

are nearly unique, Rather, a welghted mask Is correlated

with the unknown character, In particular, the unknown

character |s usually represented as grey values on a

rectangular matrix Aj For each character, C , to be

recognized there |s a welght matrix We; The score for
character C Is then © = SW Ag (Ignoring character
positioning), The welghts for particular characters are

most often obtalned heuristically and Intuitively, This

sort of weighted template matching can be useful In plcture

processing when the obJect to be found can be rellabiy

characterized as to shape and relative grey vajues., |

Another recognition method used In OCR Is stroke

analysis, In this method a character Is classified by a

group of characteristic properties and features, For

Instance a "T" might be required to consist of a long

vertical stroke with a horizontal stroke at the top, The

individual strokes may be found using welghted templates as

before. This method Is ourrent|y used on highly stylized

characters, However, It Is an example of the sort of

two-stage method that Is necessary when the Input has wide

varlabl lity,

In contrast to the success of optical character
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recognition, app|loations In other areas are only partially

successful or are experimental,

Recognition of blocks and simple geometrical solids has

been the goal of much Interesting recent research, The

first work of this nature was done by Roberts In his work

"Machine perception of three~dimensional solids" (19633.

This was a computer program which processed and recognlzad

plectures of blocks and wedges, From a photograph, a |ine

drawing of the scene was extracted, The I|lne drawing was

processed and a |ist of the three~dimensional objects In the

scene was produced, Once the obJect |ist was obtalned,

various two~dimensional projections of the objects could be

dispalyed, Thls work was partioular|y noteworthy In two

respects, First, solutions were developed for the difficult

problems encountered In going from the representation of a

plcture as a matrix of |lght Intensities to the

representation of a ploture as a |Ine drawing, Roberts’:

| edge detection operator Wi|| be d|scussed In deta|| Jater In

this chapter, Secondly, Roberts Introduced the use of a

four-dimensional, homogeneous coordinate system to handle

perspective transformations,

| The Stanford University Artificial Intelligence Project

Is attempting to develop visual and motor capabilities for

computers, Bullding on the work of Roberts, several

programs have been written whlch can recognize blocks on a

tabletop, Work 1s ourrent|y in progress directed toward
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recognizing more complicated geometrical solids, processing

pletures of roads for a computer controlled car,

accommodation of vision system parameters for enhanced

visual percenotion, using texture to distinguish areas of

Interest In plctures, and developing models and data

structures for the representation of scenes,. (See McCarthy

et al, [1968), Feldman et al, C1969], Falk [1969], and Pay]

et al, (19691)

| At Stanford Research Institute a computer control |ed

robot |s being developed (Raphael [19681], Ni|sson (19691),

Vision programs are being supplied which can cope with the

robot's environment, a rcom with |arge blocks, wedges, and

platforms,

Guzman [1968], working at the M,I.T, Artiflclal

Intell lgence Project, has developed a program which

decomposes a |lst of |Ines Into a |Ist of objects, Guzman's

program can handle scenes of far greater complexity than the

programs mentioned above, However, the Input to thls

program |s a symbolio and error-free |Ist cf the edges In

the scene, |

From the preceding paragraphs It may be seen that there.

is much work directed toward computer recognition of blocks

and solids, In examining this work, however: the fact

stands out that even for simple scenes the computer

processing of visual images Is dlffioultand not clear|y

understood,
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Other application areas where computer plcture

processing techniques have been used wlth some success
Inolude the following of particle tracks In bubble, cloud,

and spark chamber photographs; the processing of

photomicrographs, particularly those of chromosomeS; the

processing of aerja| photographs to obtaln Information on

eloud types and terrain; and the visual processing of
fingerprints,

EDGE DETECTION,

In plcture processing one of the most Important

problems |s edge detection,

Much work on edge detegtlon in digital plctures has

been reported, An "edge" |s the boundary between two

obJects or between an obJect and the background, It Is

contrasted with "|ine" which denotes a thin stroke agalnst a

uniform background, (The |ines In Figure 3-2 represents

edges In Flgyre 3-1,)

Finding the edges In a plcture |s Important, If the

picture Is to be analyzed and described by a computer, Much

of the Important information in a plcture Is contained In

the edges, This may be seen In Flgure 7-4 which shows the

edges present In Figure 7-3, It Is evident that most of the

Information of Figure 7=3 Is retained,

| Edge detection has received considerable attention as a

part of computer picture processing, Roberts (19633, In
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Figure 3-1. Grey scale picture of blocks.

MM
Figure 3-2. Edges from Figure 3-1.
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his ploneering work in machine perception, detected edges [In

~~ the plcture as the flrst step of processing, Narasimhan and

Fornango [1964] emphasized the Importance of edges In

experiments with pictures of human faces, Guzman [1968], In

his work on the analysis and description of scenes, assumed

that all edges In the plecture had been. found accurately,

Other research which Illustrates the Importance of edges In

plctures Includes the Stanford University Artiflclal

Intelligence Project (Feldman et al, £19691), the S.R.1,

Robot project (Forsen [19681), and Rosenfeld et a|, [1969p]

Edge detection in plctures may be considered a high

pass flltering operation, If the high spatial frequencies

in a plcture are emphasized, and the |ow spatial frequencies

are suppressed, the result approximates a |ine drawing of

the scene, This technique has been used to enhance contrast

in lunar photographs (Billingsley [19671),

Edges In digital bplctures are usually detected,

“however, by the use of |ocal operators, Such operators

examine and compare Intensity values within a small region

of the picture, Most often thls operator is some variant of

the gradlent, the derfvative In the direction of the maximum

change of Intensity, Figure 7-4 Is an example of the

results of the application of a gradient operator to the

plcture of Flgure 7-3, Mathematically the gradient of a

function f(x,y) of two varlabjes |s the vector given by

grad(xs = fT+ FT
ox oy |
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where 1 and Tare unit vectors along the x and y axes, Many
differant approximations to the gradient have been used,

Some of these are discussed below,

2 Tig Zien A.B ¢C
Zin Zier Zen, int D E F

Zin Zid js2Ziea, jen G H I
Flgure 3-3, Notatlon for points used

In describing gradient approximations,

Roberts [1963] used the following discrete

approximation to the gradient, Let Z be the picture matrlx

and denote the Intensity value at elements Z;{ » Zi cs +4,
’ Zia, With the letters A, B, ,44 I as In Flgure 3-3,
Then the magnitude of the gradlent at point Z(,; Is given by

HEE JE = AF + (B - Dy,
Robert’s gradient operator Is quite sensitive to nolse,

To reduce this problem Sobe| and Fe|dman developed a

gradient operator which Is described by Ping |e £19691,

Thelr approach was to consider the nine polnts In a 3x3

square, The difference between the Intensity at each outer
point and the center is weighted by an appropriate vector,

Using the notatlon of Figure 3=3, the gradient at point
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Zul, Sul Is glven by

G = (A-EjC-1,1] + (B-E)C8,2]1 + (C-E)C1,1]

+ (D~E)(=2,0] + (F=-E)(2,01]

+ (6-E)(~1,-1] + (H~E)(O,=-2] + (I-E)C1,~-11],

This can pe reduced to

© = uli1,083 + VILG,1]

where

df C+ 2F +] = A= 20 = 6
—_~yyz:r——

ax 8 :

and

df A+ 2B + C =~ G=~ 2H = 1,
—_=V:—
dy 8

It is Interesting to note that the Jack of sens|tivity to

noise of this operator Is due to the fact that It Is

equivalent to smoothing and then differencing, Let the |

pleture be smoothed by replacing the Intensityat each point:
with the average intensity In a 2x2 square containing the

point, e.g

Al = (A+B +D+E)/ 4

B’ = (B+ C +E + F) / 4

D¢# = (D +E +G +H) / 4

| E’= (E+ F + H+ 1) / 4 etc, |

Now let gt be approximated simply by
2 ay B* « Ef = A!’ = D/,

| 9X 2

If the definitions of the primed variaples are supstltuted
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In thls formula, the result

af , C+ 2F +1 =A =20 =6
—_xyy--——
dX 8

is exactly the same as Sobel and Fel|dman‘’s approx|matjon,

Sakal et al, [1969] also use the nine points of a 3x3

square for thelr approximation to the gradient, Referring

agaln to Flgure 3-3, the magnitude of the gradient at point

2 Linger 18 glven by
| IG) = EE = min(A,B,CyD,E,F,G,HyI),

Rosenfeld and his assoclates (Rosenfe|d et al, [1969b],

Abbamonte et al, [19727) noticed that an edge detector which

considers only a few points Is sensitive to noise, On the

other hand, If an edge detector considers many points over a

wider area, It will smooth out noise but It detects major

edges In a wilde range of positions around the actual

position, They suggest that the product of the output of

several smal | and large operators will combine the

advantages of both,

The output of the product operator will only be high If

all of the constituent operators have high output, Thus at

an edge there wlll be a sharp peak along wlth noise

suppression, To Implement this Idea, they suggest the use

of the following approximation to the gradlent., "Let H,

denote the absolute difference between averages taken over |

two vertically adjacent, non-overlapping k-by=k squares on

opposite sides of a glven point" [1978, 1p, 17), Then at
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that point

£4 ~~ [HEX k: = 1,2,4,8,16
and

4 ~ max ($e v7) |
Hueckel [1969] has developed an elaborate edge

detection operator which considers all points In small

circles of the picture, These circles contain from 32 to

177 ploture points, Within these circles a set of functions
F(x,»y) representing Ideal edges are defined, The

intensities found In an actual clrcle represent a function

E(x,¥), Finding the edge In a clrcle then becomes the

problem of finding the particular function F(x,y) which

minimizes the distance

L = E(x,y) = F(x,V¥) 1%,

The size of L Is a measure of how edge=|lke the edge is, By

constraining the problem sultably, Huecke| has found a

stralght=forward algorithm for implementing this

minimization.  Hueckel/s operator glves good results on
circles which contain one edge or at most two edges, His

algorithm |s,» of courses much slower than the operators

mentioned earlier that use fewer points,

In addition to the gradient, It has been suggested that

higher derivatives (Williams ©[19651) or the Laplacian

(Rosenfeld [1969al), Bell [19681) should be used for finding

edges, These methods seem unsatisfactory because of thelr

tendency to amplify nolse,
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Edge followers are used to combine the edge |nformation

~ oprodyoed by a local operator into a Iine that represents the
- edges An edge follower |s an algorithm that searches for

and follows an edge, It uses the direction and curvature of

edaes to connect adjacent short segments, Edge following Ts

discussed by Rosenfeld C(196%9a, p., 1361, Descriptions of

working edge followers are glven by Pingle [19663, by Pingle

et al, C1968), and by Greenblattet a}, [1966] |

Besides edge detection one of the most common

techniques encounte,ed In picture processing is template

matching, This method was mentioned briefly In the

discussion of optical character recognition, In OCR thls

technique has "been very useful, However, In more general

nleture processing problems the technique usually loses ts

"effectiveness, The reason for this Is that, except for

very simple obJects in constrained situations, |t becomes

almost Impossible to develop an Ideal|zed prototype,

Another plcture processing technique that is generally

useful Is smoothing, Smoothing Is the modification of the

grey leve| at a polnt In such a way as to make [ts vaj|ue

more Similar to the values of Its nelghbors, Typlcally thls

"1s an averaging operation, The greatest value of smoothing

1s that It reduces the noise that Is present In almost af|

. pletorial Input, It Is also helpful In reducing minor

surface variations caused by texture and shadow,
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CHAPTER 4

GOAL~DIRECTED PICTURE PROCESSING

TOp=DOWN ANALYSIS, :

The program described In this thesis uses top-down
plcture analysis, It Is bajleved that the explicit use of

this approach Is one of the major reasons for the success of

this program,

The use of the terms "top-down" and "bottom=up" to

describe pleture analysis methods was originated by Shaw

£1968), The names are derived from a |oose analogy which

can be drawn to methods with similar names which are used

for syntax~directed analysis of programming languages, Such

analysis or "parsing" Is based on the structure of the

programming language, The structure of the program Is

expressed by a set of "productions" or rewriting rules, The

principal methods used are discussed in a paper by Feldman

and Grilles [19681], A bottom=up parse of a program Starts

with the characters and symbols of the program and attempts

to combine them together using the productions In reverse

order untl| the whole assemblage represents a correct

"program, In contrast, a top=down parse works In the

opposite direction, Starting from the highest |eve| goal (a

program) a search Is made among the alternative constituents

of each level of production until eventually a series Is |

found which Includes the characters of the Input,
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In discussing analysis of plctures, "topedown" and

"bottom=up" are not used to describe formal mechanisms such

as are used In programming |anguage translators, Rather,

bottom=up analysis wlll be used to describe schemes which

flrst process the picture exhaustively at (low levels,

Top-down analysis wll| refer to goa| oriented processing

which searches for the constituent parts of the obJects

searched for In the program,

Bottomesup analysls has been used widely In plcture

analysls, It consists of a series of more or less

independent processing steps whioh are applied seauentiaiiy

In an attempt to transform an Input plcture (nto a

description of the ploture, Each stage of processing

reduces the amount of Information that will be passed on to

the following stage, The ldea Is to flrst concentrate on

the lowest |eve| of detall and then to consider hlgher

levels one at a time unti| finally the entire plecture has

been analyzed and described. |

The schematic diagram given In figure 4-1 Is an example

of the typlcal organization ofa bottom~=up processor, The

first stage Is called region analysis, This usually

consists of |ow |evel operations such as detecting edges or

homogeneous areas, The output of this first stage would be

a |ilst of all of the edges or all of the reglons, The

second stage Is called reglon description, This part of the

program collects subsets of Its Input Into recognizable

29



Digitized by Google



COMPASTA |DESCRIPTION

SCENE .DESCRIPTION *

| )

} | RELATIONSHIPS

oo SCENE ANALYSIS
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| : Figure 4-1. Logical flow of a bottom-up
picture analyzer. :
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small pleces of the ploture, For Instance, the output of

this stage might be a |ist of rectangles or ellipses or

blobs of a certaln shape along with thelr coordinates, The

third stage Is called scene analysis, In this stage

relationships between reglons are considered. Examples of

such relationships are "next to", "above", "close to", or

"within", Thus the output of this stage contains the

relationships between the reglons In the plcture, The ast

stage |s called scene description, Here the flnal

description |s obtained, For Instance, a square adjacent to

two parallejograms may represent a cube, or an oval which

contains two oclrcles, two dots, and a ||ne may represent a

face.

Most pleture processing programs are organized along

" the |lnes of the bottom-up mode| described above (see

Feldman et al, [19691]), However, for complex pletures the
bottom=up method fails, The reason for this failure Is that

In cluttered pictures the program must know what It Is

looking for In order to find It. The bottom=up strategy

would work |f pletures were perfect and noiseless, However,

real plctures contain mueh noise and Irreguliarlity,

Accordingly, at each stage of processing the Input contains

false Information as well as missing Information.

To avold the problems Inherent In bottom~up

organization, a top-down, goa| directed approach should be

taken, In such an approach the program knows of certaln
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classes of objects which may be present In a picture, The

goal of the program is to try and find these obJects If they

are present, The constituent parts of each top level goal
are known, as well as the parts of the parts down to the

lowest level, The program searches for some of these baslc

parts, namely those that can be most re|iably detected, ft
a particular low |evel part Is found, then, because the

structure of the object Is known, some other known part

should be present at an adjacent |ocation, A specific |

routine can examine the area In question In detal| to

determine |f such a part Is present, In this way, for

instance, the edge of a block might be detected once a

cornar Is found, even though the edge might be too weak to

be passed through the threshold of a gradient operation, As

more and more adjacent const|tuent parts of a goal object
are found, the confidence that an obJect has been found

Increases, Prediction of the location of the remaining

parts of the obJect becomes easier and easlepr, Falriy

stralghtforward methods can be used to yerify whether these -

parts are indeed present, Thus, as recognition proceeds the

amount of work to be done diminishes,

Top=down analysis |s needed because |t considers global

information about the structures and Interrelat|onships of

the obJects In the picture, It would be desirable for that

part of the program which directs the search for the

constituents of a goal obJeot to be general purpose, To
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such a general purpose program one could specify In some

higher level notation or "language" the structure of

objects, For Instance, a "head" could be described as!

= round on top. a

» somewhat flat on the sldes, |

» curving Inward for the neck below the sides,

- etc,

The same program could then be used to identify cows or

battleships (for Instance) using a different structural

descrintion, Such high level descriptions are the goal of

plocture description languages,

Plcture description languages have much promise as a

tool “for ploture analysis, A number of descriptive

notations and processing algorithms have been suggested for

this purpose (Narasimhan [196633 Lipkin, Watt, and Klrsch

(19661) Ledjey (196513 Mijjer and Shaw [1967]; Clowes

£1969)% Pfa|tz and Rosenfeld (19691), Excellent discussions

of these |lIngulstic plecture processing techniques can be

found In the paper by Miller and Shaw [1968] and In

Rosenfeld's book [1969a, Chapter 103,

In general, picture analysis using picture description

languages proceeds as follows, A set P of *"pleces" or

vprimitives” |s deflned; these are the basic elements from

~~ which a picture description can be bul|t up, A set C of

composition operations Is defined, A set R of rules or

"productions" specifies allowable combinations of elements
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of P and C, Then F becomes a set of plctures that can be

"bullit up using Ry P, and C,» If x 1s an unknown plcture

belonging to F, then F can be recognized If we oan recognize

the elements of P In |t and the way these primitives are

combined, |

This sort of analysis works for simple pletures but as

the plctures become complex the method breaks down. For

complex plotures a oholce must be made, Very Simpie

primitives may be chosen which are easy to recognize, In

this case R, the allowable rules of combination, becomes so

complex and unwieldy that recognition of these combinations

becomes Impossible, If Instead, complex prim|tives are

chosen, these become as difficult to recognize as the

picture Itself,

A possible solution to thls problem |s to provide

hierarchies of structural descriptions, Stralght=forward

apollcation of hlerarchical decomposition leads back,

however, to a bottom-up approach to Brocessing where one

loses slight at the |ower |eve|s of the top~|evel structure,

| Analysls of complex pictures using ploture description

languages wlll not be possible unless powerful and

systematic algorithms for processing elaborate and

complicated plcture descriptions can be developed,

The problems discussed above can be summarized as

follows, Plcture description languages are not sufficlentiy

well developed to permit the specification of the numerous
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heuristic tests and considerations of Interre|ated structure

necessary to find obJescts In cluttered, grey=leve| plctures,

Because of this a general purpose analysis program based on

a oicture description was not used,

| | The methods that are used to Implement goal-=orlented
processing are "planning" and "models", Planning will be

discussed In the next chapter, The use of models Is

discussed briefly below,

MODELS,

A mode| Is a description which contalns some of the

struoture of the thing which Is represented. The idea of

using models of obJects to be recognized by computer seems

to be |mplleltly present In most plcture recognition

programs, The ldeallzed "A" represented by a resistor

matpiX In a chapacter reader ceptalnly |s a model of an "Aw,

It Is only In recent years, however, that |t has become

evident that the mode| should be used to direct all leveis

of processing, not Just a top leve| decision, Reddy [1969]

discusses the explicit use of such models In his regent

paper, Feldman and hls associates at the Stanford Hand=Eye

project are working on developing data structures and

representations for models of geometrical obJects. Bledsoe

£1964) suggested using models of the face as a method of

attacking the problem of |ocating faclal features, If an

obJeat has been described in aplcture desaription language,
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the description Is, of course, a mode| of the obJect,

Models of the structure of human bodles and faces are

used throughout the processing programs discussed In |ater

chapters and gulde these programs, The form of these modes

varies widely, The matrix of average |lght intensities

models the background of pictures of people. A table of

average ratios between facial features models a face, A

flow chart of the subroutine which distinguishes nostriis

from nolse models a "reasonable" nose,. Because of the wide

varlety of uses of and needs for these models, no ‘standard

modeling formalism was used, Nevertheless, at every stage a

conscious attempt has been made to incorporate goal-oriented

processing directed by a model of the obJect desired,

oo |
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CHAPTER 5

PICTURE PROCESSING USING "PLANNING®

This chapter discusses a method for performing

goal=directed nplcture analysis, The method Is an

improvement on the most commonly used procedures because It

considers global Information more efficlentiy than

traditlonal local teshnlques, The method Is called

planning” In thls paper, a term drawn from artificial

Intelligence research, for the method precisely fits the

description of planning glven by Minsky (1961), It Is

believed that planning can be useful In many projects

Involving computer vision, In addition, It Is helpful to

| relate the search for obJects or features In piotures to the

work on reduction of a glven search space In the fled of

artifliclal Intelllgence,

Much of plcture processing can be viewed as search,

The space to be searched Is the matrix of |ight [ntensities

which represents the plcture. The goal of scene analysis

and desorliption Is |ocating the Important obJects In the

plcture, The Intensity matrix must be searched to find an

eye, & chromosome, or the corner of a cube, Many of the

difficulties encountered In plcture analysis are due to the

~~ large slze of the search space, Truly, one cannot see the

forest for the trees, If a processing algorithm attempts to

detect features by oonslidering |ocal ‘areas, . as most
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algorithms do, the great detall which |(s bpresent In the

plcture obsoures the larger features, A global strategy Is

needed,

In the fleld of artifliclal Intelligence, global search

is one of the central problems, Much research has been done

on developing heuristics for reducing search in such flelds

as problem solving and game playing, A generally useful

concept which has emerged Is planning, first used by Newel],

Shaws and Simon In thelr General Problem Solver [19591],

Planning Is discussed by Minsky In hls paper "Steps

toward Artificial Intell lgence™ [19611], Artificial

intelligence Is considered to be mechanization of the

problem solving process, Basic techniques for problem

solving Include search, pattern recognition, learning,

planning, and Induction, The following quotations from

Minsky’s paper define planning, |

Planning Is the analysis of problem structure In the

large, "For really difficult problems, .,. step=by~steo

heurlsties ..,, will fall, and the machine must have

resources for analyzing the problem structure in the large =

In short, for ‘planning’ " [p, 2113,

"Perhaps the most stralghtforward concept of

planning is that of using a simp|ifled model of the

problem situation, Suppose that there Is avallable,

for a given problems some other problem of

essentially the same character with less detall and
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complexity, Then we could proceed flrst to solve

the simpler problem. Suppose, also, that thls Is

done using a second set of methods, which are also

simpler, but In some correspondence with those for
the orlglnaj, The solution of the simpler problem

gan then be used asa ‘plan’ for the harder one,"

Cp, 251)

The steps outlined In the preceding paragraph can be

applied almost directly to the problem of finding deslred

oblects In a plcture, This represents an entirely new

application for planning, It has not been used oprevious]y

in picture processing,

In brief then, plcture search using planning consists

of three simple steps, A new diglta] plcture Is prepared

from the orlginal; the new plcture Is smaller and has |ess

detall. ObJects are tentatively identifled In the reduced

picture, The tentatlve analysls of the reduced plcture, a

list of the obJects found and thelr locations, Is used as a

plan to verify the presence of edges In the original

picture,

In a sense, the Idea of using planning In plcture

analysls Is not new. Kirsch et al, [1957] gave suggestions

for possible use in processing plctorial Information with a

digital computer. One of the suggestions |s that a

defocused preliminary scan of a plcture should be made, The

averaging and size reduction In my Implementation of
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planning |8 very similar to defocusing and sampling, In

spite cf thls early recommendation for a defooused scan, In

the years since then the |dea has ‘been forgotton and

Ignored, | 3

AN EXAMPLE: EDGE DETECTION USING PLANNING,

It was pointed out In Chapter 3 that edge detection Is

necessary for pliocture analysis and description, Many

methods for detecting edges by computer were presented, In

spite of much effort, the accurate selection by computer of

"Important" edges In falrly cluttered scenes has not been

particularly sucessful, The methods gliven for edge

detection are fine for presenting Information to the human

eye (as Flgure 3-4 shows), but what |s desired is scene

analysis and description within the computer, In reaching

for this latter goal problems of nolse, disappearing edges,

and false edges |[ntrude, Brief comments about the

limitations of these methecds encountered at the Stanford

Artificial Intelligence Project have appeared (Pingle et al,

[1968], McCarthy et al, C1968], Paul et al,[19691),

Nilsson [1969] states the problems wjth local methods of

edge detection from experience at the S,R,I, Robot proJecti

"The | Ine drawing often contains flaws that

serjously complicate Its analysis, Some of these

flaws could be corrected by more ejaborate jocal

processing, However, there Is a |Iimit to how weil
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local processing can perform, and when significant

edges cannot be told from Insignificant edges on the

basls of |ocal orliterla, the goal of producing a

perfect |ine drawing In this way must be abandoned,"

Cp, 5131 |

| Global Information about the edoes In the picture and

the structure of the objects they represent Is needed, This

Is the |dea beh | nd the application of |inguistic techniques

which was mentioned earlier, Another approach to

incorporating global structure Into edge detection |s the

decislon tree In use at S,R,I, (NIIsscnh [1969)),

The global methods for edge detection also encounter

problems, Here the program |ooks for specific edges In

specific relationships, The search space Is very large,

| tens of thousands of points In a plcture, and the

combinatorics of the problem force unacceptably |ong Search

times, In the picture there are Just too many I|lnes and

there |s too much looking to do, |
The difficult problem of locating Important edges In

pictures may be approached by using the three steps of

planning,

1, Extract a simplified problem from the glven

problem, To simplify the problem, a much smaller picture Is

prepared with the Intensity at each point equal to the

average Intensity over an area of the original plecture. The

new problems find the Important edges in the new small
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pleture,

The new problem Is much easier than the original

problem, Many of the small features In the original plcture

are no |onger present, The plcture has been greatly reduced

in size, Only the Important features of the picture remain,

Less detall means fewer edges, a smaller search space, and

much faster processing, Because of the smoothing done whije

averaging Intensities, the smal| plcture will contain |ittie

noise, Falnt and blurred edges of large obJects will be

enhanced, |

2, Solve the simpler problem, The techniques for

finding edoes discussed In Chapter 3 can be applled to find

the desired edges In the small plcture, ‘Since only the

principal obJeots from the original plcture now remain, oniy

major edges wlll be detected, As short edges are collected

to form shapes they may be tested as to thelr acceptabl|lty.

This testing should Incorporate knowledge of acceptabie

shapes for the objects to be recognized, Since there are

few edges to consider, false paths are found relatively

| auickly, Baoktracking is far less of a problem since the

data stpuctupes Which must be erased ape much gmalle,,

3, Use the sojutlon to the simpler problem as a gulde

ta olan) for solving the actual problem, Within the small

ploture, certaln edges have been found. Now It is a falriy

simple matter to return to the |arger picture and find the

desired edges acourately. For examples, astraight |Iine may
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connect points P/ and GQ’ In the smal| picture, P and Q are

the corresponding points In the large pleture, Therefore we

know that In the |arge plcture there |s an approximately

stralght edge which runs from the vicinity of point P to the

vicinity of point Q, Since the approximate location and

direction of this edge Is known, It |s possibile to detect Tt

quite easlly and accurately, The search for th|s edge can

be confined to a narrow band between P and Q. It wil| be

easy to detect a false path for it will soon diverge from

this narrow band,

The remainder of this section wl|| discuss briefly some

observations about edge detectlon using planning, |

Is "planning" merely the application of a Jarge edge

detection operator? Certainly the search for edges made In

the gmall plcture could be a gearch of the large plcture

using an operator Which examines a 24 x 24 point square, In

fact, the two steps, |arge plocture to small plcture and

| small plcture to small edge matrix, could be one step, the

application of a 24 x 24 point operator, Alternatively, the

entire large plcture could be heavily smoothed and the

search for edges could be done In this smoothed picture,

Planning, however, has two advantages over either of the

approaches |Isted apove, Flrst, It Is much easier to design

and debug the program which searches for significant edges

when using planning, This Is because the reduced ploture Is

so much smaller, The use of planning alds Insight, Whiie
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designing a program to find the edges In a plcture of 625

points (for Instance), the designer can comprehend easly

both the overall structure and the detafled structure of the

picture, It Is very difficult to obtain the same |eve| of

understanding when the plcture contains 40,808 points. The

second advantage of planning Is speed, Planning Is 48 to 82

times faster than the same search Without plannjng, (Ths

factor was obtained during tests described in detai| In

Chapter 7,) This increase of speed 1s particularily Important

when designing search programs on an Interactive computer

system,

If a program Jncorporated more elaborate structura|

knowledge of the opJect to be recognized, could planning In

a pieture of reduced size be eliminated? No, such a program

must be less effective for the following reasons, The

combinatorics of the large search space will require
excessive time, The effect of noise and Irregularities In

the plocture will be even worse, This Is emphasized by the

elaborate provisions for search that had to be bullt Into

the plan follower, Even when the direction and approximate

location of an edge Is known, Its detection can be hard,

For such edges, planning |s essential,

An Improvement on the planning technique presented In

this paper would be recursive application of planning at

varying size reductions, For Instance, the original plcture
could be reduced In size twice, four times, and elght times,

44



Digitized by Google



The plan found In the 1/8 size plcture could be used to find

edges In the 1/4 size picture, This could then be used as a

plan to fling ed9es In the 1/2 size plcture, Finally the

accurate true edge would be found In the original plcture,

A hint of such a mgthod was mentioned (n the description of

the plan follcwer, The local edge finding operator examlned

only alternate points, It could be considered to be using a

1/2 size plcture, The program could decide Itself how much

size reduction and averaging to do, At each level, If there

Is too much detal|, a smaller picture could be called for,
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CHAPTER 6

- LOCATING AND MEASURING THE BODY

This chapter describes the experimental environment In

which this work was done, and explains the methods used to

locate measurement points In afull length picture of the

person to be |dentifled,

EQUIPMENT, PROGRAMS, AND INPUT SPECIFICATIONS,

This work was performed using the facilities of the

Stanford Artlflclal Intelligence Project, The system

consists of two computers, a PDP=10 and a PDP=6, connected

as dua|=processors sharing 130,000 words of core memory; a

very fast, head=per-track Librascope disk for swapping} and

an IBM 2314 disk storage unit for program and data storage,

Several types of display consoles as we|| as te|etypes are

avallable for use as terminals, A. more detal ed

description of the computer system can be found In McCarthy

et al, [1968] Al| of the programs are written to run under

the Stanford time-sharing monitor (Moorer [19691),

Plcture Input 1s obtained from a standard vidicon TV

camera, The video signal Is digitized by a

analog=toedigital converter and sent to memory via a high

speed data channel, During one TV reading operation up to

333 samples can be taken from each video scan |ine and up to

256 of the alternating soan |lnes can be read, Thus the
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maximum size plcture which can be read Is 256 x 333 points,

Such a plcture covers the entire fleld of view of the Tv

camera, Each polnt consists of a four bit |Tght Intensity

value so that sixteen levels of grey are avalljable., Zero

indicates the darkest points; fifteen, the brightest,

The program is written almost entirely In Fortran, A

few subroutines are coded In assembly language, such as

| those that handle Input-output, |ist processing functions,

dynamic storage allocation for pleture buffers, and partial

word operations, The programs occupy about 30,000 words of

storage, Data storage, assigned dynamically, typically

requires another 20,000 words, primarily for buffers for

processed and unprocessed plotures,

CHARACTERISTICS OF THE PICTURE,

The person to be recognized stands In a standardlzed

position agalnst a normal room background. The person Is

told, "Stand In a relaxed position of ‘attention’, feet

~~ together, arms at your slides, Look directly at the TV

camera," Figure 6-1, an Input photograph of a person to be

recognized, glves an example, Minor variations In position

are permitted, It would, of course, be Jimpossible to

prevent such varlations,

The background may vary, It normally consists of the

obJects |n the computer room where these experiments were

performed, There are several reasons for not requiring a
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standard baokground, When thls work was begun a doores|ze .

standard background was bullt, However, [t was stil

difflcult to find the out|ine of the person, Shadows from

the Individual belng recognized and non~uniform |lghting on

the background presented new problems, The solution
developed for these problems permits a wilder varlety of

backgrounds, Since the more general case |s easy to handle,
it appeared worthwhile to do so, Another factor which helps

In permitting various backgrounds [Is the smal

depth=of=fleld which 1s characteristic of the TV lenses

which were used, Objects that are very far behind the

person are out of focus, hence blurred and washed out.

APPROXIMATE LOCATION OF THE BODY, |

The first step In processing Is to determine the

aporoximate |ocatlon of the body, A flow chart of thls

orocess |s given In Flgure 6-3, Each of the steps Is

described In more detall| below, |

Before beginning identification, a plcture M (mode|) Ts

taken of the background wlth no person In the plcture,

This plecture Is saved until the plcture B (body) of the

person Is taken, Thus when processing of the plcture of

the body begins there are two pictures avaliable to the

program; both have been taken from identical camera angles

and are the same size, One Is a plcture of the background,

the other contalns a man In front of the background,
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| Draw rectangle around remaining regions,

Figure 6-3,

FLOW CHART « APPROXIMATE LOCATION OF THE BODY,
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In a very simple, yet very real sense, the plcture M Is

a model of the background of picture B, If M and B are

compared, those a,eas of B that are simljar to M should be

background, Those areas of B that do not match the mode| M

are areas where a disturbance has entered the plcture,

These are the areas where the man |s located. |

The two plctures are subtracted, That Is, a new

ploture S Is formed wlth the Intensity at each polnt of S

equal to the absolute value of the difference of the

Intensities at corresponding points In M and B,

Sig = I By = Mg |
In a simple worlds S would be non=zero only at polnts

on the man and at aj|| of these points, In rea|lty there are

shadows and nolse which produce false readings, In

addition, some areas of the Individual’s clothes may be

similar In Intensity to the background and give no

difference after subtraction, This may cause the non=zZero

areas of S to be subdivided Into severa| parts or to contaln

holes, Therefore the first thing that must be done Is to

distinguish the blobs that make up the man from stray

background blobs, This can be done using considerations of

size and central jocatlon,

The subtracted picture S Is reduced [n size n times by

averaging, The new plcture |Is designated S’/, The

intensity at each point S&L Is the average Intensity over an
nxn square of S, The averaging reduces nolse’ the size
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reduction speeds up subsequent processing, Various values

of n were tried, A large n speeds up processing but leads

to considerable uncertainty In the location of the blobs

that are Ildentlifled, An n of 6 or 8 seems to be the most

satisfactory compromise, |

S’’ |s now converted to a binary valued picture S’ by

thresholding,

Si = 1 | f S! Ils greater than 1,
= 0 otherwlse,

The threshold value which Is used, 1, Insures that most

points set to zero are truly background. An example of Si

as It appears at this stage Is given In Flgure 6-2,

Isolated holes in S’ are filleds An Isojated hole [s a

point wlth value ? that Is surrounded on 4 sjdes with 1's,

The value of such a polnt Is set to 1,

In the picture S’, connected regions (subsets of the

picture) are Identified and labeled, Two points, S/ and S/

are connected If there exists a sequence S/» S:. Str wes

S/ such that S’ Is a nelghbor of S’, Two points are
neighbors If they are Immediately adJacent horizontally or

vertically: l.ers the neighbors of Si are SI...» SL. Siu;
and HE A subset of the polnts of S’ Is a connected
reglon | f all points In that subset are connected,

Connectivity, as defined above, Is often called

4nconnectivity (Rosenfeld [19701]. |

The program that determines the connectivity of the

52 |



Digitized by Google



reduction speeds up subsequent processing, Various values

of n were tried, A large n speeds up processing but |eads

to considerable uncertainty In the location of the blobs

that are |dentifled, An n of 6 or 8 seems to be the most

satisfactory compromise, |

S’’ |s now converted to a binary valued picture S’ by

thresholding,

Si = 1 | f SG Ils greater than 1,
= 0 otherwlse,

The thresho|d value which Is used, 1, Insures that most

points set to zero are truly background. An example of Si

as It appears at this stage is glven In Figure 6=2,

Isolated holes In S’ are filled: An Isolated hole Is a

point wlth value @ that Is surrounded on 4 sides with 1is,

The value of such a polnt Is set to 1,

In the picture S’, connected reglons (subsets of the

picture) are ldentifled and labeled, Two points, S’/ and S4

are connected If there ex|sts a sequence S/,» S:. Str wee

S/ such that S. is a neighbor of SS’, Two points are
neighbors If they are Immediate|y adjacent horizontally or

vertically’ l.e,, the neighbors of SI are S!., Se JAY
and HE A subset of the points of S’ Is a connectsd
realon If all points In that subset are connected,

Connectivity, as deflned above, Is often called

4erconnectivity (Rosenfeld [19701], |

The program that determines the connectivity of the
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pleture Is a procedure that Is used several times In the

processing described fin subsequent chapters, It Is an

efflolent procedure that determines the connectivity during

one pass over the picture array, The labeling Is given by a

matrix of reglon numbers for each point and a table of

equivalences, The algorithm Is agalven In the form of an

Algol procedure In Figure 6-4,

This algorithm was developed by the author,

Subsequently, It was discovered that the underlying Idea was
first published In 1957 and has been re=~Invented several]

times since, (See the references In Rosenfeld (1969, p,138)

as well as Lourle [1969)), However, none of these

references give a detajled algor|tpm,

Now that connected regions [n the plcture are

identified, It Is easy to delete small regions and reglons

which Intersect the border, A parameter, SM, determines

what constitutes a small reglon, Four was found %to be a

satisfactory value for SM for the pictures In thls thesis,

| This value of course depends on the resolution of the video

Inout device. |

At this polnt all that should remain In S¢ are those

connected reglons which make up the body of the man, The

extremes of these regions, horizontally and vertically,

define a rectangle in which the man Is |ocated, All further

processing Is done only Within this rectangle, The

rectangle glves a flrst approximation to the size of the
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procedure CONNECTED (A, REGNR, REGTBL, NREG, M, N, P);
value M, N, Pj :

Boolean array A[Z:M,B:N];
Inteaer array REGNRL[OI:M,@:NJ;
Inteager array REGTBLLZ:PJ;

Integer NREG, Ms, N, P;
comment

This procedure |abe|s connected reglons |n a
binary valued plcture, Four=-connectedness |s

used, A Is the plcture matrix, To each "true"
element of A a positive Integer will be assigned
such that all elements |n a glven connected reglon

recelve the same value, while elements In different

connected reglons recelve different values, This
positive Integer Is called the "reglon number", On
exit from thiswprocedure the region number

for pofnt ALI,J) Is In REGTBLLREGNRLI,J1], The
regjon number for any "false" point wll| be zero.

Also on exit, NREG wlll contain the number of

distinct connected reglons In the plcture,

P, the length of REGTBL, must be at |east as great
as NREG,

For clarity, some of the administration required
ls omitted from this routine, There is no

checking to see If REGTBL overflows and the
"garbage collection" necessary to handle this
overflow Is omitted, Speclal case treatment of
the picture borders Is not Included, Instead, It
ls assumed that for aijl 1,

ACB,I] = ACl,0] = false

and REGNR[@,I] = REGNRCI,B8] = 9;

Figure 6-4, |
PROCEDURE CONNECTED,

SL |
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begin

Integer I, J, K, L, Ni, N2, SMALL, LARGE}
comment

1, J, K, are running Indices, :
L Is the Index of the last element of REGTBL
In use,

Ni and N2 are used to contaln the current’
reqlon numbers of the plcture elements
immediately above and to the [eft of ALl,Jl,
SMALL and LARGE are temporaries;

: L += 3;

REGTBLLZ] = @;
~ forJ t= 1 step 1 until N do :

for I 3= 1 step 1 untill M do
If ACI,J] then
begin

Ni ¢= REGTBLLCREGNRCI,J=111];
N2 := REGTBLCREGNRCI=1,J11;

1gNL = 8 A N2 = @ than
bealn Co

comment Both neighbors are zero SO
asslan a new reglon number:

: L = L+1’

REGyBLLLI = L3
REGNR(I,J] = Li

end,
else [f NI = 8 then REGNRLI,J]i= N2
alse IfN2 = @ v N1 = N2 then REGNRCI,J] := N1

e|se

healn
comment Both nelghbors are non-zero.
Set up an equivalence between thelr
region numbers:

SMALL := |f N1 < N2 then N1 else N2;
LARGE := ff N1 < N2 then N2 alse Nii
for K ¢= LARGE step 1 until L do
If REGTBLLK] = LARGE then

REGTBLLK] := SMALL:

REGNRCI,J] ¢= SMALLS

and;

end;
comment Count the reglonSi
NREG ¢= 0;

for K = 1 step 1 until L do
LfREGTBLCK] = K then NREG (= NREG +1;

end;

Figure 6=4, (continued from previous page)
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man, This size Information Indicates such things as the

s|lze of the head to be searched for,

MEASURING HEIGHT, g

The height of the person In the original ploture Is now
measured, This [is done by locating the top of the head and

the feet and measuring the distance between then,

The top of the head Is found flrst, The approximate

location of the head [s known from the previous processing

of the reduced plcture, It Is sti|l necessary to examine

closely an area of the original ploture to plnpoint the

location of the top of the head,

The top of the head Is found by a template matching

operation. The reason that template matching works at thls

point Is because the search region has been narrowed down to

a small area, If an attempt was made to pass a head

template over the entire picture many fa|se responses would

be encountered. This problem Is minimized when searching a

limited area,

A curved template has been made by considering a number

of pletures of heads, Flgure 6-5 is an example of such an

"deal" topeof-the~head, The slze of the template Is

varied according to the approximate helght of the Individual

which was obtalned during the approximate |ocation step,

The template Is represented In the computer as a matrix

of B's, +#1's, and =1’s, A typlcal template |s shown In
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J LJ ’ ’ (} ] ’ ] 1] ° 1] ) ] ° ] ) 0)

“s ’ * ’ ’ 0 6 6 6 6 6 ’ ° . ’ ’ ° )

«. + 6 6 6 6 6 6 6 6 6 6 6 6 6 ,
, 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 |,
6 6 6 6 6 6 6 6 6 6 6 6 6 6 66 6 6

Figure 65, ldea| top of head.
( "," stands for "@" |n the figures on thls page,

=l @]l =1 ®1 =] «1 #1 =] wl =] =1 =] =1 «1 =1 =1 =1

«] «1 =] =1 =1 -1 =1 ’ 0 ¢ 1 =i =1 =1 =1 «1 =1

wl «1 «1 =-1 ° ’ 0 +1 +1 +1 . ’ . -1 «1 -1 =-1

1 «1 «1 , +1 +1 +1 ,,r , + *1 +1 +1 , =1 =-1 =-1

© =1 =1 , +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 , =1 =-1

-1 , +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 , ~1

o +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 ,

Flgure 6-6, Template for top of head,

, + 4, , 2 , 1 2 , « + 3 + 1 1 , .

1 N ’ 0 3 mee . 2 ’ ] ¢

2 +. 6 5 5 6 6 4 5 6 5 3 , ,
y oo6 9.9.9 6 6 5 6 5 6 5 5 5 |,

[7 Sat 12 10 rN 6 7 6 5 6 6 5\.112 19 12 19 12 11 12 4 6 5 6 6 7 6 6 5

Figure 6-7, Actual top of head,
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Figure 6«6, This template |s cross=correjated, In the area

where the head Is located, with the plcture S (mentioned

ear|ler) whieh contains the absolute value of the difference

in Intensity between the picture of the man and the plcture

of the background: In S It Is expected that the top of the

head wlll be somewhat |ike Figure 6=5, Above the head the

values should be zepo op close to It, Within the head the

vajues should be positive,

As In all plecture processing, noise and Imperfections |

make the simple become difficult, If the picture were

noiseless one ocouid look for the step from zero background

to non-zero head, However, the background Is noisy and the

Interior of the head has steps of Intensity within It that

may be greater than the steps from background to head.

Figure 6=7 glves a sty|lzed example of these problems, The

background has an average Intensity of about 1, Most of the

head has an average Intensity of about 5, Within the head

| there ls a curved area with average Intensity near 11, In a

stralght=forward cross=-correlation the step from 5 to 11

would glve a higher response than the step from 1 to 5,

This would be undesireable,

What |s desired Is to find the step from "|ow"

background values to higher head values, In practice, It Is

not effective to define "|ow" background with a threshoijd

for there Is no natural way to set this threshold,

Instead, the cross=correlation Is computed using logarithms
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to emphasize |ow steps of Intensity,

The template T |s matched with a rectangular subset of

S as follows,

Vi, FZ Tey Ine Sivprieyt 1)
This Is easily Implemented efficiently because S |s |Imlted

to sixteen grey |evels, @ to 15, The logarithms can be

computed once and stored In a table for easy access during

cross~correjatlon,

Vi; Is the value of the cross=correlation at a

particular point, The maximum V:. found gives the |ocation
of the top of the head and the coordinates of the point are

recorded,

Finding the feet Is quite similar to finding the top of

the head, An examination of Figure 6-1 shows that In the

"standard" position the subject stands with heels together

and toes apart, In this position, the outer sides of the

toes form a characteristic pattern on the floor, Thus the

feet can be found by template matching In the area wheres

they are known to be approximately located, The |ogar!thm]c

cross-correlation Is used as with the head, The coordinates

of the feet are recorded,

The helght of the person Is now known In picture units

(raster unjts), This value |s stored as the flrst

measurement whlch characterlzes the person,
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MEASURING WIDTHS,

The width of the head, the neck, the shoulders, and the

hips are now measured, Figure 6~=8 shows where each of these

measurements |s taken, |
The determination of the best place to take these

measurements (e,g., the widest part of the head, the

narrowest part of the neck) can be difficult, This

difflculty Is avoided by measuring at standard positions,

| Let the measurements for width of head, neck,

shoulders, and hips be designated by mi, m2, m3, and m4,

Assume that the helght of the subject Is h raster units,

Assume further that the feet are |ocated at (0,8) and the |

head at (2,h) as In Figure 6~9, Then on a "typical" person

the "best" place for measuring m would be at (=~x:,y_) and

(x.»¥;) where x; = w; h and y: = r; h, The values used for

w: and r. are glven In Table 6-1, These values were

obtalned by hand measurements on a number of pictures.

Unfortunately, often the position of the body Is not

vertical, The TV camera or the vidicon tube may bes

displaced In such a way that the body appears at an angle,

Accordingly, the search positions (=x:,y:) and (Xx: sy.) must

be mapped Into correct positions (xL,yL) and (XR: YR), The

stralght=forward calculations needed for this mapping are

given In Flgure 6-103,

Now, at each end of the four widths to be measured an

edge detect|on operator Is used to find the vertical edge,
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Figure 6-8. :
Measurements |

of width. LL | /

| (0,h)

) (-*449 CITY |

Figure 6-9. | .
Schematic diagram |

of placement of |
width measurements.
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"TABLE 6-1, , .
Standard positions for width measurements, |

| W=X/h r =y/h operator helght

1 11 093 028

2 867 87 W017

3 ,28 76 028

4 ,21 , 38 , 028
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(x7,YT)
N oe

HY Dx, ) te

Cnn LA Pe

Ay \3- © | Jz

C(x) LL ) |: L2

| QL \ (XR,YR)

[N°
| (XB,YB) ) |

a = arctan ( (Y3=YT)/(XB=XT) )

| a = x = B

| 6 = arctan ( L2/7L1 ) Co |

| L3 = [Lat + L1® *
dD. - QQ = S) dg. = B hat oc

| ax, = -L3¢cos d, | : AX, = L3coOs J’

Ay = L3sin #, Ay, = L3sin do

XL = XT + Ax, XR = XT + 8x,

| Figure 6-10

| Allowance for the varlanca from vertical,
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The helght of the operator Is given In Table 6=1 as a

fraction of the helght of the subJect, When these edges are

found they provide the width In raster units of each

feature, g |

The measurements are now recorded for use |[n the

classification step, This concludes the processing of the

ploture of the entire body,
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CHAPTER 7 |

FINDING THE OUTLINE OF THE HEAD

This chapter describes the program which has been

developed for extracting an acourate out||ne of a man's head

from a digital picture, A typical Input picture Is shown Tn

Flqure 7=1, When the methods described In this chapter are

applled to the Inout represented by Flgure 7-1, the result

Is the outline of the man’s head as shown In Figure 7-2,

In the preceding chapter the methods used to extract

measurements from the plcture of the body were described,

The resolution of that plcture Is not adequate for measuring

the position of facia| features, Therefore a second plcture

is taken, a close-up of the head of the subject, Thls

pleture, |lke that taken of the body, contains the head of

the subject In front view, looking at the TV camera, agalnst

a background of normal room oblects,

It Is necessary to find an acourate outline of the head

so that dependable reference polnts can be found from which

the width of the head can be measured, The location of the

top of the head Is also obtained from the outline. The

position of the outjine of the head Is used In subsequent

processing to determine where to search for smaller features

such as eyes,

The detalls of this processing are described In the

remalnder of thls chapter, The ploture presented In Figure
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the result of processing
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7-3 wl] be used as an example throughout the chapter, The

size of this plcture [s 226 x 325 points, In general the

size of the plctures of the head Is varlable, Since the

programs which search for and find heads |s complex and onjy

described In general terms In this chapter, a complete

listing of these programs |s Included as Appendix 3,

REDUCE IN SIZE,

A new small picture Is produced from the original,

Each point In the smal| plcture Is the average value of the

64 points In an 8 x 8 sauare In the original bplcture,

Flgure 7=5 |s an example of a small plcture, Only the shape

of the head |s clearly visible, Other detallis have been

smoothed out, The size of Flgure 7=5 Is 28 x 48 points,

| The decision to reduce in slze by the factor elght was

somewhat arbitrary, In smaller plctures the head tended to

disappear; In larger plctures some unwanted detalls were

still present,

FIND ALL EDGES,

The small plcture obtained In the preceding step Is

processed to produce a new matrix which contains |nformat|on

on the edges In the small picture, This matrix wlll be

called the small edge matrix, Flgure 7=6 Is an example of

the small edge matrix derived from Flgure 7-5, Each element

in the matrix contalns four blts, representing the four
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Figure 7-6 ["
The results of applying oa
and edge-finding operator £0 |
to Figure 7-5. % ! x{ PN “ 3 / |
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Figure 7-7. § J
The "plan" extracted from 2 B.
Figure 7-6 which will be used Tt I.
to follow the head outline. - >

Figure 7-8.

The outline of the head

in Figure 7-3, obtained

using the plan of

Figure 7-7.
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directions (horizontal, vertical, diagonal right, diagonal

left) In which edges may be detected. All| bits are zero If

no edge was found at a point, A one In any bit Indicates

| that an edge In that direction was found, g

The |ocal operator which Is used to detect edges Is

described below, Many operators were candidates for thls

purpose, Including those mentioned earlier In the section on
edge detection, The choloce of the particular operator used

was made because of h]gh confidence In Its abl|ity to reject

false edges, Some edges may be missed but this Ts

preferable to reporting false edges, A more

stralght=forward gradient operator was not used because they

sometimes produce an edge Indication |(n an uneven transition

area of grey shades, In addition there Is no natural
cut-off threshold for the gradient operator, Huecke|’s

operator (19691, whlch oan glve very good results, was

rejected because jt was too |arge to be effectjve|y used Tn

the small pleture, Most of the smoothing utilized by

Huecke|’s operator has already been done during averaging,
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The edge operator used Is applied to 3 x 3 squares of

the plcture, Let the points In this square be |abeled as

follows?

ABC

DEF |

| GC HI, |

The algorithm for detecting a horlzonta| edge Is:

if BdH then

If tmInCA,B,C)=max¢G,Hs})] > 1 then EDGE

| | else NO=EDGE

| else |f BCH then

| It Cmax(As,B,C)=min(G,H,1)1> 1then EDGE

else NO~EDGE

ese NO=EDGE,

The EDGE or NO-edge results apply to polnt 3 This
algorithm |s also applied in the vertical direction (using

soints A,D,G and CisF,1) and along both diagonals (points

A,8,0 and F,H,1 for one diagonal; polnts B,C,F and D,GsH for

the other), Although this algorithm may appear to be time

consuming, It may be programmed efficientiy.

The sma|| edge matrix|s searched as described In the

next step to .flnd the small head outilne, Because of
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repeated search and backup during the search for the head,

ft Is best to perform the |ocal edge Identification

operation only once for each point, Since the picture Is

smalls this does not consume excess|ve time, g

FIND HEAD IN REDUCED PICTURE,

The search for the outline of the head Is done In the

small edge matrix, Various heuristics are Included In the

search program which deflne an acceptable head shape, The

final result of the search Is a |lst structure containing

the coordinates of the points which constitute the outline

of the head. Each entry In the |Ist structure designates a

" point where an edge |s present In a direction which Ts

reasonable for that part of the head, An example of an

unreasonable edge direction would be a vertical edge among a

row of horizontal edges which have been labeled the top of

the head, Flgure 7-7 shows the edges of the head found In

this step, The representation of acceptable head shapes Is

incorporated Into program statements, There are searches,

branches, and possible back-up as the out|lne of the head Is

built up, This process is similar In some ways to the |

S\R.!, decision tree search (NI|sson C1969]). If no head Is

present in the original ploture, It Is detected at thls

stage, |

The detalls of the search for the head are as follows,

Three short |ine segments are found which are candidates for
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being part of the top and slides of the head, The spatial

relationship between these |lnes must be reasonable (e,g,,

the top of the head must be above the sjdes), An attempt [s

made to connect these |lne segments to form a "head" shape,

The program searches the reglon between them for edges which

are part of the somewhat semicircular top of the head, If

this cannot be done, other possible short |Ine segments are

tried as slides or tops, If the top half of the head Is

found, a search Is made below It for the Inward curves of

the neck and then the curves outward toward the shoulders,

When all of these requirements have been met,» the head has

been found, The sides of the head are then examined for

indentations where the ears should be since the wears

somet|mes merge with the background, If Indentations ex|st,

these are fliled in,

USE PLAN TO FIND OUTLINE IN ORIGINAL,

This part of the program Is a plan follower, Its Input

is the full size intensity plcture and the |ist structure

contalning the smal| head out|line, The output of the plan

follower wlll be a new Ilst structure containing the

coordinates of an accurate outline of the head, Between

successive points In the plan, the plan follower searches a

narrow band for an edge which connects the points, Thls

band Is sixteen points wide, since the plan was reduced In

slze by a factor of elght, Although this band Is narrow
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compared to the s|ze of the picture, it is sti|] wide enough

to contain several edges, The proper edge Is chosen

orimarlly by direction, If there are two parallel edges

running In the desired direction within the search band,

that edge farthest from the center of the head |s chosen,

The reason for this choice |s the assumption that edges

within the head (in halr, ears, etc,) are more |likely to

follow the directions of the head out|line than edges found

on background objects,

The operator used to detect edges In the full slzed

plcture |s almost the same as that used In the small

plcture, In the small plcture the operator was applied to

the nine polnts of a 3 x 3 square, In the large plcture the

same operator Is app|led to the nine points at the corners,

the center of the sides, and the center of a 5 x 5 sauare,

e+,

A = B «CC

D=E =F

GCG » H = |]

The reason for thls change was to allow detection of faint

edges In the large pleture,
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Flgure 7-9, Operation of plan follower,

| The detalls of the plan follower are given below,

Reference Is made to Figure 7-9 which Is a schematic dlagram

of the operation of the plan follower in a small reglon,

Two non=paralle| stralght lines are Identified In the plan,

lines PQ and QS, Point X Is the last previous point that :

has been found on the edge, The dlrection of search Is

generally from P to OQ to S, The line BC is found which

blsects the angle PQS, Corresponding to the |Tne PQ In the

plan, the plan follower wlll search from point X untll the

edge crosses |ine BC, Within thls reglon the edge will be

accepted If Its direction Is roughly parallel to PQ or to

0S, The edge search |s done by moving one unit In the

direction of PQ from the last point found and applying the
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edge detection operator along a |ine perpendicular to PQ,

Normally the edge detection operator Is only applied to five

points Immediately In front of the |ast point found, Under

certaln conditions however the edge detection operator Is

apolled over all 16 polnts across the search band, These
conditions are! |

a, The edge has Just taken a sharp turn,

b, The edge is lost,

6c, The Intensity outside the head outline has

changed abruptly,

d, The edge zlg-zags,

These measures are necessary to correctly track the edge

when It |s sharply curving, The three points most recently

found are f||tered to remove a sing|e point which is far off

the edge, For example, If U were the only edge point found

between polnts T and V, point U would be rejected.

SPEED COMPARISON,

The search for the outline of the head could have been

done W|thout using planning, as pointed out In Chapter 5,

Tests were made to determine the speed Improvement obtalned

by using planning, The results of these tests are given In

Table 7-1,

These results indicate that using planning Is about 4g

times faster than the same search without planning, The

tests were performed as follows, First the program Just
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TABLE 7-1,

Planning speed comparison, |

PLANNING

STEP y TIME
1, Reduce In size, 2,5 sec.
2, Find all edges, I: s€C.
3. Find plan (smal|| outline), +3 SBC.
4, Use plan (large outline), 2,6 sec,

Total 6,2 sec.

WITHOUT PLANNING

STEP | TIME
1, Smooth pnlcture, 163, Sec.
2, Find all edges, 34, S8C.,
3, Find head out|line, 43, sec.

Total 234, sec.

7



Digitized by Google



described which finds the head outline using planning was

timed, The time to process a head plcture from input to

completion of the large outline was about 6,1 seconds, Thls

times as well as al| others mentioned, was measured on the

PDP=1@ computer and Is accurate to +28%, Then the program

was mod|fled to perform without planning,

The flpst step was to eliminate the fine detall of the

plcture by smoothing in a fashlon similar to the averaging

used In planning, The entire plcture was smoothed using

averages over 8 x 8 squares, Thls took 428 seconds, By

optimizing the program, this time could be brought down to

64 times the speed wlthout planning, namely 168 seconds.

This latter time is used In Table 7-1,

All edges were found In the smoothed plcture, Thls

took 34 seconds,

Next the search program was used on the full sized

smoothed plcture to search for the outline of the head.

Here |s where planning really showed It speed, Thls search,

in a reduced slze picture, takes about 2,3 seconds, In the

large pleture, the search took about 42 seconds, The reason

for this Is that quite a sizeable Incorrect data structure

Is bullt up when following false paths and many points must

be processed before the error Is detected,

"In summary, the program without planning took 494

seconds, 80 times s|ower than the time using planning. By

optimizing the program, this could be improved to about 234
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seconds, This would sti|| be 40 times slower than planning,

This comparison cannot be complete without again stating the

orimary advantage that planning glves to the designer of a

program whlch searches for edges or obJects; a small

plcture that he can comprehend both |ocal||y and globally,

LOCATE MEASUREMENT POINTS,

Now that the outline of the head has been found it Is

necessary to locate the top of the head and the points on

the slides from Which the width of the head Is measured.

This Is done using a sliding average to avold single point

errors whlch may be present In the outline,

The outline of the head Is represented In the computer

by a list structure, Each element of the [Ist contalns the

two coordinates of a point In the outline as wel| as

pointers to the |ist elements representing the adJacent

points on both slides, Thus It Is possible to traverse thls

list In elther direction, There are also a number of

pointers external to the |lst whieh mark approximate

locations of key elements,

These key element pointers have been obtalned In the

following way. Originally a plan for the head was formed,

as already described, This plan was created using the known

structure of the head, So In creating the plan certaln

areas were |dentifled as top of head, extremes of

approximately vertical side of head, etc, Thls Informatijon
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is carried forward to the plan following stage, When the

plan. follower paSses one of these areas while creating the

| |Ist structure for the true head outline It sets an

appropriate pointer into the |Ist structure, :

Knowing the approximate |ocatlon for the top of the

head, It Is stralght=forward to search for the highest point

in the outline In this area. A s|lding average of five

points Is used, The highest value gives the coordinates of

the top of the head,

In a similar way the wildest part of the head Is

identified on both slides of the head, The difference

between these values |s recorded as the width of the head,

The coordinates of the points which have been |dentified on

the outline of the head are now used to gulde the search for

the features interlor to the head,

80



I



CHAPTER 8

FINDINGTHE FEATURES OF THE FACE,

The previous chapter described how the out|ine of the

head was J|ocated, Once thls outline is found, approximate

locations for the eyes, the nose, and the mouth can be

predicted, In spite of the fact that the approximate

location of these features Is known, there is still

considerable processing that must be done to |ocate them

precisely so that measurements of position may be made,
This chapter discusses the methods used for finding each

feature,

It Is appropriate here to describe the coordinate

system used In processing plctures In this program, since

much of the discussion which follows makes use of thls

coordinate system, A left-handed coordinate system Is used

with the origin at the upper left of the plctures.: (See

Figure 8=1,) There are two reasons for this, First, thls

| Is the method used by the system when setting the |imits on

a window to be read by the TV camera, Secondly, It provides

a convenlent notation for Interchanging coordinates (x,y) of

a point with matrix Indices (1,J) for that point.

EYES,

The measurement that Is desired from each eye Is the

location of the center of the Irls, the dark clrele In the
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Figure 8-1.

| Left-hand coordinate system used.
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center of the eve, The |ris |s |ocated by finding

horizontal cross-sections which exhibit the characteristlec

shape shown In Figure 8-2, In essence, this Is a template

matching operation, The shape of Figure 8-2, when plotted

as |lght Intensity vs, x coordinate, possesses the following

features, Outside the eye the skin has an Irregular

intensity of medium value, The white of the eye on both

| sides of the Irls forms high peaks of |ight Intensity, The

iris itself Is a dark valley between these two peaks,

The characteristic cross=section of the eye Is elusive

and difficult to find, The peaks and valley that are sought

can be nothing more than anthl||s and a depression, To find

them,» one must know where to |ook, Pinning down Just where

to look for the iris and the whites of the eyes constitutes

the bulk of the processing used on the eyes, The method |

used |s called dynamic threshold setting,

Approximately |ocating the eye Is also difficult, The

detail In thls area, as well as shadows around the eyes and

nearby halr, can confuse the program, The one thing that

can be found Is a characteristic dark blob formed by the

dark Iris, eyebrow, and shadows under the overhanging brow.

However, there Is no natural threshold which defines the

~ dark reglon, What Is meant by dynamic threshold setting Is

the process of seafching for athreshold that clearly shows

this dark region,

The first thing that Is done Is to predict the location
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of the eyes, This prediction |s based on the average

position of the eyes within the head, The predicted eye

location will be used as the center of the area to be

searched for the eve. E

Figure 8«3 shows the model of the head and eyes on

which the prediction Is based, According to this model, If

the top of the head Is on the |lne y=8 and the sides are on

the | ines x=8 and x=W (for width), then the eyes are located

at | | |

(FX(L1)*W, FY(L)*HWRAT#W) and

(FX(2)%HW, FY(1)#HWRAT#H),

The experimentally obtained values of the parameters of thls

mode! are glven In Figure 8-4,

Flgure 8=5 shows how thls model Is used to predict eye

location In an actual picture, From the previous processing

it Is known that the |eft and right sides of the head are at

X=XL and X=XR, The wldth of the head |s therefore W = XR =~

XL + 1, Using the model, the x coordinates of the two eyes

should be

| X = FX(1)#W + XL for left eye

and X 8 FX(2)#W + XL for right eye,

The top of the head is known to be at Y=YT, So from the

model, the y coordinate of the eyes can be predicted as

Y = FY(1)#HWRAT#H +YT,

The predicted eye location Is only a rough flrst

approximation to the actual |ocation of the eyes, This
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approximation must be refined considerably before the search

for the Iris can be expected to work.

The area around the eye Is found by looking for a dark

blobs The Iris, the lashes, the eyebrows: and especially

the shadows under the overhanging eyebrow form an area that

is darker than the surrounding skin, When this dark area Is

located, It willl be possibile to look within It for the iris,

Locating this dark area Is the next step |n eye processing,

A search procedure that examines first a |arge area,

then a smal] area, js used to home in on the dark blob that

is the eye, The reasons for this two part search are glven

in the discussion of step A4 which follows, The flow chart

of this search procedure Is givenIn Figure 8-6, The steps

of this procedure are discussed In detall In the following

paragraphs,

Al, A square reglon to be searched for the eye Is

selected, This square Is centered on the predicted eye

location, It Is |arge enough so that It will quite sureiy

contain the eye even though the eye may be falrly far away

from the predicted eye location, A suitable size for thls

square was determined experimentally, The s|ze used Is

based on the measured width of the head W and |s ,383 W,

A2, Within this square, points which are dark and

within large, centrally located, connected regions are

identified by dynamic threshold settling, The procedure

that Identifies these points Is falrly complex, It Is used
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Al, | Center large square on predicted eye location |

d

X

A2, | ldentify centrally located dark area |
| within |arge square, |

:

é

A3, | FInd center of gravity of dark area, |

:

é

. ggSS
Ag, | Center small square on center of mass |

| of previously found dark area, a

d

AS, | Identify centrally located dark area |

within smal| square,

) -
.

A6, | Characterize dark area by Its center of gravity
| and mean radl|us,

Figure 8=6, Procedure for finding
the dark area around the eyes,
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at steps A2 and AS, It will be described In detal]

following the completion of the discussion of the flow chart

glven In Flgure 8-6, In general, however, the procedure

looks for a dark area that surrounds the eye. What Is meant

by "dark"? It Is not an absolute measure. Rather, when

examining the square under consideration, some points are

darker; some are |lghter, Some fraction of the points must

be heuristically defined as "dark", This fraction Is a

parameter that was determined experimentally, The value

used Is ,107, The procedure omits dark points which are

isolated’ It assumes these represent noise, It also omits

all dark points which are part of connected regions which

Intersect the border of the square, These are assumed to be

hair, the other eye, or shadows on the nose, Because the

search square Is |arge, these other features are sometimes

present,

A3, The dark polnts found In the preceding step should

be the points that make up the dark area around the eye,

The center of this area |s defined to be the centroid of

these points, Let S be the set of "dark" polnts found, Let

ne be the number of points In Ss, For a € § Jet the

coordinates of a be x_,¥,.» Then the centrold (x,,¥,) Ts

computed from

x, = > x. |
ng |

Y, = = vg I |
' 1 I

Ns
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Ad, It might be expected that the dark area found

above Is an acceptable approximation to the dark area around

the eye, This Is not the case, The extent of the area

found Is strona|y dependent on the fraction used to define

"dark" points, Since the square used must be quite large so

that the eye will not be missed, the uncertainty In the

value of this fraction is large, Another iteration of the

dynamic threshold setting procedure Is used, This time a

smaller square Will be searched so that the confidence In

the value of the fraction Is higher, The square wlll be

centered on the centroid of the dark area which was found

previously, The slze of the square used is agaln based on a

proportion of the width W of the head, The side of the

square |s 287 NW,

AS, The centrally located dark area within the small

square Is Identified, The procedure |s the same as that

usea In step A2, The value of the fraction used to define

dark points Is ,06,

A6, The dark points found In step AS5 are characterized

by thelr centrold as was done in step A3, The new centroid

Is denoted by X,,¥,. An additional parameter ls measured

which characterizes the dark region, This is the "mean

radius",rv, of the dark region, Let S, ng, @, x,, and y_, be

defined as In A3, Then the mean radlus is glven by

For Sling o%) + (ye = Va),
AES

As
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This completes the discussion of the general flow glven

in Flgure 8=6, The dark area around the eye has been found

and characterized by |ts centroid and Its average radius, A

picture of this characterization [s given In Figure 8-8,

Before going on to discuss |ocating the iris, the

detalls of the dynamic threshold setting.procedure used In

steps A2 and A5 wi|| be glven, A generalized flow chart of

this procedure Is given In Figure 8-7,

The procedure attempts to find a dark area that Js

central to a saquare subset of the picture, The dimensions

of the square are Input parameters to the procedure,

Another Input parameter |s NDARK, the number of dark polnts

expected, The values of these parameters were specified In

the section whlch described.the calls on these procedures,

An |nspection of Flgure 8=7 shows that there are

several |oops within this procedure, The |ooping may not be

necessary In plctures where the eye reglon Is clearly

distinct from Its surroundings, First, the fiow of the

procedure will be discussed assuming a stralght, non=looping

flow through the program, Following this, the reasons for

allowing Iteration and the loops wlll be discussed,

Let A; represent the grey-valued plcture matrix which
includes only the points In the square under consideration,

The first step Is to form a histogram of the Intensities of

S, The histogram Is formed In the array h(@:15], The value

of the elements of h are
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Form hlgtogram of [ntenglties,
$

T « threshold whlch Includes NDARK points,
$ ".

| L « fa|se
U « fa|seo

.

TUN(RS Ld LL XX TTL LL
* ¢ *

’ Make binary using T, ’
* fn )
* FIl| Isolated holes, '
* é ’

* Label connected reglons, \
¢ ¢ 4

* Ni « nr, of dark points, *

* N2 « nr, of points In L « true
* small reglons and T » T=q
\ border regjons, / *

ot N3 « N1-N2 ’
* ¢ | true *

* EERE REERENK A
* / \ yes / \
? [4 NS 3 0 PELL ERE LETT LEERY EE LY vu >

U « true \ / \ /
T « T+l 0 00 00 9 0 Vv

\ ¢ NO false

4 é d
+ false Ce | ¢
A BEER REEN EK ¢

/ \ no / \ $
< L Yeetrrerrerrcrrnneceel N3 2 NDARK »> é
\ / \ | /

Vv 9000009000 ¢
é& true é yes é
I rr YT LL LLL LLL EE XI 4

: | $

Delete points In ¢
oe small and border :

regions, ¢
¢ >

¢é REP Err rr rrr rbret etree be

é

) é

" Fjgure 8=7, Dynamic thresho|d setting,
(Procedure for finding central dark areas,)
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| hy, = = cif A; = k then 1 else 021,
The varlable T I's set to that threshold that includes

NDARK points, More precisely, T Is the minimum value such

that |

-

= h 2 NDARK,
Kk=o

It Is clear that T divides the picture A Into two sets of

points: the dark polnts with A;: € T and the |lghter points

with Ap 2 T,

Now two Boolean variables, L and U, are set to "fal|se",

These are only used If |oopling Is necessary, This completes

the Inlitlallzation of the procedure,

The maln body of the procedure begins with construction

of a blnary~valued plcture B from A, The threshold T Ts

used In this construction as follows: |

By; = 1 If Agy ST |

= 0 If Ay > T,

Thus the 1's In B represent the dark pofnts of A,

The plcture B Is smoothed somewhat by fliling Tn

isolated holes, Points with value 2 are set to 1 if they

are surrounded with 1's,

Connected regions of 1's In B8 are identified and

labeled, This is done using the procedure "CONNECTED"

which was discussed in detall In Chapter 6 (see Flgure 6-4),

Since each dark polnt of B Is labeled wlth the region number

of the connected region to which It belongs, It is easy to

count the number of points In each connected dark region and
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to Identify those dark reglons which intersect the border,

NL Is set equa| to the total number of dark points In

B, N2 Is set equal to the number of points In B that are |n

small regions (< 4 polnts) or In reglons that Intersect the

border, N3 Is set to N1=N2, N3, then, Is the number of

points In connected dark reglons that are reasonably large

and somewhat centraj|.,

N3 Is tested to ensure that It Is greater than NDARK,

1f It 1s, all Is fine, Those points previously Identified

as being members of small reglons or border regions are

deleted from the binary picture B, When a point |s deleted,

its value Is set to zero.

The procedure has completed Its work. The binary

plcture B is avaljlable with 1's only In points that are

central and dark, The centroid and mean radius can be

computed using B,

Now, we must return to consider the cases where

Iteration Is necessary in the procedure, Thls Is necessary
if fewer than NDARK points would be |eft after deleting

small regions and border reglons, Recall that N3 Is the

variable that Is a measure of these points. There are four

cases to consider,

Case 1, @ < N3 < NDARK and L Is false, In this case

the assumption |s made that the threshold T was not set high

enough, It was desired that NDARK polnts should be present

In the eye area, When much dark hair from the forehead or
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temples enters the square under consideration, the threshold

T, whlch was obtained from the histogram during the

initialization of the procedure, Is unreliable, The dark

points from the halr are present In the histogram but then
are deleted as border points, The solution Is to raise the

threshold T, Although more halr may be Included It wil| be

jgnored since It a|ways extends to the boundary of the area

under consideration, T |s Increased by 1. The Boolean

var lable U is set to true to indicate that the threshold has

been moved up, A transfer Is made to the beginning of the

body of the procedure,

Case 2, N3 = @ and U Is false, If U Is false, this Is

the first Iteration of this procedure, At the first

threshold setting, al| points appear to be border points or

in small reglons, When this condition Is reached, [t

Indicates that the eye region possesses a strange

connectivity In the picture under consideration, All dark

points are kept In the matrix B and the program Is allowed

to proceed onward to the next stage of processing,

Hopefully, the tolerance of the remalning routines will be

able to handie this strange picture, (This case |s Included

In the program only for completeness, It has never been

. encountered when processing normal plctures,)

Case 3, N3 = g and U Is true, In this case we have

already encountered case 1 and have Increased the threshold,

In doing so the entire set of dark points has become
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connected to the borders, This undesirable situation Is

remedied by |owering the threshold one notch and using those

results as the best avallavle, T Is decreased by one, L Is

set to true, The program transfers to the beginning of the

body of the procedure, Case 4 wlll occur on the next

iteration,

Case 4, © < N3 < NDARK and L Is true, The previous

Iteratlon encountered Case 3, T was ralsed too high,

Accept the value of N3, Delete the small regions and border

reglons, The resulting matrix B |s suitable for further

processing,

This completes the description of the dynamic threshold

setting procedure, We wlll now consider the routines which

detect the Iris,

Flgure 8-8 shows the dark region around the eye and the

parameters. X,,¥,, and r» Which characterize the region,

Now It Is necessary to find the Iris, In particular, we

wish to find the characteristic horizontal cross-section

that was shown In Flgure 8-2, An effective procedure for

doing thls Is the following. |

Flrst the area where the Iris Is expected to be found

is heavily smoothed, This area |s bounded above and below

by the lines y = y, and y = Vv, +3F and on the ends by the
maximum extent of the dark reglon, Thls area is |llustrated

in Flgure 8+9, Within this area smoothing Is done by

replacing the Intensity at each point with the average
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Intensity over a pxq rectangle centered at the point, The

height of the rectangle, p, |s equal to the mean radius [2

The width, gq. Is ST. A typical value for T Is 7, Thus a
tyolcal slze for the smoothing rectangle Is 7x2, |

Now, a horizontal cross-section |s taken along each

line In the rectangle in Figure 8-9, The characteristic

shape (two mountains of eye white wlth a valley between for

the Irls) can be jdentifled,s, The center of the Iris Is

located, and Its coordinates are recorded,

The positions of the eyes have been located,

Therefore, processing of the eyes |s complete.

NOSE,

The measurements that are obtalned from the nose are

the coordinates of the center of the two nostrils, In a

front view of the face the nostrlls are the only part of the

nose that Is rellably and consistantly present.

The nostrils appear In the digital plctures as two

small dark areas of roughly elliptical shape, A typlcal

nose reglon may be seen In Figure 8-18,

The processing needed to locate the nostrils Is similar

In concept to that used in processing the eyes, Flrst, a

location for the nostrils Is predicted, based on a mode| of

the relationship of the eyes and nose, Then the area

surrounding the predicted location Is searched to determine

the actual location,
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Flgure 8«11 shows the essentials of the model that

relates the positions of the eyes and: the nose, The

distance between the eyes is denoted by D1, The distance

between parallel horizontal |lnes Intersecting the eyes and

intersecting the nostrils Is denoted by D2, In the mode]

D2/D1|s assumed to be a constant ratio, The experimental

value used |s ,75, The mode| Is used as follows. Let XL,YL

and XR,YR be the previously measured eye locations, Then

the predicted nostril locations XP,YP are given by

XP == (XL + XR)
YP =L(YL + YR) + (22 )(XR ~ XL),

2 DI

These coordinates give a flrst approximation to the

location of the nostrils, A square centered on XP,YP wij

be searched for the nose, The sides of the square are ,287

times the measured width of the head MW,

A key point In locating the nose» as In finding almost

every other feature, is preliminary smoothing, This tends

to make prominent things prominent and to make the minor

local varlatlons have a smaller effect, The smoothing Is

done on the nose reglon by replacing the average Intensity

at each point In the square under consideration by the

average Intensity of the four polnts In a 2x2 square.

At the same time that this smoothing takes place, a

histogram of Intensity Is made, This histogram Is used for

subsequent threshold setting,

The nostrils are located by a procedure which does
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dynamic threshoid setting, The broad outlines of the search

for the nostrils Is given by the flow chart In Flgure 8-12,

This flow chart Is discussed In detal| below, The general

idea Is as follows, A threshold T Is gradually ralsed from

lower to higher grey values. At the |owest value only the

few darkest polnts are below the threshold. As the

thresho|d Is raised a |lttle, several small dark areas wijl

be below the threshold, These areas should ([noclude the

two nostrils, There may also be dark areas for shadows

under the nose or from the sides of the nose, A heuristic

decision procedure ls used to {dentify those dark areas

which represent the nostrils, |

The detalls of the procedure of Figure 8-12 are as

follows,

Ci, The first value of the threshold T is chosen as

the minimum Intensity In the nose region, This value Is

obtalned from the previously prepared histogram,

C2, Dark reglons are Identified. A dark point Is a

point with Intensity less than or equal to T, A binary

valued ploture is formed with dark points having value 1,

and |lght points having value 8, This Is similar to the

procedure used in locating the dark eye area, The procedure
for ldentifylng connected regions (CONNECTED, Flgure 6-4) Is

applied to the binary valued plcture; its methods were

discussed previously In eye and body processing. Each dark

point |s associated with the region number of the connected
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Ci, Initialize T using histogram of intensities,
® .

cae. Identify dark reglons.
¢

fl |
J CL LL LE TL EX |
* ¢

\ C3, Set X1,Y1l to coordinates
\ of center of gravity of
* reglon closest to XP,YP,
+ ¢ .

* . © 00 0900 000 000 00 00000000 00

\ C4, / ls there a second reglon\ yes
* $ with center of gravity PELLETEEL LL LLL
* | \ X2,Y2 such that / ¢

| * \ lYi1-Y2| < A 4 ¢
t 000 0 00 000000 0000000000 00 $
* ¢ NO é
* d : ¢
’ C5, T « T+1 ¢
* + | ¢
’ C6, Identify dark reglons, :
* $ $

* C7. 0 6 000 08 000 0 00 060 009000 0 00 $
? / ls there a pew second \
terrrrereeel ragion with center of > :

no \ gravity X2,Y2 such that / :
\ lYi-y2| < H& / :
9 6 0 000 0 00 000 00 00000000 é

yes ¢ $
PCE RE rCRe rrr rrr rhe rere rrbn

¢ .

Cs, Finished, The coordinates
| of the nostrl|s are X1,Y1

and X2:,Y2,

Flgure 8-12, Locating the position
of the nostrils,
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region to which It belongs, From this Information the

centrold of each dark, connected reglon is computed,

C3, XP,YP are the coordinates of the point predicted

to be between the nostrils, The closest reglon to XP,YP Is

found, Here the distance from a point to a region Is

defined as the Euclidian dlstance from the point to the

centrold of the region, X1 and Y1 are set equal to the

centrold of the closest region,

C4, A check Is made to see If there |[s a second region

in the plcture at approximately the same helght as Xi,Y1,

In particular, what Is scught Is a centroid X2,Y2 such that

YL =» Y2| < Al and IX1 = X2| > \2,

Sat|sfactory vajues for the parameters are X1=4 and X\2=8,

If such a reglon is found, the search for the nostrlis Is

successful; the program transfers to C8, If such a reglon

is net found, more reglons are searched for at C5,

C5, The threshold T Is Increased by one, This wi]

include more dark polnts In the next Iteration of the

procedure,

C6, Dark reglons are Identified In the area of the

nose using the new value of T, This step |s Identical with

step C2,

C?, Hopefully, new reglons have been found In the

preceding step, The coordinates X1,YlL of the old closest
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raqlon (found In step C3) are stll| known, A check IS made

to see If a new region Is present at approximately the same

height as X1,Y1l, The detalls of the test are the same as In

step C4, If there Is a new region which. meets thls

criteria, the search for the nostrils Is successful, and the

program continues to step C8, If not, another Iteration of

the procedure Is needed and a transfer |s made to step C3, |

C8, The procedure Is finished, X1,Y1L and X2,Y2

represent the coordinates of the two nostrils,

This completes the processing of the nose, The

locations of the nostrlis are recorded for eventual use In

the classification step,

MOUTH,

The mouth was a difficult feature to locate

consistently, When work was first begun, It was anticipated

that points of the mouth and |lps could be found by edge

detection operators, This did not work because of the

great varlabllilty present In the mouth reglon, In a Ilght

intensity representation of the mouth and Its surroundings,

the things that stand out are the highlights and shadows

caused by llght falllng on the recesses and protruding

curves of the mouth, The |Ips and the mouth Itself are much

less prominent, These |Ights and shadows change great]y

with various |lghting arrangements,

Another problem In recognizing mouths is the
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variabl|lty of position, There Is no "standard" position

that a subject can be Instructed to assume with his mouth,

Therefore, plctures of the same mouth |ook different from

picture to plcture, g

The one characteristic of the mouth that Is uniformly

detectable Is the dark thin horizontal |Ine which the mouth

forms, The program was written to detect the presence of

this |lne and its location,

The principal component of this process Is a

|Ine=finding operator, A great deal of experimentation was

performed In an attempt to devise a good operator. The

following procedure |s the result, |

The operator detects horlzontal dark | Ines. [t

examines points In a 7x7 square of the plcture. Let BI be

the average [ntensity value In row | of the plcture,

| f

BL 2 B2 2 BI 2 B4 £ B5 £ B6 £ B87

and |f

BL > B4 < B?

then the point at the centep, of the square Is on a dapk

| Ine, If the two relations above do not hold, the central

point |s not on a dark |ine,

Now the procedure for J|ocating the mouth can be

described,

| Step 1, The area to be searched for the mouth Is

delimited, This area extends vertically from below the nose
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to near the predicted ehlin, Horizontally, It extends from

left. to rlght Just outside of the previously |ocated eye

centers,

Step 2, The mouth region Is smoothed using 2x2

smoothing, Here os elsewhere, smoothing improves

performance,

Step 3, Within the mouth region all points that are on
dark horizontal Ilnes are Identified, The 7x7 |ine finding

operator described above Is used,

Step 4, A threshold |s determined such that half of

the points which are on dark horizontal |ines are darker

than this threshold, Points with values above thls

threshold are eliminated.

Step 5, The rows of the reglon under consideration are

examined to find that row which contains the greatest number

of the points remaining, At thls point the mouth Is easi|y

identified as the string of remaining dark points on

adjacent rows,

This completes the processing of the mouth, the flInal

feature on the face to be determined, All measurements are

now avallable, The classification algorithm can be applied

to the measurements to Identify the individual,
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CHAPTER 9

PATTERN CLASSIFICATION

This chapter Wwil| describe the methods used to Identify

a subJect once a set of measurements has been obtained from

the plcture, It Is worthwhile to re-emphasize that the

study of pattern classification methods does not represent a

major part of this thesis, The location and Jldentification

of features [n grey scale plctures Is the concern of this

thesis, Once the features are located and measurements

obtalned, It Is necessary to use a olass|flcatlion algorithm

for Identification of the subject, For this purpose a

standard and easl|y used classification method Is used,

The pattern classification problem [8s an example of

decision-making when there Is uncertainty in the data on

which the decision |s based, It may be defined as follows,

Given a real valued vectorxX» Which has been selected from

one of the classes C1, C2,,.4» Cm, we wish to find which of

the classes that Xrepresents, That is, we wish to find a |

decision function of the feature vector X such that

F(X) = | If x ¢€ Ci,

In this thesis, the components of Xare the measurements

obtalned from the pleture, normallzed by dividing each

measurement by the measured height, The classes Ci each

represent one person whose measurements are In the

recognition dictionary,
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This pattern classification problem may be separated

from experimental pattern recognition and treated as a

problem in mathematical statistics, There exists an

extensive |[terature concerning this problem, Many

classification algorithms have been described, Varlous

algorithms are appropriate depending on the knowledge which

Is avallable about the probabli|lties of the classes and the

probabl|lty distributions of the features for members of

each class, The many methods whlch have been proposed and

used are broadly surveyed and described In the recent papers

by Nagy [1968] and Ho and Agrawala [19681], Both papers

contain lengthy bib|lographlies of the Important |literature

dealing with pattern classification,

ldentiflcation of peoples as Bledsoe and Hart have

observed, |s characterized by a sma|l number of sampies from

each of a large numper of classes, Th|s contrasts with

traditional pattern recognition problems where one has many

samp les from a few classes, Thus |t |s difficult to

estimate probability distributions,

Accordingly, from the many classification schemes that

are avaliable, the nearest nelghbor method (Cover and Hart

£19671) was chosen for thls work In Identification of

people, The reason for this cholce |s that the nearest

neighbor method Is simple, easy to use, Intuitively

appealing, and requires no prior knowledge of underlying

probabl|ity distributions,
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The nearest nelghbor method may be described as

follows, For each person whose measurements are In the

recognition dictlonary, one or several n-component

measurement vectors have been obtained, Each measurement

vector may be considered as speclfylng a po|nt In an

n-dirensional space, A distance function D(X,Y) ls defined

between any two polnts x andy in the space, When It Is

necessary to classify a new measurement vector x the

distances between Xand each point In the dictionary are
computed, The closest point to x 1s that ve for which

D(X,¥:) Is minimum, andX Is ldentif led as representing the
same person as Y:

With relatively few vectors for each person In the

dictionary, this sort of classification will work wel| |f

the feature vectors for each person are nicely clustered In
n-space, The success of the Berti||ion system and Bledsoe's

work wlth Identification from measurements Indicates that

this Is Indeed the case for accurate measurements, In the

recognition system studied here, the measurements contaln

measurement errors, but the nature of these errors Is

difficult to estimate, Nevertheless, the nearest neighbor

classification method provides a simple way to test the

feature detection that forms the principal effort In this

thesls,

As stated before, the nearest neighbor procedure Js

simple and Intuitively appealing, Its chief disadvantage,
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the large memory required to store every oprevious]y

encountered measurement, Is not bothersome with the

relatively small data sets used here, There |s another

feature of the nearest nelghbor procedure which Ts

worth mentioning, It Is well known that when all the

underlying probability structure of a classification problem

is known and used, the optimum declslon rule may be obtalned

using Bayes analysis and choosing the class Ci which

maximizes

Pcci|Xy = Pixley pricy,

| = rjc P(CJ)
Cover and Hart [1967] have shown that for large samples, the

probabl|1ty of error of the nearest nelghbor rule Is bounded

above by twice the Bayes probabl|ity of error, (Minsky and

Papert (1969, po, 197] give a clear example of a special case

of this result,)

In choosing the distance function for use In the

nearest nelghbor algorithm)» the metric which was used

successfully by Bledsoe [1966] was se|ected. The distance

from xX to¥ Is defined as

D(¥) VY) : = hogy) |
where a; Is the Intra-person difference variance for

measurement Ji in other words: €; is the variance of

differences In measurement J between plotures of the same

person. More precisely,» let a and Y be two measurement

vectors for person |, Form the difference vector 3
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for person | as

21. = a;=bj
Do the same for each person until a complete set of

difference vectors at, 32, vee 3m’ has been obtained,

Def lne a as the wvarlance of the Jth component of these

difference vectors:

T eu . LO * |
dg, = =DILIEY [2304] '

Clearly thls distance measure is a Euclidean distance

on a space In which each component has been weighted by a

confldence |evel| =a This welght wlll be large on a
measurement that “is reliably repeatable, It wi|l be smajl

on an unrellable measurement, |

It was mentioned above that this is the distance

measure used by Bledsoe, To be precise, It should be

mentioned that Bledsoe had many more measurements In hls

manually obtained data, These measurements were grouped

according to the features, For Instance, one group might be

all the measurements on polnts of the mouth, The distance

measure presented above |s the measure used by Bledsoe for

the distance between centroids of groups,
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CHAPTER 10

RESULTS AND CONCLUSIONS

The principal positive result of this research Is the

use of goal~directed techniques to successfully locate

features in cluttered digital pictures, This success has

been ver|fied by displaying the results of the feature

finding algorithms and comparing these |locatlons with the

~~ locations obtained by hand from digital printouts of the

plctures, Successful performance In the task of

identification of people provides further verification for

the feature finding algorithms, The test of the performance
of the program on Jldentification of people is descriped

below,

A collection of 72 digital pictures was used In thls

test. This collection comprised 24 sets of pictures. Each

set consisted of 3 pictures for one Individual: a plecture of

the body, a plecture of the background which corresponded to

the body plcture, and a close-up of the head, Ten

Individuals were represented In the collection, For most,

there were 2 sets of plctures, Three Individuals had 3 or

4 pictures each In the collection, The plotures of the same

individual were taken at various times over a two year

period,

A large amount of [Information wi|| be Included In thls |

chapter about the collection of pictures which was used In
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the performance test, This Is done In order to provide a

clear indication of the quality of the Input and the

| characteristics of the results, In addition this Inforation

could be used In compalrison of a|ternate methods with the

methods of thls thesis, A full set of the data used to test

this program Is avaliable from the author,

Detailed informatlon on the pictures of the entire body

will be provided for 4 plctures, 2 plctures each of 2

individuals,

The complete Input data for 2 of these plctures Ts

included as Appendix 1, For each picture several pages of

computer printout are glvean, Taken together these pages

complete|y specify the Input picture, In the printouts In

Appendix 1 (and also In Appendix 2, to be described later)

the sixteen levels of |ight Intensity are represented as

follows, Each polnt contains a light Intensity value which

ranges from zero (the darkest polnts) to fifteen (the

| Ightest points), Intensity values © through 9 are

represented by the digits "@" through "9", Intensity value

12 |s represented by the letter "A"; 11 by "B"; and 12, 13,

and 14 by the letters "C", wD", and "E" respectively.

Ingensli¢y valye 15 is printed as a perlod,

Each of Figures 12-1 through 18-4 gives 4 photographs

derived from the 4 example pictures of bodies, Part (a)

glves a 9rey scaje representation which was obtained by

photographing a computer display terminal, Part (b) shows
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the results of processing the plctures after subtraction and

reduction In size, The representation Is the same as that

used In Appendix 1 which was described above, Part (c)

shows the outlilines of the reglons which remaln after

smoothing, noise elimination, and removal of the border

regions, Part (d) shows the same outlines as part (¢) wlth

arrows superimposed whlch point to the locations of the

measurement polnts,

Table 18-1 gives the coordinates of all of the

measurement polnts jocated In the 4 example body plctures,

Appendix 2 consists of complete Input data for 2

plctures of heads, both representing the same Individual,

The data representation |s the same as that used In Appendlx

1 and described above,

Flgures 18-6 through 10-29 contain plctures of each of

the 24 heads In the test collection, In each figure part

(a) Is a grey scale photograph from a computer display

terminal, Part (by) shows the outline of the head, the

features found, and coordinates of features |ocated, The

eyes are represented by an cut|lne of the dark areas around

the eyes, Similar outlines are given for the nostrils. The

mouth Is Indicated roughly by horlzontal |lnes, Around the

nose and mouth some nolse points have not been suppressed,

On the rlght of the outline of the head the feature

coordinates that are used In subsequent measurements are

given, Flgure 12-5 explains which numbers belong with
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TABLE 10-1, |

Coordinate measurements from 4 body plctures,

Pleture KELB1

X coord, y coord,
Top of Head 129 45
Feet 130 213

Sides of head left 119 56
right 138 56

| Widths 19
Sides of neck left 124 67

right 135 67
Widths 11

Sides of shoulders left 107 86
right 151 85

Widths 44

Sides of hips left 110 149
| right 146 149

Widths 36

Pilcture KELB4

Xx coord, y coord.
Top of Head 143 46
Feet 142 219

Sides of head left 132 58
right 153 58

Width= 21

Sides of neck left 137 68
right 148 68

Widths 11

S|des of shoulders [eft 116 88
right 179 88

Widths 63

Sides of hips left 120 153
right 164 153

Widths 44
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TABLE 18-1, (Continued) |

Coordinate measurements from 4 body plctures,

Picture JZCB1

X coord, y coord,

Top of Head 142 25
Feet 143 214
Slides of head left 129 38

right 152 38
Widths 23 |

Sides of neck left 134 49
right 149 49

| Width= 15
Sides of shoulders |eft 117 71

| right 169 71
Width= 52

Sides of hips left | 123 142 j
right | 164 142

Widths 41 oo

(

Picture JZCB?2 :

X coord, y coord, |
Top of Head 137 24
Feet 142 214
Slides of head left 127 37

| right 150 37
Widths 23

Sides of neck left 131 49
right 146 48

Widths 15

Slides of shoulders left | 112 71
right 167 69

Widths 55

Sides of hips left 122 142
right | 162 141

Widths 49

125
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Flgure 10=5,

Explanation of measurements in
Flgures 10-6 through 18-29, |

On the right slide of each figure are ten values, _The
meaning of these values Is defined by their position
as follows!

{NAME OF PICTURE>

{TOP OF HEAD, Y COORD,?>

<HEAD, LEFT SIDE X COORD,»

<HEAD, RIGHT SIDE X COORD,>

<LEFT EYE X COORD,> CLEFT EYE Y COORD,>

<RIGHT EYE X COORD,» (RIGHT EYE Y COORD,»

(NOSTRILS, Y COORD,>

(MOUTH, Y COORD,»

126
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which features,

| The test of |dentification of people was performed as
follows, First, the complete collection of plctures was

processed, and all of the measurements used for recognition
were recorded, This produced 24 sets of measurements

describing the 12 people, These measurements are glven In

Table 18-2, Recognition was attempted on these sets of

measurements,

All of the measurements were normalized to compensate

for the varying distances of the sublects from the camera as

described earlier, This normalization was performed by

dividing all of the measurements In each picture by the

height measured in that plcture. Norma|lzed measurements

are glven In Table 10-3,

Welghts for use In the classification procedure were

obtalned as described In chapter 9, These welghts are

listed In Table 12-4,

For each set of measurements, the remainder of the

collection of measurements was considered to be a dictionary

of known Individuals. Thus, the following experiment was

repeated 24 times, An unknown measurement vector was

selected, and an attempt was made to ldent|fy the person to

whom these measurements belonged from the dictionary which

contalned 23 entries,

In this recognition experiment only two errors were

made, The correct Individual was |dentified in 91% of the
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Measurements for ldentification test,

Each entry consists of a 3 letter code for the Individual
followed by an ldentlfying |etter or digit, The ten |
measurements wnlich follow are the ten measurements |Isted
In Flgures 2=1 and 2-2,

ELM

185, 21,0 14,0 52,0 46,0 134,
44,0 88,9 25.0 45,0

ELM2

185, 20,0 14,09 51,0 38,0 133,
42,0 89,9 23,0 42,4

GJG1

184, 21,0 16.0 59.1 41.0 137.

43.0 88,0 25.0 44 ,0
GJG?2 |
182, 24,0 15.0 41.92 49.0 135,
41,0 88,0 24,9 42.9

JLR1

195, 23.0 14,0 58,0 © 42,0 145,
52.2 128, 28,0 44,0

JLR?2

194, 23.0 16,9 57.0 42,0 138,

51.1 108, 29,0 46,0
JZC1
189, 23,0 15,2 52,0 41,0 145,

55,0 91.0 23,9 42,0
JZ(C2

190), 23.0 15,0 55.0 47,0 151,
53.0 88,0 21,0 40,0

KEL1

168, 16,0 11,0 44 ,0 36,0 115,
47,92 75.0 21,0 38,0
KEL4

173, 21,0 11,0 63,0 44,0 119,
42.0 69,9 19,0 35,0

KELS

172, 20,0 11.0 47 ,0 43,0 1282,

42.0 69,0 20,0 36,0
LDE1

154, 17.0 10.0 47.0 50,0 113,

| 39,0 68,9 24,0 39,0

LDE2 |
156, 17,0 11.9 47,0 45.0 114,
49.0 76,0 24,0 42.9
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TABLE 19-2, (Continued)

Measurements for ldentiflcatlon test, ’

RAJ1 | |

174, 18,9 13,9 59,0 27.0 114,
38,3 68,2 22.9 26,0

RAJ2

177, 18,0 12.9 50,0 28,0 120,
39,2 79,0 16,9 25.0

RGG7

183, 22.0 16,0 45,0 39.0 129,
46,0 80,0 18,0 36,0

RGGg

190, 21,0 16,0 58,0 40,0 135,
44,0 86,0 20,0 40,9

RGGC

2199, 21.0 15,0 55,0 42,0 132,
48 ,0 82,0 18,0 41,0 |

RPH2

174, 29,0 13.9 46,0 47.0 116,

39,1 73,0 14,0 30,9
RPH3

172, 19.0 14,9 52.9 48 ,0 112,
41,0 71.0 15,9 32,0

TED1

162, 22.0 13.0 42.0 34.0 117,
35.0 82,0 24,0 37,9

TED?

163, 20,0 13,0 43,1 33,1 120,
37.1 89,0 24,0 38,0
TED

| 163, 19,0 13,0 39,0 50,0 129,
37.0 74,0 22.0 37,0

TEDS

154, 18,0 12,0 39,0 31,0 128,
36,2 74,0 22,0 36,0
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TABLE 10-3,

Norma| lized measurements,

The format |s the same as Table 128-2, |

ELM1 |
1,09 2.114 B,757E-01 0,281 3,249 g,724

3.238 2,476 2,135 3,243

ELM2 |
1,00 2.178 B,757E=-01 08,276 @,205 2.719

2,227 7,481 g.124 g,227
GJG1

1,90 2,114 2,870E=-01 0,321 g,223 3,745
8,234 2,478 2,136 B,239

GJG?2

2.225 7,484 2,132 B,231
JLR1

1,00 2.118 B,718E=-01 0,297 2,215 g.,744
3,268 2.554 D,144 B,226

JLR?2 |
1,09 g,119 3,825E~061 8,294 2.216 g,711

B,263 2,557 3,149 8,237
JZ2C1

1,02 0.122 B,794E=-01 0,275 2,217 3,767
2,291 2,481 3,122 B,222

J2C2 |
1,69 2,121 g,789E=-21 0,289 2,211 B,795

2.279 2,463 2,111 8,211
KEL1

1,09 7.113 B,655E=01 0,262 P.214 3,685
2.238 2,446 @,125 B,226

KEL4 |
1,22 2.121 g,636E-01 0,364 2,254 g,688

0.231 B.,.399 2,110 @,202
KELS

1,00 7.116 0,640E=-01 2,273 2,250 g,698

@.,244 2,491 3,116 2,209 '
LDE1

1,00 2,110 B,649E-01 0,325 B,325 8,734
2,253 3,442 B,156 0,253

LDE2 |
1,00 3,100 g,705E=-01 0,301 2,288 8,731

B,256 2,487 8,154 B,256
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TABLE 19-3, (Continued)

Norma|lzed measurements,

RAJ1 oo
1.00 2,103 0,747 «031 0,287 2,155 3,655

g,222 3,391 #,126 #,149
RAJ2

1,00 g.102 @,678E~01 0,282 2,158 2,678
B.,221 0,446 2,107 B,141
RGG?7

1.00 0.120 B,874E=-01 0,246 2,213 2,705
3,251 2,437 g,984E=01 0,197
RGGB

1,060 2,111 ?,8428=01 2,305 g,211 g,711
B,232 2,453 g,105 g,211

RGGC |
1,00 g.,111 B,789E=-21 0,289 2,211 g,695 -

3,253 g,432 B,947E=01 0,216
RPH2

1.02 2,115 B,747E=-01 0,264 3.270 0,667
2.225 3,420 P,805E=-01 2,172
RPH3 |

1,09 2.110 B,814E-01 0,302 2,279 g,651
9,238 2,413 2,872E«01 0,174 :

TED1
1,00 2.123 0,802E-01 2,259 g,210 g,722

9,216 3,506 g,148 B,228

TED?2 |
1.20 2.123 g,798E=-01 0,264 2,203 B,736

2,228 0.546 B,147 0,233

TED3 |
1,029 2.117 g,798E-01 2,239 2,387 3,791

@.227 @,454 6,135 @,227

TEDS | |
1,00 2.117 B,779E=-01 2,253 2,201 8,779

0.235 2,481 2,143 0,234
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TABLE 10-4, MWelghts,

Measurement a 5

From body picture: |

Head width 2.0000402 ?,0063405

Neck width 0,00080197 2,0044354

Shoulder width ?,8019402 0,0440476

Hip width 0.0019666 ?,0443458

From head picture:

Head width 2.008087326 0,02708665

Distance between eyes 2,0001170 ?,0108170

Top of head to eyes 0.8014393 0,0379384

Eves to nose 0,0000663 ?,0881423

Eyes to mouth 0.,0001208 2.01089927
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cases Involved, The distance In the recognition space

between each palr of measurements was tabulated and Is glven

In Table 18-5, This test Indicates that the identification

of people Is possible relylng solely on -measurements

obtained by a computer, |

The two errors in the recognition tests occurred when

one Individual was misidentified twice, The reason for this

mistake was faulty measurements of the wldth of the

shoulders and neck in the plcture of the body, The faulty

measurements were caused by low contrast with the

background,

An example of this sort of problem can be seen In

Figure 1@=1(a) where there Is very |ltt|le contrast between

the subjects shirt and the window behind him.

FUTURE WORK,

The recognition procedures described In this thesis are

elaborate and complex, It would be worthwhile to examine

these procedures In detall and attempt to determine the key

heuristics on which suocess or fallure of the algor{thms

really depends, In isolation they could be examined more

effectively to determine the range of their usefulness and

appllcabllity., Statistical data could be obtalned on the
success rates of particular heuristics, This could then be

used to obtain meaningful evaluations, Unfortunately» such

testing and evaluation |{s a problem which Is comparable, In
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TABLE 10-5. RECOGNITION DISTANCES.
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the effort required, to the original des|gn and development

of the system,

The work reported In thls thesis could be extended to

deal with larger sets of people, One way In which thls

could be done would be to use absolute measurements of

people rather than measurements which have been norma|{zed

by helght, Absolute measurements can be obtained from the

pictures In a stralght~forward way If the distance from

camera to subJect is known, Alternatively, If the geometry

of the camera position Is known, the distance from the

camera to the Individual may be calculated using the ground

plane assumption (Sobel [19781), In the pictures that were

processed, the helght of the people could be correot]y

measured to within 2 raster unlts, This corresponds to

about a half of an Inch when considered as a fraction of a

person’s helght, Thus, a preliminary reduction In the

fraction of the dictionary to be searched could be done

using the absolute height of the person, The rest of the

measurements obtalned from the plctures could be used to

distingulsh people of almost the same height. In this way

the number of people thata recognition system could handle

could be greatly expanded,

Another valuable extension of this work would be to

attempt to develop a formal structure that would permit

high=leve| specification of the model and the heuristics

which are buried In the program that has been described,

159



Digitized by Google



Possible |lnes of approach could be found In the attempts at

lingulstic description of plctures and formalization of

models which were discussed In Chapter 4, Such a high~|eve|

spaclflcatlon, If successful In reproducing the effect of

the algorithms so far described, could be applied to other

areas of plcture processing to test [ts generality, |

It would be useful to attempt to overcome the obstacles

that prevented thls program from performing on~=|ine

recognition, What |s needed |s a picture Input system wlth

the ability to digitize a wider range of Jight intensitles,

Also needed In an effective on-line system Is a

quick=response picture output device for digital pictures

that can provide visual feedback to the operator while

setting Input parameters,

It Is clear that this heuristic program Is nowhere near

the final solution to the problem of visual identification

of people, Nevertheless, the success that has been achleved

indicates that the methods used are worthwhile, The

research which has been done here provides useful procedures

for further work in processing very complex Scenes,
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