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Abstract

Facial age estimation is a challenging task, especially if the subjects are
older. The facial appearance of human face changes due to several lifestyle
factors. Estimating the age of a person with a disease based on facial im-
ages is a relatively new topic. In this thesis, we test the hypothesis that
Alzheimer’s patients appear younger than their real age. To analyze this,
we use automatic age estimation for this task. First, we propose training
and normalization regimes to improve deep learning based facial age esti-
mation. Then we fine-tune a pre-trained ImageNet model using first the
APPA-REAL database and then the UTKFace database. The experimental
results show that the proposed approach predicts older faces more accurately
compared to other studies, and improves the mean absolute error for the FG-
NET database to 8.14 for the age group 60-69. While the tested database
is too small for broad estimations, the results on the current database show
promising results. Then, we run our approach on a special database from pa-
tients with Alzheimer’s Disease (AD) and healthy controls, to test our main
hypothesis. The database contains video recordings of 96 subjects with an
age range between 64 and 87. Our findings show that residual age estima-
tion indeed underestimates the age of AD patients significantly more than
the healthy subjects.
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Chapter 1

Introduction

Predicting the age of another person is an obvious thing that we do. However,
sometimes we could estimate it wrong or close to their real age. Actually,
why do we choose a specific age? On which factors do we base our predic-
tions? Do features such as wrinkles have any influence or glasses, beard, hair
color and what about facial expressions? As it is simple for humans to ob-
serve these facial appearances, it is a difficult task for computers. In decade
years, many computer vision approaches have proposed in age estimation for
different kind of applications, such as forensics [2]. However, this field tackles
with problems that it faces due to some factors influencing the aging of a per-
son. During the aging of a human face, the facial appearances changes due to
living conditions and medical status, plastic surgery, scars, and make-up [98].

Automatic facial age estimation requires a large amount of information
from the image data. Extracting this information is essential for the per-
formance of an age estimation system, which depends on the quality of the
extracted features. Most extracted features in facial age estimation are based
on the static appearances of human face.

Mean absolute error (MAE) is mostly used in age estimation systems. A
recent study by Han et al. found that humans can estimate the age with
MAE of 7.2–7.4 years [38]. Several automatic age estimation has estimated
the age with MAE using various approaches. Automatic age estimation from
facial images used the K-Nearest Neighbors (KNN) and Support Vector Ma-
chine (SVM) to estimate the age of the human face [62]. The results for KNN
and SVM were MAE of 8.43 and 5.71, respectively. Another automatic age
estimation approach based on deep learning achieved MAE of 2.96 [15].

AE based on facial images is still a challenging problem and further from
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2 Chapter 1. Introduction

real acceptance and practical satisfactory [28]. So far, an extensive attention
has been paid by researchers on AE and many approaches have been proposed
to solve this problem. Mainly, many aspects which make AE as a challenging
problem:

A challenge of age estimation is estimating the age of patients with
Alzheimer’s disease (AD). The problem is that the increased variance in
living conditions affects the age of AD patients. Thus, it is more difficult to
estimate the age of older people. Although there are other risk factors for
AD patients as well [14]. A study in sex shows that women have more risk
in AD after the age of 85 years old [5]. Other studies researched the relation
of drugs with AD. As drugs are risk factors of dementia, those studies show
that taking the Nonsteroidal anti-inflammatory drugs (NSAIDs) significantly
reduces the risk of Alzheimer’s disease [45, 106, 26]. Besides those factors,
AD affects the facial expression of the human face. Patients with AD cannot
express emotions well like healthy persons [9]. They struggle with expressing
their emotions due to impairments of nerves. The patients will lose their
cognitive capacity and even their verbal communication ability.
s The current automatic age estimation approaches, humans as well, make
more mistakes on elderly subjects. Most studies focus on impairments in face
recognition in AD patients [41]. However, image-based facial age estimation
for patients with Alzheimer’s disease have not been researched for age esti-
mation problems.

In this thesis, we will analyze the age of Alzheimer’s patients. Addition-
ally, applications are too narrow for estimating age from human faces with a
disease in a broad context. We aim to investigate the possibility that patients
with Alzheimer’s disease seem younger than healthy subjects.

1.1 Research questions

The goal of this thesis is to implement a state-of-the-art facial age estimation
technique to estimate the age of AD patients and healthy subjects. We
use a Convolutional Neural Network (CNN) architecture to extract features
and classify the age into range of 0-100. The following research questions
summarizes the the goal of the research.

(i) How can we adapt a deep learning technique for automatic age estima-
tion?

(ii) How can we estimate the age of Alzheimer patients by static images
and compare the estimation to healthy subjects? and how well do they
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perform?

(iii) Can we improve the state-of-the-art automatic age estimation for esti-
mating the age for elderly?

1.2 Contributions

This research targets the following contributions:

(i) The state-of-the-art of age estimation for the elderly has been improved
and extended.

(ii) An automatic image-based facial age estimation for Alzheimer’s pa-
tients has been conducted.

(iii) Proposed training and normalization regimes that improved the deep
learning based facial age estimation.

(iv) Published a paper to IPTA Conference “Do Alzheimer’s Patients Ap-
pear Younger than Their Age? A Study with Automatic Facial Age
Estimation” [107]

1.3 Overview

The thesis is organized in six chapters. The first chapter introduces the re-
search problem and brief reviews existing work of age estimation. Chapter
2 describes theory behind age estimation and face analysis. Chapter 3 pro-
vides an overview of the implemented frameworks that constitute this thesis.
Chapter 4 shows the conducted experiments with results. Chapter 5 dis-
cusses the limitation of our approach. Finally, chapter 6, gives an conclusion
to our work and presents the future work.

Chapter 1 introduces information about the research field, prob-
lem statement and states the principal aims for this research. The main
contributions are also described.

Chapter 2 informs the reader about the theoretical background
behind age estimation. This chapter provides information to understand the
human face such as facial appearances, features and expressions. This chap-
ter also describes a range of different feature extraction and classification
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techniques. Further, analysis of Alzheimer’s is also proposed in this chapter.
Finally, a brief review of different literature’s in facial age estimation is dis-
cussed.

Chapter 3 introduces the methodology of the automatic age esti-
mation framework, including pre-processing, feature extraction, classification
and statistical analysis.

Chapter 5 gives an overview of the conducted experiments of au-
tomatic age estimation. Further, results of the conducted experiments are
presented.

Chapter 6 discusses the limitations of our work.

Chapter 7 presents the conclusion and future work.



Chapter 2

Background

This chapter addresses the theoretical background of age estimation and de-
scribes various methods and techniques that are relevant for facial age esti-
mation. A general facial age estimation pipeline includes face pre-processing,
feature extraction and classification. Figure 2.1 illustrates this general pipeline
for an age estimation framework with CNN.

5



6 Chapter 2. Background

Figure 2.1: A general age estimation pipeline for CNN. The raw image is
inserted; The image is pre-processed with face detection (e.g. Viola-Jones),
cropping and alignment (e.g. Facial landmark) methods, then resized to a
specific dimension for CNN; The CNN is used for feature extraction and
classification purposes; The output of the CNN is an age that is estimated
from the facial image.

This chapter is separated in three sections: (1) Understanding the hu-
man face, (2) The general process of a facial age estimation framework, and
(3) Analysis of the human face, which includes facial expressions and face
analysis of the pathology.

2.1 A process of the aging a human face

Aging of a human face is a slow process that includes changes in bones,
fat mass, and skin texture [113, 16]. A face of a young person is slightly
shorter and the skin patterns as well compared to an older person, because
of the growth and development of the face during the aging [104]. The shape
development, which is the growth of the craniofacial skeleton, is the most
noticeable change of the human face [2]. A craniofacial change remodels the
cranial bone horizontally and vertically. During the aging, the size of the
face increases horizontally and decreases vertically. The cranial bones re-
model around the age of 40-50 years and facial lines are increasing in depth.
These changes are affecting the appearance of the face and its expressions
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[70, 87]. The positions of the nose and chin are influenced by the length of
the dental arch when it is decreasing. Besides the craniofacial growth, there
appear changes in skin texture in the later stages of aging. The changes in
skin texture do not change greatly compared with craniofacial growth. The
most known skin patterns that occur on the face are wrinkles and pigmenta-
tion [82]. Fat tissue and muscular changes are some of the factors that are
responsible for wrinkles. The mimetic muscles control the facial expressions
which create wrinkles on the face [44].

Figure 2.2: Aging of a human face. From Changes Associated with the Aging
Face by Oren Friedman [27].

A facial age of a human can be affected by many factors, besides the
biological factors [98] and environmental factors [2]. Factors like lifestyle,
natural, and psychological are separated into intrinsic and extrinsic categories
[52]. The intrinsic factors are internal such as changes in bone structure and
genetic influences over time [113]. The extrinsic factors are external factors
influencing facial aging, such as drugs, smoking, and exposure to ultraviolet
radiation [99]. Human facial skeletons have lifelong and continuous changes
[70, 87].

2.2 Facial features

Features contain a piece of information that is relevant for solving problems
related to specific tasks such as classifying ages from facial images. Age es-
timation based on static images categorizes facial appearance into various
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kinds of features. In this section, we will discuss the static appearance fea-
tures that exist on the face. Those features can be extracted with feature
descriptors which are described in section 2.3.2.

Features are of importance for detection problems in computer vision.
They affect the classification performance of the age estimation problem.
Features may influence facial appearances like the age, ethnic origin, gender,
facial hair, light, expression and more of a human face [102]. Especially,
features like the eyes, nose, mouth, chin, and the forehead are primarily
detected in face detection and valuable for facial age estimation. For exam-
ple, large eyes make a person appear more empathetic [77]. The appearance
features can be separated into geometric and appearance-based features [8].
Geometric features are features such as the shape of the mouth, nose, or
eyes. Appearance-based features are features which are attempted to extract
information about spatial patterns of light and dark in the face image.

Facial features can be categorized into local, global, and hybrid features.
Local features are features such as wrinkles on the face, skin deformations,
and geometric features. These features are robust to illumination [84]. Global
features contain information such as identity, expression, gender, appearance,
and the shape of a face. Those features represent the face model for the aging
process. Local and global features can be combined into hybrid features
[97, 33].

2.3 Face processing

This section describes the general approach of face processing methods which
includes pre-processing, feature extraction, and classification. These are de-
scribed in detail in the following subsections 2.3.1, 2.3.2 and 2.3.3, respec-
tively.

2.3.1 Pre-processing

The general age estimation frameworks start with a pre-processing step. Pre-
processing is an approach for images that aims to improve the image data for
suppressing unwilling distortions or enhances some image features important
for further processing [94]. Some examples are the geometric transformations
of images such as rotation, scaling, and translation.
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Age estimation frameworks have to pre-process the image data before
extracting features to increase the performance of the model. The pre-
processing step in age estimation usually relates to face localization, tracking,
and registration to remove the variability due to changes in pose and illu-
mination. A normalization, alignment, and histogram equalization can be
applied to deal with these problems. Also, a dataset that contains noisy im-
ages, which affects the performance of the system should be removed. Several
factors can influence face detection, which makes a very challenging task to
detect faces.

The factors that influence the image and face detection are described be-
low:

Pose A face can be rotated due to the camera. The pose of the
face may rotate in θ degrees, where objects can occlude the parts of the face
like eyes or mouth.

Presence of appearances Appearances as beards and glasses
may present on the face. The features of the will be occluded by these ap-
pearances.

Facial expression The appearance of faces are directly affected
by a person’s facial expression.

Occlusion A group of faces may partially occlude other faces. Al-
though, other objects may occlude as well.

Image orientation In addition to the rotation of faces, images
can also be rotated. Face detection algorithms may have difficulty to detect
faces from rotated images.

Image conditions External factors such as lightning and camera
characteristics may affect the appearance of a face in the image.

Facial images should be normalized to solve the mentioned factors. Basi-
cally, normalization is a process that will change the pixel values and facial
images will be prepared for feature extraction. A Linear Normalization will
“stretch” the intensity range of an image as

In = (I − xmin)
ymin − ymax
xmax − xmin

+ ymin, (2.1)
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where xmin and xmax are the minimum and maximum pixel intensity and
ymin and ymax the new pixel intensity values. In and I are normalized pixel
and intensity of original pixel, respectively.

A histogram equalization can be applied to improve the contrast of the
image. It simply changes the pixel intensity values to a specific range of val-
ues. It usually increases the global contrast of images when its usable data
is represented by close contrast values. Areas with lover local contrast will
gain a higher contrast.

Given a facial image, where intensity is described as i and the probability
density function is Px. The number of possible intensity value, L, is frequently
256. So

Px =
ni
N
, 0 ≤ i ≤ L, (2.2)

where ni is number of pixels with intensity i and N total number of pixels.
Then a cumulative distribution function, Cx is then defined from Px as

CDFx =
i∑

j=0

Px(j) (2.3)

The following equation is transforming the input image’s intensity ri to into
output image’s intensity si

Si = T (Ri) = Round(CDFx × (L1)), (2.4)

rounded down to the nearest integer.
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Figure 2.3: An image and corresponding histogram achieved using histogram
equalization.

The preprocessing step is simply changing the input data and returns a
new output that can be used for face detection and feature extraction. The
next section will discuss the face detection.

2.3.1.1 Face detection

Face Detection is usually finding faces and facial regions such as the eye-
brows, mouth, nose, forehead, and the iris in a facial image. Viola-Jones is
one of the first and well-known algorithms for face detection. This algorithm
is proposed by Paul Viola and Michael Jones [101]. The main idea of this
algorithm is to locate the human face without regard to its size, background,
and situation. The pipeline of this algorithm includes four phases: Haar fea-
ture selection, creating an integral image, AdaBoost training, and cascading
classifiers. One of the advantages of this algorithm is that it can detect faces
in real-time. The algorithm has a high detection accuracy for detecting faces.
Another advantage is that it can train a cascade of classifiers for reducing
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the detection time. The Viola-Jones face detection is most effective in frontal
facial images. Due to multiple detections of the same face, we might get some
overlapping of the bounding boxes.

Haar-like features
The Haar-like features are used together with integral images representation.
As shown in Figure 2.4, there are four types of Haar-like features. These fea-
tures have different contrasts and are applied to the facial feature to figure
out whether the facial feature is present or not. For example, the eyes are
darker than the upper cheeks, nose, and forehead. The Haar-like features are
divided into two blocks: black and white, where the amount is determined
by the sum of pixels within this area.

Figure 2.4: Haar-like features: (1) and (2) Edge features; (3) Line feature;
(4) Four-rectangle feature.

Integral Image
Integral Image is a technique that calculates the blocks of Haar-like features
in an image. The Integral Image is also known as the summed area table.
It can efficiently compute the sum of the black and white areas. Each pixel
equals to the entire sum of all pixels of left and top neighbors of the concerned
pixel. A pixel at location (x,y) =

∑
LPxy + TPxy, where LP and TP are

left and top neighbours, respectively. For example, the integral image from
figure 2.5 calculated the pixels in cell ABCD as A−B −C +D, also known
as

II(x, y) =
∑

x′≤x,y′≤y

I(x′, y′), (2.5)

where II(x, y) the pixel value of the original image.
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Figure 2.5: The integral image.

AdaBoost
The Viola-Jones algorithm uses an AdaBoost learning technique. This learn-
ing technique creates one strong classifier from a specific amount of weak
classifiers. These weak classifiers work slightly better than a random classi-
fier. The weak classifiers, each feature is considered as one weak classifier,
are trained in a sequence, where at each step the current weights are used to
produce new weights for the next step. At each step, a threshold is used that
separates the positive and classified examples. A weak classifier is described
as

h(x.f.p, θ) =

{
1 pf(x) > p θ

0 otherwise
, (2.6)

where x, is a M×M pixel sub-window, f an applied feature, p polarity and θ
threshold, which decides if a face needs to be classified as positive or negative
face.

Cascade classifier
Cascade classifiers is a process where strong classifiers are cascaded. Every
stage contains a strong classifier, where sub-windows with wrong faces are
rejected and correct faces shifted to next classifier.

2.3.1.2 Face alignment

Face alignment is another preprocessing step, where facial landmarks are lo-
calized after face detection. After detecting the positions of the two eyes, it
can be transformed into a new set of coordinates. Let (Rx, Ry) and (Lx, Ly)
the corners of right and left eyes, respectively. The face region should be
cropped after the transformation. An affine transformation can be used
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to scale, rotate and transform the face with new coordinates (R′x, R
′
y) and

(L′x, L
′
y).

Figure 2.6: The affine transformation: from left to right, scaling, rotation,
and translation.

A translation is moving an object from coordinate (x, y) to a new coordi-

nate (x′, y′). The translation factor with homogeneous coordinates
∣∣x′ y′ 1

∣∣T
is defined as ∣∣∣∣∣∣

x′

y′

1

∣∣∣∣∣∣ =

∣∣∣∣∣∣
1 0 Tx
0 1 Ty
0 0 1

∣∣∣∣∣∣
∣∣∣∣∣∣
x
y
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The rotation factor is rotates the coordinate (x, y) by a specific angle θ.
Rotation is defined as ∣∣∣∣∣∣
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The Scale factor changes the size with the coordinate (x, y) by a specific
angle θ. The θ is a degree that will be rotated counterclockwise. Rotation is
defined as ∣∣∣∣∣∣
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The transformation composited together is defined as
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A facial image is aligned with several steps. The first step is to detect
facial landmarks in the face. Those landmarks are used to localize the regions
of the face appearance, such as the eyes, mouth, jawline, and more. The
facial landmarks detects 68 or 5 points in a face (Figure 2.7), based on the
technique. A facial landmark approach starts with a training set of manually
labeled facial landmarks [51]. The landmarks are specified at specific x and
y coordinates of face regions. Then the training dataset is trained with an
ensemble of regression trees to estimate the facial landmark positions. The
trained facial landmark detector will detect the x and y locations of 68 or 5
landmarks. The face can be aligned with the affine transformation based on
the detected locations of facial landmarks. For example, to do rotation from
the affine transformation, the coordinates of the eye landmarks are used to
find the angle of the center point between the eyes. Then the rotation matrix
of the affine transformation is applied.

Figure 2.7: The 68 facial landmarks of human face.
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2.3.2 Feature extraction

This chapter will discuss several feature extraction techniques that can be
applied after face pre-processing. A feature extractor algorithm output a
feature vector that represents the characteristics of an object in the im-
age. The Following algorithms are common in age estimation and those will
be explained: Local Binary Pattern (LBP), Biologically Inspired Features
(BIF), Intensity-based Features (IEF), Gabor Filters, Local Directional Pat-
tern (LDP), Histogram of Oriented Gradients (HOG), Scale Invariant Feature
Transform (SIFT). There are also some feature reduction and selection al-
gorithms that will be discussed. Feature reduction in image concerns with
the dimensions. For example, when you want to reduce the resolution of an
image, you also reduce its dimension. So, you downsample the image and
pick only the important pixels and throw the others. The following feature
reduction algorithms are discussed: Linear Discriminant Analysis (LDA),
Principal Component Analysis (PCA), and Minimal-redundancy-maximal-
relevance (MRMR).

Local Binary Pattern
The local binary pattern is a popular texture descriptor proposed by Ojala
et al [74]. This descriptor computes a local representation of texture. The
basic principle behind this idea is that each pixel will be compared to the
center pixel in a 3x3 neighborhood. Let (x,y) be the position of the center
pixel. A binary pattern of 3x3 neighborhood will be created by comparing
each pixel, counterclockwise, started from left top pixel x−1, y+1. When in-
tensity is (x−1, y+1) < (x, y) the binary pattern pixel at x−1, y+1 becomes 0,
otherwise 1. The neighborhood contains a total of 8 pixels with 256 possible
combinations that will return a label, known as LBP-Code. The LBP is more
robust against variations in pose or illumination.

Figure 2.8: Local Binary Pattern with LBP-Code.

The LBP has recently extended with several variations such as Extended
LBP (ELBP) [42, 43], Completed LBP (CLBP)[36], Volume LBP (VLBP)
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[112, 37] and combinations with other feature descriptors as SIFT [40] and
Gabor Wavelets [110]. The ELBP is an extension of the original LBP. The
ELBP used a variable neighborhood to align an arbitrary number of neigh-
bors on a circle in a specific radius. A point in the circle that does not
correspond to the image coordinates will be interpolated. The basic LBP
approach uses bilinear interpolation, where the values are interpolated by
the average of its closest neighbors. Another extension of the LBP is using
uniform patterns, where a binary pattern contains at most two bitwise tran-
sitions [75]. The following patterns are 01110000 and 11001111 are uniform.
The uniform patterns correspond only to 58 labels.

The methodology for using LBP based on face images is proposed by
Ahonen et al. where the face image is divided into local regions [1]. Each
region extracts the LBP features which are concatenated to form a global
description of the face. A histogram will be created by calculating the LBP-
Code for every pixel in the image. The local descriptions will be combined
into a global descriptor.

Biologically Inspired Features
Biologically Inspired Features for age estimation are proposed by Guo et
al [35]. Basically, the BIF consists of two layers, where the first layer, S1,
convolves an array of Gabor filters at different orientations and scales. This
layer can be defined as

g(x, y) = exp(−x
2 + γ2y2

2ζ2
)× cos(2π

χ
x), (2.11)

where x = xcosθ + ysinθ and y = xsinθ + ycosθ are the rotations of the
Gabor filters for angle θ varies between 0 and π. The orientation θ varies
from 0 to π uniformly with different intervals, such as 4, 6 and so on.

The second layer, C1, takes the maximum values within a local spatial
neighbourhood. Guo et al. introduces the standard deviation operation in
creating the second layer and making the number of bands and orientations
adaptive to the data. The second layer is defined as

SD =

√√√√ 1

N̂2
S

N̂2
S∑

i=1

(Fi − F )2, (2.12)

which reveals the variability in the data within a neighborhood N̂2
S of S1

units, where Fi is the maximum value of two consecutive S1 units in the
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same scale band S (there are 8 bands in total but using different filters) at
pixel index i,

Fi = max(xji , x
j+1
i ), (2.13)

where xji and xj+1
i are the filtered values with scales j and j + 1 at position i.

F is the mean value of the filtered values within the neighbourhood N̂2
S. The

pooling of the “MAX” operation over two consecutive scales increases the
tolerance to 2D transformations, such as scale changes with a small amount.
The “MAX” operation merges two filtered images using filters of the same
orientation but different scales into one, and then the “STD” operation is
performed on the merged image within a neighbourhood N̂2

S.

Intensity-based Features
Intensity-based Features is an intensity-based texture descriptor to capture
skin texture [3]. Each facial region is divided into two code sets. One code
set is learning from the sampled vectors which are extracted from the whole
face and the other from one face patch. The vectors are encoded and con-
structed with the frequency histograms. The intensities for each neighbor
pixel are sampled in ring-based pattern to form a low-level feature vector.
Although, the orientation histogram of local gradients in the neighborhood
are extracted due to local sensitivity to image noise and illumination varia-
tions like wrinkles.

Gabor Filters
Gabor filters can be used to detect edges in images. It is commonly used
in edge detection and feature extraction. The Gabor filter gives the highest
response at edges and at points where texture change. It works as a bandpass
filter for local spatial frequency distribution. A 2D Gabor filter is usually
considered as a Gaussian kernel function modulated by a sinusoidal plane
wave. The 2D Gabor function is defined as:

gλ,θ,ϕ,σ,γ(x, y) = exp(−x
2 + γ2y2

2σ2
)cos(2π

x

λ
+ ϕ), (2.14)

where x = xcos(θ) + ysin(θ) and y = −xsin(θ) + ycos(θ).
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Figure 2.9: Left input image, center cropped image and right Gabor filters.

Local directional patterns
Local Directional Pattern was proposed by Jabid et al. [47] The LDP is
robust against noise and illumination. An 8-bit binary code is computed by
comparing different edges in different orientations. The LDP may use several
edge detectors like Kirsch edge detector [54], Prewitt edge detector [81] and
Sobel edge detector [93]. The Kirsch edge detector performs more accurately
than Prewitt and Sobel edge detectors, which considers all eight neighbours
[60].

Histogram of Oriented Gradients
Histogram of Oriented Gradients is a feature descriptor that is used for de-
tection [18]. The objective is that occurrences of gradient orientation in
localized parts of an image play important roles. The idea behind HOG is
that the appearances and shapes of local objects within an image can be well
described by the distribution of intensity gradients as the votes for domi-
nant edge directions. The algorithm of HOG includes gradient computation,
orientation binning and block normalization. The HOG tries to capture in-
formation about gradients. A face image will be divided into n× n cells and
the histogram of gradient directions are compiled for each pixel in the cells.
Figure 2.10 views the histogram of oriented gradients for the cropped face
image.
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Figure 2.10: Left aligned image and right Histogram of Oriented Gradients.

Scale Invariant Feature Transform
Scale Invariant Feature Transform is a feature detector and descriptor pro-
posed by Lowe [64]. The idea is that the image is transformed into local
feature coordinates. These coordinates are invariant to image parameters
as translation, rotation, scale. The SIFT searches for stable features across
multiple scales. Histograms of oriented gradient directions will be applied to
determined key points. These key points correspond to edges, corners and
other informative changes in the image. Finally a descriptor will be com-
puted for the local image regions.

Feature selection and reduction
Using dimensionality reduction techniques the number of random variables
could be reduced without losing much information. The Principal Compo-
nent Analysis is one of the approaches, which extracts the important features
as a component [50]. PCA reduces multidimensional data to lower dimen-
sions while retaining most of the information. It covers standard deviation,
covariance, and eigenvectors. The Linear Discriminant Analysis finds a linear
combination of features that may separate two or more classes of objects [71].
The objective is to reduce the dimensions by removing the redundant and de-
pendent features by transforming the features from higher dimensional space
to a space with lower dimensions. Besides feature reduction techniques, there
also exist feature selection approaches. These approaches include and exclude
attributes present in the data without changing them. Minimal-redundancy-
maximal-relevance is a feature selection method proposed by Peng et al. [78].
This approach selects the features with the highest relevance with the target
class and is also minimally redundant.



21 Chapter 2. Background

2.3.3 Classification

Age is a number of elapsed years since birth to a point in life. The estimation
is a process of estimating someone’s actual age. Generally, Facial age estima-
tion techniques includes two components: feature extraction (section 2.3.2)
and classification (section 2.3.3). The classification problem classified each
face image into age classes, where each age is considered as a class label. In
the regression problem, each age is considered a regression value. Both prob-
lems can be combined as a hybrid approach to finding the relationship be-
tween extracted feature vectors and age labels. There exist several algorithms
to solve the age estimation problem. One of the most popular algorithms for
solving age estimation problems are Support Vector Machine (SVM) [17], k-
Nearest Neighbor (KNN) [4], and Convolutional Neural Network (CNN) [61].

A SVM is an algorithm which that be used for classification and regres-
sion. It performs classification by finding the hyperplane that maximizes
the margin between the two classes. The advantages of using the SVM are
that it performs well on datasets with numerous attributes and uses a sub-
set of training points in support vectors, which is memory efficient. A few
limitations exist such as it does not perform well on a large dataset, while
the required training time is higher than training a small dataset. One of
the biggest challenges for the SVM classifier is determining the kernel and
regularization parameters. A wrong choice in kernel moves to the problem
of overfitting.

KNN is another algorithm for solving classification problems in age esti-
mation. Similarly to SVM, it can be used as a classifier and regressor but
mostly used for classification. It is This is a technique for classifying objects
based on closest training examples in the feature space. It is a simple algo-
rithm that stores all available cases and classifies new cases by a majority
vote of its k neighbors. This algorithm separates unlabeled data points into
well-defined groups. This algorithm comprises storing feature vectors and
labels during the training. The limitations of the KNN algorithm can be
very expensive in memory usage. One of the advantages of KNN is a high
accuracy, but this is not competitive compared to other supervised learning
models.

Recently, CNN is introduced to solve age estimation problems as well. It
is generally used to analyze image data and can learn spatial hierarchies of
features through backpropagation using layers as convolution layers, pooling
layers, and fully connected layers. An advantage of using CNN is that the
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feature extractor can be trained to a new task. So, the attributes from a
trained CNN can be feed to another task. This saves computation time and
also avoids training the network from scratch. Another advantage is that
CNN performs well on a large dataset compared to SVM. However, using a
large dataset is computationally expensive when training the network. One
of the common challenges of CNN is overfitting, where the network does not
generalize well from the training data. There are also other approaches used
for estimating ages from facial images, such as Multi-layer Perceptron (MLP)
and Artificial Neural Network (ANN) [55, 57].

2.4 Analysis of facial expressions

The definition of facial expression is described as the change in the face due
to the activity of the facial muscles. They play an important role in reveal-
ing the psychological state of a person [95]. Paul Ekman conducted that a
human face can express 6 basic emotions: happiness, fear, anger, disgust,
surprise, and sadness.

As mentioned before, facial expressions can be measured with FACS. The
FACS describes 44 unique action units and each represents a certain compo-
nent of facial muscles movement. Table 2.11 describes the several AUs and in
table 2.12 each emotion with the set of AUs are described. The expressions
are encoded with FACS, that is using some rules to detect AU’s in the facial
image.

Figure 2.11: Example of Action Units.

Analyzing facial expression begins with a face acquisition phase, where



23 Chapter 2. Background

face processing is applied. The face and their landmarks will be detected in
the image. The detection can be used on a single frame and or set of frames.
After the face is located, the geometric and appearance features can be ex-
tracted that are caused by facial expression. The last phase is to classify
facial expression.

To find specific frames from video data the corresponding onset, apex,
and offset phases can be calculated. The Onset is the initial phase of facial
expression, and it defines the duration from neutral to expressive state. The
apex phase is the phase between the onset and the offset, which is a stable
peak period of facial expression. Likewise, the offset is the final phase from
expressive to neutral state [49].

Figure 2.12: Action Units for six basic emotions.

2.5 Face analysis for pathologies

Dementia is a general name for diseases where brain activities are not func-
tioning as expected. The most common form of dementia is Alzheimer’s
disease [56]. This disease involves the parts of the brain that controls mem-
ory, thoughts, and language. Age is the greatest risk factor for Alzheimer’s
disease. This mostly occurs at persons after the age of 65 years, however,
there are young patients with this disease. Although, it is not clear how pa-
tients get this disease, so any person may get Alzheimer’s disease. However,
Alzheimer’s disease can be caused by a genetic mutation passed from one
generation to the next. This is known as familial Alzheimer’s disease, which
occurs at a young age.

Alzheimer’s disease can be excluded into several stages. At the early
stage, it starts with small brain impairments that affect learning, memory,
and thinking. During the mid-stage, the person starts with struggling with
communication problems that will impact their personal life. In the late
stage, most of the brain has been damaged and the person will lose several
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abilities such as memorizing and communicating.

According to Seidl et al., Alzheimer’s disease influences facial expression
[91]. Patients with the disease have issues in expressing and recognizing
facial emotions [19, 89]. Losing this ability leads to the loss of appropriate
behavior in social settings [9]. Smith studied facial expressions of subjects
with Alzheimer’s disease [92]. The Facial Action Coding System (FACS)
has been used tor analyzing the expressions from videos. A higher amount of
negative facial expressions were observed from the subjects when they viewed
sad vignettes. According to Smith, negative facial expression increases by
mild Alzheimer’s disease.

2.6 Related work

Automatic age estimation from facial images has been studied for around
20 years. Researches encountered several challenges during these periods
and tried to automate age estimation with computers. One of the challeng-
ing problems is in the field of face analysis. Especially, illumination, pose,
resolution, and facial expression variations made age analysis difficult [29].
The automatic age estimations with computers show promising results com-
pared to humans in the case of when the image conditions are good and
the algorithms are trained with large datasets [38]. The best way to start
with discovering image based age estimation is to survey papers about how
a human face is progressing during the aging. Several papers discussed the
understanding of the aging process of a human face [29, 84, 6]. They tried to
analyze answers to questions like how humans perceive aging and how does
aging impact the facial estimation performance.

An accurate age estimation task requires large annotated datasets with
facial images. It is difficult task to collect datasets that contain facial images
including a great differences in age range. The most common datasets used
in age estimation are described below:

• The PAL contains 575 images within four age groups [72]. The age
ranges between 18 and 70+ years old. The groups are as follow: 18-29
containing 218 images; 30-49 containing 76 images; 50-69 containing
123 images; 70+ containing 158 images.

• The FG-NET includes 1,002 images from age range 0-69 years old [28].
The database has annotations for different human races and contains
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diversity of head poses and some facial expression as well as some illu-
mination on the images.

• The MORPH dataset consists of 2 albums [86]. The first album con-
tains 1724 images and second album has 55,134 images. The ages of
the individuals range from 16 to 77. The dataset is labeled with race,
gender, birth date, and acquisition date.

• The IMDB-WIKI includes 523,051 and is one of the largest datasets
containing facial images [88]. The data is collected from IMDB and
Wikipedia. The ages ranges from 0 to 100 years.

• The Adience contains 26,580 images divided into 8 age groups from an
age range from 0 to 60 years old [24, 61].

• The WebFace has 77,021 facial images where age ranges from 1 to 80
years old [73]. The facial images are collected from Flicker and Google
Image..

The facial age estimation task can be separated into three components:
pre-processing, feature extraction, and age estimation. The aim of the pre-
processing is to align and normalize the features in the face. Any pre-
processing starts with a face detection task, which is detecting the face from
the facial image. Recent approaches to face detection algorithms use deep
neural networks to detect face and facial landmarks. A recent face detection
framework was proposed by Zhang et al. [108]. A multi-task cascaded CNN’s
based framework is developed for alignment and joint face detection. This
approach outperforms other state-of-the-art face detection methods. Face
detection is separated in different stages: fast proposal network, refinement
network, and output network. The network produces a bounding box and
predicts face and landmark locations. Qin et al. used similar joint training
cascaded CNN’s for face detection [83]. This method achieves better accu-
racy compared to the proposed approach of Zhang et al. [108]. Recently,
Yang et al. proposed a new face detection model through Deep Facial Part
Responses [105]. Generic object proposal approaches are used to detect faces
from the model. Those approaches are often used to provide high-quality and
category-independent bounding boxes. Ranjan et al. proposed a deep learn-
ing classification algorithm for face detection, locating facial landmarks, and
age estimation called HyperFace [85]. They used two different deep learn-
ing networks: AlexNet and ResNet-101 for constructing the framework. The
HyperFace is based on a multi-tasking network to combine the intermediate
layers of the network and fuse the features. Wu et al. tweaked an existing
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vanilla convolutional neural network with fine-tuning and alignment-sensitive
data augmentation to obtain more accurate landmark detection from images
[103].

Another important task of pre-processing is face alignment. The face
alignment is applied after the face detection. This technique identifies the
geometric structure of the human face. It aims to align the face based on
the translation, scale, and rotation. The most face alignment techniques rely
on facial landmarks. Various approaches have been proposed to detect facial
landmarks. Burgos-Artizzu et al. proposed a facial landmark estimation to
detect landmarks from faces to deal with the occlusions due to differences in
the pose, expression, and other [11]. Their approach, Robust Cascaded Pose
Regression (RCPR), uses robust shape-indexed features to detect occlusions
and estimate the facial landmark positions. Zhang et al. proposed a CNN
for facial landmark detection [111]. They optimized the facial landmark de-
tection to age estimation task, but also on other tasks as facial expression
recognition. The model uses a deep neural network to share representation
between the tasks to learn the facial landmark points.

The feature extraction component extracts features from the facial image.
Those features are important in the age estimation process, while they affect
the performance of the estimation results. As there are many algorithms
for feature extraction, we will describe several popular ones. Image-based
age estimation approaches view the face image as a textured pattern. Sev-
eral papers [96, 69, 6, 20] compared various feature extraction techniques.
Features like LBP [32], HOG [3], local ternary patterns (LTP) [100], local
phase quantization (LPQ) [76], and BIF [35] are used. Mandal et al. use
optical0based features, which can perform similar to face component based
features [66]. But, their tracking is initialized by manually annotated facial
landmarks. Pontes et al. proposed a flexible hierarchical approach for fa-
cial age estimation based on multiple features [79]. There are two different
features extracted: global features and local features. LBP, Gabor wavelets
[67] and LPQ descriptors are used to extract Wrinkles and skin spots. These
approaches are used after detecting skin areas.

The last component of the facial age estimation task is classification. The
goal of the classification algorithm to estimate the age of a given facial image.
Age can be seen as classification, regression, or hybrid problem. Age is as
a classification problem when the age is estimated into an age group. For
the regression problem, age is estimated as a single label. A hybrid problem
classifies the age first into an age group and then estimates the age from
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that age group. Algorithms such as Support Vector Machine [35], Nearest
Neighbor [57], Quadratic function [58], Neural Networks [55], Support Vec-
tor Regression [34] have been used in the past as classifiers. Recently deep
learning methods are mostly used for age estimation tasks.

The core idea of this research is introduced in [88]. However, a differ-
ent approach will be used for our age estimation framework. Rothe et al.
proposed a deep learning method for age estimation without using facial
landmarks. They use the VGG-16 architecture of CNN that is pre-trained
on the ImageNet dataset for image classification. The model is fine-tuned
with the IMDB-WIKI dataset, which they have introduced.



Chapter 3

Automatic image-based age
estimation

This chapter describes the methodology of the implemented approach to
estimate the age between Alzheimer’s Disease patients and healthy subjects
by residual networks. Firstly, give an introduction to convolutional neural
networks. Then the datasets used for the experiments will be given. Finally,
the implemented age estimation framework will be discussed.

3.1 Convolutional Neural Network Prelimi-

naries

Convolutional Neural Network (CNN) is a deep learning approach inspired
by the biology of the animal visual cortex [59]. CNN is commonly used for
applications as image processing. The architecture of a CNN is constructed
by several stacks of several layers that make a class prediction for a given
input image. Those layers are discussed in the next section. A CNN archi-
tecture can differ in number and type of layers. There are no criteria for
the amount and type of layers used in a CNN model. Although, recently
CNN in image processing is divided into two parts, feature extraction, and
classification. An example architecture of CNN is shown in Figure 3.1.

28
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Figure 3.1: An image is passed through the convolutional, pooling, and fully
connected layers, that gives an output of probability of the the class that the
image belongs.

A CNN consists of several layers such as convolutional, pooling, and fully
connected layers. Basically, the input layer of a CNN is an image, where
convolutional is performed on the next layer, known as the convolutional
layer. An image is represented as a matrix in the form of 3D color channels
(red, green, blue). For example, an image with a size of 224 × 224 contains
50 176 pixels. In CNN, the input shapes of the network are formatted as
H ×W ×D, where D is the depth of the color channel.

A convolutional layer is followed after the input layer, where a convolu-
tional operation is performed on the input image using a filter, also known as
the kernel. The convolutional operation is the sum of a dot product between
the input image and the filter. The output of the operation is a feature map
which is the input for all other layers. In later stages, the input for the other
layers are feature maps. The convolutional operation is defined as:

FeatureMap = Iimage ⊗ Ffilter =
∑
n

∑
m

I[n,m]F [x− n, y −m], (3.1)

where the x,y are coordinates in the matrix and n,m the size of the matrix.
The filter has a smaller size compared to the image input, where it slides
as window over the input image. Figure 3.2 gives a visual example of the
convolutional operation.
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Figure 3.2: A filter of size 3 × 3 slides over the image (7 × 7), that results
into feature map 5× 5 size.

The convolutional layer includes some parameters (padding, stride, and
kernel size) that have an impact on the size of the feature map. Padding
is used to keep the size of the output the same as the input image. The
size of the data will be reduced when the padding is not defined. The stride
determines the shifting size of the filter on the input.

After each convolution layer, an activation function is applied to solve the
non-linear problem. A non-linear activation function is used to make more
complex decisions. The most common activation function used in CNN is a
Rectified Linear Unit (ReLU), which is favored for its faster training speed.
The function returns 0 if it receives any negative input, but for any positive
value x, it returns that value back. The ReLU is defined as:

f(x) = max(0, x), (3.2)

layers followed by the ReLU will only used when f(x) does not equal to 0.

A pooling layer reduces the spatial size of an image, which is downsam-
pling the feature maps by reducing the height and width dimensions of it.
This layer is used after a convolution layer. The most used pooling layers
are max and average pooling. The average pooling takes a filter of N × N
size and stride of N length to output the average of the neighbor units of the
feature map. The max pooling takes a filter of N × N size and stride of N
length to output the maximum value in every region of the feature map.

MaxPooling = maxh,wx,y=1, Xij, (3.3)

AveragePooling =
1

len(hw)

h,w∑
x,y=1

, Xij, (3.4)
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Using a pooling layer can prevent the CNN from overfitting and improve the
computational efficieny. However, it can lead to underfitting when use of
large amount of pooling layers.

Fully Connected Layer is initialized after the last pooling layer that re-
ceives the output. As the Fully Connected Layer expects a 1D arrays as
input, the pooled feature map is converted into a long continuous linear vec-
tor. This process is called Flattening. The Fully Connected layers perform
classification based on the features extracted by the previous layers. This
layer contains softmax activation function is defined as,

p(yi) =
exi∑k
j e

xj
, (3.5)

returns a probability between 0-1 for each label. A softmax activation func-
tion is a form of logistic regression that normalizes an input value into a
vector of values.

A loss function is used to evaluate the CNN model. The loss function
estimates the error of the model. A cross entropy is used for a multi class
network.

Cross− Entropy = −
C∑
i

tilog(f(s)i)), (3.6)

Another layer that is often used in a CNN model is a dropout layer. The
Dropout layer is useful to avoid the overfitting of the data. The basic idea is
that random amount of neurons will be dropped during the training.

A batch normalization layer is a method that lets the CNN train in an
stable way [46]. The output of each layer will be normalized by shifting the
inputs to zero-mean and unit variance. The next sections will discuss the
intuition behind the residual networks and transfer learning.

3.1.1 Residual Networks

ResNet is a residual network developed by Kaiming He [39]. This network
uses residual blocks to solve one of the problems in CNN, training more
complex and deeper networks. Basically, the idea is that the activation of
the previous layer will be the same as residual connections and learn new
representation with the new layer. For example, the network will try to
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learn the residual F (x) = H(x) − x by F (x) + x instead of learning the
H(x) directly as shown in figure 3.3. Simply, the residual block adds a
skip connection between the convolutional layers. Compared to the VGG-
16, dimensionality reduction in the residual blocks leads to less number of
parameters. This means that the complexity of the model will be lower.

Figure 3.3: A residual block.

The ResNet-50 architecture starts with a 7x7 convolutional layer and a
max-pooling layer of 3x3, both layers have stride 2. Every block of ResNet-
50 is composed with 3 convolutional layers [1x1, 3x3, 1x1]. After the max-
pooling layer, there are the following residual blocks: 3x with depth dimen-
sion of 256 ,4 with depth dimension of 512, 6 with depth dimension of 1024,
and 3 with depth dimension of 2048. The architecture ends with a 7x7 aver-
age pooling and a softmax classifier.

3.1.2 Transfer Learning

Transfer learning is an approach for CNN, where the knowledge of a pre-
trained model on a larger database is transferred to a smaller database. The
layers of the pre-trained model are frozen, with only modifying the last few
layers to make predictions. Transfer learning is a very popular approach
nowadays, while it saves computation time to train larger deep networks.

The pipeline for transfer learning is loading a pre-trained model that is
trained on different datasets, freeze some convolutional layers, remove the
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output layer, and apply it to the specific problem. For age estimation, a
model needs to be fine-tuned on facial images to obtain accurate predictions
instead of using a model that is trained on multiple problems as vehicle
detection.

3.2 Framework

This section discusses the implementation of the automatic image-based age
estimation framework. An overview is given in figure 3.4. The architecture
of our framework is very similar to the general image-based age estimation
approaches [88, 61]. The framework starts with a general pre-processing step
for facial images. The facial images are prepared by face detection, cropping,
alignment and resizing, explained in section 3.4. Then, a residual neural
network has been build for feature extraction and classification, explained in
section 3.5.

Figure 3.4: An overview of the residual age estimation architecture.

This framework is used for estimating the age of both AD patients and
healthy subjects. The objective is to implement a CNN for age estimation to
examine the performance of estimation on databases with faces above 50+
age. The main objective is to have an accurate CNN model for age estimation
to examine the performance of estimation on databases with faces above 50+
age. Naturally, the training is not restricted to elderly faces, but we are more
interested in the performance on faces of 50+ ages. The approach is based
on the implementation of Deep EXpectation (DEX) of apparent age [88].
The DEX architecture predicts the apparent age by first detecting the face
on the image and then by applying a deep convolutional neural network



34 Chapter 3. Automatic image-based age estimation

with the VGG-16 structure for the prediction. Instead of using VGG-16
architecture, we use a ResNet-50 architecture and fine-tune the pre-trained
ImageNet model. The age estimation is treated as a classification problem,
where we have 101 classes, regarding the ages from 0 to 100. Although, a
regression approach is better for continuous age estimation. We used a post-
processing stage to accumulate results from the 100-dimensional classification
output, and there perform the switch from discrete to continuous by using a
softmax classifier. Each softmax output will be multiplied with their age class
and then summed for the prediction. This will give us several predictions
for each subject’s age, given a neutral image selected automatically from the
video as input. Given the predictions, we fit a curve to the age distribution
to obtain a single prediction as to the maximum of the curve. The next
section discusses the databases used during the experiments.

3.3 Data

The facial age estimation consists of various collected databases with different
conditions. The databases are based on their real age or apparent age, and
both as well. As many databases are accessible online, they differ in image
conditions as other aspects. To train the model with accurate results to our
testing database, we selected the databases based on several conditions. One
of the most important aspects is that there is enough data for training the
model for accurate results to make an accurate estimation in the elderly.

Selection criteria of databases:

• database image size, it is important to have large amount of training
data for the performance.

• Large amount of elderly images: the most images contain less faces of
elderly. As our test database contains images from persons above 50
years old. It is important to have also a minimum amount of elderly
images in the training set.

• Image conditions: from the selected databases inappropriate images
are removed based on the conditions at section 2.3.1.

The following subsections will describe the databases that are used for
training purposes. We also used databases for testing purposes to achieve
our goal.
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3.3.1 ImageNet

ImageNet is a large database that contains images for many categories such
as human faces, animals, objects, and more [90]. This database is mainly
used for object detection purposes. Although, we used this database from a
pre-trained CNN model for more accurate age classification. The database
contains around 14 million images that have been hand-annotated to indi-
cate the image regions. ImageNet is used in Large Scale Visual Recognition
Challenge (ILSVRC), where software programs compete to correctly classify
and detect objects and scenes.

3.3.2 UTKFace

The UTKFace data consists of images of human facial. This database has
more than 20.000 facial images from an age range from 0 to 116 years old
[109]. The images are annotated with age, gender, and ethnicity. Addition-
ally to full facial images, the database also contains aligned and cropped face
images. The purpose of using this database is to improve the accuracy of the
age estimation model. Sample images of the UTKFace are given in figure
3.5.

Figure 3.5: Samples from UTKFace database.

The UTKFace database is annotated as:

• Age: An integer that ranges from 0 to 116 indicating the age of the
person in the image.
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• Gender: An integer that is a 0 (male) or 1 (female), indicating the
gender of the person.

• Race: An integer that ranges from 0 to 4, indicating the race of the
person. expressed as White, Black, Asian, Indian, and Others (like
Hispanic, Latino, Middle Eastern).

• Datetime: provides the date and time that an image was collected in
the following format yyyymmddHHMMSSFFF.

As our goal is to estimate age, we are only interested in the age labels.
The images are divided into folders corresponding to their age. Those folders
are used as input for the data-generator of Keras, explained in section 3.4.

An example UTKFace folder structure:

• 0: Contains images with age 0.

• 1: Contains images with age 1.

• ...: ...

• 99: Contains images with age 99.

3.3.3 Appa-real

APPA-REAL is a database that is provided by ChaLearn LAP [23]. This
database contains around 7,591 facial images and is annotated with the real
and apparent ages. The facial images are already aligned and cropped with
a margin of 40% that is obtained from a face detector [68]. There are many
inappropriate cropped images as a result of a failure in face detection.

The annotations of the real age and apparent age are provided by CSV
files. Those facial images are already separated into train, test, and validation
sets. Each file contains the filename, real age, apparent age, worker age,
worker gender. The last two labels are indications of the annotators, which
annotated the apparent age of the person in the image. Sample images of
the APPA-REAL data are given in figure 3.6.
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Figure 3.6: Samples from APPA-REAL database.

The purpose of using the UTKFace and APPA-REAL databases are for
fine-tuning the pre-trained ImageNet model.

3.3.4 FG-NET

The FG-NET database contains 1,002 images from age range 0-69 [28]. Since
this database is small, we only use it for evaluating the age group 60-69 for
estimating older ages.

3.3.5 Alzheimer’s Disease database

The Alzheimer’s Disease database is collected by CAPA Hospital in Istanbul,
Turkey. It includes 104 videos from patients and healthy subjects. Each video
has a different length and contains variations due to pose, illumination, and
scale. The database is composed in RGB videos and is recorded in 1920 x
1080 pixels at a rate of 25 bits per second. It contains 104 videos of smile
expressions from different subjects. The Alzheimer’s database is used for
testing our main hypothesis.
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Figure 3.7: Number of samples of the AD database per age grouped by
gender.

3.4 Data preparation

The databases contain facial images with different imaging conditions such
as face poses, illumination, and size. We apply face detection, alignment,
and cropping to obtain only the face from the image.

The first step is to detect face from the image. As only facial infor-
mation is important, we discarded the background information. The Haar
Cascade based face detector (Viola-Jones) is used to detect faces from the
image (see section 2.3.1.1) [101]. A more elaborated face detection approach
is not needed, while our databases are frontal and clearly illuminated, with
good resolution. We also experimented with a more recent, neural network
based face detector, called Single-Shot-Multibox Detector (SSMD) [63]. The
SSMD face detector is using a CNN that uses multi-scale feature maps to
detect faces. The main difference between the Viola- Jones face detector and
SSMD is that the SSMD includes more of the forehead of the face, which can
be important in age estimation for estimating the age based on the forehead
wrinkles.
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After detecting the face, figure 3.9, a rectangular area is cropped from
the image. For face alignment, we used a facial landmark approach to align
the face [51]. An annotated training set of images is used for training an
ensemble of regression trees in this approach. As a result, the locations of 68
facial landmarks are estimated from their pixel intensities. The dlib library
1 has a pre-trained facial landmark detector to detect these 68 landmark
locations. Given the facial landmarks, the faces can be aligned such that
the faces are rotated where the eyes lie horizontally at the same y-axis, as
in Figure 3.8. The angle is determined by Angle determined by Dx and Dy

(differences between left and right eye center). As the images are aligned,
figure 3.10, the faces are cropped to a size of 224 224 pixels. A few images
were missed by the face detectors due to the image quality. As those images
could decrease the performance for age estimation on the elderly, we have
removed them from the training set.

Figure 3.8: Eye align-
ment.

Figure 3.9: Example
image.

Figure 3.10: Pre-
processed image.

3.5 Network

The feature extraction and classification of the automatic age estimation is
based on a residual network [39]. The apparent age is estimated with a
residual convolutional neural network. A ResNet-50 architecture, which is a
50 layer Residual Network and includes a pre-trained ImageNet model [90].
The pre-trained network is first fine-tuned with the APPA-REAL database
and then with the UTKFace database. The input of the residual network
uses images with 224224 pixels. As the pre-trained ImageNet model con-

1http://dlib.net/
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tains an output layer of 1000 classes. We removed this output layer and
replaced it with 100 classes, to represent the age range from 0-100, and re-
train with facial age data. We compute the softmax expected value on the
output probabilities of those classes [88]. During fine-tuning, the layers of
the pre-trained model are frozen and the last fully connected layer is removed
from the model. Instead, several new layers are added to create a new classi-
fication or regression model. The features of the pre-trained model are thus
transferred to the new model.

The CAPA Alzheimer’s Disease database is used for testing the models
for estimation accuracy. As this database consists of video data, we automat-
ically select a neutral frame from the video of the subject. Then extract the
frames with an open-source facial behavior analysis toolkit, namely Open-
Face [7]. This toolkit detects the locations of lip corners. The lip corners
are used for calculating the temporal phases of facial expressions as in [21].
The smile amplitude is calculated as the mean amplitude of right and left lip
corners, normalized by the length of the lip. The Onset is the initial phase
of facial expression, and it defines the duration from neutral to expressive
state. The apex phase is the phase between the onset and the offset, which
is a stable peak period of facial expression. Likewise, the offset is the final
phase from expressive to neutral state [48]. We automatically selected one
neutral frame from the onset phase.
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Experiment

This chapter describes the experiments for the implemented automatic age
estimation. As the performance of the classifications is mostly determined by
pre-processing and training parameters. We conducted several experiments
on how those factors could affect the performance of the age estimation.
Firstly, we will provide the environmental settings and evaluated metrics for
the age estimation task. Then, we demonstrate the training parameters and
experimental results of the age estimation tasks.

4.1 Experimental Setups

This section describes the experimental settings that the framework is eval-
uated on. Firstly, we discuss the metrics where age estimation is evaluated.
Then, we give an overview of the technical settings used in this approach.

4.1.1 Evaluation Metrics

The common performance measures for age estimation are the Mean Absolute
Error (MAE). The MAE is the average of absolute error between the real
age and the estimated age.

MAE =
1

n

n∑
n=1

‖xi − x‖ (4.1)

Also, the Mean Error (ME) is measured to estimate the mean error between
the real age and the estimated age.

ME =
1

n

n∑
n=1

xi − x (4.2)
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4.1.2 Environment

The following software and hardware specifications are used for realizing the
implementation. The code is implemented on an Apple Macbook Pro with
a 2,6 GHz Intel Core i7-8850H, 16 GB 2400 MHz DDR4, and Intel UHD
Graphics 630 1536 MB. The operating system was macOS Mojave 10.14.3.
We used the Keras API [31], which is a high-level neural networks API, pro-
grammed in Python. A ResNet50 model is a 50 layer Residual Network,
which includes a pre-trained ImageNet model available from Keras API.

The age estimation framework is realized and implemented with Python.
As the hardware specifications affect the training of a deep learning model.
We used a free cloud service of Google to train the network. Google Colabo-
ratory free to use and provides free GPU. With this service, we can implement
deep learning applications using libraries as Keras, TensorFlow and OpenCV.
MacBook Pro Retina is used for additional experiments such as estimating
age from facial images and plotting heatmaps, which is a graphical represen-
tation of data depicted with color. The heatmap gives an idea of where the
model pays attention when it comes to a prediction. The specifications are
described below.

Model MacBook Pro (Retina, 15-inch, 2018)
CPU 2,6 GHz 6-Core Intel Core i7
Memory 16 GB 2400 MHz DDR4

Table 4.1: Specifications of the MacBook Pro used for the experiments.

The specifications of Google Colaboratory:

• GPU: 1xTesla K80, compute 3.7, having 2496 CUDA cores, 12GB
GDDR5 VRAM

• CPU: 1xsingle core hyper threaded Xeon Processors @2.3Ghz i.e(1 core,
2 threads)

• RAM: 12.6 GB Available

• Disk: 320 GB Available

We used Matlab r2019a and SPSS Statistics to analyze the MAE of
Alzheimer’s dataset. Also, we used Matlab r2019a for the post-processing
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stage, where we calculate the Gaussian distribution of 100-dimensional clas-
sification output from the single image. Then we use curve-fitting to model
the distribution and select the maximum of the curve as the prediction.

4.2 Automatic Age Estimation Model

We conducted several experiments to obtain an accurate age estimation
model and improve the age estimation performance for the elderly. A deep
learning model has several configurable parameters that determine the model
structure and how the model is trained. Those parameters are set before the
training of the model. During the experiments, we trained the models with
various parameters. The training results are described in section 4.2.1.

The following parameters are needed for the model:

• The Learning rate defines how quickly the parameters are updated by
the model.

• Epoch is the number of times that the entire training data is used once
to update the weights in the model.

• Optimizer is used for updating the weights and minimizing the loss
function. The loss function tells the optimizer if it moves to the right
or wrong direction.

• Momentum, the movement of the ”optimizer’s” direction depends on
the size and direction of the movements in the previous update.

• Dropout is a regularization technique to reduce overfitting.

• L2 regularization is a weight decay algorithm that stables the model.

• Batch size indicates the number of sub samples that the model gets
updated.

4.2.1 Training results

We trained several models to find the optimal age estimation model for es-
timating the elderly. First, we experimented with two different optimizers,
Stochastic gradient descent (SGD) [10] and Adam [53]. Then, for the best
optimizer, we fine-tuned the model based on the APPA-REAL and UTKFace
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datasets. Finally, we found our optimal model by fine-tuning the network
twice with two different datasets instead of one time fine-tuning of a com-
bined dataset. Estimation results between those models can be found in
figure 4.6. The predictions were made on some samples of the IMDB-WIKI
dataset.

Experiment with different optimizers
We conducted experiments based on two different optimization techniques.
Figure 4.1 shows the loss and MAE for the model trained on the SGD op-
timizer. The loss and MAE for the model trained with Adam optimizer
are shown in figure 4.2. The models are trained on combined APPA-REAL
and UTKFace datasets and we only took images where the age is greater
than 50 years. The results show that MAE and the validation MAE for the
Adam model are around 9.66 and 9.69, respectively. While the MAE and
the validation MAE for the SGD model is around 9.88 and 10.68. As the
model is trained on images above 50+ age, the model predicts the age for
younger persons above the 50 years old. This shows that the amount of data
and annotations of it are important and very effective on the performance
of the estimations. From the results in figure 4.6, we can conduct that the
estimations with Adam optimizer are more accurate compared to the SGD
optimizer. The parameters used at the training of the optimizer experiment
are described in tables 4.2 and 4.3.
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Learning rate
0.001

Optimizer
SGD

Epochs
100

Momentum
0.9

Training set split
90%

Validation set split
10%

Batch size
64

Table 4.2: Parameters of the SGD
model.

Learning rate
0.001

Optimizer
ADAM
Epochs

100
Training set split

90%
Validation set split

10%
Batch size

64

Table 4.3: Parameters of the ADAM
model.

(a) The loss of the model. (b) The MAE of the model.

Figure 4.1: The loss and MAE of fine-tuned model with SGD.



46 Chapter 4. Experiment

(a) The loss of the model. (b) The MAE of the model.

Figure 4.2: The loss and MAE of fine-tuned model with Adam.

Experiment with apparent and real age
After selecting the optimizer, we conducted experiments on the APPA-REAL
dataset to see the differences in using the real age or the apparent ages. Those
models were trained with Adam optimizer. The APPA-REAL and UTKFace
datasets are combined and trained with an age range from 0 to 100. The
validation loss and mean absolute error are 3.344 and 4.350, respectively.
As shown in Figure 4.3, the model is underfitting and there will be greater
errors for predictions. However, as shown in Figure 4.4, the validation loss
and mean absolute error are 3.748 and 6.574, respectively. This model is also
underfitting. The MAE of the model trained on real ages is greater compared
to the apparent model.

Learning rate 0.001
Optimizer ADAM

Epochs 100
Training set 90%

Validation set 10%
Batch size 64

Table 4.4: Parameters of apparent and real age models.
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(a) The loss of the model. (b) The MAE of the model.

Figure 4.3: The loss and MAE of fine-tuned ResNet-50 on APPA-REAL
Apparent Age and UTKFace.

(a) The loss of the model. (b) The MAE of the model.

Figure 4.4: The loss and MAE of fine-tuned ResNet-50 on APPA-REAL
RealAge and UTKFace.

The Optimal Model
The model is trained with the ADAM optimizer with a learning rate α =
0.001 and a batch size of 64 [53]. Then, we fine-tuned the pre-trained on the
APPA-REAL database for 100 epochs. Followed by a fine-tune on the UTK-
Face database that is trained for a further 35 epochs, shorter as we applied
the early stopping callback [80].

An L2 regularization with λ = 0.0005 weight on the loss function is ap-
plied for the UTKFace fine-tuned model. We also applied a dropout (0.3) for
both models and fine-tuned both models with two losses: the cross-entropy
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loss and the Euclidean loss. Freezing the weights of a pre-trained model pre-
vents the update of a specific weight during backpropagation. We froze the
first 26 layers. The databases are each split into two folds, as 90% training
set and 10% validation set, respectively. As we want to predict the age of
Alzheimer’s Disease and healthy subjects, we have tested the model on the
CAPA Alzheimer’s Disease database, which was not used during training and
parameter selection.

Comparing both figures with the final model, in Figure 4.5, fine-tuning
the model twice with two different databases leads to more efficient predic-
tions. In this figure, we show the training curve of the second fine-tuning of
the residual network on the UTKFace database. The learning rate was set
to 0.001 with an L2 regularization of λ = 0.0005 and a dropout is set to 0.3.
The validation loss is higher than of the training loss, which suggests that the
model is overfitting a little bit compared to the other models. Using L2 reg-
ularization and fine-tuning twice a model improves estimations for old people.

As shown from the results in figure 4.6, we can conduct that the estima-
tions with the optimal model are average. However, the face detector had
an impact on the results of those estimations. Especially for persons with a
larger forehead, the face detector only detected the face below the eyebrows.

Learning rate α = 0.001
Optimizer ADAM

Epochs (fine-tuning APPA-REAL) 100
Epochs (fine-tuning UTKFace) 35

Dropout 0.3
L2 regularization λ = 0.0005

Callbacks Early stopping
Training set 90%

Validation set 10%
Batch size 64

Table 4.5: Parameters of the optimal model.
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Figure 4.5: The loss and MAE of the optimal model.
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Real Age: 28
SGD model: 63
ADAM model: 57
RA model: 30
AP model: 29
Ours: 36

Real Age: 22
SGD model: 58
ADAM model: 57
RA model: 25
AP model: 26
Ours: 26

Real Age: 64
SGD model: 59
ADAM model: 65
RA model: 51
AP model: 53
Ours: 53.

Real Age: 38
SGD model: 57
ADAM model: 57
RA model: 36
AP model: 34
Ours: 33

Real Age: 57
SGD model: 59
ADAM model: 55
RA model: 52
AP model: 40
Ours: 49

Real Age: 79
SGD model: 66
ADAM model: 64
RA model: 54
AP model: 52
Ours: 58

Real Age: 83
SGD model: 63
ADAM model: 67
RA model: 68
AP model: 63
Ours: 71

Real Age: 66
SGD model: 67
ADAM model: 60
RA model: 59
AP model: 51
Ours: 62

Real Age: 35
SGD model: 57
ADAM model: 56
RA model: 35
AP model: 33
Ours: 32

Figure 4.6: Age estimation samples on the IMDB-WIKI dataset predicted
on the trained models. SGD = model trained on SGD optimizer; ADAM =
model trained on Adam optimizer; RA = fine-tuned model on real age; AP
= fine-tuned model on apparent age; Ours = Our optimal model.
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4.2.2 Age estimation results of FG-NET

Most classification methods use the FG-NET database for classifying age into
age groups. To illustrate the performance of our approach in a comparable
way, we report here results with FG-NET as well. We conducted experiments
for previous studies that used the FG-NET database for classifying age. As
shown in the Table 4.6, we perform better than most of the age estimation
methods on ages above 60+. The AAM and LBP methods are evaluated
on three samples, while the other five samples are used for training. A fair
comparison between those methods cannot be made. We achieve MAE of
8.14 for ages above 60+, but clearly, FG-NET is not adequate for this task,
as there are only eight samples with ages over 60. The fine-tuning on the
elderly requires a two-level classification approach, where different classifiers
are used for the younger and older subjects. Subsequently, we do not report
additional results on the younger subjects.

Method # of 60-69 Samples MAE
IIS-LLD (Single) [30] 8 images 32.13

IIS-LLD (Triangle)[30] 8 images 26.25
Enhanced BIF [25] 8 images 26.25

IIS-LLD (Gaussian)[30] 8 images 24.00
C-lsLPP [12]) 8 images 23.37
C-lsMFA [12] 8 images 22.25

PCA + LPP + SS [13] 8 images 17.33
OURS 8 images 8.14

SR-AAM [65] Not mentioned 5.32
AAM [22] 3 images 4.62
LBP [22] 3 images 4.53

Table 4.6: Comparison of age estimation methods on the FG-NET database
with ages greater than 60 years old.

4.2.3 Age estimation results between healthy subjects
and AD patients

The following results are estimations between healthy subjects and AD pa-
tients. Firstly, we analyze the effect of Alzheimer’s Disease. Then, we exam-
ine the effect of gender between healthy subjects and AD patients.
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4.2.3.1 Effect of Alzheimer’s Disease

The MAEs and mean errors (ME) for Alzheimer’s Disease patients and
healthy subjects are given in Table 4.7. The database has 50 AD patients
and 44 healthy subjects. As shown in the table, the MAEs of AD patients is
higher compared to healthy subjects. Automatic algorithms almost always
underestimate the age of elderly subjects, and our approach is no exception
to this general trend (as shown by negative ME results). The results show
that on average, AD patients are estimated to be 5.22 years younger than
healthy subjects in the same age range. Using t-test, the difference is found
to be statistically significant (p = 0.0071). The effect of the gender on the
Alzheimer’s Disease has been assessed to understand that the AD patients
seem younger.

Groups # of samples MAE ME
AD Patients 50 10.9 −9.7

Healthy subjects 44 8.16 −4.48

Table 4.7: Comparison for the age estimation on the CAPA Alzheimer’s
Disease database.

4.2.3.2 Effect of gender

The effect of gender on the results has been assessed. The MAEs and MEs for
male and female subjects are given in Table 4.8. The MAEs for female and
male estimates differ slightly. The automatic method estimates the age of
males younger than that of females both for AD patients (3.23 years younger)
and healthy subjects (5.38 years younger). However, these differences are not
significant (p ≥ 0.05). Also, notice that the dataset is not large enough to
derive any conclusions from these results. It is interesting to note that the
difference in average error between healthy and AD male subjects is quite
large (3.67). If this is a systematic bias that would manifest itself in larger
sample sizes, it may suggest that age indicator is more reliable for diagnostic
purposes in males, compared to females.
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Groups Gender # of samples MAE ME
AD Patients Male 27 11.63 −11.19

Female 23 10.04 −7.96
Healthy subjects Male 24 7.96 −6.80

Female 20 8.40 −1.42

Table 4.8: Comparison of the genders for the age estimation on the CAPA
Alzheimer’s Disease database.

We investigated the facial regions and their contributions to the age es-
timation task. This, of course, is a computer-based analysis, and it may
be the case that humans pay attention to different cues. Figure 4.7 shows
a heatmap depicting the relative importance of facial areas for 4 subjects
the residual image-based age estimation model. We obtained the results by
systematically blurring patches on the faces and observing the differences
in estimated ages. A larger difference indicates to a more important area.
Those depictions show that the model mostly relies on eye corners, top of the
mouth, and the cheeks. Also, the vertical wrinkles on the cheeks on either
side of the mouth are the most important marks of age, and blurring them
decreases the apparent age of the subject.
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Figure 4.7: Heatmap for four subjects from the AD database. The facial
landmarks indicate the facial shape and location of the real subjects.

Figure 4.8 provides some examples of the age estimations. The estima-
tions are well predicted on older faces compared to young ones. The error
for the image at right is +6 years, while the image in the middle is predicted
with an error of -3. As the age estimation works properly for old faces, it has
some constraints for correct estimation at younger faces. Because the model
is trained moreover on older faces.

Figure 4.8: Age estimations for three subjects.
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Discussion

Estimating the age of AD patients and healthy subjects show that the pro-
posed age estimation approach indeed estimates AD patients to be younger
than their real age. The effect of gender is particularly stronger at male
subjects. Although, the male healthy subjects are estimated younger as well.
This finding is a small step towards supporting our hypothesis and encourages
us to investigate this issue further. In general, the female subjects contain
more wrinkles on their faces compared to the male subjects.

The automatic age estimation uses a deep residual CNN architecture. We
decided to fine-tune the model several times to obtain most accurate model
for old faces. The model seeks to improve the performance on elderly subjects
by fine-tuning the network with two databases, APPA-REAL and UTKFace.

We utilize OpenFace [7] for detecting the locations of lip corners. With
those locations we calculated the mean amplitude of right and leftlip corners
[21]. The mean amplitude is used to find the onset, apex and offset phase.
Then we automatically selected one neutral from the onset phase. The pre-
trained network is accurate to detect the corner locations with minimum
error. Although, OpenFace had sometimes issues with face alignment for
some faces. So, we used the face alignment techniques described in Chap-
ter 3.4.

A representative face with a heat map is shown in Figure 5.1. The heat
map depicts the importance of the facial area for our residual image based
age estimation model. It is obtained by systematically blurring patches on
the faces to observe the differences in estimated ages. A larger difference
illustrates the more important area. We can see that the model mostly relies
on eye corners, top of the mouth, and the cheeks. So, blurring the regions
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decreases the apparent age of the subject.

Figure 5.1: Important regions of the face for age estimation. The colors and
values indicate the estimated age.

As there are a lot of various facial databases based on specific features.
We decided to take images with frontal pose and specific qualities. Most
databases had less elderly images which influenced our case of study for
estimations. Our goal was to analyze the estimations of Alzheimer’s patients,
where Alzheimer’s Disease occurs mostly above the age of 50 years old. By
finding databases that contain similar image conditions with a lot of elderly
images was one of the limitations. Most databases contain facial images of
persons between 15-60 years old. Even a combination of several databases
leads to poor estimations of age estimation. Creating an own collection
of elderly databases could have improved this study. Due to the limited
databases, we could not make more comparisons of age estimation for Elderly.
Most approaches focus on young people, while we have aimed to estimate the
age accurately for the elderly. We were not able to make comparison to other
approaches that made estimations for those subjects.



Chapter 6

Conclusion and Future Work

This chapter reviews the results of this Master Thesis and presents the final
analysis of the experiments. The ideas for future work on this Master Thesis
are introduced in section 6.2.

6.1 Conclusion

In this Master Thesis, we introduced an automatic age estimation to ana-
lyze the age of Alzheimer’s patients and healthy subjects. The approach is
based on residual networks to estimate the age of Alzheimer’s Disease and
healthy subjects. As the Alzheimer’s Disease occurs moslty at elderly, it is
a challenging task to find a suitable databases that contains more older per-
sons than currently exists. We have dealt with this problem by fine-tuning
the model multiple times. However, due to this we were not able to make
comparison to other approaches to compare the results on Elderly. Most of
the approaches focuses on young.

The first experiments in this work show that age estimation approaches
perform better MAE when estimating the apparent age rather than real age.
The reason for this could be that the real age can not be always related to
the appearance. Also, the experiments show that the parameters can highly
affect the results of the estimations. Expanding the training database with
more images of various qualities would affect the performance of the estima-
tions for inappropriate images.

The experiment with estimating age of AD patients and healthy sub-
jects show that the proposed age estimation approach indeed estimates AD
patients to be younger than their real age, and in particular, this effect is
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stronger in male subjects. This finding is a small step towards supporting our
hypothesis, and encourages us to investigate this issue further. The residual
age estimation is a standard ResNet architecture, but seeks to improve per-
formance on elderly subjects by fine-tuning the network with two databases.

We were able to compare the residual age estimation to other approaches
for classifying age above 60+. The model was able to improve other ap-
proaches within 8 images. The results were improved from 17.33 to 8.14
MAE.

A contribution of this thesis is a published paper to IPTA Conference
“Do Alzheimer’s Patients Appear Younger than Their Age? A Study with
Automatic Facial Age Estimation”s. The published paper is part of this
thesis to share the results of our facial age analysis of Alzheimer’s patient.
This paper contributes to show that the future investigations could be made
between age estimation with diseases in broad context.

6.2 Future Work

The accuracy of age estimation can be improved by using attention mech-
anism. The attention mechanism can focus on specific regions, which can
differentiate young and old faces during the training.

Using Keras is not really recommended due to the limited changes that
can be applied to the intermediate layers. A trained network is difficult to
modify, where the network could get broken. However, libraries such as Py-
Torch and Lua more advanced and ca properly deal with those modification
problems to the intermediate layers.

To analyze the facial dynamic it is not recommended to use the Keras
Library, while it is limited in such cases. However, libraries such as PyTorch
and Lua are properly more advanced for implementing the facial dynamics
as it can deal with this kind of problems.

We showed that age estimation is highly affected by pre-processing. Us-
ing various local features can represent texture information such as wrinkles.
Those kind of features could improve the age estimation accuracy as well.
Also, using dynamic features and motion features combined with facial static
features can result into more accurate model. The dynamic features contain
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temporary information of the facial appearance. The motion features con-
tains complementary feature information from the frame differences.

The MAE will be significantly improved for elderly when the facial images
in the dataset increases. Although, the number of images for elderly training
the classifier are still insufficient. Therefore, collecting a own database should
be sufficient.
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Tüfekçioğlu, Başar Bilgiç, and Murat Emre. Do alzheimer’s patients
appear younger than their age a study with automatic facial age esti-
mation. In 2019 Ninth International Conference on Image Processing
Theory, Tools and Applications (IPTA), pages 1–6. IEEE, 2019.

[108] Kaipeng Zhang, Zhanpeng Zhang, Zhifeng Li, and Yu Qiao. Joint
face detection and alignment using multitask cascaded convolutional
networks. IEEE Signal Processing Letters, 23(10):1499–1503, 2016.

[109] Song Yang Zhang, Zhifei and Hairong Qi. Age progression/regression
by conditional adversarial autoencoder. In IEEE Conference on Com-
puter Vision and Pattern Recognition (CVPR). IEEE, 2017.



71 BIBLIOGRAPHY

[110] Wenchao Zhang, Shiguang Shan, Wen Gao, Xilin Chen, and Hong-
ming Zhang. Local gabor binary pattern histogram sequence (lgbphs):
a novel non-statistical model for face representation and recognition. In
Computer Vision, 2005. ICCV 2005. Tenth IEEE International Con-
ference on, volume 1, pages 786–791. IEEE, 2005.

[111] Zhanpeng Zhang, Ping Luo, Chen Change Loy, and Xiaoou Tang. Fa-
cial landmark detection by deep multi-task learning. In European con-
ference on computer vision, pages 94–108. Springer, 2014.

[112] Guoying Zhao and Matti Pietikainen. Dynamic texture recogni-
tion using local binary patterns with an application to facial expres-
sions. IEEE transactions on pattern analysis and machine intelligence,
29(6):915–928, 2007.

[113] Marc S Zimbler, Mimi S Kokoska, and J Regan Thomas. Anatomy and
pathophysiology of facial aging. Facial plastic surgery clinics of North
America, 9(2):179–87, 2001.


