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Abstract

In many applications, indexing of high-dimensional data has become increasingly important. High-dimensional data
is characterized by multiple dimensions. There can be thousands, if not millions, of dimensions in applications.
Classic methods cannot analyse this kind of data set. So, we need the appropriate alternative methods to analyse
them. In high-dimensional data sets, since the number of predictors is greater than the sample size, it is generally
impossible to apply classical methods to fit a efficient model. A popular method for combating the challenge of the
high-dimensionality curse is to solve a penalized least squares optimization problem, which combines the residual sum
of squares loss function measuring the goodness of the fitted model to the data sets with some penalization terms
that promote the underlying structure. So, the penalized methods can analyse and provide a good fit for the high-
dimensional data sets. In this paper, we express some of these approaches and then, apply them to the eye data set
for investigating the computational performance of the proposed methods.
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1 Introduction

Linear regression is one of the most popular modeling approaches as it gives often useful and interpretable insight
into the data. For the first time, regression was introduced by Francis Galton’s efforts in year 1877. In fact linear
models were largely developed in the precomputer age of statistics, but even in today’s computer era there are still
good reasons to study and use them [4]. They are simple and often provide an adequate and interpretable description
of how the inputs affect the output. They can solve important problem easily. For prediction purposes they can
sometimes outperform fancier nonlinear models, especially in situations with small numbers of training cases, low
signal-to-noise ratio or sparse data. Finally, linear methods can be applied to transformations of the inputs and this
considerably expands their scope.

Least square colorblue(LS) method is the best way to solve linear regression problems. In 1809 Carl Friedrich
Gauss (who was a German mathematician) published method of Least Square [6]. He In 1822, was able to the best
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linear unbiased estimator colorblue(BLUE) of the coefficients is the LS estimator [7]. This result is known as the
Gauss-Markov theorem. The Gauss-Markov theorem states that, under classic assumption, the ordinary least squares
method, in linear regression models, provides BLUE. This theorem gives the most feature of LS method that is very
important to users.

In fact, the least square method is the process of finding the best-fitting curve or line of best fit for a set of data
points by reducing the sum of the squares of the offsets (residual part) of the points from the curve. In least square
method we look for the optimal line. In other words, we need to find the best line with least error to fit.

A linear regression model is generally in the following form:

y =XB+¢, (1.1)
where y = (y1,...,%,)" € R" is a vector of predictor variable, X = (x1,...,%,)’ € R"*? is a matrix of observations
on the explanatory variables, 3 = (31,...,8,)" is a vector of unknown regression coefficients and € = (e1,...,6,) "

is a vector of error terms with F(¢) = 0 and E(ee') = 0%I,, where I, is the unit matrix of order n and o2 is an
unknown constant parameter. The ordinary least-squares estimator (OLSE) of 3 is given by

B=8"'XTy = argmin RSS(B) = argmin(y — X8)" (y - XB), (1.2)

where S™1 = XTX.

In recent years, however, the structure of the data sets changed. In fact, the amount of data we are faced with
keeps growing. From around the late 1990s we started to see wide data sets, where the number of variables far
exceeds the number of observations [2]. This was largely due to our increasing ability to measure a large amount
of information automatically. A problem that is happen in this situation is curse of dimensionality, a term usually
attributed to Bellman [I]. Roughly speaking, this means that estimation gets harder very quickly as the dimension
of the observations increases. There are at least two versions of this curse. The first is the computational curse of
dimensionality. This refers to the fact that the computational burden of some methods can increase exponentially
with dimension. The second version, which call the statistical curse of dimensionality: if the data have dimension d,
then we need a sample size n that grows exponentially with d. While earlier the number of observations, n, usually
clearly exceeded the number of explaining variables, p, nowadays often p =~ n or even p > n which is known as
high-dimensional data. For example, in genomics we can use a high-throughput experiment to automatically measure
the expression of tens of thousands of genes in a sample in a short amount of time. Similarly, sequencing equipment
allows us to genotype millions of SNPs (single-nucleotide polymorphism) cheaply and quickly. In document retrieval
and modeling, we represent a document by the presence or count of each word in the dictionary. This easily leads to
a feature vector with 20,000 components, one for each distinct vocabulary word, although most would be zero for a
small document. If we move to bi-grams or higher, the feature space gets really large [2]. When we face with these
data sets we need to analysis them somehow. We cannot use LS method because of interpretation [5]. This data set
has the number of variables far exceeds the number of observations. In this situation the design matrix will not be
full rank, therefore, with a large number of predictors. So (X TX)~! cannot be calculated. In this situation, we often
would like to determine a smaller subset that exhibit the strongest effects. In order to get the “big picture” we are
willing to sacrifice some of the small details approaches to analysis the high-dimensional data sets.

The remainder of this study is organized as follows: Penalized least squares approach will be proposed in Section
2. Then, the real data analyses will be discussed in Section 3. Finally, conclusions as well as some directions for future
research are introduced in Section 4.

2 Penalized least squares

One of the best ways to analysis high-dimensional data sets is penalized least squares. Penalized least squares
has a big class of different methods to analysis varied high-dimensional data sets. A large amount of effort has gone
into the development of penalized least squares methods for simultaneous variable selection and coefficient estimation.
These methods have many applications in various scientific fields and they are really famous that everyone knows
them. In this paper we describe a number of approaches. Penalized least squares improves upon least-squares. The
basic idea of penalized least squares is constrain or “shrink” parameter estimates. Penalization is also known as
regularization. Regularization reduces variance and increases bias. Testing performance of them can be improved by
regularizing an appropriate amount (due to bias-variance tradeoff). In penalized regression, we minimize the residual
sum squares (RSS) as RSS(8) + APenalty(3), where X\ > 0 is the regularization parameter and the penalty function
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can take various forms. Increasing A will increase bias and decrease variance. Likewise, decreasing A\ reduces bias
and increases variance. A big part of the building, the best models in LASSO deals with the bias-variance tradeoff.
Bias refers to how correct (or incorrect) the model is. There are several ways to choose the optimal A, such as AIC,
BIC, Cp and so on. For this purpose, one of the most popular methods is the cross-validation (CV) method [12].
More generally, in penalized maximum likelihood, we minimize L(3) 4+ APenalty(3), where L(.) is loss function. The
penalty functions have to be singular at the origin to produce sparse solutions (many estimated coefficients are zero),
to satisfy certain conditions to produce continuous models (for stability of model selection), and to be bounded by
a constant to produce nearly unbiased estimates for large coefficients. A good penalty function should result in an
estimator with three properties [3]:

1. Unbiasedness: The resulting estimator is nearly unbiased when the true unknown parameter is large to avoid
unnecessary modeling bias.

2. Sparsity: The resulting estimator is a thresholding rule, which automatically sets small estimated coefficients to
zero to reduce model complexity.

3. Continuity: The resulting estimator is continuous in data z to avoid instability in model prediction. Before
starting next part we need to define L, norm.

Definition 2.1. For any arbitrary vector like x = (1, ...,2,), L, norm is captured by the formula:

HXHP = (le)7 s 71%)1/1)

2.1 The Ridge method

In practice, even if the sample size is small, a large number of predictors is typically included to mitigate modeling
biases [8]. With such a large number of predictors, there might exist problems among explanatory variables, in
particular, there could be a problem with multicollinearity (linear correlation between input variables. So, we need to
apply a useful way to overcome this situation. The Ridge method can help us. Tikhonov regularization, named for
Andrey Tikhonov (who was Russian mathematician), is the most commonly used method of regularization of ill-posed
problems. In statistics, the method is known as ridge regression. Ridge regression shrinks the regression coefficients
by imposing a penalty on their size. The ridge coefficients minimize a penalized residual sum of squares, or we can
write

min(y - XB) " (y — XB) + Al|B|]2,

where ) is regularization parameter that some users call it “ridge parameter”. Also ||.||2 is L2 norm. Ridge estimation
has continuity property but it is bias.

When we say that ridge is a continuous process, it means that model fitting takes place in a continuous space (3
is a smooth and continuous function of A). In the other words, changing A a little bit, the fitted model will change
a little bit. Hence, there are an infinite number of possible models and so, the ridge penalty space is a continuous
region. Also ridge estimation is not a sparse method. To end this, consider a regression model through the origin with
one independent variable. So, it can be written

¢

Bridgge = arg minﬁ{ > (i — 2iB)? + AB? } =Yyl =28 miyi+ B2 ai + A8,
=1 1=1 =1

now, we have g—g = =230 @y + 28>0 27 + 2X3 = 0, which yields Bridge = %, 50, it is clear that the

denominator of the above fraction never tends to infinity for the finite values of shrinkage parameter.

2.2 The LASSO method

LASSO, short for Least Absolute Shrinkage and Selection Operator, is a statistical formula whose main purpose
is the feature selection and regularization of data models. The method was first introduced in 1996 by Statistics
Professor Robert Tibshirani [14]. LASSO introduces parameters to the sum of a model, giving it an upper bound
that acts as a constraint for the sum to include absolute parameters within an allowable range. The LASSO method
regularizes model parameters by shrinking the regression coefficients, reducing some of them to zero. In other word,
with a large number of predictors there is often a desire to select a smaller subset that not only fits as well as the full
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set of variables, but also contains the more important predictors. Such concerns have led to prominent development
of least squares regression methods with various penalties to discover relevant explanatory factors and to get higher
prediction accuracy in linear regression.

LASSO is an extension of OLS which adds a penalty to the RSS equal to the sum of the absolute values of the non-
intercept beta coefficients multiplied by parameter A that slows or accelerates the penalty. That is, if A is less than 1,
then it slows the penalty while if it is more than 1, it accelerates the penalty. Therefore, the following optimization
problem should be solved:

mgn(y - XB) " (y — XB) + A||B]|1,

where A is regularization parameter and ||.||; is L; norm. Computation of the solution to above equation is a quadratic
programming problem with linear inequality constrain.

2.3 The Elastic Net Method

Elastic net linear regression uses the penalties from both the lasso and ridge techniques to regularize regression
models. The technique combines both the lasso and ridge regression methods by learning from their shortcomings to
improve the regularization of statistical models. The elastic net method improves lasso’s limitations, i.e., where lasso
takes a few samples for high dimensional data. The elastic net procedure provides the inclusion of number of variables
until saturation. If the variables are highly correlated groups, lasso tends to choose one variable from such groups and
ignore the rest entirely. This method introduced by Zou and Hastie [15]. The following optimization problem should
be solved to find the results of the elastic net method:

min(y — XB) " (y —XB) + M|IBll1 + A2l|Bll2, A1 >0,X0>0

As it can be seen, elastic net method has two regularization parameters and is a sparse model.

3 Numerical study

In this section, we analysis eye tissue samples to apply introduced method. In this data set, based on n = 120
rates, there exist the expression level of TRIM32 gene and 200 explanatory variables measuring the gene probes [13].
We use R software to analysis our dada. Figure [I] shows CV method to compute optimal value of regularization
parameters in Ridge and LASSO Methods. The CV function is used to obtain the optimal regularization parameter

which is defined as follows
¢ (=) 2
ov==3 j(y—Xﬁ ) ,

=1

where ﬁ(ﬂ) obtained by omitting the i*" pairs (x;,%;). The plots of coefficients in ridge and LASSO are displayed
in Figure 2] Figure [3] shows CV method to compute optimal value of one of the regularization parameters in elastic
net method. Table |1] shows the number of nonzero coefficients, optimal value of regularization parameter, RSS,

RMSE= 1 /3" | (y; — 9;)? and R-squared= %ﬁ;g;j for ridge, LASSO, elastic net methods. From the table, it
can be seen that elastic net method performs better than the other methods in the sense of RMSE and R-squared

criteria values in the high-dimensional data set. The best values were denoted in bold font.

Table 1: Results of Ridge, LASSO and elastic net Methods.

Method Ridge LASSO Elastic net
Regularization parameter 1.151633  0.007066311 0.9526316, 0.01069081
Number of nonzero coefficients 200 21 155
RMSE 0.09791446  0.08575985 0.07641195

R-squared 0.2794082 0.4832286 0.5720897




Penalized least squares optimization problem for high-dimensional data 249

200 200 200 200 200 200 200 200 200 200 200 200 200 67 60 46 35 27 23 23 19 18 20 19 17 8 4 3 3
o E
8 i ° e
] 8
S 8 4 LASSO method E,
3 E
Ridge method best lambda=0.007066311 E
w0 best lambda=1.151633 o 7
o o
S a8 B
s s
s s b
ir E i T
- 5 o E
g o g ° -
] ] E
< & E
3 8§ © 3
Z 2 54
5 s 7
3
- iz
N S 7 E
° s
2
S
0
8
g |
T T T T T b T T T T
0 1 2 3 4 ) -5 -4 -3 -2
Log(n) Log(x)
Figure 1: CV method for Ridge and LASSO methods.
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Figure 2: Plot of coefficients in ridge and LASSO.
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Figure 3: CV method for elastic net.
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