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Summary

In recent years, many methods have been developed for regression in high-dimensional settings. We
propose covariance-regularized regression, a family of methods that use a shrunken estimate of the
inverse covariance matrix of the features in order to achieve superior prediction. An estimate of the
inverse covariance matrix is obtained by maximizing its log likelihood, under a multivariate normal
model, subject to a constraint on its elements; this estimate is then used to estimate coefficients for
the regression of the response onto the features. We show that ridge regression, the lasso, and the
elastic net are special cases of covariance-regularized regression, and we demonstrate that certain
previously unexplored forms of covariance-regularized regression can outperform existing methods
in arange of situations. The covariance-regularized regression framework is extended to generalized
linear models and linear discriminant analysis, and is used to analyze gene expression data sets with
multiple class and survival outcomes.
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1. Introduction

In high-dimensional regression problems, where p, the number of features, is nearly as large
as, or larger than, n, the number of observations, ordinary least squares regression does not
provide a satisfactory solution. A remedy for the shortcomings of least squares is to modify
the sum of squared errors criterion used to estimate the regression coefficients, using penalties
that are based on the magnitudes of the coefficients:

B=arg minfy - XBIP+4111BIP + 4811 ®

D ]
(Here, the notation ||8||° is used to indicate Zj:l |ﬂi|".) Many popular regularization methods
fall into this framework. For instance, when 1, = 0, p; = 0 gives best subset selection, p; = 2
gives ridge regression (Hoerl & Kennard 1970), and p; = 1 gives the lasso (Tibshirani 1996).
More generally, for 1, = 0 and p; > 0, the above equation defines the bridge estimators (Frank
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& Friedman 1993). Equation 1 defines the elastic net (up to a scaling) in the case that p; = 1

and p, = 2 (Zou & Hastie 2005). In this paper, we present a new approach to regularizing linear
regression that involves applying a penalty not to the sum of squared errors, but rather to the
log likelihood of the inverse covariance matrix under a multivariate normal model.

The least squares solution is £ = (XTX)™1XTy. In multivariate normal theory, the entries of
(XTX)™1 that equal zero correspond to pairs of variables that have no partial correlation; in
other words, pairs of variables that are conditionally independent, given all of the other features
in the data. Non-zero entries of (XTX)™1 correspond to nonzero partial correlations. One way
to perform regularization of least squares regression is to shrink the matrix (XTX)™1; in fact,
this is done by ridge regression, since the ridge solution can be written as ﬁr,dge =(XTX +
1)~1XTy. Here, we propose a more general approach to shrinkage of the inverse covariance
matrix. Our method involves estimating a regularized inverse covariance matrix by maximizing
its log likelihood under a multivariate normal model, subject to a constraint on its elements. In
doing this, we attempt to distinguish between variables that truly are partially correlated with
each other and variables that in fact have zero partial correlation. We then use this regularized
inverse covariance matrix in order to obtain regularized regression coefficients. We call the
class of regression methods defined by this procedure the scout.

In Section 2, we present the scout criteria and explain the method in greater detail. We also
discuss connections between the scout and pre-existing regression methods. In particular, we
show that ridge regression, the lasso, and the elastic net are special cases of the scout. In
addition, we present some specific members of the scout class that perform well relative to
pre-existing methods in a variety of situations. In Sections 3, 4, and 5, we demonstrate the use
of these methods in regression, classification, and generalized linear model settings on
simulated data and on a number of gene expression data sets.

2. The Scout Method

2.1. The General Scout Family

Let X = (Xy,..., Xp) denote an n x p matrix of data, where n is the number of observations and
p the number of features. Let y denote a vector of length n, containing a response value for
each observation. Assume that the columns of X are standardized, and that y is centered. We
can create a matrix X = (X y), which has dimension n x (p+1). If we assume that X is generated
from the model N(0, £), then we can find the maximum likelihood estimator of the population
inverse covariance matrix X1 by maximizing

log(detz_l) - tr(SZ_l) @)

ke s Sxx Sxy
where ~ ( Sxy' S,y ) is the empirical covariance matrix of X. Assume for a moment that
S is invertible. Then, the maximum likelihood estimator for 71 is S™1 (we use the fact that

o= O @xy
& log det W = W-1 for a symmetric positive definite matrix W). Let Oxy’ denote
a symmetrlc estimate of £71. The problem of regressing y onto X is closely related to the

problem of estimating X1, since the least squares coefficients for the regression equal — a2 for
® = S~ 1 (this follows from the partitioned inverse formula). If p > n, then some type of
regularization is needed in order to estimate the regression coefficients, since S is not invertible.
Even if p < n, we may want to shrink the least squares coefficients in some way in order to
achieve superior prediction. The connection between estimation of @ and estimation of the
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least squares coefficients suggests the possibility that rather than shrinking the coefficients
by applying a penalty to the sum of squared errors for the regression of y onto X, as is done in
e.g. ridge regression or the lasso, we can obtain shrunken g estimates through maximization
of the penalized log likelihood of the inverse covariance matrix 1.

To do this, one could estimate £~ as @ that maximizes

log(det®) — tr(SO) — J(O) ()]

where J(0®) is a penalty function. For example, J(®) =||®||P denotes the sum of absolute values
of the elements of ® if p = 1, and it denotes the sum of squared elements of @ if p = 2. Our

regression coefficients would then be given by the formula B=- 2y, However, recall that if
X ~N (0, £), then the ij element of @ gives the correlation of X; W|th xJ, conditional on all of
the other variables in X. Note that y is included in X. So it does not make sense to regularize
the elements of @ as presented above, because we really care about the partial correlations of
pairs of variables given the other variables, as opposed to the partial correlations of pairs of
variables given the other variables and the response.

For these reasons, rather than obtaining an estimate of £~ by maximizing the penalized log
likelihood in Equation 3, we estimate it via a two-stage maximization, given in the following
algorithm:

The Scout Procedure for General Penalty Functions
1. Compute @y, which maximizes

lOg(detexx) - tr(Sxx(')xx) - JI(@xx) (4)

2. Compute ©, which maximizes

log(det®) — tr(SO) — J,(0O) (5)

where the top left p x p submatrix of @ is constrained to equal @y, the solution to
Step 1.

Compute £, defined by 8= — (,H
4. Compute f* = cff, where c is the coefficient for the regression of y onto Xp.

/* denotes the regularized coefficients obtained using this new method. Step 1 of the Scout
Procedure involves obtaining shrunken estimates of (Zy,) 1 in order to smooth our estimates
of which variables are conditionally independent. Step 2 involves obtaining shrunken estimates
of 271, conditional on (Z71),, = Oy, the estimate obtained in Step 1. Thus, we obtain
regularized estimates of which predictors are dependent on 'y, given all of the other predictors.
The scaling in the last step is performed because it has been found, empirically, to improve
performance.

By penalizing the entries of the inverse covariance matrix of the predictors in Step 1 of the
Scout Procedure, we are attempting to distinguish between pairs of variables that truly are
conditionally dependent, and pairs of variables that appear to be conditionally dependent due
only to chance. We are searching, or scouting, for variables that truly are correlated with each
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other, conditional on all of the other variables. Our hope is that sets of variables that truly are
conditionally dependent will also be related to the response. In the context of a microarray
experiment, where the variables are genes and the response is some clinical outcome, this
assumption is reasonable: we seek genes that are part of a pathway related to the response. One
expects that such genes will also be conditionally dependent. In Step 2, we shrink our estimates
of the partial correlation between each predictor and the response, given the shrunken partial
correlations between the predictors that we estimated in Step 1. In contrast to ordinary least
squares regression, which uses the inverse of the empirical covariance matrix to compute
regression coefficients, we jointly model the relationship that the p predictors have with each
other and with the response in order to obtain shrunken regression coefficients.

We define the scout family of estimated coefficients for the regression of y onto X as the
solutions /* obtained in Step 4 of the Scout Procedure. We refer to the penalized log likelihoods
in Steps 1 and 2 of the Scout Procedure as the first and second scout criteria.

In the rest of the paper, when we discuss properties of the scout, for ease of notation we will
ignore the scale factor in Step 4 of the Scout Procedure. For instance, if we claim that two
procedures yield the same regression coefficients, we more specifically mean that the
regression coefficients are the same up to scaling by a constant factor.

Least squares, the elastic net, the lasso, and ridge regression result from the scout procedure
with appropriate choices of J; and J (up to a scaling by a constant). Details are in Table 1.
The first two results can be shown directly by differentiating the scout criteria, and the others
follow from Equation 11 in Section 2.4.

2.2.Lp Penalties

Throughout the remainder of this paper, we will exclusively be interested in the case that

J1(®) = 241]|®|P1 and J,(@)="2||@||”> Where the norm is taken elementwise over the entries of
0, and where 14, 1 > 0. For ease of notation, Scout(ps, py) will refer to the solution to the scout
criterion with J1 and J; as just mentioned. If A, = 0, then this will be indicated by Scout(py, -,
and if A1 = 0, then this will be indicated by Scout(-, pp). Therefore, in the rest of this paper, the
Scout Procedure will be as follows:

The Scout Procedure with L, Penalties
1. Compute ©yy, Which maximizes

log(detexx) —tr(SxxOxx) — /ll”(')xx”pl (6)

2. Compute @, which maximizes

A>
log(det®) — tr(SO) — —=||Q||P>
02(dct®) ~ 1(50) ~ 2@ 0

where the top left p x p submatrix of @ is constrained to equal @y, the solution to
Step 1. Note that because of this constraint, the penalty really is only being applied
to the last row and column of ©.

Compute £, defined by B= — 2,

6.".\'

4. Compute f* = cff, where c is the coefficient for the regression of y onto Xp.
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(Note that in Step 2, because the top left p x p submatrix of @ is fixed, the penalty on the top
left p x p elements has no effect).

2.3. Simple Example

Here, we present a toy example in which n = 20 observations on p = 19 variables are generated
under the model y = Xg + ¢, where g = j for j < 10 and gj = 0 for j > 10, and where & ~ N (0,
25). In addition, the first 10 variables have correlation 0.5 with each other; the rest are
uncorrelated.

Figure 1 shows the average over 500 simulations of the following four quantities: the true value
of A, the least squares regression coefficients, the estimate - 1Cov(X, y) where X is the true
covariance matrix of X in the underlying model, and the Scout(1, ‘) regression estimate. It is
not surprising that least squares performs poorly in this situation, since N is barely larger than
p. Scout(1, -) performs extremely well; though it results in coefficient estimates that are slightly
biased, they have much less variance than the estimates obtained using the true covariance
matrix. This simple example demonstrates that benefits can result from the use of a shrunken
estimate of the inverse covariance matrix.

2.4. Minimization of the Scout Criteria with Lp Penalties

If 21 = 0, then the minimum of the first scout criterion is given by (Syy) ™1 (if Sy is invertible).
In the case that A1 > 0 and p1 = 1, minimization of the first scout criterion has been studied
extensively; see e.g. Meinshausen & Bilhmann (2006). The solution can be found via the
“graphical lasso”, an efficient algorithm given by Banerjee et al. (2008) and Friedman et al.
(2008b) that involves iteratively regressing one row of the estimated covariance matrix onto
the others, subject to an L4 constraint, in order to update the estimate for that row.

If 1 >0 and p;1 = 2, the solution to Step 1 of the Scout Procedure is even easier. We want to
find 0, that maximizes

log(det@xx) - tr(Sxx@xx) - /l”(')xx”2 (8)
Differentiating with respect to 0y, we see that the maximum solves
Oy ' — 2104, =Sy 9

This equation implies that 8y, and S share the same eigenvectors. Letting 4; denote the ith
eigenvalue of 0, and letting s; denote the it eigenvalue of Sy, it is clear that

1
— —210;=s;
0; (10)

We can easily solve for 4;, and can therefore solve the first scout criterion exactly in the case
p1 = 2, in essentially just the computational cost of obtaining the eigenvalues of Syy.

Itturns out that if pp =1 or po = 2, then it is not necessary to minimize the second scout criterion
directly, as there is an easier alternative:
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Claim 1—For p;y € {1, 2}, the solution to Step 3 of the Scout Procedure is equal to the solution
to the following, up to scaling by a constant:

A_ . 1A _ 'Iv pl
p=argminis’ ) - 28y p+blBI) -

where £,, is the inverse of the solution to Step 1 of the Scout Procedure.

(The proof of Claim 1 is in Section 8.1.1 in the Appendix.) Therefore, we can replace Steps 2
and 3 of the Scout Procedure with an Ly, regression. It is trivial to show that if 2, = 0 in the
Scout Procedure, then the scout solution is given by £ = (ﬁxx)*lsxy. It also follows that if 14
=0, then the cases 4o = 0, p2 = 1, and p, = 2 correspond to ordinary least squares regression
(if the empirical covariance matrix is invertible), the lasso, and ridge regression, respectively.

In addition, we will show in Section 2.5.1 that if p; = 2 and p, = 1, then the scout can be re-
written as an elastic net problem with slightly different data; therefore, fast algorithms for
solving the elastic net (Friedman et al. 2008a) can be used to solve Scout(2, 1). The methods
for minimizing the scout criteria are summarized in Table 2.

We compared computation times for Scout(2, ), Scout(1, -), Scout(2, 1), and Scout(1, 1) on an
example with n =100, 1, = 41 = 0.2, and X dense. All timings were carried out on a Intel Xeon
2.80 GHz processor. Table 3 shows the number of CPU seconds required for each of these
methods for a range of values of p. For all methods, after the scout coefficients have been
estimated for a given set of parameter values, estimation for different parameter values is faster
due to a warm start (when pq = 1) or because the eigen decomposition has already been
computed (when py = 2).

2.5. Properties of the Scout
In this section, for ease of notation, we will consider an equivalent form of the Scout Procedure
obtained by replacing Sy with XT X and Sy, with XT .
2.5.1. Similarities between Scout, Ridge Regression, and the Elastic Net—Let

Unx,,DpxpV,fx,, denote the singular value decomposition of X with d; the it" diagonal element
ofDandd; >dy>... >dy > dpsg = ... =dp =0, where r = rank(X) < min(n, p). Consider Scout
(2, p2). As previously discussed, the first step in the Scout Procedure corresponds to finding
0 that solves

0! -21,0=X"X (12)

Since 0 and XTX therefore share the same eigenvectors, it follows that -1 = /(D2 + D)VT

where D2 is a pxp diagonal matrix with it diagonal entry equal to L(=d?++/d*+8)). Itis not
difficult to see that ridge regression, Scout(2, -), and Scout(2, 2) result in similar regression
coefficients:

Br=(V(D*+cD)VT) 'XTy
— 5 oZ =l
ﬁ.vr'(}lll(l.«):(V(D-+D )VI) X! y

— o ~2 -1
Bx(‘am(Z.Z):(V(D_'*'D +/121)VT) XTy (13)
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Therefore, while ridge regression simply adds a constant to the diagonal elements of D in the
least squares solution, Scout(2, -) instead adds a function that is monotone decreasing in the
value of the diagonal element. (The consequences of this alternative shrinkage are explored
under a latent variable model in Section 2.6). Scout(2, 2) is a compromise between Scout(2, -)
and ridge regression.

In addition, we note that the solutions to the naive elastic net and Scout(2, 1) are quite similar:
Bener=arg ming! V(D +cDV' B = 26" X y+ 4,13

= - ~2 -
ﬁ.x‘wul(Z.l): arg H}}nﬁ[ V(D2+D )V[B - zﬂl Xl Y+/12||ﬁ||1 (14)

In fact, both solutions can be re-written:

Bener=arg ming" X Xg - 26" X" y+clBl+ A2/
Becour2.ny= arg nngV(52+ VZUDV' B - 287X  y+,|B]"
=arg n;;nﬁfvﬁZVTﬂ - 28" X" y+ V2A||BIP+: 181"

=arg ranﬁTX*TX*B - 28" X"y + V22, ||BIP+ 21811 5

. . - . - 2 4 _
where D is a diagonal matrix with diagonal elements (d; + /d!+811) — /241, X*=

DinVm' Y =D\ DpUpy. D(ry and Dy are the r x r submatrices of D and D corresponding
to non-zero diagonal elements, and Uy and V(y) correspond to the first r columns of U and
V. From Equation 15, it is clear that Scout(2, 1) solutions can be obtained using software for
the elastic net on data X* (which has dimension no greater than the original data X) and y*. In
addition, given the similarity between the elastic net and Scout(2, 1) solutions, it is not
surprising that Scout(2, 1) shares some of the elastic net’s desirable properties, as is shown in
Section 2.5.2.

2.5.2. Variable Grouping Effect—Zou & Hastie (2005) show that unlike the lasso, the
elastic net and ridge regression have a variable grouping effect: correlated variables result in
similar coefficients. The same is true of Scout(2, 1):

Claim 2: Assume that the predictors are standardized and that y is centered. Let p denote the
correlation between x; and x;, and let B denote the solution to Scout(2, 1). If sgn(p;) = sgn(Bj),
then the following holds:

=~ = 2(1 - p)
=Bl < A ———lIyll
1Bi — B; A y (16)

The proof of Claim 2 is in Section 8.1.2 in the Appendix. Similar results hold for Scout(2, -)
and Scout(2, 2), without the assumptions about the signs of £j and 4.

2.5.3. Connections to Regression with Orthogonal Features—Assume that the
features are standardized, and consider the scout criterion with py = 1. For 14 sufficiently large,
the solution By to the first scout criterion (Equation 6) is a diagonal matrix with diagonal

elements /ll*-‘l‘-T"i' (More specifically, if 4, > |x,.ij| for all i #J, then then the scout criterion with
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p1 = 1 results in a diagonal matrix; see Banerjee et al. (2008) Theorem 4). Thus, if E[ is the

it component of the Scout(1, -) solution, then /’i{:lrl If A, > 0, then the resulting scout

solutions with p, = 1 are given by a variation of the univariate soft thresholding formula for
L1 regression:

A
%gn(xiTy) max (0, Ix,.Tyl - ?2)

P

(17)

Similarly, if p, = 2, the resulting scout solutions are given by the following formula:

B=(1+,+) X"y (18)

Therefore, as the parameter A1 is increased, the solutions that are obtained range (up to a scaling)
from the ordinary L, multivariate regression solution to the regularized regression solution
for orthonormal features.

2.6. An Underlying Latent Variable Model

Let X be an x p matrix of n observations on p variables, and y an x 1 vector of response values.
Suppose that X and y are generated under the following latent variable model:

X=d,w v/ +dyu v}
dl,d2>0

y=u,+¢& (19)

where uj and vj are the singular vectors of X, and ¢ is a n x 1 vector of noise.

Claim 3—Under this model, if d; > dy, then Scout(2, -) results in estimates of the regression
coefficients that have lower variance than those obtained via ridge regression.

A more technical explanation of Claim 3, as well as a proof, are given in Section 8.1.3 of the
Appendix. Note that a simple example of the above model would be the case of a block diagonal
covariance matrix with two blocks, where one of the blocks of correlated features is associated
with the outcome. In the case of gene expression data, these blocks could represent gene
pathways, one of which is responsible for, and has expression that is correlated with, the
outcome. Claim 3 shows that if the signal associated with the relevant gene pathway is
sufficiently large, then Scout(2, -) will provide a benefit over ridge.

3. Numerical Studies: Regression via the Scout

3.1. Simulated Data

We compare the performance of ordinary least squares, the lasso, the elastic net, Scout(2, 1),
and Scout(1, 1) on a suite of five simulated examples. The first four simulations are based on
those used in the original elastic net paper (Zou & Hastie 2005) and the original lasso paper
(Tibshirani 1996). The fifth is of our own invention. All five simulations are based on the model
y = XB + o¢ where ¢ ~ N(0, 1). For each simulation, each data set consists of a small training
set, a small validation set (used to select the values of the various parameters) and a large test
set. We indicate the size of the training, validation, and test sets using the notation -/-/-. The
five simulations are as follows:
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1. Each data set consists of 20/20/200 observations, 8 predictors with coefficients 5 =
(3,15,0,0,2,0,0,0),and o= 3. The pairwise correlation between x; and x; is 0.511-1l,

2. This simulation is as in Simulation 1, except that #; = 0.85 for all i.

3. Each data set consists of 100/100/400 observations and 40 predictors. g; = 0 for i €
1,...,10and fori € 21, ..., 30; for all other i, 8; = 2. We also set ¢ = 15 and the
correlation between all pairs of predictors was 0.5.

4. Each data set consists of 50/50/400 observations and 40 predictors. g = 3 fori € 1,
...,15and gj=0fori € 16, ..., 40,and o = 15. The predictors are generated as follows:

X,'=Z|+8i'(,Z1 ~ N(O, 1), izl, ey 5
X;=r+¢&;,22 ~ N(O, 1),i=6, ..., 10
x;=23+¢;,23 ~ N(0, 1),i=11,...,15 (20)

Also, x;j ~ N (0, 1) are independent and identically distributed for i = 16, ..., 40, and
g ~ N(0,0.01) are independent and identically distributed fori=1, ..., 15.

5. Each data set consists of 50/50/400 observations and 50 predictors; gj =2 fori <9
and gj=0fori>9.0=2and Cor(xj, X)) = .5 1jj<o.

For each simulation, 200 data sets were generated, and the median mean squared errors (with
standard errors given in parentheses) are given in Table 4. For each simulation, the two methods
resulting in lowest median mean squared error are shown in bold. The scout provides an
improvement over the lasso in all simulations. Both scout methods result in lower mean squared
error than the elastic net in Simulations 2, 3, and 5; in Simulations 1 and 4, the scout methods
are quite competitive. Table 5 shows median L, distances between the true and estimated
coefficients for each of the five models.

3.2. Making Use of Observations without Response Values

In Step 1 of the Scout Procedure, we estimate the inverse covariance matrix based on the
training set X data, and in Steps 2-4, we compute a penalized least squares solution based on
that estimated inverse covariance matrix and Cov(X, y). Step 1 of this procedure does not
involve the response y at all.

Now, consider a situation in which one has access to a large amount of X data, but responses
are known for only some of the observations. (For instance, this could be the case for a medical
researcher who has clinical measurements on hundreds of cancer patients, but survival times
for only dozens of patients.) More specifically, let X1 denote the observations for which there
is an associated response y, and let X, denote the observations for which no response data is
available. Then, one could estimate the inverse covariance matrix in Step 1 of the Scout
Procedure using both X; and X5, and perform Step 2 using Cov(Xy, y). By also using X5 in
Step 1, we achieve a more accurate estimate of the inverse covariance matrix than would have
been possible using only Xj.

Such an approach will not provide an improvement in all cases. For instance, consider the
trivial case in which the response is a linear function of the predictors, p < n, and there is no
noise: y = X1. Then, the least squares solution, using only X; and not Xy, is f =
(X1"™X) X1 Ty = (X1 T™X1)"1XTX48 = . In this case, it clearly is best to only use Xj in
estimating the inverse covariance matrix. However, one can imagine situations in which one
can use X, to obtain a more accurate estimate of the inverse covariance matrix.
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Consider a model in which a latent variable has generated some of the features, as well as the
response. In particular, suppose that the data are generated as follows:

X{jzzu,*-i-[;‘,'j, j=1, ey 5, i:1, R
Xij=¢&ij, j=6,..., 10,i=1,..., n
yvi=8u;+de},i=1,...,n (21)

In addition, we let &jj, &/, uj ~ N (0, 1) i.i.d. The first five variables are “signal” variables, and
the rest are “noise” variables. Suppose that we have three sets of observations: a training set

of size n = 12, for which the y values are known, a test set of size n = 200, for which we wish
to predict the y values, and an additional set of size n = 36 observations for which we do not

know the y values and do not wish to predict them. This layout is shown in Table 6.

We compare the performances of the scout and other regression methods. The scout method
is applied in two ways: using only the training set X values to estimate the inverse covariance
matrix, and using also the observations without response values. All tuning parameter values
are chosen by 5-fold cross-validation. The results in Table 7 are the average mean squared
prediction errors obtained over 500 simulations. From the table, it is clear that both versions
of scout outperform all of the other methods. In addition, using observations that do not have
response values does result in a significant improvement.

In this example, twelve labeled observations on ten variables do not suffice to reliably estimate
the inverse covariance matrix. The scout can make use of the observations that lack response
values in order to improve the estimate of the inverse covariance matrix, thereby yielding
superior predictions. It is worth noting that in this exaple, the formula f = 1Cov(X1, y) (where
X is the true covariance matrix) yields an average prediction error that is higher than that of
the null model. Therefore, it is clear that in this example, shrinkage is necessary to achieve
good predictions.

4. Classification via the Scout

In classification problems, linear discriminant analysis (LDA) can be used if n > p, but when
p > n, regularization of the within-class covariance matrix is necessary. Regularized linear
discriminant analysis is discussed in Friedman (1989) and Guo et al. (2007). In Guo et al.
(2007), the within-class covariance matrix is shrunken, as in ridge regression, by adding a
multiple of the identity matrix to the empirical covariance matrix. Here, we instead estimate a
shrunken within-class inverse covariance matrix by maximizing its log likelihood, under a
multivariate normal model, subject to an L, penalty on its elements.

4.1. Details of Extension of Scout to Classification

Consider a classification problem with K classes; each observation belongs to some class k €
1, ..., K. Let C(i) denote the class of training set observation i, which is denoted X;. Our goal
is to classify observations in an independent test set.

Let z4 denote the p x 1 vector that contains the mean of observations in class k, and let

K _ o
Swe=itr Y >, (Xi—H)Xi ~ )" denote the estimated within-class covariance matrix
:C(i)=k

(based on the training set) that is used for ordinary LDA. Then, the scout procedure for
clasification is as follows:
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The Scout Procedure for Classification

1. 1

Compute the shrunken within-class inverse covariance matrix Zwm as follows:

ch.,l: arg I’gi_llx{log detz_l - tr(SwCZ_l) - A”Z_IH.Y}

(22)
where 1 is a shrinkage parameter.
2. Classify test set observation X to class k' if k'=arg maxkd;}(X), where
1 AP PO <
6k(X):X ch./l'uk B E'uk ch./l'uk-'—log”k (23)

and =y is the frequency of class k in the training set.

This procedure is analogous to LDA, but we have replaced S, with a shrunken estimate.

This classification rule performs quite well on real microarray data (as is shown below), but
has the drawback that it results in a classification rule that makes use of all of the genes. We
can remedy this in one of two ways. We can apply the method described above to only the
genes with highest univariate rankings on the training data; this is done in the next section.

—-1
Alternatively, we can apply an L; penalty in estimating the quantity ch.,z“k: note (from
Equation 23) that sparsity in this quantity will result in a classification rule that is sparse in the
features. Details of this second method, which is not implemented here, are given in Section
8.2 of the Appendix. We will refer to the method detailed in Equation 23 as Scout(s, -) because
the penalized log likelihood that is maximized in Equation 22 is analogous to the first scout
criterion in the regression case. The tuning parameter A in Equations 22 and 23 can be chosen
via cross-validation.

4.2. Ramaswamy Data

We assess the performance of this method on the Ramaswamy microarray data set, which is
discussed in detail in Ramaswamy et al. (2002) and explored further in Zhu & Hastie (2004)
and Guo et al. (2007). It consists of a training set of 144 samples and a test set of 54 samples,
each of which contains measurements on 16063 genes. The samples are classified into 14
distinct cancer types. We compare the performance of Scout(2, -) to nearest shrunken centroids
(NSC) (Tibshirani et al. (2002) and Tibshirani et al. (2003)), L, penalized multinomial (Zhu
& Hastie 2004), the support vector machine (SVM) with one-versus-all classification
(Ramaswamy et al. 2002), and regularized discriminant analysis (RDA) (Guo et al. 2007). For
each method, tuning parameter values were chosen by cross-validation. In addition to running
Scout(2, -) onall 16063 genes, we also ran it on only the genes with highest univariate t-statistics
(Tibshirani et al. 2002) in the training set. In the latter case, cross-validation was performed in
order to select the number of genes to include in the model. (The model with 4000 genes had
lowest cross-validation error). Note that the selection of genes with highest t-statistics was
performed separately in each training fold during cross-validation.

The results can be seen in Table 8. Scout(2, -) performed on the 4000 genes with highest training
set t-statistics had the lowest test error rate out of all of the methods that we considered.
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5. Extension to Generalized Linear Models and the Cox Model

We have discussed the application of the scout to classification and regression problems, and
we have shown examples in which these methods perform well. In fact, the scout can also be
used in fitting generalized linear models, by replacing the iteratively reweighted least squares
step with a covariance-regularized regression. In particular, we discuss the use of the scout in
the context of fitting a Cox proportional hazards model for survival data. We present an
example involving four lymphoma microarray datasets in which the scout results in improved
performance relative to other methods.

5.1. Details of Extension of Scout to the Cox Model

Consider survival data of the form (y;, X!, &) fori € 1, ..., n, where dj is an indicator variable
that equals 1 if observation i is complete and 0 if censored, and x' is a vector of predictors

(xi,..., j,) for individual i. Failure times are t; < tz < ... <ty; there are d; failures at time t;.
We wish to estimate the parameter g = (61, ... p) in the proportional hazards model A(t|x) =
Zo(t)exp(Zj XjBj). We assume that censoring is nonmformatlve Letting = X8, D the set of
indices of the failures, R, the set of indices of the individuals at risk at time t,, and D, the set
of indices of the failures at t;, the partial likelihood is given as follows (see e.g. Kalbfleisch &
Prentice (1980)):

exp(X ., 1))

Lp=11_,————
o ier, EXP(17 D)k (24)

In order to fit the proportional hazards model, we must find the  that maximizes the likelihood

above. Note that 2 — (wz)Td_I_ng/] and dﬁ’ ~ X! d’X Letuy=2and A= - 60’ The iteratively
reweighted least squares afgorlthm that |mplements the Newton -Raphson method for Sy the

value of g from the previous step, involves finding g that solves
X"AX(B - Bp)=X"u (25)
This is equivalent to finding £ that minimizes
ly* - X8I (26)

where X* = AV2X, y* = A7V2y, 5" = g— B, (Green 1984).

The traditional iterative reweighted least squares algorithm involves solving the above least
squares problem repeatedly, recomputing y” and X™ at each step and setting S equal to the
solution £ attained at the previous iteration. We propose to solve the above equation using the
scout, rather than by a simple linear regression. We have found empirically that good results
are obtained if we initially set g = 0, and then perform just one Newton-Raphson step (using
the scout). This is convenient, since for data sets with many features, solving a scout regression
can be time-consuming. Therefore, our implementation of the scout method for survival data
involves simply performing one Newton-Raphson step, beginning with g = 0.
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0. 0O, XTAX XTu

R . @: T _( T T A-1
Using the notation ( 0,/ O, )and uw' X uwA™u ) the Scout Procedure for
survival data is almost identical to the regression case, as follows:

The Scout Procedure for the Cox Model
1. Let @, maximize

lOgdetG)xx — tr(SxxOxx) — 4 ”(')xx”pl 27)

2. Let ® maximize

logdet® — tr(SO®) — 1,||0||> (28)

where the top p x p submatrix of @ is constrained to equal @y, obtained in the

previous step.

LS

9.".".

4. Letf" =cf, where cis the coefficient of a Cox proportional hazards model fit to y
using Xp as a predictor.

Compute B=-

/" obtained in Step 4 is the vector of estimated coefficients for the Cox proportional hazards
model. In the procedure above, 11, A > 0 are tuning parameters. In keeping with the notation
of previous sections, we will refer to the resulting coefficient estimates as Scout(ps, po).

5.2. Lymphoma Data

We illustrate the effectiveness of the scout method on survival data using four different data
sets, all involving survival times and gene expression measurements for patients with diffuse
large B-cell lymphoma. The four data sets are as follows: Rosenwald et al. (2002)
(“Rosenwald™), which consists of 240 patients, Shipp et al. (2002) (“Shipp™), which consists
of 58 patients, Hummel et al. (2006) (“Hummel”), which consists of 81 patients, and Monti et
al. (2005) (“Monti™), which consists of 129 patients. For consistency and ease of comparison,
we considered only a subset of around 1482 genes that were present in all four data sets.

We randomly split each of the data sets into a training set, a validation set, and a test set of
equal sizes. For each data set, we fit four models to the training set: the L; penalized Cox
proportional hazards (“L; Cox”) method of Park & Hastie (2007), the supervised principal
components (SPC) method of Bair & Tibshirani (2004), Scout(2, 1), and Scout(1, 1). For each
data set, we chose the tuning parameter values that resulted in the predictor that gave the highest
log likelihood when used to fit a Cox proportional hazards model on the validation set (this
predictor was Xya1Btrain for L1 Cox and scout, and it was the first supervised principal
component for SPC). We tested the resulting models on the test set. The mean value of 2(log
(L) — log(Ly)) over ten separate training/test/validation set splits is given in Table 9, where L
denotes the likelihood of the Cox proportional hazards model fit on the test set using the
predictor obtained from the training set (for L1 Cox and scout, this was XtestBirain, and for SPC,
this was the first supervised principal component), and L, denotes the likelihood of the null
model. From Tables 9 and 10, it is clear that the scout results in predictors that are quite
competitive with, if not better than, the competing methods on all four data sets.
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6. Discussion

We have presented covariance-regularized regression, a class of regression procedures (the
“scout” family) obtained by maximizing the log likelihood of the inverse covariance matrix of
the data, rather than by minimizing the sum of squared errors, subject to a penalty. We have
shown that three well-known regression methods - ridge, the lasso, and the elastic net - fall
into the covariance-regularized regression framework. In addition, we have explored some new
methods within this framework. We have extended the covariance-regularized regression
framework to classification and generalized linear model settings, and we have demonstrated
the performance of the resulting methods on a number of gene expression data sets.

A drawback of the scout method is that when p; = 1 and the number of features is large, then
minimizing the first scout criterion can be quite slow. When more than a few thousand features
are present, the scout with p; = 1 is not a viable option at present. However, scout with p; = 2
is very fast, and we are confident that computational and algorithmic improvements will lead
to increases in the number of features for which the scout criteria can be minimized with p; =
1.

Covariance-regularized regression represents a new way to understand existing regularization
methods for regression, as well as an approach to develop new regularization methods that
appear to perform better in practice in many examples.
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8. Appendix

8.1. Proofs of Claims

8.1.1. Proof of Claim 1
First, suppose that p, = 1. Consider the penalized log-likelihood

logdet® — tr(SO) — ”2—2”@”l (29)

with @y, the top left p x p submatrix of @, fixed to equal the matrix that maximizes the log
likelihood in Step 1 of the Scout Procedure. It is clear that if ® maximizes the log likelihood,

then (@—1)‘_‘:5‘},+ . The subgradient equation for maximization of the remaining portion of
the log-likelihood is

_ /12

1

—(® _S.. 22

0=(O Dy = Sy 2 (30)
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where Tj = 1 if the it" element of O,y is positive, ['j = —1 if the it element of Oy is negative,
and otherwise T’ is between —1 and 1.

Letp= @XX((B*l)Xy. Therefore, we equivalently wish to find j that solves
0=2(0y) '8 - 28,y — T G1)

From the partitioned inverse formula, it is clear that sgn(g) = —sgn(@xy). Therefore, our task
is equivalent to finding # which minimizes

B (@) B - 28 B+0181I" 32)

Of course, this is Equation 11. It is an Lq-penalized regression of y onto X, using only the inner
products, with Sy, replaced with (@y,) L. In other words, /3 that solves Equation 11 is given
by G)XX(O‘l)Xy, where @ solves Step 2 of the Scout Procedure.

Now, the solution to Step 3 of the Scout Procedure is —g=. By the partitioned inverse formula,

Oyy _ Oxx(0~! Xy B

(E)XX(G)*l)Xy + (ny(ﬁ)*l)yy =0,50 ~ 5, = oTe, — @ e, INOther words, the solution to Step
3 of the Scout Procedure and the solution to Equation 11 differ by a factor of (@fl)ny)yy. Since
Step 4 of the Scout Procedure involves scaling the solution to Step 3 by a constant, it is clear
that one can replace Step 3 of the Scout Procedure with the solution to Equation 11.

Now, suppose p, = 2. To find @y, that maximizes this penalized log-likelihood, we take the
gradient and set it to zero:

A
— @ _§. _22
0=(0"Dxy — Sxy 2 Oy (33)
Again, let g = @XX(®*1)Xy. Therefore, we equivalently wish to find f that solves
0=2(0y) '8 - 28,y +2438 (34)

for some new constant A3, using the fact, from the partitioned inverse formula, that

~ 70, ~Oxy. The solution  minimizes
B Ox) 'B—Sy' p+:6'B

Of course, this is again Equation 11. Therefore, £ that solves Equation 11 is given (up to scaling
by a constant) by G)XX((E)‘l)xy, where O solves Step 2 of the Scout Procedure. As before, by
the partitioned inverse formula, and since Step 4 of the Scout Procedure involves scaling the
solution to Step 3 by a constant, it is clear that one can replace Step 3 of the Scout Procedure
with the solution to Equation 11.
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8.1.2. Proof of Claim 2

Recall that the solution to Scout(2, 1) minimizes the following:

')
B'VD*+D VB - 28" X y+ 18] (35)

where D2 is a p x p diagonal matrix with it diagonal entry equal to 1(~d;%+ +/d;*+8.,) and
X = UDVT. Equivalently, the solution minimizes

BT (VAD2+ 1D+ VIV )8 — 287X y+ 4, ||B]!
=" (VAD2+4D)VT)B - 28" X" y+ L8 + VITIIIBI (36)

where D2 is the diagonal matrix with elements +/d;*+81; — V811, because V is p x p
orthogonal. It is easy to see that the solution also minimizes the following:

lly* — X*BIP+1811"+ v24, 1811 @7

[ X . Y2y R
wAhere A :7 pvr |'Y —( 0 ) If # minimizes Equation 37, and if we assume that sgn
(Bi) = sgn(B;), then it follows that

V218 - Bjl=Ix; - x)" (v - X*B)| 38)
Note that
ly* = XBI < lly* = XBIP+lB1+ V241817 < lly*IP=2llyll? (39)
Therefore,

— 1 . :
i =Bil < A 5Ix; = xlliyll V2
Bi = Bj o Sl 40

Now, [Ix; — x;IP=1lIx; — x,I*+4I(DV"); - DV"),|I*. Since we assumed that the features are

standardized, it follows that [Ix; — x’[I*=1 — p+1[(DV"); — (DV") I where p is the correlation
between x; and x;. It also is easy to see that [|(DVT); — (DVT)jl|? <1 — p. Therefore, it follows
that

~ . [0-p
BBl < [ =l "
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8.1.3. Proof of Claim 3

Consider data generated under the latent variable model given in Section 2.6. Note that it
follows that

P
Y N T | 2y T
X' X=d{viv, +d;,vov, = E diviv;
=1 (42)

where d3 = ... =dp=0. We consider two options for the regression of y onto X: ridge regression
and Scout(2 ) Let A" and £5¢ denote the resulting estimates, and let A and A5¢ be the tuning
parameters of the two methods, respectively.

Err:(xTx_'_/lrrI)_ley
4 . . .
=( Z d’Tll’vjvl‘ )(dlvlu’ +d2V2111 )(lll+8)

dl

=z 1+(d+,,,v1ul+di‘,,vzu2)b (43)
Similarly, using the fact that Scout(2, ) results in replacing d? with %(df+ d‘j?+8ﬂ“'f):
Be=(Y —2—vT)diviul +drvoul Y(u; +e
g (fzm-ﬁf Ndiviwy +davau; )(ui+e)
2d, T 2d, r
+ 2
RRGE (d+m vy d§+snsvv2u2)8 (44)

2d
It is clear that the signal part of A" is 75 z V1, and that the signal part of £5€ is RNy raeyr WVL The
following relationship between A™ and 25 results in signals that are equal:

—d Jd+815¢

A=
2 (45)

From now on, we assume that Equation 45 holds. It is clear that the noise parts of £ and £¢

T ( 2dy llT)S ) A
are(d_ AL R —2-v,u} )€ and “\/mw viuj+ R e V23 )¢ Using Equation 45, we
T_
know thatdg+/{r-r-"1“l“,- Yy VI So it suffces to comparel,-,,, and ‘,-H/—mw Recall that

d, > 0. So,

@+ ) — (BT NI NI
2 2 ?
=L{(Jd+845¢ — dB) — ( W— )

(46)

If d1 > dy, then the above quantity is negative; if d; < d,, then it is positive. Therefore, the scout
solution has a smaller noise term than the ridge solution if and only if d; > d,. In other words,
if the portion of X that is correlated with y has a stronger signal than the portion that is

orthogonal to y, then Scout(2, -) will perform better than ridge, because it will shrink the parts
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of the inverse covariance matrix that correspond to variables that are uncorrelated with the
response.

8.2. Feature Selection for Scout LDA

The method that we propose in Section 4.1 can be easily modified in order to perform built-in
feature selection. Using the notation in Section 4.1, we observe that

el

1= arg rr}likn{ Z (Xi — ,Uk)TchJl(Xi — i)}

i:C(iy=k (47)

and so we replace z in Equation 23 with

— 1
f=argming > (X;— ) Z (Ki— el Yl

HE G C=k (48)

The above can be solved via an L1 regression, and it gives the following classification rule for
a test observation X:

-1
00T, - AT 5 o
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Fig. 1.

Data were generated under a simple model; results shown are averaged over 500 simulations.
Standard error bars and coefficient estimates are shown. Clockwise from the top left, panels
show the true value of 8, ~1Cov(X, y), (X"X)"1XTy, and Scout (1,").
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Special cases

of the scout.

Table 1

J1(Oxx) J,(®) Method

0 0 Least Squares
tr(Oxx) 0 Ridge Regression
tr(®xx) llo|* Elastic Net

0 o]t Lasso

0 llo])2 Ridge Regression
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Table 2

Minimization of the scout criteria: special cases. The scout criteria can be easily minimized if 41 =0 orp; € {1
, 2} andif A, =0orpy € {1, 2}.

42=0 p2=1 p2=2
21=0 Least Squares L, Regression L, Regression
pp=1 Graphical Lasso Graphical Lasso + L; Reg. Graphical Lasso + L, Reg.
p1=2 Eigenvalue Problem Elastic Net Eigenvalue Problem + L, Reg.
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Table 3

Timing comparisons for minimization of the scout criteria. The numbers of CPU seconds required to run four
versions of the scout are shown, for 1; = 4, =0.2, n = 100, X dense, and various values of p.

p Scout(1, -) Scout(1, 1) Scout(2, ) Scout(2, 1)
500 1.685 1.700 0.034 0.072
1000 22.432 22.504 0.083 0.239
2000 241.289 241.483 0.260 0.466
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Table 6

Making use of observations w/o response values: Set-up. The training set consists of 12 observations and
associated responses. We wish to predict responses on a test set of 200 observations. We have access to 36
observations for which responses are not available and not of interest.

Sample Size Response Description
Training Set 12 Available
Test Set 200 Unavailable - Must be predicted
Additional Obs. 36 Unavailable - Not of interest
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Table 7

Making use of observations w/o response values: Results. Mean squared prediction errors are averaged over 500
simulations; standard errors are shown in parentheses.

Method Mean Squared Prediction Error

Scout(1, ) w/Additional Obs. 25.65 (0.38)
Scout(1, -) w/o Additional Obs. 29.92 (0.62)
ENet 32.38 (1.04)
Lasso 47.24 (3.58)
Z1Cov(X, y) 86.66 (2.07)

Least Squares 1104.9 (428.84)
Null Model 79.24 (0.3)
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Table 8

Cross-validation and test set errors for the following methods are compared on the Ramaswamy Data: Scout(2,
1), Scout(2, -) using the genes with highest t-statistics on the training set, regularized discriminant analysis, nearest
shrunken centroids, support vector machine using one-versus-all classification, and the L, penalized multinomial.
With the exception of RDA, all methods were performed after cube roots of the data were taken and the patients
were standardized. RDA was run on the standardized patients, without taking cube roots, as this led to much
better performance.

Method CV Err. (of 144) Test Err. (of 54) No. Genes
NSC 35 17 5217
L, Penalized Mult. 29 15 16063
SVM 33 14 16063
RDA 34 10 16063
Scout(2, -) 38 11 16063
Scout(2, -) High T-stat. 21 8 4000
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Table 9

Mean of 2(log(L) — log(L,)) on Survival Data. L; Cox, supervised principal components, Scout(1, 1), and Scout

(2, 1) are compared on the Hummel, Monti, Rosenwald, and Shipp data sets over ten random training/validation/
test set splits. The predictor obtained from the training set is fit on the test set using a Cox proportional hazards
model, and the median value of 2(log(L) — log(L,)) over the ten repetitions is reported. For each data set, the two

highest mean values of 2(log(L) — log(L,)) are shown in bold.

Data Set L, Cox SPC Scout(1, 1) Scout(2, 1)
Hummel 2.640 3.823 4.245 3.293
Monti 1.647 1.231 2.149 2.606
Rosenwald 4.129 3.542 3.987 4.930
Shipp 1.903 1.004 2.807 2.627
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Table 10

Median Number of Genes Used for Survival Data. L1 Cox, supervised principal components, Scout(1, 1) and S
cout(2, 1) are compared on the Hummel, Monti, Rosenwald, and Shipp data sets over ten random training/
validation/test set splits; the median number of genes used in each of the resulting models is reported.

Data Set L;Cox SPC Scout(1, 1) Scout(2, 1)
Hummel 14 33 78 13
Monti 18.5 17 801.5 1445
Rosenwald 375 32 294 85
Shipp 55 10 45 5
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