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1. Introduction

Fields ranging from image processing and data compression to computational biology, climatology, economics and
finance nowadays share the common feature of trying to extract information from vast noisy data sets. Such large scale
problems may often be formulated under the framework of high-dimensional statistical regression, where the number
of explanatory variables, p, is large relative to the number of observations, n. High-dimensional nonlinear regression is a
research area that has recently generated a lot of interest with the emergence of powerful regularization methods. Due
to the “curse of dimensionality” [1], most of the work on this subject has been performed under the assumption that the
regression function has a simple additive structure. In other words, a typical regression model is

b
Yi=) fX)+e, i=1....n (1)

=1

Under the assumption that the number of “true” predictors is relatively small, this model has recently been extended into
the high-dimensional setting. For example, the SpAM approach of Ravikumar et al. [28] fits a sparse additive model by
imposing a penalty on the empirical L, norms of the functional components. Huang et al. [ 15] establish variable selection
consistency for an adaptive variation on the SpAM approach using a B-spline implementation. Meier et al. [ 19] fit the same
model as SpAM, but also incorporate a smoothness term in the penalty function, leading to interesting theoretical properties.
Choi et al. [5] and Radchenko and James [26] extend this line of research to handle sparse high-dimensional models with
interactions.
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A different line of development uses models of the form
V= ola) e i=1...n 2

Here X; is arealization of a p-dimensional predictor vector, and linear combination XiTot* isreferred to as index. Eq. (2) defines
the Single Index Model [11,16,10]. Single index models generalize linear regression by replacing the linear predictor with a
semi-parametric component. Due to their flexibility and interpretability of the coefficients single index models are becoming
increasingly popular in many scientific fields. Note that they are capable of modeling interactions among predictors, and thus
serve as a useful alternative to additive models.

Single index models have been very popular in relatively low and moderate dimensional situations with a manageable
number of predictors. The corresponding existing methods typically do not perform well in high-dimensional situations if
applied directly. Limited research, however, has been conducted on extending these methods to the high-dimensional set-
ting. This is mainly due to the non-convexity of the sum of squares with respect to the index coefficients; an issue that makes
it very hard to either develop an efficient estimation algorithm or establish theoretical properties of the estimator. Wang
and Yin [34] present an approach, SMAVE, which produces sparse index coefficient estimators by introducing L, regulariza-
tion into the MAVE method of Xia et al. [36]. However, SMAVE cannot be implemented for p > n, and no high-dimensional
asymptotic results have been established for it. Peng and Huang [24] estimate the single index model by minimizing a pe-
nalized least squares criterion, thus performing automatic variable selection. However, they focus on the case of n being
larger than p and consider only fixed p asymptotics. Also, it is argued in Section 2 that such penalization may be problematic
in high-dimensional situations due to the non-convexity of the sum of squares function.

Strong interest has been generated recently by the variable selection problem under the sufficient dimension reduction
framework [6]. For example, Ni et al. [23] introduce L, regularization to sliced inverse regression; Zhou and He [39] use L,
regularization together with thresholding for variable filtering; Li and Yin [18] implement a sliced inverse regression ap-
proach with L, and L, regularization; Bondell and Li [3] generalize the penalization idea to a family of inverse regression
estimators; Zhu and Zhu [42] investigate variable selection for single-index models with a diverging number of predictors
by using inverse regression; Wu and Li [35] establish asymptotic properties for a family of inverse regression estimators
in the case where p is allowed to diverge; Wang et al. [32] analyze non-convex penalized estimation in high-dimensional
models with single-index structure; Yu et al. [ 38] use the Dantzig selector approach, together with sliced inverse regression,
to perform dimension reduction and predictor selection in semi-parametric models. The dimension reduction approaches
are applicable to the estimation of index coefficients in single index models. However, they do not directly estimate the
regression function, and are implemented under an additional linearity condition on the distribution of the predictors.

This paper considers a different approach and makes the following key contributions:

1. A new L, regularization method is introduced for efficiently estimating all components of the single index model and
performing variable selection simultaneously. The method is designed for the high-dimensional setting, which includes
situations where p is larger than n. The level of regularization is controlled by a tuning parameter, and an algorithm is
presented for constructing a solution path with respect to this parameter in a computationally efficient manner.

2. Asymptotic theory is developed for the proposed estimates of the index coefficients and the regression function in the
high-dimensional setting. In particular, under some assumptions, a polynomial rate of convergence for all estimators is
established even in situations where p grows faster than n.

The organization of the paper is as follows. Section 2 introduces the new methodology, provides motivation for it
and discusses the intuition behind it. A computationally efficient algorithm for constructing a solution path is presented
in Section 3. Theoretical investigation is conducted in Section 4. Simulation and real data performance is discussed in
Section 5, an extension to the Generalized Single Index Models is presented in Section 6 and concluding remarks are given in
Section 7.

2. Methodology

This section presents a new approach for fitting the single index model, (2), in situations where the number of predictors,
p, is large relative to the number of observations, n. As is very common in the high-dimensional statistical inference literature,
it will be assumed that the true index incorporates only a small number of predictors, in other words a* is sparse. We will
refer to the proposed method as HD-SIM, which stands for High Dimensional Single Index Models.

Let Y denote the response vector. For a given function f and vector & € RP we will define f, = (f(XlToz), - ,f(XnToc))T.
For a given «, candidate functions f will be chosen from a functional class #,(e). We will focus on cubic B-spline functions,
but the proposed methodology works for other choices of #,(a). When « is the jth coordinate vector, we will slightly abuse
the notation and replace f, and #; (o) with f; and #,(j), respectively. This is done for notational simplicity. Thus, we define

fi = (f(le), ... ,f(an))T, where index j refers to the jth predictor. Formal definitions of functional classes %, (e) and F;,(j)
will be given in Section 3.1. For the remainder of the paper ||-|| will refer to the usual Euclidean vector norm, while ||-||; will
correspond to the Ly vector norm.
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Fig. 1. Penalized least-squares criterion in Example 1 is plotted for three different values of the tuning parameter, A3 > A, > A;.

There exist various approaches for estimating the index coefficients in the classical setting, such as those presented in
[11,13,14,7]. We will follow the general methodology of minimizing the sum of squares [9,10,16,37],

min [[Y — £ [?,
o.f

but impose additional constraints on the index coefficient vector. To achieve sparsity of the estimated coefficient vector, a
natural idea is to impose an L; penalty on «:

min Y — f|I* + A lleel - (3)
of

This is the general approach used in [24]. Of course, an additional identifiability is needed, because the index coefficients are
defined up to a nonzero multiplicative factor. Such a condition will be provided when the proposed estimator is formally
defined at the end of the section. However, it is shown below that even with an identifiability condition the use of criterion (3)
naturally results in the problem of multiple local minima, and the corresponding global minimizer is discontinuous in the
tuning parameter . This makes finding the solution extremely hard, especially in a high-dimensional situation. Consider
the following simulated example for illustration.

Example 1. The response is generated from the model
Y; = (Xiy +0.7Xp — 1)> +0.2¢;, i=1,...,150,
where Xj; are independent Uniform random variables on [0, 1], and ¢; are i.i.d. N(0, 1).

Under any reasonable identifiability condition, as A is decreased, the solution path for problem (3) moves from the
sparsest solution towards an un-regularized one. Note that the index for the sparsest solution is formed by the variable
that is the best marginal predictor of the response. In the realization that we consider such predictor is Xy, which is a typical
scenario, as this predictor has the largest coefficient in the true model. Because the index coefficients are defined up to a
nonzero multiplicative factor, we will fix the coefficient @; at one, for identifiability. With @; fixed, we will examine what
happens to the coefficient & as A is decreased. Fig. 1 plots the penalized criterion function, optimized over f, versus «;. The
plot is produced for three values of the tuning parameter, A3 > A, > Aq. For each of the values the criterion has two local
minima. When A is decreased past the value A,, the global minimizer, @, jumps from zero to about 0.185. Note that the
corresponding sum of squares function, G(«>), displayed at the top of Fig. 2, is strictly decreasing on the domain of interest.
Presence of multiple local minima for the penalized criterion is implied by fact that at some positive a; the derivative, G/,
displayed at the bottom of Fig. 2, drops below its value at zero. The following result, proved in Appendix E, makes this
statement precise.

Proposition 1. Consider a smooth univariate criterion function G(o). Suppose that G has a minimum at «* # 0, and o™ is
the only zero of G'. Define a penalized criterion function F;(a) = G(a) + Ala|. If G”(0) < 0, then there exist positive values
A3 > Ay > Ajand a, such that for all A € (A1, A3) function F, has multiple local minima, one at zero, and another at some «;
with |, | > a. For A > A, function F, has a global minimum at zero, and for A < A, function F, has a global minimum at
some o with || > a.

Condition G"(0) < O can replaced by a weaker one, |G'(0)| < SUP(g_qq* <o+ 2} |G (@)]-
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Fig. 2. Sum of squares function G(cr;) = miny {||Y — |12, @ = (1, ozz)T} and its derivative for Example 1.

Thus, due to the non-convexity of the sum of squares function, the phenomenon illustrated in Fig. 1 is an inherent
property of the penalized least-squares approach in single index models. This property is highly unsatisfactory from a
computational point of view, because finding the solution to optimization problem (3) becomes extremely hard, especially
in the high-dimensional setting. It also makes constructing a solution path computationally unfeasible, because even for a
small change in the tuning parameter a global search for the minimizer of the penalized criterion function would need to be
conducted. Finally, it results in discontinuity of the global solution with respect to the tuning parameter, raising concerns
about the stability of the corresponding estimator.

Instead, the proposed HD-SIM approach uses an L; equality constraint:

min ||Y — f‘,,II2 st. |l =t. (4)
o.f

Interestingly, replacing an L, penalty with an L; constraint changes the set of solutions to the optimization problem. This
phenomenon is caused by the non-convexity of the sum of squares function with respect to «. Consider the setting of Propo-
sition 1. The fact that G(«) is decreasing for « < «™* and increasing for « > «™ implies that the constrained optimization
problem, min G(«) s.t. || = t, has a unique solution given by t sign(«*) for each t in [0, |@*|]. Consequently, as t is increased,
the solution is continuously “un-shrunk” from zero to the unconstrained minimizer of G. A similar continuity property holds
for the constrained solution in Example 1. It is again implied by a monotonicity argument applied to the sum of squares
function, G, displayed in Fig. 2.

More generally, as Example 1 and Proposition 1 illustrate, non-convexity of the sum of squares with respect to the index
coefficients tends to cause jumps in the L; norm of the solution to the penalized least-squares optimization problem. Such
jumps are ruled out for the constraint approach, as the L; norm of the solution, by definition, is a continuous function
(identity) of the tuning parameter. The following general result provides high-level conditions for continuity of the path of
solutions to problem (4). The proof of this result is provided in the Appendix.

Proposition 2. Let f be a fixed continuous function. Assume that for some positive Ty and T,, and for each t € [Ty, T,],
optimization problem (4) has a unique global solution. Then the path of solutions to this problem is continuous on [Ty, T,].

Proposition 2 only imposes conditions on the global solutions to the optimization problem. Non-convexity of the sum of
squares function does not cause discontinuity in the solution path as long as the global constrained minimizer of the sum
of squares is unique. This is quite different from the situation for the penalized approach.

Note that we need to impose an additional identifiability condition in optimization problem (4). Otherwise, provided the
class of candidate functions f is sufficiently wide, the a-solution would simply equal a rescaled version of the un-regularized
minimizer of the sum of squares. Our approach will be to start the solution path at an index coefficient vector of highest
sparsity, with only one nonzero coefficient, then fix this coefficient for the remainder of the solution path. More specifically,
HD-SIM estimator (e, f) solves the following optimization problem,

min Y —f,)? st |al, =t fort>1,

aeRP feFy(a)
. o 2 ®)

am = 1for m = argmin min HY— fj” .

j=p feFn()

The notation used in the above display was introduced in the beginning of the section. Functional classes #,(e) and %;(j)
will be formally defined in Section 3. Note that the starting point of the HD-SIM solution path, which corresponds to the
valuet = 1ofthe tuning parameter, is the same as it would be if ||| = 1, rather than o = 1, were used as the identifiability
condition. HD-SIM solution path starts at the index formed by the variable that is the best marginal predictor of the response,
fixes the respective index coefficient at one, then gradually un-shrinks the remaining coefficients and introduces new
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variables into the index. An algorithm for constructing a path of solutions over a dense tuning parameter grid is given in
Section 3. In all of the numerical examples that follow, the optimal value of the tuning parameter is selected through cross
validation.

3. Path fitting algorithm

Suppose that for each t € [1, T] optimization problem (5) has a unique global solution. If the class U <1 % (et) consists
of continuous functions and is continuously parameterized by a bounded subset of a Euclidean space, then the solution path
is continuous on [1, T]. This follows directly from the proof of Proposition 2 after accounting for the optimization over the
regression function, f. The path algorithm proposed in this section computes solutions over a very dense grid of t’s, gradually
increasing the tuning parameter from the starting value t = 1. The last computed solution is used as a warm start in the
search for the next one. Under the setting described above, this search only needs to be conducted locally. Thus, we can take
advantage of the local quadratic approximation to the sum of squares function. Note that the solution at t = 1 corresponds
to the index formed by Xz, where m is defined in (5). Variable Xz is the best marginal predictor of the response, and can be
easily identified by solving a convex optimization problem. Computational details are provided in Section 3.1.

As described in, for example, [12], existing algorithms for minimizing ||Y — f,||? in low-dimensional scenarios typically
iterate between estimating the functional link (f update) and estimating the index coefficient vector (« update). We will
also follow this approach for each given value of the tuning parameter. The success of such algorithms depends on the
initialization, i.e. convergence can be achieved under reasonable regularity conditions if the starting point is close to the
global minimizer. Note that this is indeed the case under the setting described in the previous paragraph, provided the grid
of tuning parameter values is sufficiently dense.

3.1. f update

The f update is done for a fixed value of . While there are many possible ways to estimate f, we will focus on the B-spline
approach following, for example, [37,33]. For a given e, candidate functions f will be chosen from the space of cubic splines,
corresponding to the partitioning of [min; XiToz, max; Xl-Toc] into d, — 3 intervals of equal length. This space will be denoted
by %7 («). There exists [29] a normalized B-spline basis {b1, ..., bg, }, such that every f € #,(et) can be represented as

dn
F8) =" Beb(s).
k=1

Let B, denote the matrix whose ith row is given by (bl(Xl-T a),...,bg, (X,-T «)). For every candidate function f € %,(a) we
can write f, = B, . Consequently, the f update becomes a simple optimization problem,

H}jn IY — BB,

which can be solved using ordinary least-squares. We will slightly abuse the notation and write %,(j) for the space
of cubic splines defined analogously on [min; Xj;, max; X;;]. Ordinary least-squares can be applied to find the solution
to minseg, ) IY — fj||2 for each j, which can then be used to identify m and, thus, the starting point on the solution path.

The theory in Section 4 provides reasonable rates of growth for the number of basis functions, d,, when the sample
size tends to infinity. In particular, Corollary 1 suggests that some over-smoothing relative to the optimal nonparametric
choice d, ~ n'/? results in better convergence rates for & and f. We should also note that for irregularly distributed indexes,
non-uniform placement of the B-spline knots may be advantageous.

3.2. a update

Once the tuning parameter, t, moves to a new grid point, t,.,,, we increase the magnitudes of some of the nonzero
coefficients from their current values, to ensure that the constraint ||et||; = tpey is satisfied. It is proposed to implement
the a update by using a block coordinate descent approach. The basic idea is to iteratively update the coefficients in blocks
of two, e.g. (j, L), where L # m is some fixed index that corresponds to a large coefficient, and j runs through the index set
but does not equal either m or L. The sum |atj| 4 |eer | is required to remain constant throughout the iteration, which maintains
the Ly constraint, while o;j and ¢, are modified in order to minimize the current approximation to the objective function.

The a update is typically conducted [12] by minimizing the objective function in a small neighborhood of the current e,
where the deviation in f is replaced by a first order approximation. After the approximation the objective function takes the

form ”R —f % (XA) HZ Here X is the matrix of predictors, R = Y — f is the vector of current residuals, vector f' contains
derivatives of f evaluated at the current values of the index, A is the change in vector « that is being considered, and
operation * denotes element-wise multiplication of vectors. We will write X; for the jth predictor vector and denote by V;

the gradient of  ||Y — f,||* with respect to ;. In other words, we define

V]‘ = —RT (f * Xj) . (6)
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Suppose that either the current value of ; is not equal to zero or the inequality |V;| > |V,]| is satisfied. Also suppose that
after the (j, L)-block update neither «; nor o; flips its sign. Then, expressing «; in terms of ¢; and setting the derivative of
the objective function to zero yields (Appendix F) the following formula for the change in o;,
= (Vi=siv)
=
”f/ * (X] — SjoL)|

55 with S; = sign(a o) — sign(ozLVj)l(aj:O}. (7)

The value of Ay is then determined through the constraint on || 4 |er; . A situation where a coefficient crosses zero can be
handled by setting that coefficient to exactly zero and correspondingly updating the other coefficient in the block.

We can speed up the « update by first iterating through the coefficients that are currently nonzero, and then checking
whether any of the excluded predictors should be added to the model. The details of the & update are provided in Algorithm
1 below. Symbol + denotes the current “active” index set, which identifies the nonzero coefficients of «. Because the path
is constructed on a very dense grid of tuning parameter values, for most of the grid points the active set does not change.
Consequently, step B of the algorithm is typically implemented until convergence only once and only involves the currently
nonzero coefficients of e. This results in significant computational savings when p is large, especially on the sparse part of
the solution path. It is also suggested that the algorithm be modified by performing the f update as a sub-step (e) in step B
of Algorithm 1, rather than implementing the « update iterations until convergence before updating f. Simulations have
shown that this modification produces some computational gains.

Algorithm 1 « update
A. Sets; = sign(e;) for eachj; if sy = 0 for a kin 4, set sy = —sign(Vy) using (6).
If |A| = 1define L = arg max;e 4c | V;|, otherwise let L = arg maxje 4\ |ojl.
Iterate step B until convergence.
B. Foreachjin 4 \ {m, L} do
(a) if either o # 0 or each of the inequalities 5;V; < 0 and |V;| > |V,] is satisfied, set oj = o;j + A;j, where A; is defined
in (7); otherwise set A; = 0
(b) if oj switched signin (a), set Aj = Aj —aojandoj =0
(c) setay = ap — Ajsign(sjor)
(d) if o switched its sign in (c), set oj = o + | |sj, o = 0, and redefine L.
C. At this point, |V;| = |V, | forallj € + \ {m}. If there exists an index k € A° for which |V,| > |V;|, augment 4 with k and
go to step A. Otherwise, stop.

4. Theoretical investigation

This section develops asymptotic theory for the proposed estimates of the index coefficients and the regression function
in the high-dimensional setting. A rate of convergence for all estimators (Theorem 2) is established even in situations
where p grows faster than n. Existing theory for high-dimensional L; regularized estimation cannot be used for the HD-
SIM estimator of the index coefficients, because function ||Y — f,||? is not convex with respect to e. In particular, results
on high-dimensional rates of convergence, e.g. [2,21], rely on the convexity of the objective function. Estimation theory for
high-dimensional convex problems follows from a restricted strong convexity condition [22]. For a non-convex objective
function such an assumption is not feasible. Instead, we first establish consistency of the estimator (Theorem 1) and then
impose a local version of the restricted strong convexity condition. While it is not explicitly stated in the results below, the
proofs of Theorems 1 and 2 also establish consistency and the rate of convergence for f5, the estimator of the regression
surface represented by f7.. All the results in this section are given under the assumption of the single index model, (2).
Without this assumption, one could conduct the asymptotic analysis using the ideas from semiparametric M-estimation
and following, for example, the approach in [17].

One of the conditions required for the results in this section is condition A7, which is given in the Appendix. It implies that
the best marginal predictor of the response, Xz, is one of the signal predictors with probability tending to one. It follows
from the proof of Theorem 1 that this assumption is not needed for the consistency of fz. However, it is required for the
consistency of & and f. Interestingly, assumption A7 can be removed from all the results in this section if we replace the
identifiability constraint o = 1 with ||| = 1 in the optimization problem (5). Thus, the extra condition can be viewed as
the price that is paid for the computational simplicity of maintaining the trivial constraint oz = 1 relative to the constraint
llell = 1.

Note that the true and the estimated index coefficient vectors, o* and @, are identifiable up to nonzero multiplicative
factors. For concreteness, we will assume that |le*||; = 1. Whenever Xz is a signal predictor, we will rescale @ to achieve
On = a%. All the results in this section correspond to this scaling of &* and o. Throughout this section we will treat
the predictors as deterministic. This is a typical approach in the asymptotic analysis of the nonlinear least-squares [30].
Recall that d, denotes the number of basis functions used in computing the HD-SIM estimator. Let Q, denote the empirical
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probability measure associated with the true index values XlT o, ... ,XHT o*. Theorem 1 demonstrates that the proposed
approach can consistently estimate the index coefficients and the regression function of the true model.

Theorem 1. Suppose d, — oo, d, = o(n'/?[logn]~*?) and p, = o(exp(n[d,logn]~2)), as n tends to infinity. If regularity
conditions A1-A7 in Appendix A are satisfied, then the HD-SIM tuning parameter can be chosen in such a way that

|[@ — || = 0p(1) and IIf = f*lliyi00 = 0p(D- (8)

In particular, if we let d, grow at the optimal nonparametric rate n'/°, then all the components of the single index model
are estimated consistently even if p, increases at the rate exp(n®/°~7) for some arbitrarily small positive z. It follows from
the proof that the appropriate value of the tuning parameter, t, can be selected from an interval of size 0,(1). The location of
the interval, specified in the proof, depends on unknown quantities associated with the true index coefficient vector. Note
that the same phenomenon occurs in the widely-used constrained formulation of the Lasso criterion in the linear regression
setting, min ||Y — X8||%, s.t. || Bll1 < s. To achieve consistency in the high-dimensional setting, s needs to be selected from
a 0p(1) neighborhood of ||8*||1, the L; norm of the true coefficient vector. In all the empirical work in this paper, the value
of the tuning parameter is chosen by cross validation.

The next theorem addresses the rate of convergence of the HD-SIM estimator. To derive this result we need to impose
a regularity condition controlling the behavior of the sum of squares function near its minimum. The new assumption, B,
which is given and discussed in Appendix A, is a generalization of the conditions required for the Lasso estimation theory.
Let A* denote the index sets for the nonzero coefficients of «*, and define s, = |A*|.

Theorem 2. Let 1, = n~"/2s,* logny/Togp, + n~"/2/d,logn + d;2. Suppose d, — oo, d, = o([nlogn]/*), p, =
o(exp(nsn‘ 1d3[log n]‘z)), and assumptions A1-A7 and B are satisfied. Then the HD-SIM tuning parameter can be chosen in
such a way that

[l —a*|| =0(r) and I —f*lli, @ = O(ra),
with probability tending to one, as n goes to infinity.

The following result considers some concrete growth rates for p,,, and optimizes the rate of convergence in Theorem 2 over
the choice of d,,.

Corollary 1. Suppose that assumptions A1-A7 , B are satisfied and d, ~ n'/>(logn)~'/>.

1. Let p, = O(exp(s, 'n'/>~%)) for some arbitrarily small positive €. Then, the result of Theorem 2 holds with r, = n~2/

[log n]*/>.
2. Let py = exp(s, 'n°) for ¢ € [1/5,2/5). Then, the result of Theorem 2 holds with r, = n=1=9/2 Jog n.

Note that a polynomial rate of convergence can be achieved even when p, is growing as fast as exp(s, 1n2/5=¢), for an
arbitrarily small positive €. However, it is important to point out that the HD-SIM methodology is not recommended for
practical applications in ultra-high dimensional settings. The rate of convergence in these settings is slow. A more reasonable
approach would be to first apply a variable screening procedure, such as those developed in [41,8]. Then, after the dimension
of the problem has been reduced from ultra-high to high, one can apply the HD-SIM approach.

We now turn to the variable selection properties of the HD-SIM estimator. As discussed in Section 5, methods that
use L, regularization are known to produce models containing a large number of noise predictors. To alleviate this problem,
consider the popular approach of thresholding the initial estimator. Let g, = n~"/?logn+/logp, + n~"/2/d, logn + d,>.
Define «, the thresholded HD-SIM estimator of the index coefficient vector, as follows: &; = &I{[&j| > gn}.j = 1,..., pn.
Let 4, denote the index set of the corresponding selected predictors: {j : 1 < j < p,, & # 0}. The next result
provides bounds for the estimation error of the thresholded HD-SIM approach and for the corresponding number of selected
predictors.

Theorem 3. Under the settings of Theorem 2,
|[Anl = 0(A™) and  |[&— || = O(sqn),
with probability tending to one, as n tends to infinity.

Now consider the case where the components of the true model do not depend on n. More specifically, suppose that
the number of signal predictors, |A*|, and the corresponding index coefficients are fixed and do not change with n. The
estimation error bound in Theorem 3 implies that, with probability tending to one, the thresholded estimator has zero false
negatives, while the number of false positives stays bounded. This variable selection result can be strengthened by increasing
the threshold from g, to aq,, for a sufficiently large a. In this case, the corresponding thresholded estimator can correctly
recover the index set of the relevant predictors, with probability tending to one. Using only the selected predictors, one
could produce unregularized estimators of &* and f* by applying, for example, the methods in [37] or [33]. The asymptotic
normality results developed in the corresponding paper would then hold for the final estimator, allowing one to conduct
inference for the components of the true model.
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Fig. 3. Estimated regression function and observed values of the response variable are plotted against an HD-SIM estimated index for two simulation runs.
5. Empirical analysis

In this section the finite-sample performance of the proposed approach is compared with some of the strong competitors
discussed in the Introduction. More specifically, we investigate how HD-SIM performs relative to SMAVE, a method of Wang
and Yin [34], and three different variants of SR-SIR, which is an approach of Li and Yin [18]. All of the methods utilize some
form of L, regularization in estimating the index coefficients and performing variable selection.

It has been observed for some time that one of the limitations of shrinkage methods, such as the Lasso, is that in situations
where the true number of non-zero coefficients is small relative to p, they must choose between including a large number
of irrelevant variables or else over-shrinking the coefficients. This tradeoff is caused by the fact that these methods use
a single tuning parameter to control both the variable selection and the shrinkage component of the fitting procedure. A
way to overcome this issue is to post-process the shrinkage estimator ([4,20,27], for example). One popular and simple
approach is to compute un-regularized solutions using only the variables selected by the original shrinkage estimator. We
can post-process the HD-SIM estimator along these lines. More specifically, for every given value of the tuning parameter,
the unregularized least-squares problem is solved while restricting the choice of predictors to only those selected by the
original estimator. The minimization is performed by using the original estimator as a warm start and then iterating the f
update and the unconstrained « update until convergence. The final estimator, to which we will refer as HD-SIM-pst, is
selected as a point on the resulting path of post-processed HD-SIM solutions through cross validation. Both the original and
the post-processed HD-SIM estimators are examined in the simulation study in Section 5.1, however, the main focus of the
comparisons is on the performance of the original estimator. The HD-SIM methods use d, = 6 B-spline basis functions in
the estimation, which is an adequate number for estimating reasonably smooth link functions. Five-fold cross validation is
performed to select the values of the tuning parameter. The SMAVE and SR-SIR approaches are implemented using the code
provided by the authors of the corresponding papers.

5.1. Simulation study

We consider two types of single index models for generating the response, a quadratic model and an oscillating function
model. The following two scenarios are taken from [7], however the sample size is significantly reduced, and the noise level
is increased in half of the simulation runs. Also, while the distribution of the true index is kept intact, the true coefficient
values are redistributed among four predictors, as opposed to two in the original simulation setting.

Simulation scenario 1. The data is generated according to a simple quadratic model,
Y= (X'oa*) + 08, X~N,V17/5,1),i=1,....n,

Simulation scenario 2. The data comes from the following oscillating function model,
Y; =sin (X &*n/2) + o8, X~ N,(2v17/5,1), i=1,...,n.

For each scenario the number of observations and the standard deviation of the noise are varied. The number of
observations is taken as either n = 140 or n = 70, while p is fixed at 100. This way both the p < nandthep > n
situations are considered. For all of the methods 100 simulation runs are performed for each setting. For each simulation
scenario, the true index coefficient vector, o*, is set to (8,4,2, 1,0, ..., O)/«/ﬁ. The error terms, &;, are independently
produced from the standard normal distribution, and the predictor vectors, X;, are generated from a multivariate normal
distribution. Fig. 3 displays the estimated regression function and observed values of the response variable plotted against
the HD-SIM estimated index for two simulation runs. The left plot corresponds to Simulation scenario 1 with n = 70 and
o = 1, while the right plot corresponds to Simulation scenario 2 withn = 70 and o = 0.4.
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Table 1
Average estimation errors (with standard errors in parenthesis), average number of false positives and
average number of false negatives for simulation scenarios 1 and 2.

Simulation setting Method Estimation error False positives False negatives
SMAVE 0.093 (0.005) 2.96 0
Quadratic SR-SIR AIC 0.249 (0.012) 1.99 0.39
p =100 SR-SIR BIC 0.271 (0.010) 0.27 0.73
n = 140 SR-SIR RIC 0.316 (0.011) 0.05 0.94
o=0.2 HD-SIM 0.042 (0.001) 12.96 0
HD-SIM-pst 0.010 (0.001) 0.24 0
SMAVE 0.157 (0.006) 5.31 0
Quadratic SR-SIR AIC 0.304 (0.013) 2.97 0.55
p =100 SR-SIR BIC 0.304 (0.009) 0.38 0.92
n = 140 SR-SIR RIC 0.326 (0.009) 0.10 1.01
o=1 HD-SIM 0.199 (0.008) 12.15 0
HD-SIM-pst 0.061 (0.005) 0.49 0.01
SR-SIR AIC 0.844 (0.085) 6.06 1.08
Quadratic SR-SIR BIC 0.602 (0.060) 1.65 147
p =100 SR-SIR RIC 0.563 (0.049) 0.66 1.65
n=70 HD-SIM 0.082 (0.013) 13.35 0.01
o =02 HD-SIM-pst 0.030 (0.010) 0.73 0.02
SR-SIR AIC 0.835 (0.052) 6.72 1.01
Quadratic SR-SIR BIC 0.580 (0.034) 1.42 1.57
p =100 SR-SIR RIC 0.553 (0.022) 0.59 1.75
n=70 HD-SIM 0.340 (0.015) 12.31 0.06
o=1 HD-SIM-pst 0.163 (0.012) 155 0.37
SMAVE 4.188 (0.201) 26.61 1.61
Oscillating SR-SIR AIC 5.024 (0.114) 26.65 2.15
p =100 SR-SIR BIC 3.164 (0.113) 8.20 2.84
n = 140 SR-SIR RIC 2.399 (0.104) 3.09 3.12
o=0.2 HD-SIM 0.237 (0.010) 12.29 0
HD-SIM-pst 0.098 (0.010) 1.05 0.05
SMAVE 4,822 (0.143) 31.22 1.89
Oscillating SR-SIR AIC 5.327 (0.098) 28.37 2.16
p =100 SR-SIR BIC 3.360 (0.111) 8.48 2.94
n = 140 SR-SIR RIC 2.676 (0.103) 3.70 3.33
oc=04 HD-SIM 0.387 (0.013) 9.07 0.17
HD-SIM-pst 0.200 (0.012) 0.85 0.57
SR-SIR AIC 5.195 (0.078) 23.85 2.63
Oscillating SR-SIR BIC 3.856 (0.091) 10.24 3.11
p =100 SR-SIR RIC 3.058 (0.089) 4.36 3.51
n=70 HD-SIM 0.433 (0.039) 8.38 0.32
o =02 HD-SIM-pst 0.293 (0.044) 1.48 0.68
SR-SIR AIC 5.329 (0.080) 24.34 2.67
Oscillating SR-SIR BIC 3.924 (0.094) 10.15 3.25
p =100 SR-SIR RIC 3.167 (0.078) 4,52 3.60
n=70 HD-SIM 0.770 (0.052) 4.15 1.33
o=04 HD-SIM-pst 0.662 (0.068) 1.84 1.64

We evaluate the methods on the accuracy of index coefficient estimation and variable selection. One performance
measure is the estimation error, for which we use the sum of the absolute differences between the estimated and the true
coefficients. To make sure the estimation error is independent of scaling, we formally define it for each vector « as

(=<l =<[.)

In the rare case &« = 0 we simply set the error to ||e*||1. The average estimation error is reported in Table 1 for each method
and each simulation setting. The corresponding standard errors are provided in parentheses. Also reported are the average
number of false positives (number of noise predictors identified as signal) and the average number of false negatives (number
of signal predictors identified as noise).

Results corresponding to simulation scenario 1 are provided in the top half of Table 1. The SMAVE approach does not have
ap > nimplementation, and is excluded from the results in the corresponding settings. Putting HD-SIM-pst aside, we see
that HD-SIM has the lowest estimation error in three of the four simulation settings, while SMAVE has the lowest error in the
remaining setting. HD-SIM also has the smallest number of false negatives in all of the settings. On the other hand, HD-SIM
selects the largest models, as seen from the false positive numbers. This illustrates the over-shrinkage phenomenon, which
was discussed in the beginning of Section 5. The bottom half of Table 1 contains the results for the simulation scenario 2.

* *

llecll

llecll
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Fig. 4. Estimated regression function and observed values of the response variable are plotted against the estimated index for the Pennsylvania
Communities and Crime Data.

Neither of the HD-SIM competitors performs well in this simulation setting, as evidenced by the high false negative numbers
and the high estimation errors. The HD-SIM approaches perform significantly better.

The case of correlated predictors was also investigated. However, while the performance of all methods deteriorated as
the correlations among the predictors increased, the results were very similar, qualitatively, to the ones presented above.

5.2. Real data analysis

We will consider the Communities and Crime Unnormalized Data from the UCI Machine Learning Repository, which
combines socio-economic data from the 1990 Census, law enforcement data from the 1990 Law Enforcement Management
and Administration Stats survey, and crime data from the 1995 FBI UCR. We will focus on explaining the response variable,
percentage of women who are divorced, using various community characteristics, such as percentage of population that is
African American, percent of people in owner occupied households, and percent of people foreign born. We will also use law
enforcement and crime information, such as percent of officers assigned to drug units. In order to further explore the high-
dimensional scenarios, we will look at the state-level data and examine the three largest states for which the number of
predictors is at least as large as the number of observations. These states are Pennsylvania, Michigan, and Ohio.

Let us first focus on the data for the state of Pennsylvania. After removing the variables with NA’s and two variables
directly related to the response (total and male divorce percentages), the data has 101 observation and 114 predictors. To
evaluate the performance of the methods, we can randomly split the data into a training set with 70 observations, and a test
set with 31 observation. Such splitting was performed one hundred times, each time fitting the methods on the training set
and computing the Root Mean Square Error (RMSE) on the test set. SR-SIR approach does not produce a regression function,
hence, after the index coefficients were produced on the training set, the regression function was estimated on the training
set with cubic B-splines. The same number of basis functions was used for all the methods being compared. Over the 100
random splits of the data, the average RMSE for HD-SIM was 1.08, while the corresponding numbers for the three SR-SIR
approaches were 1.29, 1.33 and 1.35. When compared to the best SR-SIR approach, SR-SIR AIC, the proposed HD-SIM method
produced a lower RMSE in 90 out of the 100 splits of the data. HD-SIM-pst also resulted in a low RMSE of 1.07. When a paired
t-test was used to compare the RMSE of the HD-SIM approaches with that of the SR-SIR approaches, each of the six p-values
was below 1074,

A similar comparison of the predictive performance was also conducted for the states of Michigan and Ohio. In the
case of Michigan, HD-SIM methods significantly outperformed the SR-SIR approaches, in a similar fashion to the case of
Pennsylvania described above. The comparisons for Ohio were not as clear: the average RMSE for SR-SIR AIC was the lowest,
followed by the HD-SIM methods, and then by SR-SIR BIC and RIC. In terms of the p-value for the paired t-test, neither of
the differences between the SR-SIR and the HD-SIM approaches was statistically significant at the 5% level for the state of
Ohio.

Now we will go back and look at the full Pennsylvania data set. Application of HD-SIM results in a single index model
with nine predictors. The estimated regression function and the data are plotted versus the index in Fig. 4. The regression
function is monotone increasing, hence the signs of the coefficients can be easily interpreted. Three predictors with the
leading coefficients, percent of people living in the same house for the last 5 years, percentage of kids in family housing with two
parents and percentage of population that is 16-24 in age, have a negative estimated relationship with the response, which is
percentage of women who are divorced. Among the remaining predictors, percentage of households with social security income,
percentage of people 16 and over who are employed in professional services, percent of vacant housing that is boarded up and
percent of vacant housing that has been vacant more than 6 months have a negative relationship with the female divorce rate,
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Fig. 5. Estimated success probability function and the true probabilities for the observed responses plotted against the estimated index for a Bernoulli
response simulation setting.

while per capita income for African Americans and per capita income for people with ‘other’ heritage have a positive relationship
with the response.

6. Extension to the Generalized Single Index Model setting

HD-SIM methodology can be naturally extended to the generalized response setting. For a response variable Y; with
mean u; we will model the relationship with the predictors as g(u;) = f*(XiToz*). Here g is the link function assumed to be
known, with common examples including the identity link used for normal response data and the logistic link used for binary
response data. For notational simplicity we will assume that g is chosen as the canonical link, though all the ideas generalize
naturally to other link functions. The HD-SIM optimization problem (5) is generalized by replacing the minimization of the
sum of squares with maximization of the log-likelihood function. The standard approach to finding the maximum likelihood
solution in the generalized setting is iterative rewelghted least squares. In partlcular given the current estimate 7 = fa, an
adjusted dependent variable, Z; = 7; + (Y; — [1;)/ Vl, is computed, where V, is the current estimate for the variance of Y;. A
new estimate for ¢ is then produced using weighted least squares, i.e. by minimizing ) _,(Z; — n,)ZVI over the allowed values
of 5. This procedure is iterated until 7 converges. In our case, the weighted least squares minimization is done over f and e,
subject to the L, constraint and the identifiability condition on the index coefficients. As before, we perform the optimization
by iterating the f and the « updates. The f update can be done as in Section 3.1 except the basis coefficients should now
be estimated using weighted least squares. After each f update we also update the values of 7;, i; and V.. The « update is
done by minimizing the quadratic approximation to the weighted least squares problem, which is achieved, as before, by
replacing f with a first order approximation. The formulas for the & update are essentially the same as in Algorithm 1, except
for one small but simple modification: the two inner products in Eqgs. (6) and (7) are now weighted by the \7{5.

In the following small simulation study HD-SIM approaches are compared to the SR-SIR methods. The SMAVE approach
does not have a generalized response implementation and is not included. The Bernoulli responses are generated according
to the following logistic regression model, where 7; is the success probability:

10g<1n ):Sin(XiTa*y-[/Z), X,-NNp(Z«/ﬁ/S,I),i:L...,n

The true index coefficient vector, a*, is again taken as (8, 4,2, 1,0, ..., 0)/\/%, and the number of predictors, p, is set
to 100. The number of observations, n, is increased to 300, because the observed binary responses contain significantly
less information than in the continuous case. Fig. 5 displays the estimated success probability curve, together with true
probabilities for the observed responses, plotted against the estimated index, for one simulation run. In the one hundred
simulation runs that were conducted, HD-SIM approaches outperform the SR-SIR methods. The average estimation error for
HD-SIM is 0.432 (with a standard error of 0.011), while the estimation error for best SR-SIR method is 2.197 (0.196). The
average number of false positives for HD-SIM is 5.05, while the average number of false negatives is 0.43. The corresponding
numbers for the best SR-SIR approach are 8.99 and 2.46. The estimation errors for the other SR-SIR methods are very high,
while the value for HD-SIM-pst is even lower than that of HD-SIM.

7. Conclusions

The paper presents a novel approach, HD-SIM, for efficiently estimating all the components of the single index model
and performing variable selection simultaneously. The method is designed for the high-dimensional setting, which includes
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situations where p is much larger than n. The level of regularization is controlled by a tuning parameter, and an algorithm is
presented for computing a solution path with respect to this parameter in a computationally efficient manner. Asymptotic
theory is developed for the proposed estimates of the regression function and the index coefficients in the high-dimensional
setting. A simulation study and analysis of real data demonstrate that the new estimator performs very well versus various
natural competitors.

One potential extension of the HD-SIM methodology would be to allow the regression function to have multiple compo-
nents, each being a function of its own index. The new method would need to encourage sparsity in both the index coeffi-
cients and the functional components. It would be interesting to see whether ideas from some of the recent approaches for
fitting high-dimensional additive models could be integrated with the HD-SIM methodology to achieve the aforementioned
goal.
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Appendix A. Theoretical assumptions

Given a real valued function f, a vector & € RP and an index j, we will define functions f, : x — f(xT o) andf : x = f(x))
for x € RP. Let P, denote the empirical probability measure associated with the predictor vectors, X, . . ., X,,. For simplicity
of the notation we will write || - ||, instead of || - ||, (p,). Given a B-spline basis, {b1, ..., bg,}, presented in Section 3.1 for the
class #,(a), let By, denote the vector valued function x — (bl(xToc), ..., bg, (xToc)). Define B* = arg ming ||Be+ 8 — £ ||n, 5O
that B,«B* is the B-spline representation of the true regression function. Note that 8* depends on n, but we will omit the
subscript for the simplicity of the notation. To protect against some extreme scenarios in the construction of the B-spline
basis, we will select a very small positive constant €, and for all e restrict the length of the interval associated with %, (o)
from dropping below €. Recall that o* is scaled to satisfy ||«*||; = 1, and that predictors are treated as deterministic.
Write Q, for the empirical distribution associated with the true index values XlToc*, el X,foe*. Let A* denote the index sets
for the nonzero coefficients of a* and define § = {(a, B) : |a|l; < lla*|l1, am = ¢, for some m € A*}. The following
assumptions are used in Section 4. A universal constant should be interpreted as a constant that does not depend on n or any
of the other parameters that appear in the corresponding expression.

Al. |X;| < C; foralliand j, where C; is a universal constant.

A2. The true regression function, f*, is twice continuously differentiable.

A3. sup, !Q,.,(—oo, u] — Q(—o0, u]‘ = o(d,ﬂ) for some probability distribution Q with bounded support and a positive
continuous density.

A4. Errors ¢; are independent and uniformly subgaussian.

A5. ||B*llec <M and Fp(a) = {Z‘.j”] Bibj, I Bllc < M} for some universal M.

AG. If || By, By — BaxB*|ln — O for a sequence (a,, B,) in the set 4, then ||, — &*|| — 0 and || By (B, — B)|lx — O.
A7. minje 4+ Minges, Gy 1By B — jj||ﬁ + € < mingga+ MiNges, k) 1Ba B — fk||§, for some positive € and all sufficiently

large n.

Assumptions A1-A3 are standard in the spline estimation literature, while A4 is typical for deriving asymptotics of
nonparametric least-squares estimators. Assumption A5 is technical and could be relaxed at the cost of extra conditions
on the global behavior of the sum of squares function. It is stated in the present form for simplicity of the exposition.
Unconstrained form of A6 is required for establishing consistency in the classical setting, where the number of predictors
is fixed. Note that in the special case of linear regression, where B, is replaced by Xe, assumption A6 follows from the
restricted eigenvalue assumption of [2], which is required for the Lasso estimation theory. Assumption A7 means that the
best signal predictor does a better job marginally approximating the true regression function, f, than the noise predictors.
It implies that, with probability tending to one, minje 4+ Mingeg, gy Iy — fj||ﬁ < MiNgg4+ MiNges @) 1Y — fk||§, which
means m € A*. It follows from the proof of Theorem 1 that consistency of]% holds even without A6 and A7, but these
assumptions are required for the consistency of & and f.

To simplify the presentation of the remaining assumption, B, we will suppose that there exists some arbitrarily small L.,
neighborhood of the true index vector, Xa*, such that the same sequence of knots is used in the construction of the B-spline
basis for all the index vectors in this neighborhood. Set A = « — a® and Ay = d;l/z(ﬁ — B%), and define the cone
C = {(Aa, Ap) : ||[Aayxc||1 < ||Aasx||1}. Here we use Aa, to denote the sub-vector of A« identified by +. To derive the
rate of convergence we will need to impose a regularity condition controlling the behavior of the sum of squares near the
minimum. Unconstrained assumptions of this form are also imposed in the classical setting. We will view ||ByB — B 8|2
as a function of (A«, Ay) and let X, denote the corresponding second derivative matrix at zero.

B. The restricted eigenvalues of X, corresponding to the cone @, are bounded away from zero uniformly in n.
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In the linear regression case, assumption B becomes the restricted eigenvalue assumption of [2], mentioned earlier. Also note
that for « = o* assumption B follows from A3. Indeed, by the properties of B-spline functions [40] there exists a positive
constant c, such that ||By+ (8 — B*)|12 > c||B — B*|%d;"

Appendix B. Proof of Theorem 1

The argument will be conducted on the event o # 0, which holds with probability tending to one, as pointed out in
Appendlx A. We will set the HD-SIM tumng parameter t, equal to [lec* || /o . Recall that we focus on the scaling of « that
achieves s = ok Note that the rescaled o also satisfies [[t]|; = [e*||; = 1.

Our proof of Theorems 1 and 2 will use the empirical process approach to the asymptotics of nonlinear least-squares
estimation. This approach is discussed in, for example, [30,25]. Consider the following identity:

ly =%l = Iy — B B¥112 = Ilf — — |1BarB* — £ 112 — 2(8, fa — Ba* B 9
Note that the left-hand side of (9) is non-positive by the definition of a. Consequently,
fa = £ 12 < 1Bas B = f11% + 2(e. fo — BB (10)
Observe that
(¢.fz — Ba*B*)n < SUP (&, &, (11)
8E€Gn

where §, = {BeB — BB, llll1 < lla*|l1, |Blloc < M}. Given a pseudo-metric space (X, d), we will use N(u, X, d) to
denote the smallest number N, such that N balls of d-radius u can cover X. We will also write H(u, X, d) for log N (u, X, d).
We can bound the right-hand side in (11) by controlling the entropy integral [ H'/2(u, §n, ||-|ln)du. We will use the following
result, which is proved in Appendix D.

Lemma 1. There exists a positive universal constant C for which
(1) supgeg, lIglln < Cdy
.. dn
(ii) Jy52 H2(, G, || - lln)du 5 dy log ny/Tog(np,),

Lemma 1 and a maximal inequality for weighted sums of subgaussian variables, e.g. Corollary 8.3 of [30], give sup,g, (¢, &)n

=0 (n”/zd log ny/log(np,)). By inequality (11) the last expression provides a stochastic bound for the second term
on the right-hand side of (10). The first term on the right-hand side of (10) is the cubic B-spline approximation error,
which is 0(d,] 2) under assumptions A2 and A3 in Appendix A. Combining the two terms yields the bound ||z — f%|l. =

o

Op(n™ 1724, log n+/log(np,) +d; 2), which simplifies to 0p (1) by the assumption on the rates of growth for p, and d,,. Applying
the approximation error bound again, we derive

IB&B — BeB*lln = 0,(1). (12)

Consistency of & andfis then a direct consequence of assumption A6.

Appendix C. Proof of Theorems 2 and 3

As in the proof of Theorem 1, we will conduct the argument on the event e # 0 and focus on the choice of ¢ and the
scaling of & that guarantee s = ok and ||l = [|e*||; = 1.
Combine inequality ||z — Be 8112 < 2|z — [ 2 4 2||By B — o |2 with inequality (10) to derive
fz — BoB*I2 < 411BeB* — £ 112 + 4(e, fa — Bar B (13)
On the event A, = {(e,f& — By+B*)n < |IBoB* — f5 112} the above inequality yields
[z = BaB*lln < 2/21Bas B* — - ln = 0(d; ), (14)

where the stochastic bound comes from the cubic B-spline approximation error.
The following argument will be conducted on the event A},. By inequality (13) we have

Ifa — Bax B < 8(e, fz — Bo B (15)

We will apply the peeling device and proceed in a similar fashion to the proof of Theorem 9.1 in [30]. We will use the
following result, which is proved in Appendix D. Define §,,(8) = {g € $n, lIglln < 8, am = o, for some m € A*}.
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Lemma 2. There exists a positive constant t, such that forall § < t,

§
/ VI0gN (U, §n(8), || - )du < s1/%(8 4 82d>?) log ny/log p, + 8dV/?\/log n. (16)
n—1/2

Let S, be the largest integer such that 25"+1§, < 1; sequence §, will be defined later. Let q, = P(||f; — By B*|ln > 7/2) and
note that g, = o(1), according to display (12). Taking advantage of inequality (15), we derive the following bounds:

Sn
P(llfg — Be* B"lln > 8n) < qn + ZP(253n < llfs = BB*lln < 27716y

s=0

Sn Sn
<@+ Y P( sup (6.2 >2"8) =qu+ ) P
s=0 gegn(25t18y) s=0
we can again apply Corollary 8.3 of [30] to bound each P,. Let ¢ be a universal constant and take 8, = cn~"/? (s,ll/ 2 log n\/log p,,
+ d,I/ 2«/10g n). Constant ¢ needs to be sufficiently large to ensure that ,/né is larger than a fixed multiple of the right hand

side in (16) for all § > §,,. Such a constant exists, because s,!,/zdﬁ/z logny/log p, = o(4/n) is one of the assumptions of the

theorem. It follows that for some constants c; and c;,

Sn Sn

D P <) crexp(—n2%7%61/ci2*87) < ¢y exp(—ns}/c) — 0,
s=0 s=0

as n goes to infinity. Hence, [[fz — BaB*|ln = o(n1/? (s> log ny/log p, + dy'*/Tog n)), with probability tending to one.

Recall that we restricted our attention to the events A . Taking into account events A, we have, in view of (14),

(s — Ba+Blln = 0 (n™"2(s log n/log po + dy2log ) + d;?) = O, (17)

with probability tending to one. Assumption B implies that the above bound also holds for |[& — a*|| and ||B,,*ﬁ — By B |5
This completes the proof of Theorem 2.
The bound on |[& — *|| implies that, with probability tending to one,

DI < Y @ — of P = 0(saq)). (18)
JgA* JgA*
Use bound (18) and inequalities |8Zj|2 > qrzl, forj Kn,to deduce |(A*)€ O.Xn| = O(sp). This implies |:;Cn| < |A*[+ (AN
An| = O(sy). Also note that
S E - < D (@ + (G — o P) = 0(saq).
jeA* jeA*
The above bound, together with (18), yields the error bound in Theorem 3.

Appendix D. Proof of Lemmas 1 and 2

Lemma 1. For « € R? we will use &' (-) to denote the function x — «'x, defined on RP. Given vectors &, a; and the
B-spline basis, {1, ..., bg,}, for the class ,(et;), we will define by, as a row vector valued function (b1, e bdn). We will

write a(ee) = min; XiToc, b(a) = maxiXiTot, and e(etq, o) = |a(ae1) — a(eey)| + |b(et1) — b(etz)]|. Recall that b(e) — a(e) is not
allowed to drop below some small positive €. By the properties of B-splines,

1BaBlloo < lIBlloo (19)
”Bazﬂ - Balﬂ”n = ”boq (¢ + CZag')ﬂ - boq (aﬁ)ﬂ”n,

where max(|c1], [[c; — 1)) < e(aq, ap).Leth = by, (oz?)ﬂ and note that |h(zy) — h(z1)| < || Blloodn|z2 — z1| by the properties
of the B-spline derivatives. Consequently,

1By B = BayBlln < 1Bl (11 @2 = @) ()l + e, @2) ). (20)
Using the bound max;<, |X;a”| < 1, together with displays (19) and (20), we derive
BuB — Box B lIn < Bar (B — B*)lln + IBuB — BarBlln
< 18— B'lloo + 1Blloetn (@2 = @) Ol + e@r @) 5 do,

for (ByB — By B*) € G, This establishes part (i) of the lemma.
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Consider g = B, By — Ba+ B, such that g € §,, for k € {1, 2}. We can write g, — giln < |Bay (B — B1)lln + [1Bay B1 —
Bq, B1lln, which then, by inequalities (19) and (20), gives us

llgz — &1lln S 182 — Billo +Mdn<||(0l2 — ) ()lln + elas, 062)>~

Observe that H(u, {8 € R% : ||Blloc <M}, || - lloo) < dnl1 4+ log(1/u)]. Lemma 2.6.11 in [31] yields, for u < Cd,,
H(u, {x = Mdya'x, & € R?, [lefly < 1}, || - [[n) < dou™?[1 + log(dnpy)].

Note that N (u, {Md,a(e) : |le||1 < 1}, ]-]) < d,u~"', and the same bound holds for the class that involves b(et). Consequently,

HY2 (W, G, |- 1) S 2/ 1+ log(1/u) + dau ™"/ 1+ log(npy),
from which statement (ii) of the lemma follows after the integration.
Lemma 2. For every a and B we will write A« for « — o* and AB for B — B*. Note that |le||; < |e*||; implies

A xc|l1 < ||Aatyx]l1. We will take 7 small enough to ensure that on 4, () function ||Byf8 — Ba*ﬂ*nﬁ can be bounded

below by a positive multiple of || Aa||?> + ||AB||2d;1. Assumption B guarantees that such a t can be found. Take § < 7 and

consider a function (ByB8 — By« B*) € G.(8). There exists a positive universal constant « for which ||AB]l« < 5Kd,11/2 and

|| Aee|| < k4. Properties of B-spline derivatives yield
(BaB) lloo < 1(BaxB) lloo < 14 I1ABllcodn < 1+ 8d3/2. (21)
Suppose (By, By — B+ B*) € Gn(8) for k € {1, 2}. Inequalities (19)-(21) give
Ba, By — Bay Billn < lIBay (By — B1)lln + 11Bay B1 — Ba; Billn
S 1182 = Billoe + 11 Bay B1) 1 l1@2 = ) ()l + e, 2))

A

18 = Bulloo + (1 + 82 (Il@z = @) ()l + ey, @2) ).

Define S,(8) = {AB, [ ABlle < 8(rcdy)/?} and note that H(u, Sp(8), || - lle) < dn log(8dy’? /u). Thus,

B
/ HY?(u, S5 (8). || - llso)du < 8dy/*\/logn. (22)
n—1/2

Define A,(8) = {x — (1 + Sdﬁ/z)AaTx, lAe|l < «~28, |lally < |la*||1}. Observe that |jefl; < |le*||; implies

Al < 2]l Acyr |l < 2542 Aee|). It follows that A, (8) is a subset of 4, (8) = {x > (1 + 8d/?) AT, ||Aal; < C3si/*8).
Another application of Lemma 2.6.11 in [31] yields, foru < 7,

H (1 An®). 11 ) S (1 +8d/2)%(57/26/w?(1 + log pul.

Consequently,

8
[ 1 () 1 1) = 512501+ 662 togyfog . (23)
.

Define C,(8) = {(1 + 8d2Ha(e) : || Ace|| < =128, [leflx < [lo*[I1}. Note that N(u, Ca(8), | - ) < sa/28(1 4 8d2/*yu~1.
Hence, for § < t,

8
[ 1w n0).1-1) = 8(yogn + Viogs,). (24
n=1/2

The same bound holds for the class that involves b(a).
The result of the lemma follows from Egs. (22)-(24).

Appendix E. Proof of Propositions 1and 2

Proposition 1. For concreteness, let «* > 0. The proof for the case «* < 0 is essentially the same. Function F;, is strictly
decreasing on (—o0, 0) and increasing on (a*, 00). Hence, all of its local minima lie in [0, «*]. Note that G’ (@) < Ofora < a*
and G'(«) > Ofora > o*.The zero subgradient condition for F; is satisfied at a positive « if G’ (o) +Aa = 0, and it is satisfied
at zero if |G'(0)| < A. Define a = arg min, > G'(«), and note that a is positive by the assumption |G'(0)| < supg o |G'|.
For A > |G'(a)|, the subgradient condition is satisfied only at zero, hence zero is the unique global minimum of F;. For
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A € (|G'(0)], |G'(a)]), the subgradient condition is satisfied at zero, at a point in (0, @) and at a point in (a, co). It follows
that F; has a local minimum at 0, a local maximum in (0, @) and a local minimum in (a, a*]. For A < |G'(0)|, the subgradient
condition can only be satisfied at a point in (a, &*]. This point is the global minimum of F,. Hence, the statement of the
proposition is valid for Ay = |G’(0)| and A3 = |G'(a)|. Note that function D(1) = F,(0) — minge(q,+] F2(a) is continuous.
Also note that D(A1) > 0, while D(A3) < 0. Thus, there exists a A, in [A1, A3], for which D(1,) = 0, and the value of F; at
its two local minima is the same. However, when A = A; or A = A3, the subgradient condition for F, is satisfied at only two
points, which implies that F; can have at most one local minimum. Thus, A, € (Aq, A3).

Proposition 2. Write &(t) for the solution to the optimization problem (4). Define H; (o) = |Y — i), |- Note that &(t) /t
is the global minimum of H;(a) over the set A; = {«, ||¢||; = 1}. Continuity of f implies equicontinuity of H; (), as a
function of t, over the set A;. Consequently, for each ty € (Ty, T;), functions H; (a) converge to Hy, (et), as t — tp, uniformly
over ||e]l; = 1.1t follows that arg mina, H; converges to arg ming, H,. Thus, a(t)/t — a(ty)/tyg as t — to, which implies
o(t) — a(ty). Cases ty = T; and to = T, can be handled analogously.

Appendix F. Derivation of formula (7)

Suppose first that we start with o; # 0. Then we must have A; = —A;sign(«;;), which can be written as A, =
—A;Sj, in order to maintain the L; constraint. For example, if both coefficients are positive, then A, = —A;. After we

express A in terms of Aj;, we differentiate the objective, § |R — f (X A, + X;4;) ||2 with respect to A;, and obtain

(5 (X, — X)) (R— Aff 5 (X —51X0)) = (V; — SiVi) + 45 | £ 5 (X; — Si) || . Setting this expression to zero and solving
for Aj leads directly to (7). Now suppose that we start with ; = 0. In this case, the L; constraint implies A; = A;sign(«;V;),

which simplifies to A; = —A;S;;. For example, if A, is positive and A is about to become positive,i.e. V; < 0and |V;| > |V,],
then A; = —A;. Arguing as before, we arrive at (7).
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