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On a Phase Transition in General
Order Spline Regression

Yandi Shen™, Qiyang Han, and Fang Han

Abstract—In the Gaussian sequence model Y = 8¢+« in R",
we study the fundamental limit of statistical estimation when the
signal 6o belongs to a class ©,, (d, do, k) of (generalized) splines
with free knots located at equally spaced design points. Here d
is the degree of the spline, do is the order of differentiability at
each inner knot, and & is the maximal number of pieces. We show
that, given any integer d > 0 and do € {—1,0,...,d — 1},
the minimax rate of estimation over ©,(d,do,k) exhibits
the following phase transition: infjsupgce,, (4,d0,x) Eoll0 —
kloglog(16n/k), 2 < k < ko,
klog(en/k), k> ko + 1.
boundary ko, which takes the form |(d +1)/(d — do)| + 1,
demonstrates the critical role of the regularity parameter do
in the separation between a faster loglog(16n) and a slower
log(en) rate. We further show that, once encouraging an addi-
tional ‘d-monotonicity’ shape constraint (including monotonicity
for d = 0 and convexity for d = 1), the above phase transition is
removed and the faster k log log(16n/k) rate can be achieved
for all k. These results provide theoretical support for developing
£o-penalized (shape-constrained) spline regression procedures as
useful alternatives to £1- and ¢>-penalized ones.

0> =aq The transition

Index Terms—Splines, minimax rate, phase transition, law of
iterated logarithm, shape constraint.

I. INTRODUCTION

ONSIDER the regression model with equally spaced
design points

Y;:fO(Z/n)—’—Eu , 1, (1)

where fy : [0,1] — R is an unknown function and ;s are
independent normal random variables with mean zero and
variance o2. Throughout the paper, we reserve the notation
0y for the truth in (1), i.e., (6p);i = fo(i/n). The main goal
of this paper is to study the fundamental limit of statistical
estimation of 6y when fy is a general order spline with free
knots.

i=1,...
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Consider the (generalized) spline space with the following
three parameters: d, the degree of the spline; dy, the level of
continuity; k, the maximal number of pieces. More formally,
(d, do, k)-splines are defined as (exact definition in Section II):

{f :[0,1] — R : f has at most k + 1 knots,
is a degree d polynomial between knots,

and is do-times differentiable at each inner knot}. 2)

For any fixed degree d, d takes value in {—1,0,...,d — 1},
with dy = d—1 being the smoothest case and dy = —1 allow-
ing for discontinuity between pieces. To avoid degeneracy to
global polynomials, we only consider the case £ > 2 in this
paper. The corresponding sequence space is defined as

O, (d, do, k) = {9 €R": 0; = f(i/n) for some

(d, do, k)-spline f}, 3)

with free knots further assumed to be located at design points
(see Section II for the precise definition and discussions).
Compared to splines in more classical settings [1]-[3], the
above parameter space does not fix the knots a priori and
thus provides more flexibility. Previously, general order splines
with free knots have been studied in, e.g., [4]-[6].

Splines of the forms (2) and (3) have frequently emerged
in nonparametric curve estimation problems. For example, the
classical smoothing splines [3] arise from minimizing the least
squares criterion with an ¢5 roughness penalty. In the ¢; world,
splines are closely related to total variation regularization or
denoising studied in, e.g., [4], [7]-[15]. In recent years, these
methods with the spline space (3) received a revival of interest
under the name trend filtering; cf. [5], [16]-[18].

A. Phase Transition in Minimax Rates

Despite the long history and large volume of works related
to the spline spaces (2)-(3), their fundamental statistical limits
have remained largely unexplored. Our first main result in this
paper reveals the following intriguing phase transition in the
minimax rate of estimation error over ©,,(d, do, k):

inf  sup  Egll6— 0

6 0€0,(d,do,k)
o%kloglog(16n/k), 2 <k < ko,

4
o’klog(en/k), k>ko+1. x

Here, || - || denotes the Euclidean norm and =<, denotes
equivalence in order up to some positive constant that only
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depends on d. The transition boundary kg, which takes the
form |(d+1)/(d—dp)] + 1 with |-] denoting the floor
function, governs the maximal number of pieces above which
the optimal dependence of the estimation error on the sample
size n changes from the faster loglog(16n) rate to the slower
log(en) rate. Notably, for any fixed degree d, ko is an
increasing function of the regularity parameter dy. In the two
extreme cases, we have kg = d+ 2 if dyg = d — 1 (smoothest)
and ky = 2 if dy = —1 (roughest). In other words, the driving
factor behind the phase transition in (4) is the regularity due
to the differentiability structure encoded in d, dy.

The minimax rate in (4) is achieved by the {o-constrained
spline least squares estimator (LSE) 6 = 0(0,,(d,do, k),Y),
with Y = (Y7,...,Y,)" and

9(0,Y)=argmin|Y — 6|2 forany © CR". (5)
0co

In fact, a more general oracle inequality allowing for arbitrary
model mis-specification can be proved for . Due to the
non-convexity of 0,,(d,dy, k), the solution to (5) with © =
©,,(d, dp, k) may not be unique and we choose any 6 that
achieves the minimum. Among the three parameters, we take
d and dy to be fixed in advance and consider k£ as a tuning
parameter to balance the approximation error of 6y in (1)
by ©,(d,dy, k) and the complexity of the latter space. The
estimator in (5) with ©® = ©,(d,do, k) can therefore be
viewed as a class of {y-splines in their constrained form.

The minimax rates in (4) suggest some interesting com-
parison between {y- and ¢;-regularizers in spline regression.
For expository purpose, let us consider the simplest piecewise
constant class 0,(0,—1,%), where the transition boundary
is given by ky = 2. There, while the {y-constrained spline
LSE, as defined in (5) with © = ©,(0,—1,2), is able
to achieve the faster loglog(16n) rate with 2 pieces, the
same rate has been proven to be un-attainable by the ¢;
trend filtering, even with an additional minimum spacing
condition that could be substantially improved with £y-splines
[18]-[20]. These theoretical discoveries thus motivate further
algorithmic developments for the general ¢y-constrained spline
LSEs. Some notable progress along this line includes dynamic
programming algorithms in the discontinuous case (dy = —1)
developed in [21]—-[24], and in the first-order continuous case
(dp = 0) developed in the recent work [25]. Generic efficient
algorithms suited for ¢y-penalized general-order splines remain
a challenging and important open research problem of great
practical value.

B. Removal of the Phase Transition Under Shape Constraints

To motivate the second main result of this paper, we recall
the following minimax result from [26]: for all k > 2,

inf  sup Eg-||6" — 6% =< ok loglog(16n/k), (6)

0* 601 (0,k)
where ©%(0, k) is the sub-class of ©,(0,—1,k) with non-
decreasing signals. Comparing (4) with d = 0,dy = —1
and (6) above, we see that the phase transition from the faster
rate loglog(16n) to the slower rate log(en) in (4) is removed
in (6) under the additional monotonicity shape constraint.
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This raises the natural questions of whether a similar gain
by shape constraints applies to higher-order splines, and if
so, which type of shape constraints should be encouraged.
As shape-constrained models repeatedly prove their usefulness
in various applications, answering the above questions is of
both practical and theoretical interests.

To this end, following [27], [28], we consider the following
sub-class of (d, dy, k)-splines with an additional ‘d-monotone’
shape constraint (exact definition in Section III):

{f:[O7 1]—R: fis a (d,d — 1, k)-spline with non-decreasing
highest-order polynomial coefﬁcients}. 7

Two canonical examples are d = 0 and 1, with the former cor-
responding to non-decreasing signals with at most k& constant
pieces, and the latter corresponding to convex signals with
at most k linear pieces. Both classes have been extensively
studied in the literature; cf. [26], [28]-[30] for the case d = 0
and [28], [30], [31] for the case d = 1. Define the sequence
space corresponding to (7) as O (d, k).

As a special case of our second main result, we show an
analogue of (6) under the convexity (=1-monotone) shape
constraint: for all £ > 2,

inf  sup Eg-|60" — 6| =< okloglog(16n/k).  (8)

6% 9+€Or (1,k)

The same upper bound actually holds for the general
d-monotone class ©%(d, k), with a complementary lower
bound showing that the loglog(16n) rate cannot be further
improved even with only two pieces. Comparing (4) and (8),
it is hence clear that a higher-order ‘d-monotonicity’ shape
constraint removes the phase transition in (4) for general d in
that the faster kloglog(16n/k) rate can now be achieved for
all k. The d-monotonicity therefore offers an attractive non-
parametric sub-class O (d, k) of the general ©,,(d,d — 1, k)
over which additional gain can be obtained in estimating the
underlying signal.

C. Proof Techniques

We now remark on the technical challenges in proving (4)
and (8). After a standard reduction step of the mean squared
error of the LSE, the key is to control the Gaussian complexity
width terms

E sup

(:0)%, ©€{0n(ddo,k),0;(dR)}, ©
0co:0]<1

where - denotes the standard inner product in R”.

Unlike the relatively straightforward control of the above
term that leads to the log(en) part in (4), non-trivial analytic
and probabilistic efforts are required for the derivation of the
correct transition boundary ko and the faster loglog(16n) rate.
The analytic step is to derive, under the unit norm constraint
on the spline vector, sharp enough controls for the magnitudes
of the polynomial coefficients of signals in ©,(d, dy, k) and
O (d,k). On a given piece, these estimates should, apart
from depending on the length of the current piece, be ‘tied’
to either the left-most or the right-most knot of the signal.
In the unshaped class ©,,(d, do, k), this is possible due to the
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strong regularity inherited in the differentiability structure in
the regime k < ko. In the shaped class ©%(d, k), it is the
global regularity within the d-monotonicity shape constraint
that plays the key role. Once the above controls are obtained,
a generalized version of the law of iterated logarithm (LIL),
which we developed in Section IV, can be applied to obtain
the loglog(16n) rates in (4) and (8). In fact, this generalized
LIL can be used for controlling the Gaussian complexity
width (9) with a general piecewise polynomial structured
weight vector 6, and therefore maybe of independent interest.

Although the proof techniques mentioned above are tailored
to the derivation of the minimax rates in (4) and (8) in the
Gaussian sequence model (1), these techniques may be of
broader interest in other contexts as well, in particular in
view of the fundamental role of the Gaussian complexity
width (9) in various statistical learning settings. For example,
the techniques developed in this paper have been recently
applied in [32] in the context of change-point estimation with
piecewise polynomial signals.

D. Organization

The rest of the paper is organized as follows.
Sections II and III are devoted to the study of unshaped
splines ©,,(d, do, k) and shaped splines O (d, k), respectively.
A general version of the LIL in expectation is developed
in Section IV. Main proofs of the results are presented in
Sections V and VI, with the remaining technical lemmas
collected in the Appendix.

E. Notation

For any x € R, write (z); = max{x,0}. Let 1. denote the
indicator function. For any non-negative integers a, b, we use
[a; b] to denote the set {a,...,b} and (a;b] to denote the set
{a+1,...,b}. For any two positive integers a, b, let Mod(a; b)
be the remainder of a divided by b. For any two real numbers
a, b, define a Vb = max{a, b} and a Ab = min{a, b}. For any
positive integers m > n, let ®(m;n) = m(m —1)...(m —
n+1)and ©(m;n) = m(m+1)...(m+n—1). Let Z4
denote the set of positive integers and Z>o = Z4 U {0}. For
any d € Z,, let S € R4+ stand for the unit sphere. We write
Ep, as expectation under the experiment (1) with truth 6.

Let C™(]0,1]) denote the set of all m-times differentiable
functions on [0,1]. For any f € C™([0,1]) and integer
0<¢<m,let fO)= f(z) and (DY f)(2) = fO(x)
be the ¢-th derivative of f at point x. For any function f
defined on [0,1], 7 € [0,1], and real number ¢, define the
first-order integral (12, f)(z) = [T f(y) dy+c for € [0,1],
and the m-th order integral iteratively as (I .~ f)(z) =
(Iclo;‘l' Clseeey
real sequence {04}2”:7)1. For any real function f, let f(z_)
and f(x4) denote the left and right limits at x, respectively.

For two non-negative sequences {a,} and {b,}, we write
an Sq by (resp. an 24 by) if a, < Cb,, (resp. a,, > cby) for
some C, ¢ > 0 that only depend on d. We also write a,, <q by,
if both a,, <4 b, and a,, =4 b, hold. In the following, we will
suppress d in <4, 24, and <4 when no confusion is possible.

<
For any given constants a1, as, . . ., we write C(ay, as, . ..) and
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¢(ay,ag,...) to denote positive constants that only depend on

al,ag, . ...

II. GENERAL-ORDER SPLINE REGRESSION

We start with an exact definition of the general-order spline
space in (2):

Fold,do, k) = {f :[0,1] — R : there exist

OEnog.

.. < mny =n such that ng, ..., ny € Z>o,

n; —ni—1 > (d+1)1,,5n, ,, f is a d-degree polynomial
on each interval (n;—1/n,n;/n], and f(e)((ni/n),)

= £O((ni/n);) for all i € [1;k — 1] and £ € [0; do]}.

For any fixed degree d > 0, the range of dj is [—1; d—1], with
dy = —1 allowing the spline f to be completely discontinuous.
The numbers ng/n,...,n;/n are the knots of f, with the
middle (k — 1) ones as inner knots. Define the corresponding
sequence space

O, (d, do, k) = {9 €R": 0; = f(i/n)

for some f € F,(d,dp, k)}, (10)

in what follows, we suppress the subscript n of 0,,(d, do, k)

when no confusion is possible and name ng,...,n; in its

corresponding spline f € F,,(d, dy, k) the knots of . The gap
d—+1 between n; and n;_; in the above definition is necessary
for the identifiability of f in the discontinuous case.

The function space F,,(d, do, k) enforces the inner knots of
the spline to be positioned among the design points. This is
due to two reasons:

(i) It ensures the existence of the LSE as defined in (5) with
© = O(d,dp, k). Indeed, the minimization can be first
taken over at most (n+1)*~! configurations of the inner
knots, after which the problem becomes strictly convex
with respect to the rest of the polynomial coefficients and
thus has a unique solution.

(ii) It facilitates fast computation of the LSE via dynamic
programming algorithms; see [25] for detailed illustration
of the piecewise linear case.

For any fixed d € Z>( and dp € [-1;d — 1], let

koko(d,do){dleJJrl. a1

d—do
Our first main result is the following oracle inequality.
Recall that we only consider the case k > 2 in this paper and
the analysis of global polynomials (corresponding to k = 1)
is rather straightforward. L

Theorem 1: Fix any 6y € R™. Let 0 = 0(©(d,do, k),Y)
be the LSE as defined in (5) under the experiment (1) with
truth 6. Then, for any § > 0, there exists some C' = C(d, 9)
such that the following statements hold for any n > n with

some n = n(d). If 2 < k < ko,
Eo, |0~ 6ol]* < (1 +8) _inf
+Co?kloglog(16n/k),

16— 6ol
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and if k > ko + 1,

Eo 0 — 00)> < (1+68) inf |6 — 6]
0€0(d,do,k)
+Co?klog(en/k).

The following lower bound result shows that Theorem 1 is
optimal in the minimax sense.

Proposition 2: Under the experiment (1), there exists some
¢ = ¢(d) such that the following statements hold for all n > n
with some n = n(d). If 2 < k < ko,

Eg |6 — 0||> > co?kloglog(16n/k),

inf sup
8 6co(d.do,k)

and if £ > ko + 1,
Eoll0 — 6> > co?klog(en/k),

inf  sup

0 0€0(d,do,k)

where the infimum over 6 in both displays is taken over all
measurable functions of Y.

The proof of Theorem 1 is presented in Section V, and the
proof of Proposition 2 can be found in Appendix A-A.

Remark 3: The above two results imply, in particular, the
minimax rates in (4). There, the upper bound klog(en/k)
above the transition boundary kg is not essentially new and can
be proved via straightforward modifications of the classical
arguments in, e.g., [33], [34]. Rather, our main contribution
lies in establishing the sharp transition boundary kg and the
faster loglog(16n) rate below this boundary.

Given the above minimax rates, a remaining question of
significant interest is adaptive estimation with respect to the
unknown piece number k. Motivated by the classical results
in [34]-[37], a promising candidate is the penalized spline
LSE defined by

o~ o~ ~

oadapt = (®(d7 dOa k)v Y)7 (12)

where the data-driven k is given by

k=argmin { | Y ~0(O(d, do, k), Y)[*+pen(k; d,do) }, (13)
1<k<n

with the penalty function pen(-;d,dy) chosen to be propor-
tional to the minimax rates in (4). In the piecewise constant
case (d,dp) = (0,—1), the adaptive property of Ougapc has
been shown by [26, Theorems 3.1 and 4.1] using a special
representation of the penalized LSE, cf. [26, Lemma 5.1].
We leave the general case as future work.

Remark 4: Tt is important to mention here one crucial dif-
ference between our perspective for the phase transition results
and the log log(16n) rates and the one taken in [26]. There, the
faster loglog(16n) rate for ©(0, —1,2) follows immediately
from the general iterated logarithmic rates for ©*(0, k), the
class of piecewise constant and non-decreasing signals with
at most k£ pieces (formally defined in Section III). In other
words, the loglog(16n) rate for ©(0,—1,2) is perceived
in [26] as a consequence of the monotonicity shape constraint.
In contrast, the loglog(16n) rate for ©(d,dp, k) in (4) in
the regime k£ < kg is inherited from the strong regularity
in the signal parametrized by the degree d and the level of
continuity dj, rather than any explicit shape constraint. In the
regime k > ko, the loglog(16n) rate is not possible due to
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insufficient regularity in ©(d, dp, k), unless additional shape
constraints are enforced; see Section III ahead for more details.

Remark 5: Recently, [18] studied the theoretical properties
of trend filtering (TF), a class of ¢;-regularized discrete
spline methods. More precisely, under the experiment (1), the
d-th order TF estimator is

ph = i _ o2 (d) }

=m Y D 14
Otr %ﬁ{ﬂ 01" + AID 01 ¢ (14)
where || - ||; denotes the vector ¢; norm, A > 0 is a tuning

parameter, and D(® : R” — R”~% when applied to vectors,
represents the d-th order discrete difference operator defined
as D9 = 0, DVG = (6, — 61,...,60, — 6,_1)", and
DM = DMV (DT=1g) for r > 2. Equation (14) is a convex
problem and can be solved efficiently via algorithms designed
for lasso-type problems [5].

For any 6y € ©(d,d — 1,k) in (1), Corollary 2.11 in [18]
proved that, upon choosing the tuning parameter A properly
and assuming a minimum spacing condition to be detailed
below,

o, |5 — 0012 <O (Klog(en/k)+ K24V 1400 (15)

for some C' = C(d). Comparing (15) with our Theorem 1
and Proposition 2, we see the following distinctions between
ly-regularized splines and their ¢; counterparts.

(i) The bound (15) requires a minimum spacing condi-
tion that regulates, for non-vanishing pieces (n;;n;4+1]
between knots with different signs (see Page 210 of [18]
for their definition for the signs of knots), n,4; —n; >
en/k for some ¢ = c¢(d). This is stronger than the
constant gap condition assumed in O(d, do, k). Moreover,
Theorem 4.2 in [20] suggests that this minimum spacing
condition is essential to the TF estimators, namely, the
performance of (14) could deteriorate to y/n (up to some
polylogarithmic factors) without it.

Over the class O(d,d — 1,k) with transition boundary
ko = d+ 2, the ¢1 TF estimator in (14) is in general rate
sub-optimal below the boundary, even with the additional
minimum spacing condition mentioned above. Specifi-
cally, in the constant space ©(0, —1, k), the minimax rate
of estimation is loglog(16n) with & = 2 pieces, but the
TF estimator in (14) with d = 0 can only achieve the
slower log(en) rate in view of Lemma 2.4 of [18].
Remark 6: For the computation of the £o-constrained spline
LSE 6 and its adaptive version (12), the major difficulty
in the development of efficient algorithms is measured by
the regularity parameter dy. For dy = —1, both estimators
can be computed efficiently using standard dynamic program-
ming algorithms [21]-[24] along with more refined pruning
arguments [38], [39]. For the first-order continuous case
(dop = 0), [25] recently introduced for the linear case (d = 1)
a novel dynamic programming algorithm with empirical linear
to quadratic time complexity, which can be readily extended
to arbitrary order d € Z,. We expect that the above method
could potentially be extended to the case of general d and dy,
but this has to be left as the subject of future research.
Remark 7: We have focused in this paper the minimax rates
with respect to the /5 loss on the design points; it would also

(i)
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(d.do) = (0,-1)

Fo(1,-1) =2 "\ k(1,0 =3/ \
— —

ko(0,-1) =2
—_
d,do) = d,do) = (2,1)
ko(2,0) , ~ 0(2,1) =4 ‘ \

Fig. 1. Minimum number of k& = ko + 1 pieces required to construct
1-sparse vectors with general position in ©(d, do, k) for d € [0;2] and
do € [—1;d— 1].

(d,do) = (1,-1) (d,do) = (1,0)

(d, du) 2-1

ko(2, 1) 2

be of interest to investigate minimax rates in the global Lo
loss over F,,(d, do, k). However, it is well-known that using
the global Ly loss may lead to difficulties near boundaries in
some higher order shape constrained problems (see [40]); we
leave it as future research.

Lastly, we provide some intuition for the form of kg defined
in (11). This will mostly be clear from the perspective of
minimax lower bounds in Proposition 2. There, the situation is
somewhat similar to the derivation of minimax lower bounds in
the sparse linear regression setting [33], [41], [42], in that we
only have to find, for each fixed d and dj, the minimum value
of k such that a subset .S of 1-sparse vectors can be constructed
in ©(d,do, k) with cardinality |S| > cn for some ¢ = ¢(d).
Heuristically, this value can be found via the following degree-
of-freedom (DOF) calculation:

(k—=2)(d+1)> (k—1)(do + 1)+ 1.

Here, the left-hand side is the DOF for any 1-sparse 6 &
O(d, do, k) with the two end pieces being constantly zero,
as each of the middle (k — 2) pieces has (d + 1) DOF arising
from the d-degree polynomial. On the right-hand side, the first
term (k — 1)(do + 1) results from the (dp + 1) continuity
constraints at each of the (k—1) inner knots, and the additional
1 DOF excludes the possibility that & = 0. Solving (16) yields
that & > 1 + [(d+2)/(d —do)], which indeed holds for
k = ko+ 1 as defined in (11), with equality when dy = d — 1.

Figure 1 demonstrates the minimum number %k of pieces
needed for d € [0;2] and dy € [—1;d — 1] so that a 1-sparse
vector can be constructed in general position. The minimum
value of k in each scenario matches kg + 1 as defined in (11).

(16)

III. GENERAL-ORDER SPLINES WITH
SHAPE CONSTRAINT

As mentioned in (6) in the introduction, in contrast to the
phase transition in (4), the faster loglog(16n) rate of esti-
mation becomes universal in the class ©*(0, k) that contains
all piecewise constant non-decreasing signals. This section
derives higher-order analogues of this result. We start with
the convexity constraint in the linear case in Section III-A,
and then generalize to higher-order splines in Section III-B.

A. Convex Piecewise Linear Regression

Convex regression is one of the central topics in shape
constrained regression; see, e.g., [28], [30], [31] for global
risk bounds and adaptation properties of the convex LSE.
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We start by defining the function space of convex piecewise
linear functions:

Fr(l,k) = {f € Fn(1,0,k) : f has non-decreasing

slopes on [0, 1]}, (17)
and the space on the sequence level:
051,k = {0" e R :0; = ()
n
for some f* € .7:;(1,/{)}, (18)

with the subscript n in O (1, k) suppressed in the sequel. The
following two results show that the convexity shape constraint
eliminates the phase transition in ©(1,0, k).

Proposition 8: Fix any 6y € R™. Let 6* = 6(0*(1,k),Y)
be the LSE as defined in (5) under the experiment (1) with
truth 0y. Then, for any § > 0, there exists some C' = C(9)
such that for any n > n with some universal n and k > 2,

Ey 0% — 6]2 < (1+6) inf  [|6* — 6|2
0| ol © < (1 + )e*e%ﬁ(m | ol

+ Co?kloglog(16n/k). (19)

Proposition 9: Under the experiment (1), there exists some
universal constant ¢ such that for all n > n with some
universal n and k£ > 2,

inf  sup  Eg.[|0* — 6*||> > cokloglog(16n/k),

0 0=€O(1,k)

where the infimum over * is taken over all measurable
functions of Y.

Proposition 8 follows from its more general version in The-
orem 11 ahead. The proof of Proposition 9 will be presented
in Appedix A-B.

Remark 10: The in-expectation version of Theorem 4.3
in [30] proved a similar oracle inequality for the convex LSE:

Eq, [0(07,Y) — 0|
. * 2 * *
<, inf (16" = 6ol + Ch(0") log(en/k(8")))  20)

for some universal constant C' > 0, where ©* = ©*(1,n) is
the larger class of equispaced realizations of general convex
functions on [0, 1], and k(6*) is the number of linear pieces
of 6%, ie., k(0*) = >, 120:<0: ,+07,,- Note that ©F,
as opposed to ©*(1,k), is a closed convex cone in R".
The bounds (19) and (20) are complementary in nature: the
bound (20) exploits the convexity of ©* to obtain a sharp
oracle inequality (in the sense of leading constant 1 before
infg-co- [|0* — 6p||?), but only achieves a slower worst-
case klog(en/k) rate over the smaller class ©*(1,k); the
bound (19), or its adaptive version modified in a similar
way as (12), is minimax optimal over ©*(1,k) but loses
the sharp leading constant 1. We conjecture that the log(en)
rate in (20) for the convex LSE cannot be improved to
a loglog(16n) rate, similar to the isotonic LSE that prov-
ably only achieves a log(en) rate for piecewise constant
signals, cf. [26, Proposition 2.1]. The main bottleneck to for-
mally proving such a result lies in the lack of an O(log(en))
lower bound for the Gaussian complexity width associated
with ©* = ©*(1,n), which still remains an interesting open
problem in convex geometry.
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B. General-Order Spline Regression With Shape Constraint

Following [27], [28], we consider the class of d-monotone
splines defined as follows. Let

Fr (0, k)z{f €F,(0,—1,k) : f is non-decreasing on [0, 1]}
be the 0-monotone class. Next, for any d € Z., define

FadR)={f:0,1] =R f(@) = (I, 0fo)(@)
for some f, € F, (0, k) and real sequence {7’@}?;01}.

Define the sequence version of the above space as

0% (d, k) = {9*e R" 07 = f*(i) for

n
some f*ET;(d,k)}, (21)
shorthanded as ©*(d, k). One can readily check that for d = 0,
©%(0, k) is the class of k-piece isotonic signals studied in [26];
for d = 1, ©*(1, k) coincides with the convex piecewise linear
class in (18). Moreover, two facts follow immediately from
the above definitions: (i) For any d > 1, f* € Fi(d,k) C
C?71([0,1]) so that ©*(d, k) C ©(d,d — 1, k) with the latter
defined in (10); (ii) For any d > 1 and ¢ € [1;d], it holds that
(F)O € Fa(d — 4, k).

The following result, with Proposition 8 as a special case,
shows that d-monotonicity eliminates the phase transition in
the general spline space ©(d,d — 1,k). Its proof is given in
Section VI. R N

Theorem 11: Fix any 6 € R™. Let 6* = 0(0*(d, k),Y)
be the LSE as defined in (5) under the experiment (1) with
truth 6. Then, for any § > 0, there exists some C' = C(d, 9)
such that for any n > n with some n = n(d) and k > 2,

inf
0+ €0 (d,k)
+ Co?kloglog(16n/k).

Eo, 6% — 6o]|* < (1 + 6) 6% — 6]

Moreover, there exists some ¢ = ¢(d) such that for all n > n
and k > 2,

Eg-[|6* — 6%||2 > co? loglog(16n),

inf  sup
0+ €O+ (d,k)

where the infimum over 6* is taken over all measurable
functions of Y.

Remark 12: The essential technical difficulties in proving
Theorem 11 and Proposition 9 over the oracle inequality
version of (6) (cf. Theorem 2.1 of [26]) rest in the additional
regularity of ©*(d, k) over ©*(0, k).

(i) For the upper bound, [26] made essential use of the
fact that 6(©*(0,%)) is the sample average given the
estimated knots; cf. Lemma 5.1 therein. The analogous
property is, unfortunately, not true even for 0(©*(1, k)).
Instead, we provide a completely different proof which is
based on a new parametrization for general-order splines
with shape constraint (cf. Lemma 23 ahead). We further
observe that this new proof technique, when applied to
the setting of [26], significantly simplifies their proof; see
Section VI-C for details.
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(i) For the lower bound in Proposition 9, the continuity
constraint in ©*(1, k) requires a much more delicate
construction of least favorable signals that achieves
the kloglog(16n/k) rate, compared to ©*(0,k); see
Appendix A-B for more details. This lower bound con-
struction can actually be extended to yield the optimal
kloglog(16n/k) rate over the quadratic class ©*(2, k),
but a general lower bound of the order & loglog(16n/k)
is still lacking for higher-order d-monotone splines.

IV. A GENERALIZED LAW OF ITERATED LOGARITHM

In this section, we present a generalized law of iterated
logarithm (LIL) in expectation that underlies the loglog(16n)
rates derived in Sections II and III. Recall that a centered
random variable X is said to be sub-Gaussian with parame-
ter 7, if there exists some K > 0 such that Eexp(AX) <
K exp(A\272/2) for any \ € R.

Theorem 13: Fix positive integers d > 1 and n > 2.
Let {e;}? , be a sequence of independent and identically
distributed centered sub-Gaussian random variables with para-
meter 1. Let ¢ : Ry — R be a strictly increasing continuous
function with inverse ¢~*. Let

max ‘ Zie("unz] Us nl)d€i|
1<ni<n2<n (TLQ — nl)d(ng A (n — n1)>1/2 ’

Then, provided that

/00 e 0O gt < oo
1

7 =

(22)

for some sufficiently small ¢ = ¢o(d), there exist some Cy =
Cy(¢,d) > 0 and Cy = Ca(d) > 0 such that

Ey(Z) < C1[4((C2 loglog(16n))/?) v 1].

Compared to the classical LIL for (partial) sums of i.i.d.
variables [43, Theorem 8.5.2], Theorem 13 does not provide an
almost sure limit but makes the following two generalizations:
(1) the independent summands are equipped with polynomial
weights of arbitrary degree; (ii) both ends of the sum n;
and no are allowed to change, which leads to the factor
(ng —n1)%(na A (n—n1))*/? in the denominator of Z. These
generalizations are essential in the bounds of the complexity
widths in (9) (see the proof of Proposition 17 for details) and
potentially could find applications in other related problems
involving splines of general order.

The proof of the above theorem shares certain similarity
to the proof of the classical LIL; details can be found in
Appendix B. Here are some choices of ’s that will be relevant
in the proofs of results in Sections II and III.

Example 14: Let 1(t) = t* where a > 0. Then ¢~ 1(t) =
t'/e so clearly (22) holds.

Example 15: Let 1(t) = e — 1 where a,c > 0. Then

GY(t) = (log(1+1)/¢)/®. So

/ (ol ) (log (1) 4y
1

<00, a€(0,2],ce (0,c0la=2 + 00lse(0,2))s
otherwise.

= 00,
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Note that a law of iterated logarithm in expectation fails in
general for the choice 1(t) = e“" — 1 whenever a > 2,
as o = 2 corresponds to the maximal integrability of Gaussian
random variables.

V. PROOF OF THEOREM 1

Starting from this section, unless otherwise specified,
we will focus on the case o2 = 1; the extension to an arbitrary
o? > 0 is straightforward and hence not recorded here. We will
also omit the proof for the klog(en/k) part of Theorem 1
as it follows essentially from the classical arguments in
[33], [34] by completely ignoring the regularity constraints.
For the rest of the section, we focus on illustrating the form
of kg in (11) from the upper bound perspective and proving
the faster loglog(16n) rate below the transition boundary.
Section V-A provides a proof outline with illustrative simple
cases discussed at first. Section V-B reduces the proof of
Theorem 1 to the bound of complexity width in Proposition 17.
The key ingredients to the proof of this proposition will be
presented in Sections V-C and V-D, followed by the main
proof in Section V-E.

A. Proof Outline

1) Piecewise Linear Case: We first consider the piecewise
linear case d = 1,dp € {—1,0}, and assume 6y = 0 in (1) for
simplicity of discussion. Here, the transition boundary in (11)
is kg = 2 for dg = —1 and ko = 3 for dy = 0, beyond which
the loglog(16n) rate cannot be attained. We focus on the case
of k = 3 pieces and illustrate the difference between dy = —1
and dy = 0. To start, a standard reduction to complexity width
in Proposition 16 ahead yields that for some universal constant
C >0,

Eg, /10 — 8ol|* — C||foracte — bo|?

<C-E sup (c-0)° =C-EZ?

0€0(1,do,3):(|0]| <1
where Oopacie is any oracle in ©O(1,dp,3) such that
infpeo(1,d0,3) /10 — G0l is achieved, and EZ? is termed the
‘complexity width’ of ©(1,dp,3). To bound EZ?, we use
the following parametrization for any given f € F,(1,do, 3)
with knots 0 = ng/n < ni1/n < ng/n < ng/n = 1: for
i€{0,1,2},

a4 bl — i Ml
f(x) =a; + bi(x —n;/n), xe(n, - } (23)

Under the additional continuity constraint when dy = 0, one
has

ny—n no — N

O and as = ay + by (24)

a1 = ag + by

Under the parametrization (23), the supremum within the
complexity width can be bounded by

2
Z < sup Z ('ail

0€0(1,do,3):(|0]| <1,

bi Z

JE(Misnit]

2. &

je(nisniy1]
The magnitudes of {a;} and {b;} can be drastically different

for dy = —1 and dy = 0. We illustrate this on the middle
piece (n1;nsl.

+ (J —ni)ej
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o (do = —1). The constraint 1 > ||0[| > ||0]|(,;n,] directly
yields the following estimates for a; and b; with some
universal C > 0:

la1] < C(ng —ny) Y2 and |b1/n| < C(ng —ny) =32
(25)

Such estimates cannot be improved for, e.g., f(z) =
e(L™YV2—nL=32(2—1/2))1(1/2,1/2+1/n) (z) for small
c¢>0and L > 2.

o (dy = 0). With the additional continuity constraint
in (24), refined estimates can be obtained:

Ja1] < Cnz® and [b1/n] < Clna A (n =) ™2,
(26)

These estimates only hold up to k& = 3 pieces.
For & > 4, the best possible estimates are of
type (25) by considering, e.g., f(z) = c(nL*?(z —
(1/2 — L/n))l(l/g_L/nJ/Q](z) — TLL3/2(Z' - (1/2 +
L/n))l(l/Q,L/nH/Q] (z)) for small ¢ > 0 and L > 2.
The crucial difference here is that estimates of type (26) enable
a law of iterated logarithm (cf. Theorem 13) with EZ? <
loglog(16n), while those of (25) correspond to the maxima
of O(n) independent Gaussian random variables with EZ? <
log(en).
2) General Case: Similar to the linear case discussed above,
the key step is to prove

E sup (e-0)? < Cloglog(16n), (27)

0€0(d,do,ko),||0]I<1
and we need to obtain estimates of type (26). For simplicity,
we consider the smoothest case dy = d — 1 so that kg = d+ 2.
Fix a degree d, and any f € F,(d,d —1,d+ 2) along with
the corresponding 6 € O(d,d — 1,d + 2) of unit norm and
knots 0 = ng < n; <... < ngpo = n. We use the following
parametrization of f:

= n\ ! n; n
- U " i Dl
f(:c)Zag(r n) , TE (n - } (28)

=1
and focus on a generic piece (n;;m;1+1] at the sequence
level. Here the superscript ¢ represents ‘the (i 4+ 1)-th piece
(ni;niy1]” and the subscript ¢ represents ‘the ¢-th coeffi-
cient’ in the polynomial. We aim at obtaining the following
estimates: for all £ € [1;d + 1],

1> ¢ (ap)*((nig1 —n3)/n)* "D (niga A (n—ny)), (29)

with some ¢ = ¢(d). Once these estimates are obtained, one
can immediately apply Theorem 13 to obtain a loglog(16n)
bound on the complexity width on (n;;7,11].
In (29), the (d — 1)-th order differentiability at each inner
knot naturally divides the coefficients into two groups, the
‘shared coefficients’ {a}} ¢e[1;4) and the ‘nuisance coefficient’
ag, - This suggests the following two-step proof strategy:
(1) First, we show that the estimate for the second group,
al,,, follows from that of the first group; cf. Lemma 21
ahead.

(ii) Second, we obtain estimates in (29) for ¢ € [1;d] with
the choice kg = d + 2; cf. Lemma 22 ahead.
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In the proof below, we will see clearly why ko = d + 2 is
the maximal number of pieces where the estimates in (29) are
achievable. At a high level, the coefficient estimates {a?} on
the piece (n;; n;41] necessarily depend on coefficient estimates
at locations to the both sides of <. The passage of such
information, for example from the rightmost knot, is precisely
characterized in Lemma 19 ahead through a set of quadratic
forms, which are obtained via ‘iterative cancellation’ to be
detailed in Section V-C. The transition boundary ko is then
determined via ‘counting of quadratic forms’ (cf. (37) in the
main proof ahead) that mirrors the DOF calculation in (16),
thereby unifying the heuristics in the upper and lower bounds.

B. Reduction to Complexity Width

We first introduce some notation. For any fixed 6y € R",
let Ooracle = Ooracic(6o) € ©(d, do, k) be an oracle such that
infgeo(d,do,k) |10 — Ooll is achieved, with knots 0 = ng <
ny < ... < ngp = n. For each § € R", define 0|; as
the sub-vector (0:)ic(n;im;,,) and v;(0) = v;(0;0oracle) =
(9 - ‘gomcle)[j]/ll(‘9 - Horacle)[j] ||

The following result is a standard reduction principle for
the LSE tailored to the class of splines. Its proof can be found
in Appendix C. N
__ Proposition 16: Fix any 6, € R". Let 6 =
0(©(d,do,k),Y) be the LSE as defined in (5) under
the experiment (1) with truth 0y. Then, for any § > 0, there
exists some C' = C(J) > 0 such that

Ego )18 — 00l|* < (1 + 8)[|oracte — bolI?
k—1

sup Z (5[]—] -, (9))2.

9€0(d,do,k) ;55

+C-E

Now, note that each v,(6) is also a spline with unit norm
and the same parameters (d, dp, k) (rigorously speaking, the
two end pieces of v;(6) may have length smaller than d + 1,
but these pieces are negligible since there are at most 2k of
them and each only contributes a constant (up to d) factor to
the complexity width). Therefore, in view of Proposition 16,
the log log(16n) part of Theorem 1 for k < k is immediately
implied by the following result by noticing that ©(d, do, k) C
@(d, do,ko) for all & < ko.

Proposition 17: There exists some C' = C(d) such that

E sup
0€0(d,do,ko),||0]| <1

(e-0)? < Cloglog(16n).

The following two subsections present the main ingredients to
the proof of Proposition 17, whose details will be presented
in Section V-E.

C. Groundwork

Fix any f € F,(d,do, ko) with knots 0 = ng/n <
ny/n < ...<ng,/n=1and recall the parametrization (28).
Due to the regularity constraints, similar relations as the linear
equations of the type (24) exist between adjacent knots. We use
the notation Coef[a,; a;~'] to denote the coefficient of a; '

: : : i i i i) i1
in the linear equation of aj, i.e., aj, = > Coeflay;ag™ Jag™.

The following lemma makes explicit this dependence. Its proof
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and proofs for other lemmas in this subsection are contained
in Appendix C. We write

—ng)/n.

Lemma 18: For any i € [1;ky — 1], p € [1;do + 1], and
q € [1;d+ 1],

Coefla; aim!] = (q 1)ng;1)11q2p.
p—1
The next Lemma 19 provides, as described in the proof
outline in Section V-A.2, the exact forms of the quadratic
forms obtained by ‘iterative cancellation’ from right. These
quadratic forms lay the foundation for coefficient estimates of
type (29). For the rest of this section, we reserve the notation
s for the number of ‘iterative cancellation’ performed.
Before stating the general formulation in Lemma 19, we first
present the illustrative case of cubic spline (d = 3,ky = 5)
in the sequence space with unit norm. We detail below the
starting point (s = 0) and the first two steps of cancellation
(s € {1,2}). Following the proof outline in Section V-A.2,
we separate the quadratic forms that only involve the ‘shared
coefficients’ {aj}¢e(1;3 and those that also involve the ‘nui-
sance coefficient’ aj.
e (s = 0). The {5 constraint on (n4;ns] for the signal
(10l (rna:ns) < |01l = 1) provides control on the following
4 quadratic forms of length 1:

vz [{n—n ey + B+ )

n—mny)’ 47\2
(a2 + a2,

(30)

T = (nl

(n —ng)®
n4

e (s =1). For the first cancellation, we have, by Lemma 18,

4 as
ay 1 n4;3 n121;3 Tli3 G,%
ay| =10 1 2n4.3 3n§;3 a%
ai 0 0 1 3n4.3 a%

€19

The identity (31) enables us to first find a linear combi-
nation of (a3, a3) to cancel aj, and then to find another
linear combination of (a},a3,a3) to cancel both a3
and aj. These, along with direct expansion of the term
(a3)?(n —ny)®/n* using (31), leave us with 3 quadratic
forms of length 2:

1>c- |:{(7’L - n4)(3a? + 774;3@%)2

n-—n 3 2
+ %(ag + n4;3a§) }
(n —ny)®

" (a3 + 3"4;3%31)2] :

e (s = 2). For the second cancellation, we have,
by Lemma 18 again,

2

3 2 3 aj

a% L nape 1352 n32;2 a2

as| =10 1 2n3.2 3ns.o o2

ag 0 0 1 37’L3;2 %

1
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Then, finding a linear combination of (a3, a3, a3) to can-
cel a? and directly expanding (a§+n4;3a§)2(n—n4)3/n2,
we obtain 2 quadratic forms of length 3:

1>c- [(nn4)

2
' (36% + (2n3,2 + nu3)as + (30 + "3;2”4;3)a§)
(n —ng)?
n2

2
: <a% + (2n3;0 + nugz)ai + (33, + 3”3:2”4;3)‘1421) } :

+

To state the above cancellation scheme for general d and dy,
some further notation is introduced. Fix d, do, and the result-
ing ko as defined in (11). Define the sequence {ﬁ;}, s €
[0; [ (do + 1)/ (d — do)]] recursively as follows. Let 3y = 1,

J
=S S(d - do) -/
=3 ().
=0
for j € [1;s(d — dp)], and E; =0 for j > s(d — dp). Further
define, forevery i € [1; (s+1)do—sd+1] and j € [0; s(d—dp)],

DG,0) =1, D(,j) = %

j—L

s—1
kofs;koflfsﬁl (32)

for 7 > 1.

Lastly, let 5; ; = D(i, )5,
We work under the extra condition that

n1;0 A\ Nkgiko—1 = max{ng;l, ..

(33)

We remark that condition (33) is made merely for presenta-
tional simplicity; see the comments after Lemma 22 ahead for
detailed discussion of this condition.

Lemma 19: Suppose (33) holds. Fix d, dy, and k¢ as defined
in (11), and any 6 € O(d,do, ko) such that ||f| < 1.
Then, there exists some ¢ = c¢(d) such that, for any s €

[0; [(do +1)/(d — do) ],
> )

(s+1)do—sd+1
1> c{
i=(s+1)do—sd+2

>+
(N — npgy—1)*1 (S(d_do)
W= Rho—1)

i=1
n2(—1)

e nkofl;k()*Q}'

sdo—(s—1)d+1

2
nyjafgl—“’) . (34
j=0
Remark 20: Several remarks for the quadratic forms above
are in order.
(i) The quadratic forms in (34) are obtained via iterative
cancellation from knot ny,—1.
(i) In a generic B;j, the superscript s marks the counts
of cancellations already performed, ¢ indicates the
1-th quadratic form, and j indicates the coefficient for
the j-th component in this quadratic form.
In (34), we intentionally separate the indices 7 € [1; (s +
1)do—sd+1] and i € [(s+1)do—sd+2; sdp—(s—1)d+1]
since the first set of quadratic forms only involves the
‘shared coefficients’ a; with j € [1;do + 1].
Every time s grows by 1, the first summand of (34) has
(d—dy) fewer quadratic forms with each one comprising
of (d — dp) more components.

(iii)

@v)
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D. Key Estimates

Recall the coefficient sequence {aé}ie[o;ko—l],ée[l;d—ﬁ-l]
defined in (28). As described in Section V-A, we aim to obtain
sharp estimates of type (29). For any a,b € [1;n], define

M(a,b) = (a A (n — b))/,

The first result below reduces the task of obtaining (29) for
all the coefficients down to estimating only the ‘shared coeffi-
cients’ {a;}e[1;d0+1)> from which the estimates for ‘nuisance
coefficients’ {a;}¢c[ay+2:4+1] can be derived. Its proof can be
found in Appendix C.

Lemma 21: Fix any i € [1;kg — 2]. Suppose there exists
some ¢ = c¢(d) such that for every ¢ € [1;dy + 1], it holds
that 1 > c(a@)anfl_jil)M 2(niy1,m;). Then, there exists some
¢ = (d) such that

1> (ap)®ni () M2 (niga, mi)
for every ¢ € [dy + 2;d + 1].

Following the preceding lemma, the next result, which
builds on the groundwork derived in Lemma 19, makes
use of an inductive argument to derive sharp estimates of
the type (29) for {a,""}sc(1.a041) On a fixed target piece
(ni+1; nit2]. To make the notation more accessible, we present
here the special case dg = d — 1 (so that kg = d + 2) and
defer the case of general dy to Appendix C-E.

Lemma 22: Suppose dy = d — 1 and (33) holds. Fix i €
[0; d —1]. For some ¢ = ¢(d), the following estimates hold for
all locations 1 < j < i+ 1:

(d—j+2)AL
j 2{(d—i)AN(L—1
IZClglggd{(ai)Q'”ii(z;j " )}'( 11 ”?HBkaj)
sts k=d—i+2

2(4—(d—j+2
iy 'MQ(njH,nj)}

Here HZikl =1 for ko < ky. In particular, for j =i + 1:

ity - MP (i, ni+1)}- (35)

1<(<d

1> ¢ max {(a?‘l)Q .
The proof of the above lemma is presented in the next
subsection. We emphasize that the condition (33) is made only
for presentational simplicity, as we explain below. If it does
not hold, we can adopt the following partition of the pieces
{(no;n1], ..., (ngt+1;na42]} via general length constraints.

Fix a target piece (njy1;n;42] with i € [0;d — 1].

S1. First locate among all pieces the longest one denoted as
(n4x;nix 1] with @7 € [0; d+1]. If this is the target piece,
then we can directly apply Lemma 27 in Appendix E to
this piece to obtain the desired estimates in (35).

S2. If not, assume without loss of generality that the tar-
get piece is to the left of this longest piece, i.e., i +
1 < ¢j. Then, we can locate the longest piece
among {(n0;n1], ..., (niz —1;n4:]}, which we denote as
(nis;nig1] with 45 € [0;47 — 1]. If the target piece
is among {(nis;niz41],..., (nz—13n:]}, we can then
make the following two modifications of Lemmas 19
and 22: (i) choose location n;+ (instead of the current
n4+1) as the starting point for the cancellation of the
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quadratic forms; (ii) choose location 75+ 1 (instead of the
current location 1) as the starting point for the induction
in Lemma 22. These two modifications will yield the
desired estimates for {a,™'} in (35).

S3. If this is not the case, i.e., (niyi1;nie] €
{(ni;nal,..., (nis—15m45]}, we can then iterate S2
with 45 in place of 7]. This partitioning will terminate in
a finite number of steps.

Condition (33) (with n1,0 < ng42;4+1), along with the current

versions of Lemmas 19 and 22, correspond to the above

partitioning scheme with an early stop at S2 with ¢ =d + 1

and 75 = 0. On the other hand, condition (33) represents

the most difficult case in the sense that the maximal gap

1] — 145 = d + 1 activates the condition k£ < ko = d + 2

as seen in (37) in the proof ahead.

E. Main Proof

The main step in the proof of Proposition 17 is the set
of coefficient estimates in Lemma 22, with its more general
version stated in Appendix C-E. We present the proof of this
lemma in the special case dy = d— 1; the proof for the general
case is completely analogous.

Proof of Lemma 22: Let

(d—j+2)A¢L
2{(d—i)A(£—1
Q?(f) = ”z‘J{r(z;j INE=D] ( H n§+3—k;j)
k=d—i+2

2(0—(d—j+2
g
For the rest of the proof, empty [ is to be understood as 1 and
empty \/ is to be understood as 0. We will prove (a slightly
stronger version with M (nq,ng) instead of M (nj11,n;))

12 fg}gd {(GZ)2Q?(5)} - M?(nq,m0) (36)

by induction on j € [1;i+ 1]. The baseline case j = 1 clearly
holds by the condition (33) and application of Lemma 27 to
the piece (ng;n1]. Now, suppose the induction holds up to
some location j € [1;4], and we will prove the iteration at
location 7 + 1.

(Part T). We deal with {a]™' d_f“ in this part. For
this, we first obtain estimates for a’ dr1 and then use triangle
inequality. Applying Lemma 19 with dy = d—1 and s = d—,
the j-th term in the first summand therein yields that

(n—nd+1 ! —d=J j+1
12 Zﬁ ally

~ n2(.7 1)

23

_ (n=nap)¥" )
n2(i-1)

(%Bd_j R <k+j - 1)
7,¢ P
= {475 —1

2
k—¢ _j
Ty Jakﬂ)
k=t

d—j+1 2
_ (n*ndﬂ Z 5d=i+1 i
- n2(G-1) Vi k k+j | >
where we used Lemma 18 and ’_y]d g+l =

(d— J)Ak—d I (k4j—1Y\, k—q )
Z J,q (HJ 1)71]“] Note that for a generic

number of k pieces, when j = 1, we need to take dy = d —1
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and s = (k—1)-(j +1) = k — 3 in Lemma 19, in which case

the first summand is non-void if and only if
d—s=d-k+3>1 <= k<d+2. (37)

This explains the transition boundary kg = d + 2 as in (11).
Combining the above estimate with the estimates for
{a],}{_, from the induction assumption, and using Lemma 28

to cancel everything but a),, ,, we have
d—j+1 2
)2i-1 J
> (=nap)V” A=+
~ TG v] ko Tty

d
'y [(%)2
h=j
d—j+1 )2

> (a} )2 (= na) 7 (T2
~ n2G-1)

2(k) M2<n1,no>}

/d\ [Q?(k)MQ(nlv”0)7(#{1]4;;)2}}

=11
k=j (’Yj,kij )
. 2 d
= (ailﬂ) {Aj/\ /\B,k}
s
d 1 2 1
As  Aj/( JdJJJr+1)2 = dgiz dzrl( Ni+1) 2

B, ;/ ('yjd djjil)Q by the assumption that the two end

pieces are longer than any middle pieces, we only need
to bound from below A{_;Bj. By definition of 5. and

non-negativity of B, for any j <k <d,

(Vddj+i1)2 (Z 5d ’ (iljﬂ) )2

J J - ] J
d—j+1\9 Sd—j k 2

( ) (Z BJ#Z ]+1j )

Vjk=j
(by definition)
k—j (gd=7 2, 20(d=j+D-(p+)}
(Bj,pq)

\/ q=0 Jj+1;5

—d—j 2(k—j—
Vq 0(6 )277’3’3-1;3'J Y

(by rearranging the numerator)

d—Fk d—j
>\/ {
p=0

k—j , 7 2
2(d—k+1—p) Bj-,erq
Tt <——d—j ) }
(by Lemma 28)

q=0 ﬁj,q
d—k St )k Jj ptgq
+1-p
2 \/{ M1 /\ H ”d+2 r,3+1}
p=0 q=0r=1+gq
(by Lemma 33)

_\/{

(minimum at ¢ = k — j).

2(d—k+1—p)
Tt

prk—j
2
Ngyo—rij+1

r=1+k—j

Hence

2 (@) [ /\ Q5 (k

p=0

ptk—j

[I

r=14+k—j

2(d—k+1—p)

2 2
G41;5 ”d+2r;j+1}]M (n1,n0)-
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This implies that for 1 < ¢ < d, by taking p = (¢ — k)4 above
and Lemma 18,

—0 g
M(nn,mo)lai*!| < M<n1,n0>[g et lad et Iaim|]

k L+(0—Fk)+
M1

H nd+2+.7 k— Tu-i—l}

ik

—1
H Rgyoyj—k—rij+1 }

r=1
{a7 mmizt, )

. k—/t -1 . . .
Using that k — nj.,Q; (k) is non-increasing, the first and

third terms in the above display are on the same order as
Qj_l(ﬁ) + Qj_l(f Y j)nﬁ\ﬁ;—f = Qj_l(ﬁ). Hence we only need
to verify forall 1 </ <d—j7+1,1<7 <4,

Q;.1(0) +Q;2(0) = Q5 (¢)

Vi—k

+V

{Q;l(k)
j<k<evy

vV

ovi<k<d

s V@0 T vidasscrpn f S QL0
j<k<evj r=1

(38)

(Case 1. If 1 < ¢ <d—i+1 Q'(0) =n. 5" and

1 —(£-1
Qj (6) = ni+(2;j+)1’ so:
-1 —(=1 -
° (ﬁrst term) Qj71( ) ’H’(Q] ) S 1+(2 ]+)1 = Qjﬁl(g)
o (second term) without loss of generality we assume ¢ > j
(otherwise this term does not exist):

_ —(k—1)
QJ—-,Q(K)* \/ { Nito.; Hnd+2+] k— 7‘,]+1}
j<k<t
—(k-1), —(t~F)
\/ z+2j nd+2+] £;5+1
j<k<t
<\ {n
j<k<t

—(t—1 _
= ”z+(2 ]+)1 = ij(f)a

IN

(k=1) —(t=k)
i+2;5+ 17 425541

where the first equality follows since £ < { < d —i+ 1
so that Qj_l(k) = n,, 4_(5;;1), and the second inequality
follows by noting that ¢ < d—i-+1 implies d+2+7—¢ >
v+ 2.
(Case 2). If( d )f 1+ 2
-1 —(d—1 L -1
Qj ) = [T Hs:d7i+2 Ng13—s;5
—(d ) -1 .
Tit2:5+41 Hs:d—i+2 Ngi13—s;j+1> SO
o (first term) similarly as above,

< £ < d-j+1,
and Qj_ﬁl(f) =

14

—1
H Md+3—s:j

s=d—1+2

—(d—1
9;1(0) = n; 5"
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4

—1 o
H Nap3—sij+1 =

s=d—1+2

—(d—1)
S z+2,]+1

Qi (0).

o (second term) similarly as above we assume ¢ > 7, then

Q;2(0)

k
_ —(d—)
= \/ Titaj H d+3 s;H”d+2+jfkfr;j+1

j<k<t s=d—i+2
i+1 d4+1+j—k
—(d—i) —1 -1

snadgn Vo I maie I migg

j<k<f ™ u=d+3—k u=d+2+j—1

d+1+j—k d+1+j—k—(5—-1)
Note that Hfj d+}3+J oM, ,J+1 < Hu:d+2+j7€7(jfl)
—1 o +2 -1 . .

Nyiv1 = [lutays enuﬁl, where the inequality fol-

lows by j > 1 and ¢ < d — j + 1, so the above display
can be further bounded by

i+1

H n;;;Jrl = ijh (0).
u=d+3—¢
Hence (38) is verified and we have finished the proof for Part I.

(Part IT). We deal with {a]H}Z:dﬂ-Jr2 in this step. Apply-
ing Lemma 19 with dy = d—1 and s = d — j, the last (j — 1)
terms in the first summand therein take the form

d—1i
QL (E) < anr(Q jJr)l

(n—ngp1)? (=d—j i+, 1 )2
15T( 9.0 T Jr52d Jafi ]+2)
(R2)
n — Nd+1 —d j
+ (7174+) (53 OJC%H . 53 d— gaﬁfhg) (R.3)
(n—nag1)? " (=i ity j g+1 2
TR (Fio’ e+ 4 Bl jaf™)
R.7)
Combining (R.2) with the estimates for {a; 1 d 5 1 obtained

in Part I, and using Lemma 29 iteratively to cancel everything
but aﬁlt; 42> We obtain

2
71"nd+1 Fd—J e
R (z

_ 3(3d=7 2
2 (@) wote ),
d—j+1 2d—3 \2
/\ |:Q?+1(k)M2(n1;nO)(ﬁz;d7’j):|}
k=2 (Bz,kiz)Q
d—j+1
= (ai;ﬁ” {A(2 A /\ B(2 }

Similar to Part I, we only need to get a lower bound for

d—j+1 p(2 Ad—j
k:%Jr ) . As (ﬁzd ]) /( 2,kj—2)2 2 Hr k— 1"d+2 rij+1

by Lemma 33 it follows that
d—j+1

1z (a{;;-w)z /\

|: ]+1 H nd+2 ’l“j+1:|M (nlvno)'
k=2

r=k—1
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As k — QF (K )Hgii 1 ”d+2 rgtl Qgﬂ(d J+
l)ndJr3 ki1 is non-increasing on k € [2;d — j + 1], the
minimum is taken at £k = d —j+1 in the above display. Since
Q51 (d—j+1)n3 001 = Q71 (d—j+2), we arrive at
1z (a<]7l+§+2)2 g+1(d J +2)M (n17n0)7
which is the desired estimate for aflj 4o Now iterate along
(R.3)-(R.j) to complete the proof for Part II. This completes
the proof. (]
Proof of Proposition 17: We shorthand ©(d, do, ko) as O,
and the sample points will be indexed using ¢. For any 6 € O,
let {nj}?io be its knots: 0 =ng < n; <...<ng, =n. The
overall complexity width can then be bounded piece by piece:

ko 2
E sup(e - 9)2 = Esup <Z(€ ’ 9)(ni1;"i]>

0co 0O

i=1
ko

<C)» Esup(e-0)7, ..
S s 0

We will prove that each summand in the above display can be
bounded by a constant multiple of loglog(16n).

We start with the first piece (ng;n1]. Let f € F,(d, do, k)
be a generating spline of 0, i.e., 0, = f(v/n) for v € [1;n].
For this piece, we use the following parametrization of f(-)
slightly different from (28): for any = € (0,n1/n],

d+1

d0+1~1 n -1 o n -1
f(z)Zaé<z;) + > aé<z;) . (39)
l=dop+2

Then, the complexity width in question can be written as

~1 (L — n1)81
€
]
-1

Applying Lemma 27 to the piece (ng;ni], we have

do+1

=>. >

=1 1€(no;n1
d+1

+ > > 3(

l=do+2 1€(np;n1]

( (no n|

do+1 2@ 1 d+1

> @ g+ Y

=1 l=do+2

20-1
)2 ny <1
nz(e 1~

(40)

Thus the complexity width over the first piece (ng;n1] can be
bounded by

Esup(e - 6)?

93@ ("01711]
+1 ~
ZO E sup ap @)
1<ni<n 261 n2(—1)
(a})? 2(1 7y <1
( E (L— nl)é_lsb)
1€ (no;na]
d+1 0\2
E (ap)
+ sup sup 50-1)
(=dot2 1Smis<n o on27t T
-0 (a3) mﬁl
( g (L— nl)é_lzsL)

t€(no;na]

< C'loglog(16n),
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where the second inequality is due to Theorem 13 with
(x) = 22 therein. The complexity width over the last piece
(nky—1; Nk, can be handled similarly.

Starting from the second until the second last piece, we use
the parametrization (28) on the piece (1;11; nit2], yielding

d+1 —-n -1
Z j : +1 i+1
n

=1 1e(niy1;nit2]

(e-0)n

MNi413 n1+2]

Thus the complexity width in question can be bounded by
E sup(e - 9)%

MNi413Ni+2
0coO i+ 1+]

d+1 H—l)

2
-1
< E Eseo 20T) < E (L*murl) €L>

/=1 tE(niy1;miya)

d+1
< g E sup
=1 N1 <Mj42,
= ) o
(ay™)2n2 {5 N M2 (niga,nig1) <1

(a)? e\
n2(—1) < Z (= nipa)™ EL)

te(niy1iniqa)

< C'loglog(16n),

where the second inequality is by plugging in the estimates

ayt', ¢ € [1;d + 1] from Lemma 25 (the general version
of Lemma 22 with general dy € [—1;d — 1]), and the third
inequality is by applying Theorem 13 with v(x) = x? therein.
The proof is thus complete. 0

VI. PROOF OF THEOREM 11, UPPER BOUND
A. Proof Outline

For expository purpose, we focus on the convex linear
case ©*(1, k) with truth 6y = 0 in (1). Using the reduction
Proposition 16, the key ingredient is to show

E sup (e- 9*)2 < C'loglog(16n).

6+ €0 (1,k): 10| <1

(41)

To control the complexity width, we may parametrize any

0* € ©*(1,k) by
. k—1 Z.*le
+> b ~ . (42)
+ = +

0r Co+za]<
J=j

where

e j7° is the index of the knot where the slope of the
underlying convex function f* crosses zero if it does,
and is otherwise set to be k;

e {a;} and {b;} are two non-negative real sequences para-
metrizing the change of slope, in the two regions where
f* has negative and positive slopes, respectively.

With the parametrization (42), proving (41) then reduces
to obtaining sharp estimates for {a;},{b;}, and co. These
estimates are obtained in rather different ways:

o For the coefficients {a,}, {b;}. the non-negativity prop-
erty turns out to be the key in obtaining sharp esti-
mates for their magnitudes. Combined with the LIL (cf.
Theorem 13), these coefficients contribute the desired
loglog(16n) factor to the complexity width (41).




SHEN et al.: ON PHASE TRANSITION IN GENERAL ORDER SPLINE REGRESSION

o For the coefficient cg, an a priori estimate |co| < C/y/n
is obtained (cf. Lemma 24) under the assumed (convexity)
shape constraint and the /5 constraint on the signal. This
means that the coefficient ¢y only contributes a constant
factor to the complexity width (41).

It should be noted that for the larger class ©(1, 0, k) without
the convexity shape constraint, a parametrization in the form
of (42) still holds but without the non-negativity constraint
on {a;},{b;}. The lack of such sign constraints unfortunately
makes this representation not quite useful in obtaining LIL
for ©(1,0,3), so a different representation (cf. (23)) and a
different proof strategy (cf. Section V-A) are adopted for
0(1,0,3).

B. Groundwork

The first result establishes a canonical parametrization for
general-order d-monotone splines. By definition, the polyno-
mial coefficient of the highest order for a d-monotone spline is
increasing and thus crosses zero at most once. In the following
parametrization, we choose this cross point as the pivot.

Lemma 23: For any f* € F}(d, k), there exists some
integer j* € [0; k] and real sequences {%‘}5;17 {bj}f;jl*, and

{Ce}g;ol such that a;(—1)4*1 >0, b; > 0, and
J* k—1 d— e

(43)

for 2 € (0,1], where {n;/n}*_, are the knots of f*. On the
sequence level, we have for every 0* € ©*(d, k):

I’ ni—i\? =2 i—n;\¢ 2 )
* . J . — Yy s J4
=3 () - X u(H) Y Sam
j=1 + j=j* + =0
(44)

The next result generalizes the bound |co] < C/\/n
in the previous proof outline, indicating that all lower-
order polynomial coefficients of a d-monotone spline can be
well-controlled.

Lemma 24: For any 0* € ©*(d, k) with ||0*||* < 1, there
exists some C' = C(d) such that, in its canonical form (44),
lce] < C/+/n for every £ € [0;d — 1].

The proof of the above lemmas can be found in Appendix D.

C. Main Proof

Proof of Theorem 11 (Upper Bound): Throughout the
proof, we will shorthand ©*(d, k) as ©*. We start with a slight
modification of the reduction principle in Proposition 16.

Let Lo = n/k be an integer without loss of generality.
Let 0% ... be an oracle in ©* that achieves the infimum. Let
n; = n;(0,..), 0 < j < k be the knots of 07 ,.:0 =
nop <njg <...<mn,=mn. Foreach j € [0;k — 1], let m; =
m; (eoracle) = |—(nj+1 - nj)/LO]’ Njp = njap(egracle) =Ny +
p - Lo for p € [0;m; — 1] so that n;o = n; and nj,,, =
Njm,; (0hacie) = Mj41. Lastly, for any 0° € ©*, let s;, =
sj.p(0%,0%,..10) be the number of knots of 6% — 6% on the

» Yoracle oracle
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segment (7 5, nj p+1], S0 that Z Zp o' s;p < k. Under
the above notation, define, for each 0 ¢ R" (9)[“0] as the
sub-vector (0:)ic(n; ,n;j i)

Following the same line of proof as Proposition 16 on this
finer resolution {n; ,}, we have, for any 6 > 0 and then some

C =),

E90||§—90H2 (1+6 Heoracle 90||2
k—1mj;—1
+C-E sup Z Z Elj,p) * Vip(0 )) )
9*€®*j —0 p=0
where Uj,p(e ) = Uy, P(9*7 Héracle) = (9* - Héracle)[j,p]/”(e* -
ezracle) [4,p] H .

We now prove that the second term on the right side can be
bounded by a constant multiple of kloglog(16n/k). Some
extra notation is hence needed. For any 6* € ©F, denote
the set of s;, knots of v;,(0) as njp1,...,n5ps,,. Also
define njp0 = 7p0(000cie) = 7jp and 15ps 41 =
Njpsiptl (Hzrade) = n; p+1. Moreover, in view of the canoni-
cal parametrization of shape-constrained splines in Lemma 23,
let for each fixed j € [0;k — 1] and p € [0;m;] the index
q= q(e ’Gérdcle) € [07 Sjap] be such that’ on (nj7p’nj7p+1]’
(Mjp.gr—1,Mjpq) is the last piece on which the sign of the
highest order polynomial component of §* —07 _ ,_ is negative.

Under the above notation, we have v;,(0") €
O ii—n;,(disjp + 1) (her§ we assume Without. loss
of generality that the two end pieces of §* — 67 . adjacent
to n;, and n; 41 also have length at least d+-1 since there are
at most 2k such pieces and each only contributes a constant
factor to the complexity width). Thus Lemma 23 entails that
there exist real sequences {c;p.¢} {¢jpe(0%, 6% ) s
and some ¢* € [1 sjp] along with sequences of

equal  sign {aqu}q 1 = . {a),p,q(0%, 05 ac1) 2:17
{bJ,p,q}q T = {bJ,p,q(e ’Héracle)}qj Z* such that

. d
Njpq — (L +1jp)
Zaqu n

”Jp
+
S (i +mn5p) —Njpg !
+ Z bjp.q "
q=q* +
dilc- vf(1—n ¢
J,Ps — "y.p
27 < n )
=0
= (vj,(0), + (v7,(07),, (45)
where (v3,(6%)); = zl éC]pg(( —n;, p)/n) /¢!. Therefore,
we have
k—1m;—1 )
E sup Z Z ~0j,p(607))
9*6@*] 0 p=0

k—1m;—1

< 2<E sup Z Z €lp) ))2

G*GO*j —0 p=0
k—1mj;—1 )
2,07

+E supzz

0*6@*] 0 p=0

= 2((1) + (U)).
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We first upper bound (II). Since for each j,p and 0* €
0%, v;p(07) € ©F ., (d;sjp+ 1) and has unit norm,
Lemma 24 entails that there exists some C' = C(d) such that
|Cj’pyg| < C’/\/njprrl —Njp for ] c [O,k — 1], p € [O;mj],

and ¢ € [0;d — 1]. Let Anj, = njpt1 — 1, p. Then, we have

k—1mj—1d—1

sip Y DD
[¢j,p,e] SC//ANn;p j=0 p=0 (=0

C?p 4 . Y4 ?
n247(€7!)2 ( Z (i —njp) 51‘)

i€ (nj,pinj,pt1]

(II)<C-E

E[Zie(n:‘,pm;‘,wl] (i - nj-,p)lfi] ’

n2¢t

El
I
—
3
|
—_
el
I
—

<C- 1=C-Y m; <Ck.

<
Il
o
3
I
=]
<
Il
o

Next, we bound (I). Some extra notation is needed. Define
the following partition of (1 ,;n; p41] With intervals

pr,é = (njyp + [(1 — 27(271))&7’]'*”} :
njp+ [(1 =275 Ang,] }
for ¢ € [1;t;,] and t;, = [logy An; |, and similarly,
T <”j.,p+1 — [ =279 An,,];

27(871))Anj7p—‘ :| .

From this definition, we immediately have (with analo-
gous conclusions for IA b0 () |7 pé| {Q*EAnj_,p];

(D) 2(3 g, | el t1) > > Ze>eo 1 p,e| for any lo € [15;,].
Then, let

Mg p+1 — ’7(1

Sj.p
ijpve = B]PZ( ) ordcle E bJplanquI 2
* * _
6 p,L —6] D, 2(9 ’ oracle) =max {q ngsjﬁﬂ 171; P, qEI] b, [}

In words (5 p.e €quals to 1 if and only if among the knots
{1, p.q o q* , there is at least one that lies in the interval I ot
and if such is the case, B, ; ¢ returns the block sum. We omit
the similar definitions for A;,, and 5 ¢ By definition,

we immediately have 3% 07,0 < 8jp
In the

parametrization (45), using the constraint
[lvjp(0*)]| < 1 and the bounds |c; (| < C/\/Njpr1 — njp
for ¢ € [0;d — 1], we have [jv] ,(6%)] < C (recall the
definition of vjl-y in (45)) for some C' = C(d). Hence for
some sufficiently small ¢ = ¢(d),

.\ d
e % [Fu(2e)

i€(nj,piny,p+1] ~ =1 +
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Si.p s d-2
Jspq
+3 e (222 |
+
n; 412
JoPsq
E , {E aj,p,q( > ]
. n N
i€(ny,pingp+1] —a=1
Sj,p d-2
b ”J,p,q
J,p:q )

+

>c-

where the second mequallty follows from the fact that the
interaction term between the two summands in the first
inequality is O for each 1.

Now, starting from the constraint 1 > ¢ - Zie(nj,p;nj,,,+1]
[, bqu(%n;p'q)if, we will obtain estimates for
Bj . Fix j,p. By the disjointness of I

negativeness of {b; , .}, we have

>

1€(1,pinyj,p+1]

ip Sip
{E E bjp,ql njp,q€IE,

=1 q=q*

zc: Z

1€(Nj,piny,p+1]

tip Sip (I]Bpl) dAq2
Z Z bjp.ql njpa€I2, , n

=1 q=q*

tip I
Z [ZBJM< jpe
16("1 Ty, p+1]

tj.p (IB

>c- ZB“M > (%f))?d

"y and the non-

1>c-

) _ d-2
L= MNjpgq
N n 4

i€(nj,ping ptil +
t.
J’p (njpe1 — (10, 0)+)2F!
2 J.p Jip,t
ze Z Bjpe n2d
é:1
nj=P+1 - (prl)*)QdJrl 46
Z T : (46)
where (IJBM)Jr ((I7,,)-) is defined to be the right (left)
endpoint of I »,¢» and the last inequality follows from property

(i1) of the partmon I
We are now ready to bound the term (I). First by the

vanishing of interaction terms, we have (I) = (I1) + (I2),
where
—1m;—1
W=E s Y S
9*6@*] —0 p—0
a’ e —i\® 2
el 2 () )]
q=0 i€(nj,piny.p.ql *
—1m;—1
B)=E s T3
9*6@*] —0 p—0

Sip ) i_nj,p,q d ' 2
2ol 2 (58]

1€ (nj,p,q5nj,p+1]
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Due to symmetry, we only bound (I3) as follows:

Si.p tip

Esupz [ Z Zln”qejjp[ J.psa
( )

q=q* {=1
i€(nj,p,qiM,p+1]

(=) )]

tip Sj.p
<ESUPZ {Z{ Z 1n]pqu]pe Jpq}

Jp Sl=1 q*

d 2
=T
mex |3 < > si]
TelB ) n
It tie(ring py]
tip . d 2
T—T
*Esupg {E Bj e max g ( >51]
TelB n
Jsp = It 1€(Tinj, pr1]
k—1mji—11t;,
m?;( BZ Z Z(sypl
JP[ 7j=0 p=0 (=1
J 2
(Zie(‘r;njyzwl] (7’ - T) Ei)
max .
. _ (7B 2d+1
Tel?, , (nj,p-i-l (Ij,p,e)—) +

Here, the first inequality follows from the non-negativity of
{bj p.q}, the second equality follows from the definition of
Bj ¢, and the last inequality follows from Cauchy-Schwarz
along with the estimates for Bj,, in (46). Furthermore,
we define

AP = {{ 0ipe} : 07p €{0,1}, iiz “”Z<k}

j=1p=1/¢=1
to be the admissible set for the sequence
k t, p k m
{070} As PR DUEPD Dyiich D DHIRD DU
[logy(njp+1 —njp)] < Ck DogQ(n/kz)], a combinatorial
estimate yields that |AP] < (Ck“ogg("/kﬂ) <

(Ce [logy(n/k)])*

Now, using the basic inequality (a+b)? < 2(a?+b?), it suf-
fices to bound by the order k loglog(16n/k) the following two
terms:

k—1m;—1t;,

Z Z Zéypf

j=0 p=0 ¢=1
Z' (I8 (Z.*
ZE(Tﬂ( j,p,£)+]
. maX
TEI

i (e = (U5, ) -

max
{5Bp (JEAB

T)dei)Q

)2d+1

(47)

and
k—1m;i—1t;,

S0 b 30 o ¥

j=0 p=0 (=1
2
; d
(Zie((lfpyz)%nj,pﬂ] (1—7) Ei)

B 2d+1
(njps1 = (15,0)-)

From here on, in view of Theorem 13, the proof is essentially
the same as that of Lemma 5.2 in [26] (our (47) and (48) cor-
respond to their (42) and (43)). For the sake of completeness,

(48)

- Imax

TEIJ )
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we will present the proof for the bound of (47); the bound
for (48) follows from essentially the proof of (43) in [26].
Denote the variable in (47) as Z, i.e.,

k—1m;j—11t;,

Z= {5f$§§ABZ Z Z(sypl

j=0 p=0 ¢=1

2
(ZiE(T?(pr,g)H (i — T)d‘fi)

)Qd-‘rl

(Ripir = (500

We bound the tail probability of Z as follows. For any u > 0
and small enough ¢ > 0,

P(Z > u)

D>

|:k 1mi—1t;,

DD IP I
{67, ,yeArb

7=0 p=0 (=1
. d 2
(Zictrsr, poli=m)e)
B 2d+1
(”j=p+1 - (ij)f)

e*C’U. | |

=

D>

{67, ,yeArb Jip,t
2
(Zie(r;(ﬂ? +] (1 — T)dfi)
-Eexp 66“,[ m%x S |
Uy
e (njpn = (I8,)-)

5 Z e cu
{6J§p,2}eAB
k=1m;—1tp
- exp (Z Z ZC&fp
j=0 p=0 (=1
< exp (log|AP|—cu + Ckloglog(16n/k))
< exp(—cu + Ckloglog(16n/k)).

cloglog (16(n; 41 — ”j,p)))

Here, the second inequality follows from the independence of
the partial sum processes over the partition {I e} the third
inequality follows by choosing c to be sufﬁc1ently small and
then applying Theorem 13 with ¢(z) = exp(cz?) — 1 therein,
and the fourth 1nequahty follows from the fact that n; 1 —

n]p < n/k and that ZF Z ZZJ n 5;917@ < k for any

{67,/ € AP. The proof is now complete by integrating the
tail estimate. O

APPENDIX A
PROOF OF LOWER BOUNDS

A. Lower Bound in Section II

Proof of Proposition 2: We start with the first claim.
In view of the fact that minimax rate over ©(d, do, k) is non-
decreasing in k and O(d,d — 1,k) C O(d,dy, k) for any
do € [-1;d — 1], it suffices to show that

Egl6 — 0|2 > cloglog(16n).

inf sup
0 0cO(d,d—1,2)

For this, we will apply a standard reduction argument to
multiple hypothesis testing (cf. Theorem 2.5 of [44]). Define
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the following series of splines. Let M = |[log,(n/(d+1))],
and for each ¢ € [;M], 7, = |[(1—27%)n| and f¥(z) =
ae(z — /)L with ap = (22472, /loglog(16n)/n
for some sufficiently small c. Further define f°(z) = 0 on
[0,1], and the induced vectors 6¢ = f%(i/n) for i € [1;n]
and ¢ € [0; M]. Denote the corresponding joint distribution
of {Y;}, under the experiment (1) with truth 6° as P,
¢ € [0; M]. Tt can be readily verified that #° € ©(d,d — 1,2),
and the Kullback-Leibler divergence between Fy and each P,

denoted as KL(Py, Fy), satisfies
KL(Py, P;) = [|6° — 6%)|2/2 = [6°)|%/2 = loglog(16n)

for every ¢ € [1; M]. Moreover, for any 1 < j < k < M,
it holds by direct calculation that
> (0] -0f)

0% >
1€(75,7k)

)2d+1

d(P;, P,) = ||6" —

. \2d+1

g(Tk*TJ vag(”*TJ)

J n2d J n2d
9—3j(2d+1)

= a? =< loglog(16n).

=~

Theorem 2.5 in [44] therefore entails the desired lower bound.
Next, we prove the second claim. By following the same
reduction as in the previous claim, it suffices to show that for
any k > ko+ 1, there exists some nonzero f € F,(d, do, ko +
1) such that f(z) = 0 for x € [0,¢] U [l — ¢, 1] with some
universal ¢. Take ¢ = 1/3. Let 79 = 0, 7; = 1/3 4+ (j —
1)/(3(ko — 1)) for j € [1; ko], and 7,41 = 1. Define

ko—1
(Z Z ey —75) ) 111/3,2/3/(2), = €0,1].
=1 ¢=dp+1

By definition, f vanishes on [0,1/3] U [2/3,1]. Moreover,
it can be readily checked that, for any real sequence
{jenro—1eciaoray fO(15)-) = FO(r)+) for j €
[1;ko0 — 1] and ¢ € [0;dp]. Therefore, in order to show
that f € F,(d,do,ko + 1) and is non-zero, it suffices
to show that there exists a non-zero realization of the
sequence {¢;}je(1;ko—1),0€[do+1;4] Such that f(é)((rko))_) =
FO((m4,)4) = 0 for all £ € [0;do]. This is equivalent to
finding a non-zero solution for the homogeneous linear system
Ac = b, where ¢ = {¢}} je[1;k0—1],0€]do+1;d] € R(ko—1)(d—do)_
b= O (ko—1)(d—do)> and

A = [Al A2 . Ako—l]

with A, shown at the bottom of the page, and 7, ;, = 75, —
Tj,. Note that the coefficient matrix A has dy + 1 rows and
(ko — 1)(d — dp) columns, where, by definition of kg,

d+1 d+2
ko —1)(d—dy) >dop+2 1> .
(o = Dd = o) 2do +2 = |47 | +12 75
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The above equivalence indeed holds since if (d+1)/(d — dp)
is an integer, then

d _
+1 Jr1:d+1+(d dO)Z d+27
d—do d—do d_dO
and if not
d+1 L1 d+1 - d—|—2.
d—dy “|ld—do| T d—dy

This entails that the solution space of the linear system
Ac = b is of dimension at least one and thus the system
is guaranteed to have a non-trivial solution. The proof is thus
complete. ([

B. Lower Bound in Section 111

Proof of Proposition 9: We will continue to adopt the
standard reduction to multiple testing (cf. Theorem 2.5 of [44])
as in the proof of Proposition 2. We first introduce a set of
basis functions. Let k¥ = k/3 which we assume without loss
[logy(n/(2R)) |, and
w=(1- 2:(@_1))/7% for £ € [1;4y + 1]. Next, for z €
[0,1/K], let fo(z) = c(271)3/2/loglog(16n/k) /n(z — 7¢) +
for £ € [1; o] and frer(z) = c(2%)3/2/loglog(16n/k) /n(z—
Teo+1)+ (here the subscript “ref” stands for “reference” and
frer Will be pieced together later to be the true signal under-
lying the distribution Py in Theorem 2.5 of [44]). Then let
fe(x) = fo(®) V frer(z), and it can be verified that f(z) =
fe(x) on [0, 7¢,+1]. The above set of functions resembles those
constructed in the proof of Proposition 2, and satisfies the
similar properties

S (fulifn) -

i:(i/n)e(0,1/k]

of generality to be an integer, (o =

fo(ifn))* > cloglog(16n/k)

(49)
for any 1 < ¢ # ¢’ < {y, and
S (felifn) = fralifn))?
i:(i/n)€(0,1/k]
< Y (fli/m)®
i:(i/n)€(0,1/k]
<2 X @ X (e

i:(i/n)€(0,1/k] i:(i/n)€(0,1/k]

< Cloglog(16n/k). (50)

We now construct the hypotheses in the multiple testing
framework. For j € [1; k), let 1710), J(-) be a set of functions
defined on [(j — 1)/k,j/k] as follows. Let fi(@) = fo(z)
and fli(x) = fer(x) as defined above Next, for j € [2; k],
we define inductively f7 (z) = £/ " (z) + frt(@— (G —1)/k),

O(do +1; O)Tgf;“
((10 +1 I)Tk 0,7

O(do + 13do) Tk, 5

O(do + 2;0)7f0%?
O(do + 2; 1)7';:“4;1

©(do + 2§d0)7'k2-0,j

o(d; O)Tlgo,j
o(d; I)Td_l

ko,j

(o)
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where fI!(z) for x € [(j — )/ .5 /K] is to be understood
as the extension from [(j — )/k: (j — 1)/k]. Also define
1

fl(@) = fl(@) + fe(@ = (j = 1)/k). Lastly, we piece them
together as

i
EZ ()L (1) /g /i (@)

and

=30

where € = ({1,....0;)" € [1;4o]". One can readily verify
that all of the f° and f* belong to the class F(1, k). Indeed,
continuity follows directly from the construction and since
there are at most 3 pieces on each of [(j — 1)/k, j/k], there
will be at most 3k = k pieces in total. Therefore, the sequence
counterparts 00 = (f°(i/n)); and ¢ = (f*(i/n)); belong to
O0*(1, k).

Let p(-, ) denote the Hamming distance. Then, the Gilbert-
Varshamov bound (cf. Theorems 5.1.7 and 5.1.9 in [45])
entails that with some small ¢ > 0, there exists a subset
S C [1; 4] with cardinality |S| = ¢5¥ such that p(¢,€") > ck
for any £ # £ € S. Adopting those in S as the truth in
the experiment (1), we obtain a total of M = 1+ |S| =< £~
hypotheses, which we denote as P° and P%, £ € S.

It remains to verify: (i) [|6¢ — 6¢||2 > ckloglog(16n/k)
for any £ # £ € S; (ii) KL(P°, P*) < Clog|S| for any
L€ S. We first verify (i). By definition of #¢ and ¢, on each
[(j —1)/k, j/k] such that ¢; # ¢, we have by (49),

((J 1)/’%]/’6]( z),

(0f — 02

? 3

I
™
| — |

=
7N
| =

|

<
:vz‘l
—_
~__

|
=
N
S|

|

<
?ﬂ‘l
—_
~_
—_
(V)

Il
| —|
=
7N
~
E“
7N
S|
~~_
—_
(V)
V
o
—
]
[F]
5}
0Q
—
—
=2
S
\
=

This entails that
16¢ — 6% ||> > p(e, € )cloglog(16n/k) > ckloglog(16n/k).

Similarly, for (ii), we have by (50)

KL(P°, P%) = |6° — 0| /2
. . 2
~ 7 KA
< . — _ _
_Ck E |:flj<n> fref(n)]
i:%e(o,%]

< Ckloglog(16n/k) = log |S].

Application of Theorem 2.5 in [44] then completes the
proof. (]

Proof of Theorem 11 (Lower Bound): This is immediate
by realizing that ©*(d,2) C ©*(d,k) for k& > 2 and the
lower bound construction in the first part of the proof of
Proposition 2 can be directly applied to establish a lower
bound for ©*(d, 2). O
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APPENDIX B
PROOF OF THEOREM 13

Proof of Theorem 13: We first claim that there exists some
¢ = ¢(d) such that for any ¢t > 0, the event

1= { gm0

> (i—n1)e| > t}

(n1;n2]
{ max (ng/\(n—nl))_l/2
1<ni<no<n

is contained in the event

&

>

(n1;n2]

€i th}.

On &5, forany 1 < ny < ny < n, itholds that [ 3, . 1 &i| <
c(ng A (n —nq))'/?t. Then,

> si(inl)d‘

(n15n2]
Z €; Z (j—1) )
16(”1,712] Jj=1
= G'=G-0Y > ei'
Jj=1 i€[n1+jin2]
d—1 d no—n1
< (6) So-u Yo
£=0 j=1 i€[n1+j;in2]
d—1 d no—n1
§ct~z<€) Z(]—l Vo Ayn—ng—(j—1))
=0 j=1
d=1 /. ——
§2ct-2(€)/ xé(\/ng/\\/n—nl—x)dx (51)
0

4
d—1 d
< 4ct - Z (ﬁ) (ng — n1)é+1(n2 A(n— nl))1/2 (52)

=0
< 292t (ng — )4 (na A (n —ny)) Y2,

where the inequality (51) follows from the fact that the

map = — x‘(\/n2 A \/n —nj — ) first increases and then

decreases on [0, 7 — n4], and the inequality (52) follows from
a separate discussion of no < n—mny and ny > n—mny and the
following two bounds: [*™"" 2’ dow = ((4+1)7!(ng—nq)**!
and

ng—mni n2
/ xé\/n—nl—xdxg(ng—nl)é/ vn —x dz
0 ni
n—nmi
:(nQ—nl)e/ \/de
n—msa

= (ng —n1)" - %((n —m1)*? = (n —ny)*?)

= (nag — )"

2 (n2 —n1)[(n = n1)? + (n = n1)(n —n2) + (n — n2)’
3 (n —n1)3/2 + (n — ng)3/2

< 2(ng —ny) 1 (n —ny)2
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Therefore the claim holds by choosing ¢ = 2~ (¢+2)_ This
entails that, for any ¢ > 0,

P(Z > t)
< _ ~1/2 1<
< ]P’<1<nlflfff2<n(nz A (n—n1)) ‘ (Z ]Ez > ct>
. =
<P max M > et )+
n1<nz (n — n1)1/2
P( max M > ct)
ni<ng TL2/
=(I) + (1)
Due to symmetry, we only bound (I). By the triangle
inequality,
| Z?—n +1 51“
< [t S e
(1) < P(ﬂflg)m (=112 > ct/2
| Z?:anrl 51"
+P(7§‘i€2 =iz > )

By Lévy’s maximal inequality (cf. Theorem 1.1.5 of [46]), the
first probability is bounded by

“0832"] n
Z IP’( sup 2~ (r=1)/2 Z i 201&/2)
r=1 27t <(n—n1)<2" i=ny1+1

< 9[logyn| et

Similarly, the second inequality is bounded by

[log, 1] n
Z ]P’< sup (n —mny)~1/? Z € 2015/2)
r—1 27t <(n—ny)<2" i=no+1
1<n;<na<n
[log, n] n
< P su 2= (r=1)/2 gil > ct 2)
B ; (n—2T<22Sn Z N /

1=no+1

< 9 [log, n] et

Putting together the pieces, it holds that P(Z > t) <
1142

18 [logyn] e *", where we take ¢’ < ¢y without loss of

generality. Now, if ¢(-) is bounded on [0, c0) by some C, then

the result holds trivially. Otherwise, ¢ (z) T oo as 2 — oo, and
integration by parts yields that for any xg > 0,

Ey(Z) = /0 P(y(Z) > t) dt = /0 P(Z >~ (t)) dt
< /OO {1 A [Clog(16m) - e—C”Wfl(t))Z]} dt
0
<zo+C- /OO log(16n) - e W) gy,

By monotonicity of =%, for any t > wx, ¥ 1(t) >
“1(t)/2 + ¢~ (o) /2, so the integral above can be further
bounded by

/OO [log(16m) - e~ (/D@ @o)* o= (/D@ gy

0

< /OO (IO gy,
1
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provided that 2o > 1 and log(16n) - e (/M=) < 1,
or equivalently, zg > 1V1)(1/(4/c”) loglog(16n)). The claim
now follows from the condition (22). ]

APPENDIX C
PROOFS FOR TECHNICAL RESULTS IN SECTION V

A. Proof of Proposition 16

Proof of Proposition 16: The basic inequality ||Y — 5”2 <
|V — Ooracie||* entails that

||§* 90H2 S ||90racle - 90”2 + 2 - (af ooracle)-
Then we have, for any n > 0,
g - (é\* ooracle)
k—1 R
= (5 (0 = boracie) ;)
j=0
k—1
= (5[3 ( ))”( - oracle)[j] I
j=0
k—1 P k—1 N
<n (E[j] : Uj(e)) +1- Z (0 = Ooracte) ;1 12
j=0 j=0
k—1

)

_ 2 ~
=0 (e vi(0)” + 0110 — Oorace||-
i

Il
=)

Applying the inequality || — Ooracie]|? < 2(”5 — 6l* +
[[foracte — 6o]|?) then yields that

1+277

He 90"2 277H90racle_90||2
k—1 R
1f2n Z 10 (0))
7=0

For any given § > 0, choosing = §/(25+4), upper bounding
the right-hand side by the supremum over O(d, dy, k), and then
taking expectation on both sides yield the desired result. [J

B. Proof of Lemma 18

Proof of Lemma 18: On the pieces (n;—1/n,n;/n| and
(ni/n,ni11/n], the function f can be parametrized as

o)
d+1 N\ a1
fi(ac)EZafl(ac—%) .

q=1

fll

By the fact that 0 < p—1 < dj and thus the continuity of the
(p—1)th derivative at knot n; /n, it holds that f(p 2 (nl/n) =
£27Y (n;/n). But

d+1 p—1 q—1
(p 1) _ i—1 d Ni—1
1 () = e e (o >
qg=1
d+1

—Zaz 'o(g—1;p— Dnfi?,

ng

n

r=



SHEN et al.: ON PHASE TRANSITION IN GENERAL ORDER SPLINE REGRESSION

7o) <”_) _ %
7 n -

—1 qg—1
i (o
Idgpr—1 n
q=1

=(p— 1)!(1;.

"
—T
==

This entails that
d+1
(p—Dla, =3 0lg - Lip— Dai~'ni?,
q=p
d+1

(=D i1 4
P e T

q=p

This implies that Coefla};a’™ '] = (¢ — 1)!/((¢ — p)!(p —
1)!)nq*p — (q—l)anp

iim1 = (p—1)Ni;i—1 if ¢ > p; otherwise it is 0. g

C. Proof of Lemma 19

Proof of Lemma 19: The baseline case s = 0 follows
from the condition [|f|| < 1 and application of Lemma 27
to the piece (nk,—1;nk,]- The iteration from s to s + 1 then
follows from Lemma 31, which is to be stated and proved
in Appendix E with its conditions satisfied since ny,:x,—1 >
max{ng;l, N3;2, 4+, leofl;kU,Q} by (33) [l

D. Proof of Lemma 21

Proof of Lemma 21: Fix i < kg — 2 as in the lemma
statement. For simplicity, we again work under the condi-
tion Ngyko—1 = max{na,. .., Nkyke—1. We will prove by
induction: suppose the desired estimates hold for al, ¢ €
[do + 1; 4] for some ¢y € [do + 1;d] and we will prove that
the estimate also holds for a@o 1 1- The condition of the lemma
serves as the baseline ¢y = dy + 1. For the general induction
from £y to bo + 1, let L =1+ (d — do)(ko — 1 — i). Then,
Lemma 19 entails that

(n _ nk0_1)2(60+1—L)+1

1z

n?(eUJrl*L)
lo+1 ) 2
—koflf’b i
E Bo+2—Lo—(to+2—-1)00 | -
l=Lo+2—L
On the other hand, we have
Lo+1
2(4—1) 3 r2 i\2
1z E i+1;i M= (nig1,n4)(ay)”,
0=0p+2—L

where the summands with ¢ € [¢o+2— L;dy+ 1] are from the
condition of the lemma and those with ¢ € [dy + 2; o+ 1] are
from the induction assumption. Now, combining the above two
estimates and applying Lemma 29 iteratively to cancel every
ay, L € [ly + 2 — L; ly], we have

12 (agy1)*((1) A (1)),

where

2bo+1-L)+1

( éo+2—L,L—1)2a

_ (TL - nkofl)
(1) = n2(o+1-L)

e Bryr2-—r,0-1)’
(1) = /\ N1 M(Rig1,ni) _ko_lo_i :

2
z0+2—L,z—(z0+2—L))
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By Lemma 33 and the condition ny,,k,—1 = max{na.,...,
Tkgsko—1} We obtain that (I) 2 n2%% ;M (nit1, n;). Similarly,
by Lemma 33, as the factors n..’s in the lower bound of
(o101 B2 1o—(ty2-1))?* can all be further
bounded below by n;41.;, we obtain by direct calculation that
(II) Z ”?ﬁ;iM (nit1,n;). Putting together the lower bounds
for (I), (IT) completes the induction. O

E. General Statement of Lemma 22

We restate here Lemma 22 for the case of general dy €
[-1;d — 1]. Introduce the following notation:

Mod(b;c)
Ma—(b/c] 13
for positive integers a, b, c. Fix ¢ > 2. Recall the definition
M(a,b) = (a A (n — b))/ for a,b € [1;n] and the
condition (33).

Lemma 25: The following estimates hold for all locations
1<3<i4+ 1t

1> max ] p2tv2(d—do)(ko—i-2)
N~ 1<i<do41 | i

j— c c
On.j(a,b,c) =ng; ng_ g

x@n3j<i+1,{£(ddo)(koz‘2)1}A

[(d—do)(i+1-f)}.d— do>

x g AT e ma ) } - M?(nji1,n ).

In particular, for j =14+ 1:

i+1\2  2(£—1) 2
L= <P {(aze )" Mitaien - M (”i+2ani+1)}-
The proof for this general case is completely analogous to the
one presented in Section V-E.

APPENDIX D
PROOFS FOR TECHNICAL RESULTS IN SECTION VI

A. Proof of Lemma 23

Proof of Lemma 23: For any f € Fi(d k),
let fo = fo(f) € Fi0,k) be such that f =
(I,‘_i07___,rd71;0fo) for some real sequence {7‘[}?;5, with cor-

responding knots {n;}5=1 = {n;(f.) ;“;11

=1 and magni-
tudes {11;}5_ - {nj(fo)tj=1 between (n;_1/n,n;/nl,
ie., fo(ac) = Zj:l ,U/jl(njfl/n,nj/n](x) for x € (0,1].
Then p; < ... < pyg. Let

= 7(f) =max{l < j < k:py <0},

Define two sequences {a; };;1 and {b; }5;]1 as follows: a;- =
Jj* <0 and 6j~E i — Hj+1 <0 forj S [1,j* — 1], bj*

fix+1 > 0and bj = pjp1 — p; > 0 for j € [j* + 1;k — 1]
Then, letting 7; = n;/n, fo can be re-parametrized as

J* k—1
folx) = a1 (x) + > bl q(x), =€ (0,1].
Jj=1 J=Jj*
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Define the function g, (z;7) = (7 — )%, with any parameter
7 € [0, 1]. Then, direct calculation shows that

x TAT T
/ gy (u;7) du:/ (1 —u)* du:/ u’ du
0 0 T—TAT

= TZJFI _ (T_x)ﬁj_l — TZJFI + (71) N (,7:7‘)
041 041 (+1 (41 eyt

Similarly, with g/ (z;7) = (z — 7)%, it holds that
fo g (wyr) du = [TT(w— 1) du = fOIVTiT ut du =
ng(x 7)/(¢ 4+ 1). This entails that

where Py (z) is some polynomial of order d — 1. The proof
is then complete by noting that {(fl)d'dj/d!};:1 has sign

(—1)%*! and {b; /d!}¥Z 1. is non-negative. O

B. Proof of Lemma 24

We need the following simple fact that translates the /o
constraint on 6* at the sequence level to an integral Lo
constraint on f* at the underlying function level. Its proof
can be found after the proof of Lemma 24.

Lemma 26: Let f* € F}(d, k) and (%), = (f*(i/n));
Then, if [|0*]|> < 1, there exists some ¢ = c(d) such that
1>c- nfol(f )2(x) dx. Actually, this inequality holds for
the larger unshaped spline space F,(d, do, k).

Proof of Lemma 24: Fix any 0 € ©*(d, k) and its generat-
ing spline f € F;(d, k). Then, under the condition ||0]]* < 1,
Lemma 26 entails that there exists some K = K(d) > 0 such
that fo f?(z) dz < K/n. Due to scale invariance, it suffices
to prove that |Cg( )| < C for ¢ € [0;d—1] for some C = C(d)
under the condition || f]|3 = fo fA(z) dz < 1.

For f € F}(d, k), let {n; = n;(f )}Je[o;k be its knots and
j* = j*(f) be as in its canonical form in Lemma 23. Let 7, =
7;(f) = n;(f)/n for j € [1;k] and 7% = 7%(f) = 75+ () (f)-
We will prove that for some K = K(d) > 0,

/lfQ(x) de > K -
0

We focus on the case 7*(f) €

O<I?<a;( 1C€(f)7 for any f € fn(da k)

[0,1/2] and prove that
1
/*(f) f2(x) dz> K-O<r§1<a§<_lc?(f), for any f € F;(d, k).

We present the proof for ¢4—1(f) whenever c4—1(f) # 0; the
bounds for {c¢(f) }rejo;a—2) follow from completely analogous
arguments. Below we omit notational dependence on f if no
confusion could arise. On [7*,1], f has the canonical form

k—1
x) = Z bj(x — Z e,

=j*
This can be alternatively parametrized as f(z) =

k-1
Eh e 04 (I F)(@). where fufa) = SA7L
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(b - d!)1$>7j € Fr(0,k), and 7*(f)
we have

= 7*(f5). Therefore,

1 d—1

12/ (Znge/ﬁ!nL(
() “i—o
! =2 e xt x
2
=cCy_ — — + sgn(cqg— +
d 1/7—*(f0) |:§ |Cd71| 0 g (d 1)(d71)'

(8 o) @] @

) |ea—1]

1
> inf / B
€0renCy_o€R ey €{£1} 7 (fs)
Fo€UnF(0,k), 7" (fo)<1/2

d 10’354 9
14 d ~
|:Z YAl +(Io ,,,,, O;T*(fo)fo)(l')] dx
1
€42 €R G E{E1} /T*(fo)
Fo€URF(0,k),7* (fo)<1/2

=1 2
[Z%w eI

£=0

d 2
I ey fo) (@) da

=i, inf

where in the third line we use the fact that fo = folca-1] €
F7(0, k) and satisfies 7*(f5) = 7*(fo) < 1/2. Thus, to prove
the desired result, it suffices to show that there exists some
K = K(d) > 0 such that

d—1 ~ ~)

. co(lx —7*
__ inf g
CoseesCa—2€ER,Cqg1€{E1} 7 (fo)

~ 4 (=0
fo€UnF(0,k), 7" (fo)<1/2,k€Zy

(53)

2
(Id vvvvv m*f)fo)( )] dz > K.

Suppose this is not true, then there exist a function sequence
{fnotn C Un (0, k) with 700 = 773(fn0) C [0,1/2]
and real sequences {Cy, ¢}n ¢ With ¢, q—1 € {£1}, such that

1
/ s 1(2)
0
Cn.,b % re 2
|2 w7 + g fao)(@)] de—o.

Since Lo convergence implies almost everywhere (a.e.) con-
vergence, it follows that

d—1
V(@) [ Y Gnele = 1) 0+ (s Fao)@)] =0,
=0
a.e. on [0, 1].

Since the sequence {7} C [0,1/2] is bounded, 7;; — 7*
along some subsequence for some 7* € [0,1/2], and we work
with this subsequence below. As 1, 1j() — 1 for any fixed
x € (7%,1], the sequence of functions in the brackets in the
above display converges a.e. to 0 on (7*, 1]. In other words,

d—1

Cnel@ = 7) /0 + (I o fao) (@) = 0,
0

~
I

a.e.on (77,1]. (54)
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We first prove that under (54), {¢;, ¢}, is necessarily bounded
for each ¢ € [0; d—1]. Since {¢,,g—1}n C {—1,+1} is already
bounded, it suffices to prove the claim for ¢ € [0;d — 2].
If this is not the case, then there exists some nonempty subset
L C [0;d— 2] such that for every ¢ € L, {¢,, ¢}, is divergent,
ie., limsup,, |¢, | = +00. As 7;; — 7%, we may find some
slowly decaying &, | O such that (i) &, > (7% — 7)),
(ii) {Emg&'fl}n is still divergent for every ¢ € £, and (54) holds
with z,, = 70 + &, > 7. Now, by definition of f,, o(-), there
exist some ky,, j.: € [1; k], Oan0< . < Tnk, =1, and

non-negative sequence {un J} *1 such that To = Tpgr <

1/2 and for x € [7%, 1], fn,o( ) = Zf j_*l pn,jle>r, ;- Thus
by a direct calculation, we have for x € rT 1]

kn—1

(Ig,...,O;T:ﬁl,O)(x) = Z ‘ugij (.Z‘ - T’:)i

J=in

So by (54) and definition of {x,},
- kn—1 i
n,l n j
Z Tt D e o
(=

i=ir,
Let o € L be the index such that {¢, ¢!}, has the fastest
divergence rate, i.e., limsup,, [¢,.¢,[e%/(|n.elel) > a for
some positive o and every ¢ € L£. Without loss of generality,
we further choose {e,,} such that the maximal divergence rate
and the index that achieves this rate are unique, i.e., £y is

unique and satisfies limsup,, |G, 4,125/ (|Cnele’) = oo for
every £ € L\ {{p}. This then entails that
kasl )
Ba= Y Spten R eneler (55)
J=Jn

and is positive and divergent. Next, for the chosen sequence
{en}, choose {n,} C [1,00) as some slowly growing sequence

such that (54) holds with the sequence xil =7+ ety >
T+ en>TF 16
d—1 ~ 5 kpn—1 u
e y
- men) 4 D SR men)! =0, (56)
£=0 =iy

and that {e,m,} | 0 and {4, (nmcn)"} remains to be
the fastest divergent sequence among L, i.e., limsup,, |Cy ¢,
[(Ennn) /([en.el(€nnn)t) = oo for every £ € L\ {ly}. Similar
to (55), we have ZFJ; i (Mnen)t/d 2 G0 (nen)
and is positive and divergent. But this is impossible since

kn—1
B3 ) = (1) B 2 00)"~ (o (o))
J=in
d—1
d Lo chl Unen /ﬁ"
£=0

where the first inequality is by (55) and the last relation is by
the maximal divergence rate of {¢, ¢, (17,6,)%}, and thus

kn—1 i
5 d
;,J (Mnen)

*

Jj=J
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d—1
Z[( d fo—1 ché Nn€n) /g'
=0
d—1
> [ — 1] Zgnvf(nnffn)é/ﬂ‘ — 00,
£=0

a contradiction to (56). This concludes that {¢,, ¢}, are nec-
essarily bounded for every ¢ € [0;d — 1]. Thus there exists a
real sequence {c;}¢=} with ¢, _, € {1} such that ¢, ¢, — ¢}
along some subsequence for each ¢ € [0;d — 1]. Coming back
to (54) and noting that 77 — 7* along some subsequence,
we then conclude that

¥
D)

hn(x) =

(Ig-,...,o;‘r:ﬁho)(-r) — _gcle (.Z' _ T*)Z = h* (.I')

(57)

~
Il
o

ae. on (7%,1] as n — oo. We will now prove that {c}}¢—;
are necessarily non-positive. Fix some positive integer m > d
and define a regular grid on (7*,1]: t; = 7* + (1 — 7*)/m
for i € [0;m]. Without loss of generality, assume that {¢;}7,
belongs to the set with full Lebesgue measure such that (57)
holds. Define (&), = (hn(t:i)), (resp. (), =
(h*(t;))™™ ) to be the realization of h,,(-) (resp. h*(+)) on this
grid. Define V to be the finite difference operator that maps
W1s- o Ym) ER™10 (Y2 = Y1, Ym — Ym—-1) T €R™!
Then, since lim,, minye[g,q hnl) () > 0 for x € (7%,1],
it holds that for each fixed m > d + 1, Véfn S RTO_Z holds
for all ¢ € [0;d] for n large enough. On the other hand, for
each ¢ € [0;d—1] and p € [¢; d—1], there exists some positive
constant Ly, , > 0 for such that

(Ve = (VZ(ZZ:: _p—c!;;(tj - T*)p);n_l)l

d—1
=Y Ly
p={L

Since for each fixed m > d + 1, vfgn — Vef* as n — oo
by (57) and V¥, € RZy ¢ for n large enough, it holds that
(vlg*)l > 0 for each fixed m > d + 1. Multiplying by m*
on both sides of the above equation and letting m — oo we
conclude that ¢; <0 for £ € [0;d — 2] and ¢}, = —1.

With {c;}{=) € R%,, hy h* have the property that
their derivatives up to order d — 1 are all convex func-
tions, so on arbitrary compact interval contained in (7%, 1),
D(@=Dh,, converges uniformly to D(~Dh* = 1 (cf. Theorem
25.7 of [47] and the remark after its proof). This cannot
happen as D(@~Vh, (7%) = 0, 7* — 7 and D@ Dp, is
convex. We have therefore established the contradiction and
proved (53). 0

Proof of Lemma 26: By Lemma 23, any f € F;:(d, k) has
the canonical parametrization

d—1
d 4
TJ)+ + E cex,
=0
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k-1 _—_

where {7;}7" L= {nj/n C [0,1]. Let 7* = 7j+. Then,
it holds that fo 2 (x) do = ( ) + (II), where
T J* d—1
(I) = / (Zaj(Tj z)i + Zceze) dz,
0 j=1 =0
1 k—1 d—1 2
(II)E/ (ij(x—T])i—i— czacé) dz
T g=i =0

We now upper bound (II) by its sequence counterpart; the
bound for (7) is similar. Since

k—1 Tr41 k—1 d—1 2
(II): Z / (ij(x—Tj)i—l—ZCgl‘Z) dZE
m=j* Y Tm j=j* =0

m

Z/Tm+1 Zb dJchzz) dz,
=0

we may bound the mtegral piece by piece. More generally,
we show that there exists some K = K (d) > 0 such that for
any a,b € [0;n] with b —a > d + 1 and d-degree polynomial

P(x) = ZZ:O coxt,

b/n
/ Px)de < K-n~' ) P(i/n). (58
a/n i€ (a;b)
The above display holds because
b/n b/n d 2
/ P?(x) dx:/ (Zczze) dx
a/n a/n —0
d b/n d o 20
Sy [ aMdesy S Y (2
(=0 a/n =0 " i "
1 d NGE: 1 d NGY
Xy (afn)) s X (2a(s) )
i€(a;b] £=0 i€(a;b] ™ £=0

where the last inequality is due to Lemma 27 and the condition
b—a > (d+1). Then for every § € ©(d, dy, k) with unit norm
constraint and the corresponding f € F,(d, dy, k), by (58) we
have

1> H9II2 > |01

(nj=3m]

Z R A (70

= Z H H(nmﬂ'”wn+1]
M=7* 1€ (N ;N 41]

nz:/:m+1 dx—n/f

The bound for (I7) is thus complete. O

APPENDIX E
AUXILIARY LEMMAS

Lemma 27: Fix any positive integer d. There exists some
¢ = ¢(d) such that for any integers n > 0, m > d + 1, and
real sequence {a,}¢" 1,

m i i dq 2 d+1 ng_l
§ § 2

i 1[a1+a2(5)+...+ad+1(5)] Zcz 1%%'
i= =

IEEE TRANSACTIONS ON INFORMATION THEORY, VOL. 68, NO. 6, JUNE 2022

Proof of Lemma 27: As the left hand side of the above
inequality equals

n d+1 2 m
. _ . l_
M OWULE D SRR DU A
i=1 =1 1<0,0'<d+1 i=1
— Z ag(m/n)é_lmlp ap (m/n)é/—lml/Q
1<6,0/<d+1

m
’ ’
) {m(ue -1) Zzue 2] ,
1=1

using matrix notation it can be written as ' Ax, where
z = (ar(m/n)~tm/2)I € R+ and the matrix (A);; =
(A(m d)) = (m (i4j5— 1)2 kl-l—] 2) ¢ RAF1)X(d+1)

We first show that A is strlctly positive-definite for the
fixed d and any m > d + 1. Note that A is actually a
moment matrix and can be written as A;; = E(X"~!. X771),
where X is uniformly distributed on the set {1/m, ..., m/m}.
Therefore, for an c e s, writing, with a slight abuse of
notation, Z = .0 ¢, X*~1, it holds that

by 2

1<d,j<d+1 1<i,j<d+1

¢ Ac = CiCinj = CiCjE(Xi_l . Xj_l)

= E(% ciX“) T =EZ? = (EZ)? + Var(2).

=1

If Var(Z) = 0, then Z = « almost surely for some constant
which is equivalent to that the polynomial

T(x) = (co— a) + 1z + ...+ cgpr2?

having distinct roots {1/m,...,m/m}. If ¢ = ... =
ci+1 = 0, then ¢g = %1 since ||c|[| = 1, which implies that
Z = =41, and thus ¢ Ac > (EZ)? = 1. Otherwise, we have
¢; # 0 for some ¢ € [1;d], and hence T'(z) is not a constant
and thus has at most d roots, which contradicts the condition
that m > d+1. So we conclude that ¢ Ac > 0 for any ¢ € S¢
and thus A is strictly positive-definite.

Next, we show that for any i € [1;d + 1], the (—i, —i)-
minor of A (i.e. A minus the ith row and column) is also
strictly positive-definite. For this, define (); as the permutation
matrix that switches row ¢ with row ¢ + 1, and define P, =

QiQi+1 .. -Qd for i < d and PdJrl = Id+1, the (d + 1)-
dimensional identity matrix. Further define B = P, AP,
Then, the (—i, —i)-minor of A is the (—(d + 1), —(d + 1))-

minor of B. By Sylvester’s criterion, it suffices to show that
B is strictly positive-definite, but for any ¢ € S¢, it holds
that

c¢"Be=c¢"PAPc=¢" A¢ > 0,
where in the last inequality we have used the fact that

QiQi - ..

Next, we show that 2" Az > caZm?3! /n?? for some ¢ =
¢(d); bounds involving ay, . .., a4—1 can be similarly obtained.
For this, write A in the block form [Aj1, A12; Aa1, Ao,
where A1 € R4, Writing y as the first d components of x,

T~_ TpT T T
cc=c P Pc=c Qq... Qqc=c'c=1.
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ie. y = (aom'?,a1m3?/n,. .. ag_ymBI=D/2 /pd=1)T
we have
x! Az
A A

_ (2d+1)/2  d\T 4111 12 (2d+1)/2 /, d

(a0 )T (402 (a2

T Ao am (2d+1)/2 am(2d+1)/2 2
:yTA11y+2y 21 dd +A22<d7d)
n n

This is a quadratic form in y and achieves its minimum at
y* = —A A1aagmPatD/2 /nd (note that Ay, the (—(d +
1), —(d 4+ 1))-minor of A, is indeed invertible as proved
before), which implies that

2d+1

TAZL' > ad (AQQ A21A1_11A12).
Therefore if we can show that Agy >

some positive £ = £(d), then we have

(1 + €)A21A11 A12 for

2d+1
€ m
' Az > aﬁ—d

1+e¢

A22

m2d+1
€ 2 —(2d+1)

1+5dn ;

> ¢ 3 i (2d+1)
T 1+4c¢ n2

c 2d+1

= a2
(2d+1)(1+¢e) ¢ p2d
Using the block matrix inverse formula (A~
(A22 — A21A1_1 Alg)_l and the fact that (A_
A2 = A

mm
we have

1)d+1,d+1 =
Datt,a41 <
(A) (Amin takes the smallest eigenvalue),

Az > (14 ¢)An Ay Ao
<~ (1 + E)(AQQ — A21A11 A12) > EAQQ
1+¢

1 —1
Ja+1,d+1 < A

1+e¢ 1
=2 (A< min A’
mln( ) — c 1§j§d+1 77 Y

—= (A”

which is further implied by

Amin(4) > Ais.
(4) > 1te 1;?2(3(“ Jj (59
For this, we have, for every j € [1;d + 1],
m m—+1
Agy =m0y g2 < m,(gj,l)/ 222 4y
k=1 1
2j—1
< 1 1 + l < 22d+1.
—25—-1 m -

It remains to show that there exists some sufficiently small
¢ = ¢*(d) such that A\pin(A) > ¢* > 0, then we can take
e = ¢*/(224*1 — ¢*) in (59). For this, let U be a random
variable uniformly distributed on [0, 1] and define matrix A as
A; ; =E(U1 . UI1). Then, since d is fixed, it holds by the
definition of A, A, and the Portmanteau theorem that A — A
in the matrix spectral norm as m — oo. By Weyl’s inequality,
there exists some positive integer N = N(d) such that for
m > N, Amin(A) > Amin(A)/2. On the other hand, a similar
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argument that establishes the positive definiteness of A yields
that Amin(A) > ¢ > 0 for some ¢ = c(d). Therefore we can
take ¢* = ¢*(d) = mingt+1<m<nN Amin(A(m, d)) A(c/2). This
completes the proof. 0
Lemma 28: Let {a;}™,,{b;}1>; be two non-negative
sequences. Then, it holds that (A, a;) - (Vi b)) >
NiZy aibi.
Proof of Lemma 28: Without loss of generality, let

a; be the smallest value among {a;}7,. Then, it holds
that (A ai) - (Vitg b)) = ar - (Vit b)) > aiby >
Nity aibi). 0

Lemma 29: Let aq,5 > 0 and 31, B2 be real numbers.
Then, for any x € R, it holds that

— B2)?)2.

Proof of Lemma 29: At z* = —(aq /(1 + a2) - f1 +
as /(a1 + ag) - B2), the quadratic form achieves it minimum
value aoifai (81 — 31)?, which is further lower bounded by
(a1 A ao)(B1 — B2)?/2. O

Lemma 30: Let n be any positive integer. Then, for any
polynomial P(-) of degree strictly smaller than n, it holds

that

041(13—1'51) +a2($+52) (a1 AN azg) (b1

> (M) euiciy =o

=0\

Proof of Lemma 30: We prove by induction. The claim
clearly holds for n = 1. Suppose the claim holds for some n,
we will prove that it also holds for n+ 1. Let d be the degree
of P(+). We will prove that the claim holds for all monomials
P(z) = 2% where 0 <d <n=(n+1) — 1. The case d = 0
follows from the binomial identity:

)y (" : 1)(—1)]‘ = (1+ (-1 =0,

=\

Next, for any 1 < d < n, it holds that

5 (") - 5 (" Tty

PR PN
- <n+1>§1 (;" )i vy
—(n+ 1@”0 ()61 =o

where the last identity follows from the claim for n and the
factthat 0 <d—-1<n—-1<n. O
For the following lemma, recall the definition of the
sequence {B} defined before Lemma 19.
Lemma 31: Fix d,dy, ko as defined in (11), and any s €
[0; | (do +1)/(d — do) | — 1]. Suppose there exists some ¢; =
¢1(d) such that

(s+1)do—sd+1

)2k-1 (d—do) 2
(n nk(} 1 ko*lfs
1>e- Z W(Z ﬁklame :
k=1

(60)
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Furthermore, assume that 1y,.5,—1 > Ngy—1—s;ko—2—s. Then,
there exists some positive constant ca = ca(d) such that

(s+1)do—sd+1

Y L . L ?
126y (X )

2(k—1) k@ k:+e

k=1 " £=0

Note that in the above lemma the hypothesis involves only
quadratic forms with ‘shared coefficients’ {a;}se1;do+1)>
while the conclusion involves the ones with both ‘shared
coefficients”  {a;}se[1,q0+1) and ‘nuisance coefficients’
{ay}eerdor2:d+1)-

Before the proof of Lemma 31, we need one further result.
For this, some extra notation is needed:
— O +d—dy—j);s(d—dp)) i

° (71)jnk0—s;k0—1—s

v; . =

I j'@(’t‘i‘d—do,s(d—do))

J
X H (d—
m=1
S(d—do)

ko—1—s
E By L0y
=0

Lemma 32: Fix d, dy, and s. It holds for ¢ € [1
sd + 1] that

(s+1)do—sd+1

>

k=i

d—l—do))—S(d—do)—f—?’ﬂ),

Tk =
; (S + 1)d0 —
(d—do)(s+1)

Bs-"_l ko—2—s
i,k z+k: :

k=0

s+1

M = U e

T =
Proof: In order to prove the desired result, we need to
show the following two claims:
o The coefficient of ako *7% in M equals 0 for (s 4 1)
(d—do)+1<j <d—i+1;
o The coefficient of a*9>%7* in M equals ijl
J < (s +1)(d - do).

for 0 <

Let

io = io(d, do, s,7) = (s + 1)dp—sd + 1 — 4,
i(d,dy,s,i) = (s +2)do — (s +1)d +2—i
=19 — (d—1—do),

An = Nko—1—s;kg—2—5-

@
\H

By definition of M and Lemma 18, we have

(s4+1)do—sd+1

>

k=i

Coef[M; a0 2% =

ko—Q—S]
» Vitg

=s+1 .
v;kﬂ_Coef[Tk, a;y;

(s4+1)do—sd+1
O +d—do— (k—1));(s+1)(d— do))(—l)k_i(An)k_i
k—i)O6G +d—do; (s + 1)(d — dp))

k—1
X (d—’io—(S-ﬁ-l)(d—do)—f—?’ﬂ)
m=1
S(d do)
.Coef|: Z 61@@‘12131 5’ f.?.JQ s
O Blio 41— ki (s + 1)(d — do))(—1)F(An)k _
Bl 1= k(s + D= d) DA

kG (io + 15 (s + 1)(d — do))
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S(d—do)

—s 1+7—1 ke
X < Z 5i+k,e<i+k+£_1>(A”)] § e>
=0
S(d—do)
= Z (An) =B, - Ay,

=0

where

B Oig +1—k;(s+1)(d—dp))

A=) D S T T s £ DA )
i+j—1 O(i + k; )

% <i+k3+€—1>@(d+1—i—kz;£)’

O(i; k)

O (i+k;0) 3
Old+1—i—k0) e

= ({571 - 36 0).
O3 k) (144 1)Oi+k; £) /KL So Ay

and we used B;k,é = D(i + k,0)F, =
with 3, defined in (32). Let C(i,j,0)

Then C(4, 4, )(J é) -1
equals
o .6)"2‘) j—t
).77 k

k=0
Oig+1—Fk;(s+1)(d—dp))
o F L (s + 1)d—do)
io+(s+1)(d—do) (

>

k=0

1
od—i—k+1;¢)

(—*

)

=C(i, 4, 0)

6(i0+1—k;(s+1)(dfd0))(71)k 1

®(io + 1; (s +1)(d — do)) Od—i—k+1;0)
i

ciiny (")

1
od—i—k+1;¢)

Oio+1—k; (s +1)(d — do))
Oip + 1; (s + 1)(d — dp))

_ C(i,j, )

T Olio + 15 (s +1)(d — do))

j—¢ /
Z (Jk )(—1)k@(d—i—kz+1—£; (54 1)(d — do)—¥),

k=0

(-n*

where the first identity follows from the fact that ®(ig +
1 —kj(s+1)(d—dp)) = 0 for any ip +1 < k < ig +
(s +1)(d —dp), the second identity follows from the fact that
i+ (s+1)(d—dy) =d—i+1>j > j—4, the third identity
follows from the fact that £ < s(d — do) < (s + 1)(d — dp).

For the first claim, as ©(d—i—k+1—¢; (s+1)(d—dp) —¥¢)
is a polynomial of degree at most (s+1)(d—dp) —¢ < j— ¥,
Lemma 30 entails that Ay = 0 for all 0 < ¢ < s(d — dp), thus
proving the first claim. We now prove the second claim under
the condition j < (s + 1)(d — do). By definition of the {3}
sequence, we have

i =D, )6‘5“
- D(m){ S (T g
£=0

Therefore, to prove the claim, it suffices to match the coeffi-
cients of 3, for 0 < ¢ < s(d do), as B, = 0 for £ > s(d—do)
from the definition of ﬂ and Ay = 0 for £ > j. In other
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(s+1)(d—do)— 8)
j—L

n—1

k—1

words, we only need to show A, = D(i,j)(
By using iteratively the identity (}) = (,",) + (
has

), one

j—L

> (e

Q((S +1)(d —do) — £:1)

X kz_o (‘7_6_1)( 1)k

Od—i—k—4;(s+1)(d—do) —1—1¢)

Yo (d—i—k+1—6(s+1)(d—do) —0)

Q((s—i—l)(d do)—t;j—0—1)

(,1) ()F(d—i—k+2— i (s + 1)(d— do) 1))

(s4+1)(d—do) — ;5 — 1)
(d—i4+1=7g;(s+1)(d—dy) — 7).

X
x5
M- I
o

|®LQ

Lastly, by direct calculation, we have
C(i,j, )
O(ig + 15 (s + 1)(d — do))
x O((s +1)(d —do) = £;5 = £)
x O(d—i+1-ji(s+1)(d—do) - j)

— DG, j) ((s + 1)§d—€d0) — E).

The proof is complete. (|
Proof of Lemma 31: Define for i € [1;(s+ 1)dy — sd + 1]

(s+1)do—sd+1

k=i

Inequality (60) entails that 1 > czgil)d"_wﬂ M;; for some
¢ = ¢(d). We have for i € [1; (s + 1)dg — sd + 1],

(TL — nko*l)%il 2
do—sd +1
(s+1)do—sd+1 (n*nk0—1)2k71 ( s Tk)
n2(k—1) ( s+1 )2
k=i+1 i,k—i

. (s+1)do—sd+1 _
N /0\ (n — Ny 1)2k 1)
2(k—1) (351 2
k=i+1 n?( )( ,kﬂ)
(s+1)do—sd+1
Tz’2 + Z (Ferl 4 'Tk)Q)

i,k—1

s+1)dg—sd+1
2 (Inmmen R >)
~ n2(—1)

n2(k— 1)( —=s+1 )2

k=i+1 i,k—1

Tk)
(s4+1)do—sd+1 (n — gy 1)2k71
A /\ n2(k— 1)( o1 )2

k=i+1 i,k—1

(s+1)do—sd+1

>

k=i+1

—s+1
z k—1i

4067

(d—do)(s+1) 2
—s+1 ko 2—s
< Z ﬂz k 7,+k )

k=0

- (n — nggy_1) 2! . (

n2(i—1)

(d—do)(s+1) o 2
a8 ko—2—s
Z 6 i,k z-[l)—k ) .
k=0
Here, the second identity follows from Lemma 32, and the last
inequality follows, by definition of {7’ } and the condition

Nhoiko—1 = Mko—1—s;ko—2—s, {rom the calculation:
2i—1 (s+1)do—sd+1
) ! (7’L — Nko— 1)

AN e
2(k—1) (351 2
k=i+1 n )( fz)

(7’L — Nko—1
n2G—1)

(s4+1)do—sd+1

_ (n— ngg—1)2 " (kg —1—5 —Nkg—2—5) 2k~
- k/_\ n2(k—1)
(n— 1)
n2(i—1)
Putting together the lower bounds for M;, i € [1;(s+ 1)do —

sd + 1] yields the result. O

Lemma 33: Fix any 1 < s < |[(dg+1)/(d—dp)] and 1 <
1 < sdyp— (s—1)d+ 1. For any 0 < j; < jo < s(d — dp),
define the following two quantities:

ﬁ(]l) Eﬁ(]hdv do,S)
\_jl/(ti]de)J
=1
S(j2) = S(j2;d, do, s)

S

[I

l=—|—j2/(d—do)]+1
Mod(—j2;d—do)
kO (=l—g2/(d=do)]);ko—1—s"

Then, there exists some positive constant ¢ = ¢(d) such that

MOd(jl ;dfdg)
ko—1—|j1/(d—do)];ko—1—s"

d—do
Mo —l:kg—1—s%

d—do
Nko—biko—1—s

Xn

Bi ja Hz 1”k0 Mo 1—s
i S(51)5(j2)

6 4,71
When j; = jo, the product on the right hand side is to be
understood as 1.

Proof: We only prove the special case dy = d—1 (the proof
for the general case is completely analogous). Then kg = d+2,
and

J1
S(h) = H”d+27€;d+1*5’ S5(j2) =
=1

so we only need to prove for s € [1;d], i € [1;d+ 1 — s], and
0<ji1<j2<s,

S
H Nd+2—0;d+1—s;

€:j2+1

E‘S ) J2

;72

== 2=>c H Nd+2—k;d+1—s-
4,71 k=j1+1

We prove this by induction on s.

First consider s = 1. Then le = ”2+1;d’ and lej =
D(z’,j)B; = n§+1;d. The only non-trivial case is j; = 0,
Jo =1, so the claim follows.

Suppose the claim holds up to s — 1. Fix any 1 < 77 <
j2 < s. The claim clearly holds for j; = jo = s. If jo = s and
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j1 < s—1, then it holds by the recursion formula of {ﬁ oo
in (32) that BZ /B 1 X Mdt2—s; d+1—555_1/ﬁh, and we can

reduce to the followmg case with 1 < j; < jo < s — 1. For
this case, note that
J2
H Nd4+2—k;d+1—s= H (Nd42—kid42—s T Nd+2—s;d+1—s)
k=j1+1 k=j1+1
J2—J1

§ k
nd+2fs;d+1fs
k=0
§ Nd+2—my;d+2—s - -

JitlS<ma#. Fmg, - —k<j2

J2—J1 Jj2—Jj1—k
- k
- \/ {nd+2—s;d+1—s H nd+2j1+m;d+25}-

k=0 m=1

. nd+27mk;d+27s

Treating the above display as a polynomial of 1412 s;d4+1—s.

it suffices to match the corresponding coefficients of
. . . -9 =S .

nh o qap1os for k€ [0;55 — ji] in B3; ;,/B; ;- To this end,

we have

3% J2 o d2—4 751
ﬂi,jz _ V= Ond+2—s d+1— sﬂé
BS - —s—1
i1 é*Ond+2fs~d+1 B
G2=ju \pin k=t 55—1
- \/ =0 d+27s d+1—sjo—j1—k+L
- Jl* a1
k=0 VZ =0 d+2 sd+1—564
J2—71 J1 68 1
> k Pia=ji—k+t
= Nd42—s;d+1—s —s—1
k=0 =0 By

(by Lemma 28)
j2—J J1 ja—ji—k+L

J2—J1
k
2 \/ {nd+2—s;d+1—s/\ H

k=0 =0 m=(+1
(by induction)

J2—J1 Jo—k
_ k
= \/ {nd+25;d+1s H nd+2—m;d+2—s}

k=0 m=j1+1

nd+2m;d+25}

(minimum at ¢ = j;),

matching the calculation in the previous display, completing
the proof. (I
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