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Denoiser-loss estimators and twice-universal
denoising

Erik Ordentlich, Krishnamurthy Viswanathan, Marcelo J. Weinberger

Abstract—We study the concentration of denoiser loss estima-
tors, with application to the selection of denoiser parameters
for a given observed sequence (in particular, the window size &
of the DUDE algorithm [1]) via minimization of the estimated
loss. We show that for a loss estimator proposed earlier [2],
it is not possible to derive strong concentration results for
certain pathological input sequences. By modifying the estimator
slightly we obtain a loss estimator for which the DUDE’s
estimated loss strongly concentrates around the true loss provided
kEM?* = o(n), where M is the size of the alphabet and n the
sequence length. We also show that for certain channels, it is
possible to estimate the best k£ using a combination of the two
loss estimators. Moreover, for non-pathological sequences and
k= o(n%), we derive concentration results for the original loss
estimator and all channels.

In a second set of results, we extend the notion of twice-
universality from universal data compression theory to the sliding
window denoising setting. Given a sequence length n and a
denoiser, we define the k-dependent twice-universality penalty
of the denoiser as the worst case excess denoising loss relative
to sliding window denoisers with window length k above and
beyond the worst case excess loss of DUDE with parameter
k. Given an increasing sequence of window parameters k, in
the data sequence length n, we use loss estimators and results
from the analysis mentioned above to construct a sequence of
(twice) universal denoisers that achieves a much smaller twice-
universality penalty for £ < k, than the sequence of DUDEs
with parameter k.

I. INTRODUCTION

The problem of denoising is one of reproducing a signal
based on noisy observations, with the quality of the reproduc-
tion being measured by a fidelity criterion. In one version of
this problem, a clean sequence x" is passed through a known
discrete memoryless channel to obtain a noisy sequence z"
and the goal of the denoiser is to produce a reconstruction
2". The quality of the reconstruction is measured by a single-
letter loss function A(-). This problem was studied in [1]
where a universal denoising algorithm, DUDE, was derived.
The DUDE takes as input a non-negative integer parameter k,
computes the number of occurrences of all 2k + 1-tuples of
symbols in z", and bases its reconstruction on these counts.
In [1], it was shown that the performance of the DUDE with
parameter k£ was close to that of the best k-th order sliding
window denoiser for the pair z", 2™.

For a given channel, loss function, and noisy sequence 2",
the fundamental problem of identifying the best choice of k
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for the DUDE is still open. Unlike in corresponding problems
in data compression where the outcome of the choice of k can
be observed, and therefore the best k selected, in the denoising
problem, the clean sequence =™ is not observable and therefore
the loss is not computable. In [1], two approaches to this
problem were proposed. One is to select the value of £ that
minimizes, in the worst case over =, the expected excess
loss incurred by the DUDE with parameter k, over the loss
that would have been incurred for the DUDE with the optimal
parameter for that (™, 2z™) pair. This value is hard to compute
and therefore a second, heuristic approach was proposed: to
select the value of k that results in the most compressible
reconstruction.

In [2], it was proposed to select the value of k that
minimizes an estimate of the loss. If one could prove that,
for all clean sequences, the loss estimate concentrates around
the true loss with high probability, then this technique would
indeed guarantee that the loss incurred for the selected k is
close to that incurred for the best k, with high probability. To
this end, this paper studies the concentration of loss estimators.

A specific loss estimator was proposed in [2] and shown to
be unbiased for all denoisers, not just the DUDE. Further,
it was shown in [3] that when this estimator is applied
to any fixed k-th order sliding window denoiser, the esti-
mated loss strongly concentrates around the true loss provided
k = o(n/logn). This result, however, does not extend to
the DUDE, for which the denoising function is not fixed
but depends on z™. While we seek concentration results that
do apply to the DUDE, we notice that it suffices to target
k = O(logn). This is because, for every channel, there exists
a constant vy, which can be arbitrarily large depending on the
channel transition probabilities, such that if k£ > ylogn, then
with high probability all contexts appear at most once in 2",
and the DUDE reduces to a fixed, zero-th order denoiser whose
loss, by [3], can be estimated well. Further, it is easy to see that
it suffices to obtain concentration bounds of the following type:
For all 7 > 0, the probability that the estimated loss differs
from the true loss by more than 7 decreases exponentially (or
at least super-polynomially) fast in n.

For the estimator proposed in [2], we show in Section III
that such concentration results may not be possible for all clean
sequences. This negative result is based on the identification
of pathological sequences for which the difference between
estimated and true loss is at least a fixed constant with
probability at least O(n~2 ). We then show in Section IV that,
with a slight modification, we obtain a loss estimator for which
the DUDE’s estimated loss concentrates around the true loss
provided kM?* = o(n), where M > 1 is the size of the



alphabet. This result is just a slight generalization of a result
implicit in [3]. In Section V, we improve over this result by
showing that for certain non-pathological clean sequences it
is possible to derive concentration results for the original loss
estimate and k = o(n¥). We also show that for many common
channels and loss functions the fraction of non-pathological
sequences approaches 1 for k < xlogn, where x depends
on the channel and loss function. Finally, we point out that
for certain channels, for all input sequences, it is possible to
estimate the optimal value of k using a combination of the
original and modified estimator.

By the above discussion, our ultimate goal is an estimator
that concentrates for & = O(logn), all ™ and all channels.
While we fall short of that goal, for some channels, our
concentration results apply to large enough k to permit us
to estimate the optimal & for the DUDE. For other channels,
we identify a key feature in the structure of the loss estima-
tor proposed in [2] that prevents concentration results from
applying to all clean sequences, and point to tools such as
Kutin’s inequality that provide partial concentration results and
potential pathways to the ultimate goal.

The above summarizes our results through Section V.
In Section VI, we introduce a definition of twice-universal
denoising which seeks to capture the desirable property that
the excess loss (over the best sliding window denoiser) of
a universal denoiser be as small as possible simultaneously
for all k£ in a growing range of sliding window parameters
k < k,, rather than targeting only a single sequence of
parameter values k,, (one for each n). Some of the analysis of
the preceding sections is leveraged to construct and analyze
a new universal denoiser based on a deinterleaved version of
the DUDE and the loss estimator of [2] that exhibits improved
twice-universality behavior as compared to a DUDE with
(growing) parameter k.

II. NOTATION AND PRELIMINARIES

The notation used here is similar to the one in [1]. We
first define the notation employed to refer to vectors, matrices
and sequences. For any vector u its ¢-th component will be
denoted by u; or u[i]. Often, the indices may belong to any
discrete set of appropriate size. For two vectors u and v, of
the same dimension, u ® v will denote the vector obtained
from componentwise multiplication. For any vector or matrix
A, AT will denote transposition and ||A||o will denote the
largest absolute value of any entry in the matrix or vector.

For any set A, A>° denotes the set of one-sided infinite
sequences with A-valued components, i.e., a € A is of the
form a = (a1,as,...), a; € A, i > 1. Forae A, let a" =
(a1,az,....a,) and a! = (a;,ait1,...,a;). More generally,
we will permit the indices to be negative as well, for example,
uk, = (u_g,... ug,...,ug). For positive integers k1, ko, and
strings s; € AFi let s1s9 denote the string formed by the
concatenation of s; and s,. Sometimes we will also refer to
the ith component of a sequence a by ali].

We now define the parameters associated with the universal
denoising problem, namely, the channel transition probabili-
ties, the loss function, and relevant classes of denoisers. Let the
sequences =", 2" € A" respectively denote the noiseless input

to and the noisy output from a discrete memoryless channel
whose input and output alphabet are both A. Let the matrix
IT = {I1(i, j) }; je 4» denote the transition probability matrix
of the channel, where II(4, j) is the probability that the output
symbol is j when the input symbol is ¢. Also, for j € A, 7;
denotes the jth column of II. We are interested in channels
whose transition matrix IT is invertible. Let M = |.A| denote
the size of the alphabet.

Upon observing a noisy sequence z" € A", the denoiser
outputs a reconstruction sequence {#;}, , € A™. The loss
matrix A = {A(i, j)}; ;c 4 represents the loss function associ-
ated with the denoising problem, namely, A(7,j) > 0 denotes
the loss incurred by a denoiser that outputs & = j when the
channel input x = 4. Also, for i € A, \; denotes the ith
column of A.

An n-block denoiser is a mapping X" : A" — A™. For
any 2" € A", let X"(z")[i] denote the ith term of the
sequence X ™(2™). For a noiseless input sequence ™ and the
observed output sequence 2", the normalized cumulative loss
L. (z™, 2") of the denoiser X" is

Lgn(a,2") = % zn: A(x X”(z")[i]).

The estimate of the loss incurred by a denoiser X proposed
in [2] is given by

Lg(z") = % D> (@, z) Y A, #i(2)(x, 2)

i=1zeA z€A
(1)

where we use #;(z) to abbreviate X (27! z - 2 1)[i]. It was
shown in [2] that this estimate is unbiased. For a denoiser X
such as the DUDE, we are interested in upper-bounding the
probability

> T)

for all 7 > 0, uniformly in =", where the use of an upper
case, e.g. Z, denotes that it is a random variable.

Concentration results have been derived for the class of
sliding window denoisers in [3]. A k-th order sliding window
denoiser X™ is a denoiser with the property that for all
a® b € A", if alTF = b/ then X7(a")[i] = X" (b")[4].
Thus, the denoiser is defined by a mapping, f : A?**1 — A
so that for all z" € A",

X"zl = f(Z1F), i=k+ 1. n—k

Pr(‘LX(:c”, Zm) — Ly (2

A k-th order sliding-window-based denoiser X" is a de-
noiser with the property that for all 2" € A", if 2/ 7% = zjf:
then X™(z")[i] = X"(z")[j]. This is less restrictive than
a sliding window denoiser where, for a given context, the
reconstruction cannot depend on the sequence z". For a given
k-th order sliding-window-based denoiser X " with each 2",
we can associate a mapping fg, . + A* x A x AF — A'so

that for all 2™ € A"
X" (z")[i] = fxn on (zicp 2 2dY), i=k+1,...n—k

This mapping is made unique by insisting that for all contexts
21 that do not appear in 2", fg. ..(c 4, co,ct) = co.



The k-th order DUDE is a k-th order sliding-window-based
denoiser but not a k-th order sliding window denoiser.

Let Sy denote the class of kth-order sliding window de-
noisers. It is shown in [3] that for all Xn ¢ Sk, II, A, and

n

x,
' (@™, Z") — L. (2 zr)
—2(n—2k)72
< (k4 1)e®+DIAIZ O+MITT Hioo)? 2)

This implies that as long as k = o(n/ log n), the estimated loss
of a given k-th order sliding window denoiser concentrates
around the true loss. While the loss estimator in (1) is well-
behaved for sliding window denoisers, we will show that this
is not always the case for the DUDE.

III. PATHOLOGICAL SEQUENCES FOR THE DUDE

We show that in the case of the DUDE, for some
clean sequences z™, and some constant 7, the probability
Pr(|Lg (@ 27 ~ Le(27)| 2 7
function that is Q(n_%). Let X% denote the DUDE with
parameter k. Let A = {0,1}. Let IT correspond to the binary
symmetric channel with crossover probability § < % and
A correspond to the Hamming loss. Note that XSL’[?E denotes
DUDE of zero order.

Theorem 1: There exists a clean sequence ™ and constants
K and 79 such that

) is lower-bounded by a

Pr(‘ano (", Z") —

DUDE

n K
LXSUS[- (Z )‘ 2 T()) 2 %
Proof: For any z" € {0,1}", let T'(z™) denote the rype
of 2", i.e., the number of 1s in z". Then (with a little abuse
of notation) the DUDE of zero order is given by

XrﬁJr?E( ) X;)SE(Zl) X&Sﬁ(zl) Xl:::Jl?E( )
where for z € A
0, T(z") <n2§(1—9)
Xiie(2) =q 2 n20(1—8) <T(2") < n(l—26(1~49))
1, T(z") >n(l—26(1-0)).
Let T'(2™) = |[n26(1 — J)]. Then we have
1 & T(z™)
Laggy (@2 = 7 LA 0) = ==

Observe that for the same 2", if z; = 0, then X,?USE( =g
2 )i =2 2=0,1 Therefore for all z € {0,1},

z€{0,1}
Hence,
Z 7 (z,2) Z Az, X200 (28 Loz 2 DI (2, 2)
z€{0,1} z€{0,1}
=5 » m" = 4. (3)
z€{0,1}

If z; = 1 instead, then X0 (271 2. Zh )i =0, z=
0, 1. Therefore, for all z € {0,1},
> M, Xpn (27 2 2 ) i), 2) = Az, 0).
z€{0,1}
Hence,
Z Hi $ Zl Z A T X]?IIJ,DE i TR Zz+1)[ ]))H(Z,Z)
xze€{0,1} z€{0,1}
= Y I A0 =TT = @)
T 1=28
ze{0,1}
Combining (1), (3), and (4), we obtain that if T'(2") =
[n26(1 —6)], and § < 1, then
. T(z") T(z") 1-96
N ny — —
LXSdgE<Z ) - (1 n )6 * n 1-25
25(1-8)2 1-6
> (1—26(1— —
2 (1 =201 =00+ = —55= = T a5y
>1+26(1—0)

for all sufficiently large n. Since for all X and 2",
L¢ (2™, 2™) <1, we obtain that if T'(2") = [n26(1 — 0)]

LX'n. o (2™) — 2"™") > 28(1 - 9).

DUDE

Lgno (2"
XSUDE( ’

The probability of this pathological type depends on the

type T'(z™) of the clean sequence. If T'(z™) = nd, then it can
be shown that for some constant K
K
Pr(T(Z") = |n26(1 =9)]) > —
N
which proves the theorem. [ ]

IV. MODIFIED LOSS-ESTIMATOR FOR THE DUDE

We derive a concentration result for a class of denoisers that
includes the DUDE. This result is a slight generalization of a
result implicit in [3]. In [3], the DUDE’s loss was estimated
as the minimum of the loss estimates as computed using (1),
where the minimization is over all sliding window denoisers
with the same window size. This estimate is identical to the
loss estimate for the DUDE as given by the modified estimator
in this section. For a sliding-window—based denoiser X", let

L. (2"

(x, 2)
i=k+1z€A

XE Az, 2:(2))

z€A

I(z, z) (5)

= fin (2 p 2 zfﬁ) Note that this estima-

where Z;(z)
tor is no longer unbiased. Let Sk denote the set of all kth
order sliding-window-based denoisers.

Theorem 2: For all X" € S‘k, T >0, and all =™
Pr(|Lg. (e, 2") ~ L. (27)] = 7)

—2(n—2k)7?
(k + 1)6 (D) [[A]120 (1+M [T~ 1] 0)2

2k+41

<MY

Proof: Let X™ be defined by the collection of functions
{Fgnonds fxnon @ APF*L — A Then, letting Ly,



denote the loss incurred by the k-th order sliding window
denoiser defined by an an for all z" € A™ we have

Lgn(z",2") = Ly, (2", 2"). Similarly, letting Lf n
denote the loss estimate, glven by (1), for the k-th order sl1d1ng
window denoiser defined by f., .., it follows from (5) that,

for all 2" € A", L¢,(2") = f’fXZ (™). Therefore, for all
clean sequences z™ € A", we have
")

Pr(|Lg. (@
=Pr(|Lrg . " 2" = Ly, (27| 2 7). ©)

With a slight abuse of notation, let Si also denote the set of
all functions {g: A%**! — A}, and let £, denote the event
that f¢. ,. is g. Then

7)

Pr( — Ly (M) 2

= 3 Pr(& 0 |Ly(a", 27) ~ Ly(27)

gESK
")
—2(n— Zk)'r

<> Pr(|Lye
< MM (4 1) FFDIATR QM 100

"Z") = Lga(Z27)| 2

(", 2")

ZT)

—Ly(z™)| >

gESk

where the last inequality follows from (2) and the fact that
ISk < MM e Substituting this in (6) completes the proof.
|
Theorem 2 implies that for all 7 > 0, and all sliding-
window-based denoisers the probability that the estimation
error exceeds 7 vanishes with n as long as kM?**1 = o(n),
which includes k = v;logn where v; < (2log M)~?
note that Theorem 2 also holds for an estimator that is based
on the posterior probability as computed by the DUDE.

V. NON-PATHOLOGICAL SEQUENCES

In this section, we derive a concentration bound for all
“non-pathological” clean sequences. The bound vanishes with
n even when k is only required to be o(ni). We employ a
martingale inequality derived by Kutin [4], a simplified version
of which is stated below. Let f be a function of random
variables Z™ € A™. We say that f is strongly difference
bounded by (11,72, 6) if for any 2", 2" € A™ differing only in
one co-ordinate, we have |f(z")— f(2")| < 71, and moreover,
lf(z™) — f(E™)| < ™ is not in a “bad” subset B
of A™ such that Pr(Z™ € B) = 4. For any f that is strongly
difference bounded by (71, 72, d), Kutin’s inequality states that
for any 7 > 0,

Pr([f(2")

Observe that 79 must tend to zero with n for this bound
to be non-trivial. We will show that for all non-pathological
sequences z™, f(z") given by LXM (z™,z") — LXM (z")
is strongly dlfference bounded and therefore a concentration
result such as the one above holds.

First, we define the “bad” set B, for which we require the
following notation. For 2k < n, a® € A", ¢ ,,cf € A,

let m(a™,c”;,ck) denote the M-dimensional column vector

277,7'1(5

~ B2 z7) <2 5 4 20
2

whose co-th component, ¢y € A, is m(a™, ¢ i, c¥)[co] =
i k+1<i<n—kath =c*}, the number of
occurrences of the string ck_ , in a™. These counts are the
basis for DUDE’s denoising decision. Let M denote the set
of all M-dimensional vectors with non-negative components

that sum to at most n. For a,b,c € A, let
M*(a,b,¢)  {m e M : (A, — )" (T "m) © 7,) = 0}

denote the M-dimensional semi-hyperplane that contains all
the m’s that might fall on a decision boundary of the DUDE
involving reconstruction symbols a, b and noisy symbol c. The
“bad” set B is defined to be the set of all 2 € A™ such that at
least one of the counts m(z" c_,1€, c¥) could fall within M*
if at most one co-ordinate of 2" is modified. Formally, given
a >0,

£
BY {z":3c",,a,b, st. m(z

Im* € M*(a,b,cp),||m(2", ¢ 5, cf) —

”70:,1€,c’f)[co] > n® and

We term a clean sequence ‘“non-pathological” if the ex-

pected values of the counts m, if significant, are bounded

away from M*(a,b,c) for all a,b,c. Formally, 2" is said

to be “non-pathological” with parameter ~, if for all ck >

if E[m(Z", ¢}, ch)eo]] > (757> then for all a,b, and

m* € M*(a,b, co),

1E[m(Z", 2y, )] —m*|l >y||[E[m(Z", cZ), o)L
Mn®

+(2k+1)+ .

We will show that for non-pathological sequences, the proba-
bility that the noisy sequence Z" is in B vanishes.
Lemma 3: For all “non-pathological” ™ with 0 < vy <1

Pr(Z" € B) < /Blnl*aefﬁz#il

where 1, 3, are positive functions of ~.
Proof outline: We abbreviate m(Z", ¢

Z € B and let c*, be such that m[co] > n®,

and m* € M(a,b, ) be such that ||m (2", c_;, c¥)—m*||; <

2k + 1. Applying the triangle inequality thls implies that

L, c¥) by m. Let

and let a,b € A

|m* — E[m]|[y — |[E[m] —m[|; <2k + 1.
If E[mc]] > 2(1’7:7) then since 2™ is “non-pathological”,
by (7) "
n®
||E[m] — ml[; > v||E[m]
Therefore there exists ¢ € A such that
na
m[e] — E[ml[c]}| > yE[m[c]] + . (8)

If for all ¢ € A, E[m]c]] < 2(;’7:,” using the fact that
mlcy] > n® it is easy to see that (8) holds for ¢ = cg.

Let m;(z",c ., cf), 0 < j < 2k, abbreviated by m;,
denote the M -dimensional column vector whose co-th com-
ponent, ¢o € A, is m;(z", ¢ k,Cl)[Co] Hi:k+1<i<
n—k,i mod (2k+1) = j,2:tF = ¢k, }|. From (8) it is easy
to see that there exists 0 < j < 2k and ¢y € A such that

mj[eo] — Elmy[eo]]| > max{yE[m;[eo]], (4k +2)~'n}.



Therefore,
Pr(Z" € B) < Pr (3c_},j st mj[co] — E[my[co]]|
> max{yE[m;[co]], (4k +2)"'n}).

Observing that each m;[cy] is the sum of independent 0 — 1
random variables, and applying the union bound and Theorem
2.3(b) in [5], this can be reduced to

Pr(Z" € B) < bﬁnl_o‘e*ﬁz#il

where [3; and 35 are positive functions of ~. ]

We will now show that both the loss of the DUDE,
L 4n.k , and the loss estimator, L §n.k , are strongly difference

DUD! - DUDE h .
bounded. Let z" and 3" be two sequences that differ only in
one co-ordinate. The following lemma bounds the change in
loss when a single co-ordinate of 2™ is modified.

Lemma 4: For all ™, and all z™

[Lgn (2",2") = Lgns (¢, 2")] < [|Alloo,

DUDE

and for all z" ¢ B

Ly 07~ L 07

4k + 2)||Al|oo(n*M + 1)
n — 2k '

Proof: For all, x™, 2", and any denoiser X , 0 <
L (2™, 2") < ||Al|ls, hence the first result. Observe that
changing one co-ordinate affects the reconstruction of a sym-
bol in three ways: it might change the context of that symbol,
the symbol itself or it might change the number of occurrences
of the context of the symbol sufficiently to affect the DUDE’s
decision for that context. Since changing one co-ordinate
changes the context of at most 2k 4+ 1 symbols, the change in
loss due to change in context or the symbol itself is at most
(2k + 1)[|A] .

We now bound the change in loss due to the third event.
Modifying one symbol modifies the counts m(z", ¢”},, ck)[co]
of at most 4k + 2 contexts c* - Let ck i be one such affected
context. Case 1: If for all ¢ € A, m(2", ¢, c¥)[d] < n®,

then the number of indices i such that 2!, = z/"} = ¢ ;,

i+ itk o,k . O U
ZZL = Z;il = cb, and Xou(2™)[i] # Xowes(2M)]i] is at
most Mn®. Case 2: Suppose there exists ¢ € A4 such that

m(2", ¢ 1, ck)[e] > n®. Note that for all ¢~} cf,

oLk
XpipE

<

lm(z", 2y, cf) —m(Z", cZp, el < 2k + 1.

Since z" ¢ B, for all a,b,c both (A, — )T
(MTm(z", ¢, ) O me) and A = W)T
(II~Tm(z", ¢4, c})) ©m:) have the same sign. Since

n

XDU’,fE is given by

o,k 9 T -T i—1 itk

Xoon (2] = argmin Aj (I m(2", 27, 710) © 72,

if i is an index such that z{"} = Z/_, = ¢_; and 21} =

ZiY = o, then Xk (zm)[i] = Xk (z™)[i]. In words, the

reconstruction and therefore the loss is unaffected.
Combining both cases and the fact that the number of

affected contexts is at most 4k + 2, we obtain the result. N
Following arguments similar to the proof of Lemma 4 we

obtain the following lemma.

Lemma 5: For all 2™, and all 2"
. o p . »
1L gt (7") = L, (] < 2M [T o Ao,
and for all 2" ¢ B

g, (2", 2") = Lgge (", 27)]

_ (k4 2) M| [ [|A oo (n® M + 1)
- n— 2k ’
Combining Lemmas 3, 4 and 5, and Kutin’s inequality we
obtain the following result.
Theorem 6: For all “non-pathological” ™ with 0 < v < 1,

and f(z") =1L (z™, 2") — L (z™), we have

on,k
XDUDE

on,k on,k
XDUDE XDUDE

(n—2k)l—20 2

Pr(|f(27)] > 1) <26 M@ BTN = M T

2ﬂ1n3—2ae*52%
(4k +2)M (1 4+ M||II71|s)

where (31, 02 are positive functions of ~.
Observe that for all 7 > 0, the probability of estimation error
> 7, goes to zero as long as k = o(n®) for 0 < a < 3.

Further, we show that for many channels and loss functions,
the fraction of sequences that are “non-pathological” tends
to one as long as k < klogn where x depends on the
channel. Let P* denote the M -dimensional column vector
whose entries are all 1/M and let A/(y) denote the set of
non-pathological clean sequences with parameter v > 0.

Theorem 7: If TI, A are such that for all a,b,c € A,
II7P* ¢ M*(a,b,c), then there exists x > 0 such that for
k < klogn, IN(y)| = M"(1 —o(1)).
Many channels and loss functions, e.g. BSC with crossover
probability 0 < 6 < % and the Hamming loss function, satisfy
the requirement of Theorem 7.

Theorem 2 implies that for the loss estimator L ok, if
DUDE

k = ~1logn where v, < (2log M)~!, the estimated loss
concentrates around the true loss. Extending &k beyond this
value is hard due to the difficulty in bounding the bias of
L Xk - Howeyver, one can redefine the notion of the “bad” set
introguced in this section, to be the set of sequences where the
number of occurrences of some context exceeds n%, a < % In
that case, if £ = 2 logn where v5 > —210?%’ then for the

loss estimator L 4n.r the estimated loss concentrates around
DUDE

the true loss. Thus, for channels where ||TI||s < M2 (e.g.,
. ey 1 1
BSC with crossover probablhty between 1 — 272 and 27 2),
one can use a combination of L¢nx and L ¢n.x to select the
. DUDE .“*DUDE
optimal k. For other channels, there remains a gap between
the two critical values of k£ pointed out here and in this regime
we can prove concentration only if the noiseless sequence is

“non-pathological”.

+

VI. TWICE-UNIVERSAL DENOISING

It was shown in [1] that for all clean sequences z",
the DUDE with parameter k satisfies, for some constant C'
independent of k£ and n,

E[LXSU,SE(:C \Z") — Dy(a", Z )} <
M2

9



where Dy, (2™, Z™) denotes the loss of the best sliding denoiser
for the clean and noisy sequences ™ and Z" and the expec-
tation is with respect to the noise distribution. Consider any
increasing sequence k,, for which the bound (9) with k = k,
converges to zero. The sequence of DUDEs with parameter
k,, thus satisfies

n n n n M2kn k"
E|Lgpi (5", 2") = Di(a", 2 )] <oy 2 2 o),
(10)
which holds simultaneously for all k& < k,,, since Dy (z™, Z™)

is decreasing in k for any fixed ™ and Z™. Given such a
sequence k,, we shall say that a sequence of denoisers X" s
“twice-universal” with penalty e(k,n) if its loss can be proved
to satisfy

M?2kE

E[Lg.(z",2") - -

Dy(2",2™)] < ¢’

+ e(k,n)

1D
for all sufficiently large n and all z™ and all £ < k,
simultaneously and some constant C’ independent of these
parameters and z™. Thus, the DUDE with parameter k,, is
provably twice universal with penalty

Zkk

M2Fn M
e(n,k) = Cy| Tk
n n
M2Fkn
~ Oy M
n

where the latter approximation holds for k& << k,,.

Given k,, as above, the main result of this section is a de-
noiser dubbed the TU-DUDE and denoted as )A(T’fj that is prov-
ably twice universal with a penalty e (k, ) = Cky, (kn/n)'/4,
a big improvement over e,(n,k) when the bound (10) de-
creases substantially slower than O(log n(logn/n)'/%).

The TU-DUDE is based on the D-DUDE, a deinterleaved
version of the DUDE algorithm. For 5 = 0,... k&, define
m; (2", ¢}, ch) as

m;(z" Hi:k+1<i<n-—k,

i = j (mod k-+1), 25 = o )|

) C:]1€7 Cllc)[co] -

for ¢y € A. The D-DUDE with parameter & denoises accord-
ing to

X];lDﬁDE( n)[l] =

: T T ~ i—1 _i+k
arg min \; ((TI
gchX T((

) (2", 20, 2 ) o), (12)

where j(i) € {0,...,k} and satisfies ¢ = j(¢) (mod k+1).
Thus, the D-DUDE denoises the ¢-th symbol using only con-
text occurrences for which the center-symbol index coincides
with ¢ modulo £+1. It can be shown that the D-DUDE satisfies
all of the performance guarantees proved in [1] for the DUDE,
including (9) above. In fact, the proofs in [1] actually involve
a deinterleaving step.

The TU-DUDE, in turn, evaluates the estimated loss (1) of
the D-DUDE for all parameter values k£ < k, and denoises
using the minimizing value. Formally, given k,, the TU-
DUDE is defined as

Xh(z

Anfc*

")[i] = Xohose (2™)][i] (13)

where

(2").

Theorem 8: For the binary case M = 2 and Hamming
loss! the TU-DUDE, as defined in (13), is twice-universal with
penalty e, (k,n) = Cky(ky/n)*/* for a constant C.

Proof: In the first part of the proof, a bound is obtained on
the expected error in estimating L ok E(:c", 2™), the actual

loss of Xk using the estimate L K7k ( ™). This bound
is then used along with the above noted pe performance bounds
on XD DUDE, to establish the stated twice-universality properties

k; = arg mlkn LXn k (14)

D-DUDE

of X{fj.
For j =0,...,k, let
Aj(a™ 2" = Y A Xl (2™)li]) — As(z")
i:t=7 (mod k+1)
where
Ai(z") =
Z 7 (2 Z Az XSD’;DE = Yoz 2l )z, 2).
zeA z€A

Note the identity

k
n _n T n 1 n _n
Lgns (&",2") = Lgnx (2 ):EZAj(x ,2").

D-DUDE
From the above, it follows that

E(|Lgns (2", 2") =

D-DUDE

XS];‘UDE(Z )|)

k
nZE|A 2", ZM)]). (16)

7=0
Let S; = {i : ¢ # j (mod k+1)}. By conditioning on Z°7 =
{Z; :i € §;}, it follows that
B(|Aj(z",ZM)) = B(E(|A;(z", 2M)||2%))
< max E(|A; (2", Z")||2% = 2%) (17)

where 2/ is a sequence over A indexed by elements of S;.

Notice that for any index i € S¢, {i—k,i—k+1,...,i—1} C
Sjand {i+1,i+2,...,i+k} CS;. Define S, 1 (=) 2

{iess: 2= c_i,zfif = ck} and let
A] ook (@ 27) =
Az, Xiipbon (=)0 — Ai(2") - (18)
7€SJ Cillc’clf(zsj)
so that
Aja 2"y = Y A @2 (19)

(e” i,c’f)eA%

It follows from the definitions of Xg,;ﬁm and the corresponding
L gn that the random variables A; -1 (2", Z") for fixed
D-DUDE P—k1

ISome form, perhaps the same form, should hold for A/ > 2 and general
distortion.



j and (¢ ;,c¥) € A% are zero mean and conditionally

independent given ZSi = 2°i. Moreover, each such random
variable is conditionally distributed like the difference between
the actual and estimated loss for a zero-th order DUDE
operating on the subsequence of noisy symbols with indices
in S oot J( 7). An extension of the analysis in Section III
shows that the conditional variance

o> SEA? ., (2", 2M)|25 = 2%)

JreThoek T AT A -

satisfies

0]2071 k<b1|8 oL k( Sj)|3/2

k€1

for some constant b;. The conditional independence of the
A k( " Z"™) then implies (from (19)) that the condi-

JrC_1rC
tional variance of A;(z™, Z™) denoted by

A n n

03 = B(AX (2", Z™)| 2% = %) (20)

satisfies
2 _ 2
aj - Z O—j,c:}v,c’f
(eZ i,c")E.AN9
551 |3/2
Sbl Z ‘S sC_ ka°1( ])‘ (21)

(e ,16 ,cf kye A2k

Noting that

~ n

S. _ Si)| < 1
( IZ)A%l chibc}f(z )l_k+1+ ’
C_1C1)E

it follows from the Schur convexity of the function ), x?/ 2

that, subject to this constraint, (21) can be no bigger than
((n/(k+ 1))+ 1)3/2, so that

b i 22
<
< (}) o
for some constant by independent of k, n and j.
This, together with Jensen’s inequality, implies
E(|Aj(z", ZM)|| 25 = 25) < (o5)!/? (23)
3/4
<@)2(7) e
(25)
and this last step, together with (16) and (17), implies
o n oony _ T . n
E(L gk, (" 27) = L (Z7)))
k+1 /n\3/4
< ()2 (1)
< (b2) n k
1o\ /4
= b3 () (26)
n

for some constant bs.
The final step is to relate this bound on the expected error
of the estimated loss to the performance of X[!. To this end,

note that
B(Lg, (a", 2") — Di(a", 2"))
= E(Lgnx (2", 2") = Dy(2", 2"))
+E(LXT"U(I’ ,Z") — Ly (™, Z™))

M?2kE

n,k
XD DUDE

<C

(27)
where (27) follows from the fact noted above that the DUDE’s

performance bound (9) also holds for the D-DUDE.
In analogy to k; defined in (14), let

ky = ar mlnL ke (™, 2"
g e XDDUDE( s )7

(28)

be the actual loss minimizing context parameter for the D-
DUDE. It is thus a function of both the clean and noisy
sequences, unlike its counterpart l;:;’;, which is a function only
of the noisy sequence. We then have the following

Bllsy (7.2 = Lygy (0 27)

= B(L i (3", 2") = L gnis (2", 2")+
XpDUbE D-DUDE
E(L)A(SIE% (:L‘n,Zn) — LXSD]LDE(x Zn)) (29)
SBE(Lg.s (2" 2"~ Lgnw ("2%)  (0)
Xp.pUbE D-DUDE
=B 0 (", Z") =L ., zn
( XD-i:ﬁﬁjE( ) XD-i)kUTBE( ))
E(L_,ix (@™, Z") =L jnwx (2™, 2™)) 31
Xp.DUDE XppUbE
S E(L sn,k* (xna Zn) - IAJ on, kX (mn’Zn))
Xp.pubE D-DUDE
E(L gnss (2", 2") = L gns (2™, Z™)) (32)
Xp.puUbE Xp.pUbE
7 n 7n
< QZE |LXDDUDE($" zr) LX];b%DE<x ’Z )|) (33)
k 1/4
< sk, () (34)
n

where (29) follows from (13), (30) follows from (28), (32)
follows from (14), (33) follows by taking absolute values and
summing absolute estimated loss errors over all k, not just
the two in the previous step, and (34) follows from (26). This
proves the theorem with C = 2bs. |
Improving the twice-universality penalty. The above proof
suggests that it may be possible to improve the twice-
universality penality through a more refined analysis. In par-
ticular, the worst case conditional variance bound identified
in (22) corresponds to the case when the conditioning subse-
quence 2Si forces all contexts to be the same. However, in
this case, Jensen’s inequality, as applied in (23) to bound the
absolute deviation in terms of the variance, is weak. More
specifically, an extension of the analysis of Section III reveals
that the true behavior of the expected absolute deviation of
the (unnormalized) estimated loss in this case is only O(n'/?)
and not O(n3/%), as implied by (24).

The following intuitive considerations give some idea of the
improvement in the twice-universality penalty that might be
possible by tightening the above step in the proof. Consider



a conditioning subsequence z°7 that results in m, equally

occuring contexts of length n/m,,. If m,, increases at a suf-
ficient rate the m,, i.i.d. random variables Ajyc:;’c,f (x™, Z™)
corresponding to the occuring contexts will satisfy a central
limit theorem. Let W;, ¢ = 1,...,m, denote these random
variables. We can use Lyapunov’s condition [6] to determine
such a central limit theorem inducing m,,. Letting oy, denote
the standard deviation of each W;, Lyapunov’s condition

specialized to this application is that for some § > 0

m
——"— —B([W;]*"°) = o(1 35
G B <o) )

in which case (1/y/my,) Y. W; converges in distribution to

N(0,0%,,). As noted in the proof above,

3/2
% =0 [n]

mp

and through similar considerations, it can be shown that

246
W) =o (| 2] /2
mn n

Inserting these into (35) and simplifying reduces to the
condition that m,, grows faster than n'/® in the sense that
n'/®/m, = o(1). The corresponding standard deviation of
the sum of the W; could thus grow almost as fast \/m,ow,
= O(n'/10(n?/%)3/%) = O(n™/10). After normalizing by n,
this yields a standard deviation of O(n=3/19). Since for a
normally distributed random variable, the standard deviation
and absolute deviation are of the same order, the above
analysis would suggest, up to a polynomial factor in k,,
O(n=3/1%) (as opposed to O(n~'/%) in the theorem state-
ment) as a lower limit to the twice universality penalty that
might be obtainable through a refinement of the Jensen’s
inequality/Schur convexity step in the proof of Theorem 8.
We leave such refinements to future work and note that
any additional improvements beyond O(n~3/10) would likely
require a significantly different approach.
Why D-DUDE and not DUDE? The technique underlying
the proof of Theorem 8 does not directly apply to a denoiser
based on the original DUDE with a context parameter selected
using the loss estimator. The difficulty is that in a DUDE based
denoiser, the random variables A Jieml ek (z™, Z™) for different
contexts may no longer be conditionally independent given
79, thereby greatly complicating the analysis of the variance
of their sum. The D-DUDE, on the other hand, induces such a
conditional independence. Whether or not replacing D-DUDE
with the original DUDE in Xﬂj continues to yield the twice-
universality properties of Theorem 8 is thus an open question.
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