A FINITE HYPERPLANE TRAVERSAL ALGORITHM FOR 1-DIMENSIONAL L!pTV
MINIMIZATION, FOR 0 < p <1

HEATHER A. MOON AND THOMAS J. ASAKI

AssTracT. In this paper, we consider a discrete formulation of the one-dimensional L'pTV functional and
introduce a finite algorithm that finds exact minimizers of this functional for 0 < p < 1. Our algorithm for
the special case for L' TV returns globally optimal solutions for all 1 > 0 at the same computational cost of
determining a single optimal solution associated with a particular value of lambda. This finite set of minimizers
contains the scale signature of the known initial data. A variation on this algorithm returns locally optimal
solutions for all A > 0O for the case when 0 < p < 1. The algorithm utilizes the geometric structure of the set of
hyperplanes defined by the nonsmooth points of the L! pT'V functional. We discuss efficient implementations
of the algorithm for both general and binary data.

1. INTRODUCTION

In this paper, we introduce an efficient finite hyperplane traversal (ht) algorithm for solving the 1D discrete
L' pTV problem, for all parameters A > 0

m—1 m
min $Gp() = ) luir =l + A ) Ifi—uil ¢, (1)
i=0 i=0

ucRm+l1

where 0 < p <1, f € R™! is some given data, with either fixed (4y = fo and u,, = f,,) or free boundary
conditions. The ht algorithm requires only finitely many iterations to obtain a complete set of exact min-
imizers for for all A > 0. For p = 1, these minimizers are global minimizers, while for p < 1, the
minimizers are local. Computationally effcient implementations of the ht algorithm are presented for both
general and binary data.

The ht algorithm uses the geometric structure of the discrete L' pT'V function, Gp,in . Notice that G,
is nonsmooth on hyperplanes of the form {ulu; = u;, where |i—jl = 1,0 < i, j < m} and {ulu; = f;,0 <i < m}
and smooth everywhere else in R"*!. We show that minimizers of G, are located at intersections of these
hyperplanes. While the ht algorithm is an iterative improved-point algorithm, this geometric structure allows
us to avoid computing descent directions and step sizes in the typical optimization sense. The algorithm
iteratively reduces the parameter A (in the spirit of parametric programming) determining at each step an
optimal descent direction and performing a “line search” on a finite subset of points. Furthermore, it is never
necessary to leave hyperplanes of the form {ulu; = u;, where |i — jl = 1,0 < i, j < m} and {ulu; = f;,0 <i <
mj}, so that the dimension of the problem is reduced after each iteration.

A complete set of minimizers for (1) can also be obtained by reformulation to a linear program and
solved using a parametric simplex method (for example, see [8]). However, the ht algorithm is distinctly
advantageous for several reasons. Significantly, a reformulation is only possible for the p = 1 case, whereas
the p < 1 solutions are of importance as described later. A reformulation changes an unconstrained problem
in m variables to a linear program with 5m variables and 2(m — 1) constraints and 5(m — 1) additional
sign restrictions. Thus, it cannot take advantage of any dimension reduction strategies and requires a large
amount of data storage and computation due to the large number of constraints. For the p = 1 case, the
ht algorithm produces a sequence of minimizers that correspond to basic feasible solutions (or minimizing
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linear combinations) of the reformulated problem. However, the ht algorithm does not rely on the high-
dimensional geometry of the feasible set of the reformulated problem, working in a continually reduced
dimensional space.

Graph-cut methods have also been successful in efficiently solving (I)) for both one and two dimensional
data [10, 9l]. They can only address the p = 1 case. However, the A-parametric problem can be solved by
this method. The advantage of the hyperplane traversal algorithm is in simplicity of implementation and
minimal data footprint.

Problem () is a discretization of

min f|Vu|”dx+/lf|f—u|dx, forO0<p <1, 2)
ueB,(Q) Jo Q

where f : R* — R is a given function, ) is a bounded domain, and the minimization is taken over all
functions of bounded variation, u : R” — R. Problems such as (2)) are motivated by applications in signal
and image analysis tasks such as denoising and finding scales in data. Variational and PDE based methods
of denoising have been used for more than two decades ([[14],[12],[2],and [3]]). The most notable variational
techniques solve the problem

u' €arg min 7, (u, Vu) = f [Vul? + Alf — ul?dx. 3)
uel2(Q) Q

Now, if A is large, the term containing A|f — u|? must be small, therefore making our minimizer u* close to f

in the L7 sense. But, if A is small, ||Vul|, will be small, that is, # will have smaller variation in the L? sense.

In the applications of denoising and finding scales, we note that u* is less noisy than f (or has less of the

smaller scales of f) and more flat when A is small and u#* is more like f (more of the noise remains) when A

is large. We now briefly discuss a few of the results for particular values of p and q.

F2.2(u, Vu) was first introduced by Tikhonov [14]]. This functional is strictly convex. Using results from
the calculus of variations (see [5} 6L [7]), we can say that there exists a unique minimizer. In image denoising,
we find the minimizer of % 2(u, Vi), has smoothed edges around objects (22 (u, Vu) is larger for functions
with jump discontinuities than for those that will increase steadily and thus losing edge location). Pixel
intensity is also lost. This problem then is not sufficient for images with regions of high contrast or well
defined object edges.

Rudin, Osher, and Fatemi proposed [12]] minimizing %7 2(u, Vu), also called the ROF functional, to allow
jump discontinuities in #* which makes sense in many real images. 77 2(u, Vu) is also strictly convex. In
image denoising, we see that minimizers preserve the location of object edges, but still lose contrast (even
when f is a noiseless image) and features with high curvature are lost [13]]. That is, corners get rounded.

In [2]], Chan and Esedoglu show that minimizing the L' TV functional, #7 1, for imaging tasks will pre-
serve pixel intensity. However, features of high curvatures are still lost. This functional is again convex, but
this time it is not strictly convex. Therefore it should be noted that we cannot guarantee a unique minimizer
for L'TV. For a discussion about the discretized L! TV see also [[1] and [L1].

In 2007, Chartrand [3] proposed to minimize ¥, for 0 < p < 1. It is worth noting that the functionals,
¥ p.2, are not convex and therefore standard methods do not guarantee that we find a global minimizer.
Despite this lack of guarantee, Chartrand found success in obtaining what appear to be local minimizers.
For a cartoon image or an image with piecewise constant intensities, these solutions preserve object edges,
pixel intensity, and areas of high curvature where sharp corners occur.

In Section [2] we present a variety of properties of (I) when p = 1 and provide helpful definitions and no-
tation used throughout the paper. In Section [3|we provide a formal description of a preliminary ht algorithm
including motivating concepts. In Section 4] we show that this algorithm provides a global minimizer (at
fixed A) for the case p = 1. In Section [5] we show that the iterative solution of the 2 = 0 (p = 1) problem
provides a complete set of global minimizers for all 4 > 0, and formally describe an efficient ht algorithm.
In Section [6] we show results of time trials. In Section[7] we consider an example of using ht for extracting
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scale information from daily sunspot number data. In Section [§] we discuss the generalization of ht to the
p < 1 case. Finally, in Section 9] we provide concluding remarks.

2. PROPERTIES OF THE DISCRETE L! 7'V FUNCTION

In this section we present a variety of properties of (I)) for p = 1:

m—1 m
min {Gl<u> = ZO i1 = 1] + A Z(; |fi = uil } : @)

We also provide helpful definitions and notation used throughout the paper. In particular, we consider the
geometric properties of G| and consequences for finding solutions to ().
First, we define the sets on which G is nonsmooth.
S, ={u= Gy, ..., up)u; = uipq, forsomei=0,...,m—1} 5
and
Spi={u=(u,u,...,uplu; = f;, forsomei=0,...,mj. (6)
Now we collect some properties that describe the minimizers of G;.
Lemma 2.1. G| has a minimizer.
Proof. G is bounded below, convex, and coercive in that as [u| — co G| — oo. Thus, by the Weierstrass
optimality condition, G| has a minimizer. O

Definition 2.1. We define the set of global minimizers, M, for G, noting that this set depends on the value
A1>0,
M, = argminGj.
u

Lemma 2.2. M, is bounded and convex.

Proof. The boundedness and convexity of M, follow directly from the boundedness and convexity of G;.
m|

Lemma 2.3. If u is a local minimizer of G1, then u € M,. That is, if u is a local minimizer, then it is also a
global minimizer.

Proof. This lemma follows directly from the convexity of G. O
Definition 2.2. Let G| be defined as in (). Let Y be the set of points of intersections of at least m + 1
hyperplanes of the form {&; = f;} and/or {u; = u;y1}.

2m+1)!
Lemma 2.4. |Y| < % < oo.

Proof. First note that the number of hyperplanes of the form {u; = u;;} is m. The number of hyperplanes of
the form {u; = f;} is m + 1. Using the definition of Y, we see that the number of all the possible intersections

of m + 1 such hyperplanes is ( znT-:-ll . That is |Y| < 2’;;1:11 = % (Here, the first is an
inequality because we may have hyperplanes that are everywhere the same.) O

Lemma 2.5. There is a minimizer, u*, of Gy in Y.

Proof. Let &t be a minimizer of G| and &# ¢ Y. Suppose first that VG (&t) exists. Then VG (&) = 0. But
then because G is affine at points where it is differentiable, G is constant in the whole region containing
it up to and including the bounding hyperplanes where G is nonsmooth. By the coercivity condition, this
region must be bounded. Therefore, there is a point, u*, on the boundary of this region that is in ¥ such that
G1(u*) = G (&) where G is given in (4).

Second, suppose that &t € H where H is the intersection of ¢ < m hyperplanes where G is nonsmooth,
then we consider the function G; which is G; restricted to 4. Then VG (&) exists and is zero. We can then
use the same argument above to get that the set of minimizers includes a point in Y. O
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3. PRELIMINARY HT ALGORITHM FOR DISCRETE LTV

We now propose a preliminary ht algorithm for solving (@) for a single fixed value of A. The convergence
properties of this algorithm are examined in Section 4] In Section [5] we show that a finite A-parametric
iterative implementation can be used to discover globally optimal solutions for all 2 > 0.

Consider a pedagogical example. Let 4 = 1, f = (0,0.9,0.4, 1) with fixed boundary conditions, ug =
fo.uz = f3. The geometry of G is illustrated in Figure[I} The level lines of G appear as simple polygons
with blue indicating lower value. There are seven hyperplanes (lines) where G is nonsmooth and |Y| = 11.
The preliminary algorithm is an improved iterate algorithm in which all iterates lie in S, |J Sy, and an
optimal point lies in Y.

Ficure 1. Level lines for the function G(uy, up) = |up — uy| + |uy| + |1 — up|, showing the
affine nature of the discrete formulation for L!TV. Here blue represents low values and red
represents high values.

The preliminary algorithm works as follows. Start at the point # = f. Check positive and negative
coordinate directions for descent in G;. Sum all coordinate descent directions to get an @-descent direction
(formal definition below). Perform a finite line search on the set of points where the search line intersects
the hyperplane set S, |J Sy. If the algorithm steps to a point in S, compute a new a-descent direction and
repeat. Otherwise, (if the algorithm steps to a point in S,,), project the current point onto R%, the space that
is isomorphic to the intersections of the hyperplanes of the form {ul(.k) = uy‘)}. Repeat until no coordinate
descent exists.

The formal algorithm is given in Tables [I] and [2] and makes use of the following definitions. Let the
coordinate directions, ¢; be defined as usual, that is

th

e; =(0,...,0,1,0,...,0), where the 1 is located in the i~ position.

Definition 3.1. We define an a-direction to be a vector v so that
V= Z a;eé;,
i

where a; € {—1,0, 1}. We say that v is an a-descent direction for G at the point u if v is an @-direction and
Gi1(u+%yv) <Gi(u) for all 0 < ¥ < vy, for some y > 0.

4. GLOBAL MINIMIZERS FOR A FIXED A

Using Lemmas and[2.5] we know that G| has a minimizer in the finite set Y. Below we show that
Algorithm [3.1|finds a minimizer after finitely many iterations. We begin with the statement of this theorem.

Theorem 4.1. Algorithm[3.1|converges to a minimum and is finite.
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Algorithm 3.1. (L'TV)
Given f = (fi,..., fm);
Setu® = @, ..., ul)) = (fir. .. f);
Set k « 0;
do
Compute d® using Algorithm [3.2]
Q) < argming, {Gl(u(k) + ad(k))| u® 4+ ad® e S, U Sf};
Ukt — 4y ® 4 0 d®;
k—k+1;
until 4% =0

TasLE 1. Preliminary L' TV algorithm

Algorithm 3.2. (Descent at iteration k)

Given uy, ..., uy,;

i=1;

Evaluate GO = G1(uy, ..., uy);
Setd « 0;

while i <m

Imax = argmax {l|up = u;, Yi<h<i+l};
Vo it
Gl =Gy (u+ (-1 — up)v);
G2 = G (u + Wislypr1 — Uikl V)
if G1 < GO
d « d + sign(uj—1 — u;)v;
elseif G2 < GO
d —d +sign(Uiyq,, +1 — Uit Vs
end
L e— i+l +1;
end

TaBLE 2. a@-descent algorithm

The proof of Theorem {.1]is a consequence of the next four lemmas which we will prove in subsequent
subsections.

Lemma 4.1. Wherever descent exits, a-descent also exists.

Lemma 4.2. Whenever a-descent exists, the a-direction of Algorithm[3.1] also exists.

Lemma 4.3. a-directions found in Algorithm[3.1] give strict descent.

Lemma 4.4. Only finitely many steps of the algorithm are needed to get from one point in Y to another.

4.1. Proof of Lemma[d.1} In this section we will show that if at u, G; has a descent direction, then G; also
has an @-descent direction at u. We begin by borrowing from [4]], the definition of the generalized gradient
and generalized derivative which we use to discuss descent directions for G.

Definition 4.1. We define the generalized gradient of a locally Lipschitz function g at a point u to be

6(v) = o lim Vg(x)

xi — x,Vg(x;) exists} . @)
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We define the generalized derivative, g°(u; v), of a function g at a point u in the direction v to be

¢°(u; ) = lim sup SE ) ~80), )
YouN0 t
where y € R” and ¢ > 0.
We also take from [4]] the following proposition:
Proposition 4.1. Let g : X — R be Lipschitz near u. Then for every v € X, we have
8°(x;v) = max{{{, V¢ € dg(x)}. ©)

Because in a neighborhood of each point u € R there are only finitely many Vg(y), Equation 0] reduces
to

¢
0g(u) = co{Vg(uy),...,Vglup)} = {aqu(u]) + ...+ arVglup) la; 2 0,i =1...¢, Zai = 1}. (10)

and

4
a,-ZO,i:I...f,Zai:I}.
i

Let K(u) be the cone of descent directions for G| at u. We now prove a more general statement about
functions that are continuous and piecewise affine.

g°(u;v) = max ){alVg(ul) V4. o+ arVeue) v

(@p,¢

Lemma 4.5. Let g : R" — R be a continuous, piecewise affine (with finitely many pieces) function that is
smooth on convex domains. If g°(u;v) < 0 then v is a descent direction.

Proof. Let u be a point so that Vg(u) does not exist. This means that « is on a section of the boundary of
¢ domains where g is smooth. Because the domains where g is smooth are convex, we can choose points,
ui,...,ug, one in each of these domains, so that g is linear along the line segments connecting « and u; and
then using Definition we have that if g°(u;v) < 0 then Vg(u;) - v < 0 fori = 1,...,£. Otherwise if for
some j, Vg(u;) - v > 0 then we could choose a; = 0 fori # jand @; = 1 and g°(u;v) > 0. Let #p > O be
sufficiently small so that g is linear along the line u + #v for 0 < ¢ < fy. Then, we know that

gui) — g(u) = g(u; + tv) — g(u + ).
Thus,
glu+1tv) — g(u) = glu; + tv) — g(u;) = tVg(u;) - v < 0.
Thus, v is a descent direction. O

We recall that G; divides R™ into domains where G is linear in the interior of these domains and G is
nonsmooth on the boundary of these domains. Notice if R is one such domain, then dR is contained in the
union of hyperplanes of the form {u; = u;} and/or {u; = f;} for some i, j.

Using Lemma[4.5] we prove in the next few lemmas that if at a point u on the boundary of one of these
regions there is a descent direction for G, then there is also an a-descent direction in the lower dimensional
space to which we have stepped.

Lemma 4.6. As above, let K(u) be the cone of descent directions for G at u.
a. v € K(u) if and only if G{(u;v) < 0.
b. Ifve 0K(u) then Gi(u + tv) = G1(u) for all t > 0 sufficiently small.

Proof.
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a. First note that using Lemma.5] and since G is piecewise affine with finitely many pieces, we get
Gi(u;v) <0 =ve K.
We need only show that
ve Ku) = Gi(u;v) <0.

Letv € K(u). Then G{(u+1v)—G1(u) < 0 for all # > O sufficiently small. We also know that since G
is convex we have that Gy(u) — G (u — tv) < 0 for any 7 > 0. Suppose that at u, u; # u; for some i, j
and u; # fi for some k, then we choose & > 0 sufficiently small so that for all &t € Bg(u), it; # it; and
iy # fr. Lety € B:(u). Let R be aregion as described above. We now break this argument into cases:

Case 1: Suppose thats u, u + tv,y,y + tv € OR . We know then that G is continuous and affine in
B.(u) N OR. Thus, G1(y + tv) — G1(y) < 0.

Bg (1) B (u) Bg (1)

Case 1: u,u+tv,y,y +1tveoR. Case 2: u,u+tveORbuty ¢ dR. Case 3: u,y € ORbutu +tv,y +tv ¢ OR.

R

|
V Bg ()

Case4: uc ORbuty,u +tv,y+1tv¢ dR. CaseS:u € R\ IR.

Figure 2. 1D examples for the cases of Lemma[4.6]

Case 2: Suppose that u, u + tv € R, but that y ¢ JR. Since G is affine in B.(u) N R, Gihy+w) -
Gi(y) <0.

Case 3: Suppose that u,y € OR, but u + tv,y + tv ¢ R, then using that G is affine in R, we see
that G1(y + tv) — G1(y) < 0.
In each of the above cases, we see then that G (u;v) < 0.

Case 4: Suppose that u € OR, but u + tv,y ¢ OR. Then by convexity of G| and that G is affine on
B.(u) N R, using case 3, we know that

Gy +1tv)-G1(y) =G1(w) - Gi(u—1tv) < 0. (11)

Case 5: Finally, suppose that u € R \ R, then G is smooth at u. Thus G{(u;v) = VG (u) - v < 0.

b. Let v € dK(u) then we can construct a sequence {vx} C K(u) so that vy — v. Then there is a kg

sufficiently large so that for all k > kg, |[v — v¢|| < € for some € > 0. But G(u + tvy) — G1(u) < 0

for all k since v € K(u). G continuous gives us that G1(u + tv) — G1(u) < € for all € > 0. Thus

Gi(u +tv) —Gi(u) < 0. Butif Gi(u + tv) — G1(u) < 0 then, by continuity, v € K(u). Thus,
Gi(u+tv)—Gi(u) =0.

O

Definition 4.2. Let P ¢ R™. We define

7P >R by ) =i,
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to be the projection map that removes redundancy in u, where 7 < m. That is, if {#; = u;} is active at u, then
the ith or jth (whichever is larger) component is removed from u to get i and if {u; = f;} is active at u, then
the ith component of u is removed to get ii.

Note, this projection is invertible.

Example 4.1. For example, let £ ¢ R* be the 2-dimensional subset given by

P = {(ur, uz, u3, us)luz = uy and ug = fa}. (12)
We define 7 : P — R? by
m(uy, uy, us, fa) = (U1, u3). (13)
If we pick any point in R?, we can find its inverse projection in P by
7, u2) = (ur, un, w2, fa). (14)

Lemma 4.7. Let u € OR where R is one of the regions described above. Let K(u) # 0. Then N(u)NK(u)NOR
has an a-descent direction, where N (u) is some neighborhood of u.

Proof. We know that dR is contained in the union and intersection of some hyperplanes of the form {u; = u;}
and/or {u; = f;} for some i, j. By looking in N(u) N K(u) N R we can restrict G| to points in the lower
dimensional space, P, defined by the active hyperplanes at u. Let

G :R" >R
be defined by G\ () = G (u), where 7' (@) = u. 3
Then we see that VG| (1) exists. Since G is affine in R we have that K(&t) = {v|(v, VG (1)) < 0} which is

a half space and therefore contains an a-direction, . We then have that v = 77! (9) is an a-descent direction
in P. O

Using the proof of Lemma.7] the following result holds immediately.
Remark 4.1. v is an a-descent direction at u < m(v) is an @-descent direction at 7r(u).

Remark 4.2. Lemma gives us that if at u® there is a descent direction for G then there is also an
a-descent direction for G| at u™®.

4.2. Proof of Lemma

Lemma 4.8. Ifat ii € RC an a-descent direction, ¥, exists then there exists an a-descent direction of the form
V= e, (15)

where a; € {—1,0, 1}, é; are coordinate directions, and «;é; are descent directions whenever a; # 0.

Proof. We can let v = Zle @;é; where a; € {—1,0, 1} and &; are coordinate directions. Since G is linear on

R[

4 ¢
Gi(ii+19) = Gy (ft + 1 a’ié,') =Gy [Z(I]iﬁ + taiéi)}
i=1 i=1

¢ ¢
t t
=G [ § ni (ft + Eaiéi)] = E_l n:G1 (ft + Eaiéi)a (16)

i=1
where Zle n; = 1. Now, since ¥ is a descent direction, some of the terms, G (12 + éaié,’) < G(@r). Other-

wise, if Gy (12 + éaiéi) > G1(i1), we would have

¢ ¢
Gi(a+ 1) = Z niG1 (ft + éa’iéi) > ; niG1(@) = G1(@). (17)

i=1
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Let 7 = {iG) (it + #a/l-é,-) < G(ii)}. Now, we know that G, (it + £7) < G (i) for all > 0 sufficiently small.
Thus, G (&t + fa;e;) < G(&) for 7 > 0 sufficiently small and i € 7. Thus, @;; is a descent direction whenever
i € T. And we can create v, by choosing & in the following way

N 7 wheneveri € 1
& = { 0 otherwise (18)
Then
¢
5= Z ié;. (19)
=1
Then
N
Gi(@) > G1(@+19) = G1(@) +1 ) Gi(@@). (20)

J=1
m|

4.3. Proof of Lemma [4.3] Recall that in Algorithm [3.1] we step to hyperplanes where G; is nonsmooth.
Then we work within the lower dimensional space defined by the hyperplanes to which we have stepped.
We define clusters below and use these clusters to algorithmically define the lower dimensional space.

k k
R

for all ¢; < j < ¢j4+1 — 1. Then we define a cluster, Cgk), to be the set of indices j so that u(/.k) has the same

Definition 4.3. Let C® = {cl =l<c<...<cy <m |u£k)_ L * ug‘)} be the set of indices so that u

value as u(clf), that is,

W = (jiforalle; < j < cir — 1)

Notice, that a cluster will have size |C§k)| = cis1 — ¢; (the last cluster will have size m — ¢, + 1) and
Zl.qzl ICEk)I = m. We will say that ui.k) is in a cluster C; and mean j € C;.

Definition 4.4. If u® = (u(lk), . ugf)) € R™ is obtained by £ iterations of Algorithm , we let

. el o

-1 if - Zj’: L] ej is a descent direction for Gy at u®
. T o

1 if Z;’: Cl ej is a descent direction for Gy at u®

0  otherwise

a(k) =
1

for 1 < i < m. For fixed boundary conditions, we set a/(lk), aﬁ,’,‘) =0.

The next two lemmas show that our clusters only get larger in Algorithm [3.1] and that we find descent
when no point, ui.k) in cluster C; will move independently of the cluster. This means that we never go back to
the higher dimensional space, that is, the algorithm continues to step to lower and lower dimensional spaces.
Actually, these two lemmas are for a more general algorithm, that is, for an algorithm that finds minimizers
of L'pTV for 0 < p < 1. The first of these two lemmas gives us this result for iteration 1 of Algorithm
and the second lemma gives the result for all other iterations. Both lemmas are proved by looking at the
various neighborhood cases that are possible at each point u; to show that if u; is in a cluster, C;, it won’t
break away from the cluster in next steps. And then we determine which A values give us descent when

moving a cluster C;.

4.3.1. Clusters need not break up for descent (iteration 1).

Lemma 4.9. Let 0 < p < 1. Let ¢ = lue,—1 — ue,l and iy = |ue,,, — Ue,,,-1|. Then the following statements
hold.
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(1) If there exists a cluster C; with {uc,_1 > uc, and u¢, -1 > uc,,,} and

n, — (e —an)? +n7 — (1, + an)?

0<a< 7ICil 21D
then a descent direction for G, at the point u = f, is
civ1—1 cir1—1
ejwhenn, <n; and — ej whenn, > ny. 22)
Jj=ci Jj=ci

(2) Ifthere exists a cluster C; with {uc,—1 < uc, and u¢,,,—1 < uc,,,} and

= (e + am)? + 177 = (g, — anm)?

0<a< (23)
nCil
then a descent direction for G, at the point u = f, is
ciy1—1 ciy1—1
ejwhenn,>n, and - ej whenn, <n;. 24)
Jj=ci J=ci

(3) If there exists a cluster C; with {uc,—1 < uc, and uc,,,—1 < uc,,,} and

P — (e —an)? + 5t — (m, — an)?
0< 1< 1, — (e — an) |C7|7 (n )] 25)
ne;

then a descent direction for G, at the point u = f, is

ciy1—1
Z e, (26)
J=ci

(4) If there exists a cluster C; with {uc,—1 < uc, and uc,,,—1 < uc,,,} and

iy — (e + am)? + 117 = (, + am)?

0<a< 7ICi 27
then a descent direction for G, at the point u = f, is
civ1—1
- D e (28)
J=¢Ci

Notice, for p = 1, in cases 1 and 2, the condition for A is 0 < A1 < 0. Since there is no such A, we see that
our LTV algorithm will not find descent in these cases. The condition for A for p = 1 in cases 3 and 4 is

2
O</l<ﬁ. 29)

Proof. We begin this proof by showing that if we start with u = f, then to get descent we need not break up

clusters. We break this into 2 cases. We assume for these cases that i, is not a point on the boundary of Q
(1 < ¢; < m). We prove this by considering whether or not

Gp(u+nae) — Gy(u) = lu; + na — ui1|P + lu; + na — ui [P + Au; + na - fi|
—lui — w1 + lu; — ui1|P + Au; — fil < 0. (30)
Case 1: Suppose u¢,—1 = U, = Uc,+1. We assume that 7 > 0 is small and compute
Gp(u+nae;) — Gp(u) =2n" + An > 0, Vi > 0. 3D

Thus, in this case, no descent exists. That is, a data point in the middle of a cluster will not move in the first
iteration. We can also see that for each point we move from the inside of a cluster causes an increase in the
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(0) ©) _ (V]
Ue ) = fery U = fo; Uciyy = Jein

FiGure 3. Casel: u(o)

is a point in the middle of a cluster.
fidelity term and we also see that the variation term will not decrease. Thus, we see that no descent is found
by moving any points from inside the cluster in a direction different than the rest of cluster.
Case 2: Suppose uc,—1 = u; < uc,+1 (see Figure 4)
We assume that 0 < 77 is at most 17, = |u,+1 — Uc;| and compute

Gp(u + nae;) — G,(u)

n’ + (y—an)? -y + Ay
7P(1 —aP +(a—a)?) + Ay wherea = > 1 (32)
n

Notice that if @ = —1, we have G,(u + nae;)) = G,(u) =1 -a” + (a+ 1)’ + An > 0. Now if & = 1, we have
Gp(u +nae;)) — Gp(u) = 1 —a” + (a— 1)P + An. This is also positive since @’ — 1 = (a — 1)’ whena = 1
and the left-hand side is increasing faster than the right-hand side for @ > 1. Thus, in this case, no descent

(0) (0)
0 _, 0 = Je = Je
E,)l fc,;l ( ) _ fc‘, i Ue i+l i+1

O ©)
,+1 fCHl u(r 1 ﬁx 1

(0)
Ci+1 ﬁ i+l

(0)
Uey = Jeiy

0 0 (0) _ ©) _
Wy =fo o UL = o Mo = Jeo U = Jo

Ficure 4. Case2: u(o) is a point on the end of a cluster (four cases).

exists. That is, a data point on the end of a cluster will not move in the first iteration. Notice the other cases
for uc,—1 = u¢; # Ue;41 OF Uep1 = U, # Ue,—1 have the same result and are proved similarly.

Notice that if we moved several points at the end together away from the rest of the cluster, we will see
the same result in the variation term, but we will multiply the fidelity term by the number of points we
move. Therefore, clusters will not break apart in the first iteration of our algorithm. Next we show that
when clusters move together in the first iteration we find descent when A satisfies the conditions stated in
the lemma. We show this by considering whether or not

civ1—1 civ1—1
Gplu+na Z ej|=Gpu) = lue, +na—uc1|" + luc,,—1 +na —ue,, | + 4 Z luj +na - fl
J=ci J=c¢i
ciy1—1
= e, = Ut lP ey 1 =t [P+ A D = fi < 0, (33)
J=c¢i

We break this step into four cases. Let . = |uc,, — Uc,,-1] and n; = |ue, — uc,—1|. We also assume 5 <
min{zn,, n¢}.
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Case 1: Suppose u¢,—1 > U¢e; = ... = U,y -1 > Ug,,. We compute
0
”E’.zl = ﬁr,—l
N o _
uCH,l*l - fci+l_1
e —_— e
0, 0
ug,.) = fe u.(f ) = fi

O _ ¢
Ucipy = Jein

Ficure 5. Case 1: C i(ugo)) has left neighbor above and right neighbor below.
cip1—1

u+an ) ej} =Gy = (ne—an)? =1 + @, + am)? — 7 + ACiIn. 34

J=ci

Gp

We see that for this case, we find descent when

ny — (e — an)? + ! — (g, + an)?

ncCil '
That is, descent is found with this A by moving the cluster up when 7, < n, and down when n, > n,. (For
p = 1, this condition is 0 < 4 < 0, thus descent does not exist.)

Case 2: Suppose u¢,—1 < Ue; = ... = Ug,,-1 < Uc,,- If we use a similar argument to that of Case 1, we see
that for this case, we find descent when

0<A<

(35

i+1°

;= (e + an)? + 117 = (1, — am)?
nlCil .

That is, descent is found, with this A, by moving the cluster up when 5, > n, and down when 7, < 7,. (For
p = 1, this condition is 0 < A < 0, thus descent does not exist.)

A<

(36)

Case 3: Suppose u¢, = ... = uUc, -1 < Ue;—1, Uc;,,- We compute
Mi?i] = ﬁ?;—l
u? = f.
= . A W1 = fao
FiGure 6. Case 3: Ci(ugo)) has both neighbors above.
cir1—1
Gplu+tan > ej|=Gpw) = (e —amy = + @y = an)? =0 + ACH. (37)
J=ci

We see that for this case, we find descent by moving the cluster up when
;= e —n)P +nt =@ —n)?
niCil

A< (38)

(For p = 1, this condition is 0 < A < 2/|Cy|.)
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Case 4: Suppose u, = ... = U¢, —1 > Ue—1, Ue,,, - Again, this case is similar to Case 3. A similar argument
gives us that moving the cluster down gives descent when

= (e =P + 17 = (g, = )P

A<
nlCil

(39)

(For p = 1, this condition is 0 < A < 2/|Cy|.)

Finally, in the case that we choose the free boundary option (letting boundaries move), we show that if
uc, is on the boundary, then we find descent when A satisfies the conditions stated in the lemma. We prove
this for the left endpoint of the data since the argument for the right endpoint is similar. We break this into
two cases.

Case 1: u; = uy. In this case, we assume 1 > 0 is small and we compute

Gp(u+nae;) — G,(u) =n” + An > 0. (40)
Thus we will not find descent by moving this endpoint without its neighbors.
Case2: u; =...=u-1 < u,. Inthis case, we assume 0 < <1, = (4, — Uc,—1) and we compute
Gpu + nae;) = G,(u) = |Cildn + (1, — an)? = ny. 40
Thus, we find descent by moving the endpoint up whenever A < WT’J")F = 7]|ngl|' (For p = 1, this condition
is0<A<1/|Cyl) m]

4.3.2. Clusters need not break up for descent (iteration k). For this lemma, we need to define some notation.
Definition 4.5. We define ¢,, g/, g. to be the number of elements, ug.k), in the cluster that are greater than,

less than, and equal to (respectively) the corresponding f;:

{ul(,.k) eC (uf.k))| ug.k) }’ )

dg = > fi

ar=|{ e () < 1
and

ge = |{? e ()|l = 1}

Lemma 4.10. Let 0 < p < 1. Let q,,q., and q¢ be defined as above. Let n¢ = |uc,—1 — uc,| and n, =
|tte;,, — Uey -1 and let u® be a point obtained using a ht algorithm. Then the following statements hold.

(1) If there exists a cluster C; with {uc,_1 > u¢, = Ue,,,—1 > Ue,,,} and

ny — (e — an)? + 17 — (n, + an)?

0<a< 42)
1((qg = qo)a + qe)
then a descent direction for G, at the point u® s
cir1—1 cir1—1
ejwhenn, <n, and - Z ej when n, > n;. (43)
j=ci Jj=ci
(2) If there exists a cluster C; with {uc,—1 < U, = Uc,,,—1 < Ug,,,} and
D ( p P _ — P
e +an)? + 1y — am)
0 < 1< M= et am? + ;- Gy — an “
1((qg = qo)a + qe)
then a descent direction for G, at the point u® is
cip1—1 cip1—1
ejwhenn,>n, and - Z ej whenn, <n;. (45)

J=¢i J=ci
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(3) If there exists a cluster C; with {uc,—1 > uc, and u¢; = u¢,,,—1 < ue,,,} and
p p
= (=1 +nf = (= )P
0</l<77€ Me—1 n =1 (46)
(g — qe + qe)

then a descent direction for G, at the point u® is

civ1—1
e (47)
Jj=ci

(4) If there exists a cluster C; with {uc,—1 < uc, and uc; = u¢,,,—1 > U, } and
R
¢
0</1<77[ Ne—1n m—mr—n 48)
(=qg + qc + qe)

then a descent direction for G, at the point u® s

ciy1—1
- Z €;. (49)
J=ci
Again, for p = 1, in Cases 1 and 2, the condition for 1is 0 < A < 0. Thus our L'TV algorithm will not find
descent in these cases. The condition for A for p = 1 in case 3 is

2
0<A< —mm. (50)
qde — 4r + ge
And for Case 4, with p = 1, the condition for A is
2
0<dl< ——M . (5D
_qg +qet4ge

Proof. We begin again by showing that to get descent we need not break up clusters. Again for ease of
notation, we write « instead of u®). We break this into two cases.
Case 1: u;,—1 = u;, = uc,+1. We assume 77 > 0 is small. We compute

e,
[
= - -
(k) (k) (k)
cict U, Ueiy
= - -
(k) k) _ (k)
Ci-1 Ue, = fc i Uc,,
= - -
k k k
&, B
[
Je

Ficure 7. Case 1: ug() is a point in the middle of a cluster (3 possible cases).

Gp(u +nae;) — Gp(u) = 20" + An((qg — qo)a + qe). (52)
Here we treat u, as a cluster of size 1 by moving it alone. This means that only one of g,, g, g is 1, while

the others are 0. Notice that if g, = 1, there is no descent. Notice also that 1 > 25”~! gives descent by
moving u,., toward f,, but this would be undoing what we did in a previous step. That is, in the previous
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step, we could have moved u,, to this cluster by itself in which case moving it back by itself is undoing a
step that gave us descent and thus it would give us ascent. The other possible case would have been if we
moved u., with a cluster to this position. In this case, we know from Lemma [4.9] that to move it by itself
away would be a step that gives ascent. Consequently, we will not find descent breaking up this cluster.

Case 2: uc,_1 = Ue; # Ugy41 OF Ugyy1 = Ue, F Ue,—1. We will prove one of these cases, namely u.,_1 = u, <
uc,+1, because the four cases are similar in argument. We assume that < min{z,, | f¢, — u.,|} and we compute

k) (5 k 3) k k
WECRCY 3 u =
k k
uE'izl uE'izl
Jei Je;
| | | |
k k k k
ugif)l uﬁi) ME‘:') ”2,‘11
(k) (k)
Ueiy Ueiy
: (k)
L‘E‘Ql Ueiyy
k k k k
ug,). ug,ll uﬁlfl u§,> .
fe; fe;
(k)
Ue;y (k)

g
N

k k k k k k
“5,-) _ (k) (k) "&(?i) — fgl)

JCi Uejyy

Ficure 8. Case 2: ugf) is a point on the end of a cluster (8 possible cases).

Gplu +nae;) = Gyp(u) = (3, = @)’ =117 + 11" + (g = o) + ge).- (53)
Notice, we get descent if
- =G —ney = 1-(a-a)

= 0 54
n((gg — qo)a + qe) 7 (g —qo)a + q. < (>4

or
-y + 0P + (g —ne)’ _ np_la” -1-(a-a)
1((qg = qo)a + qe) (qg — g0 + qe
However, notice that this second inequality is taking us back toward f; which is again, undoing a previous

step. The first inequality says A < 0. Thus, we do not find descent in this case either. Thus he algorithm will
not break up clusters.

(55)
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Now we consider moving the full cluster together. We will show that we find descent when A satisfies
the conditions stated in the lemma. We break this step into four cases. Let n, = |u.,, — ¢, -1l and n, =
|ue, — te,—1]. We also assume 1 < min{n,, n¢}.

Case 1: Suppose u¢,—1 > U, = ... = U, —1 > U, We compute

(k)
uc,fl

“\\ (k)
MfH—l_]

(k) u(f\')

(k)
MCHI

Ficure 9. Case 1: C,-(ugk)) has left neighbor above and right neighbor below.
cir1—1

u+an Z e j] =Gy = (e —am)? —m; + @ + an)? =7 + A(qg — g + gen. (56)

Jj=ci

Gp

We see that for this case, we find descent when

P — (e —an)? + 5t — (m, + an)?
o< 1, — e —an)? + 1, — (ny + an) . 57)
n((qg — q0)a + q.)

As in the last lemma, we find descent, with this A, by moving the cluster up when 7, > n; and down when
1 < n¢. (As we saw in the last lemma, for p = 1, this condition is 0 < A < 0. Thus descent does not exist.)
Case 2: Suppose u¢,—1 < Ue; = ... = Ug,,—1 < Uc,,- If we use a similar argument to that of Case 1, we see
that for this case, we find descent when

n, — (e +an)? +n7 — (1, — an)?

Pl ) 58
) n((qg — qo)a + q.) %)

That is, descent is found, with this A, by moving the cluster up when 7, < n; and down when 7, > ;. (For
p = 1 descent does not exist.)

Case 3: Suppose u, = ... = U, -1 < Ue;—1, Uc;,,- We compute
“Ef)—l
U,
e uy’ o

Figure 10. Case 3: C ,-(ul(.k)) has both neighbors above.

cir1—1
u+an Z e j] = Gpw) = (1c—am)? =1, + (@ — an)” =7 + A(gg — g0 + ge)n. (59

J=ci

Gp




HT ALGORITHMS 17

We see that for this case, we find descent by moving the cluster up when
ny — e —mP +m7 — @ — )P

1(qg — qe + qe) '
(For p = 1, this condition is 0 < A < 2/(gg — q¢ + q.).)

Case 4: Suppose u,, = ... = U, -1 > Ue,~1, Uc,,,- Again, this case is similar to Case 3. A similar argument
gives us that moving the cluster down gives descent when

A<

(60)

<ﬁ—w—ww%—m—w
n(=qg + qe + qe) '
(For p = 1, this condition is 0 < A < 2/(=q4 + q¢ + ge).) O

A

(61)

Using the proof of Lemmas and , we see that for every cluster Cgk), we get ka) - C§k+1). That
is, no point will leave a cluster and at each iteration the algorithm will reduce the problem to minimizing a
lower dimensional problem.

4.4. Proof of Lemma[4.4, Up to this point, we have shown that Algorithm [3.T| converges to a minimizer.
Now we need to show that the algorithm is indeed finite.

Proof. Suppose u® ¢ Y, then k > 0 since ¥ = f € Y. Therefore VG(u®) does not exist because the
algorithm always steps to a point where G is nonsmooth. Therefore u® € H, where H is an £ < m
dimensional hyperplane formed from intersections of some of the £ — 1 hyperplanes of the form {u; =
uj|(i, j) € E} and or {u; = f;}. Note that £ > 1 since the algorithm stops when £ = 1. If u® is not a minimizer
there exists a descent direction for G at u®. Then there exists an @-descent direction in H. The algorithm
takes the step in this direction to get u**1 which lies on a hyperplane whose dimension is smaller than .
We can continue this process at most ¢ times to land at a point u*” € Y. O

To summarize this section, we have just shown that Algorithm converges to a minimum of G; by
showing that if there is a descent direction at a point u, then the particular a-direction of Algorithm
exists and gives strict descent. We also showed that Algorithm is finite by showing that the algorithm
takes only finitely many steps to get from one point in Y to the next. Thus, Theorem 4.1 holds.

5. GLoBAL MINIMIZERS FOR ALL A

In this section we will introduce a more efficient algorithm for the case when p = 1. In the proof of
Lemmas [4.9)and we found conditions on A for which descent occurs. Here we use those conditions to
formulate a new algorithm that does not need to compute G values. Recall, we found that descent occurs, in
the p = 1 case, only when clusters are lower than both neighbors or higher than both neighbors. We restate
the conditions here. In the case when C; is lower than its neighbors, we find descent in moving the cluster
up when

0<a< ; (62)
qde — 4qr + 4e
For such clusters, we call Q = g, — g¢ + g, the effective cluster size. In the case when C; is higher than its
neighbors, we find descent in moving the cluster down when

2
O<dl<——. (63)
—Clg+61£+f1e

For these clusters, we call Q = —g, + g¢ + g. the effective cluster size.

Remark 5.1. In the case of free boundary conditions, if a cluster C; is on the boundary of the data, we use
the results from Lemmas [4.9] and to say the effective cluster size is twice the effective cluster size of
an interior cluster. We see that this makes sense since moving the cluster only affects the variation based on
one neighbor instead of two and therefore it takes a smaller A to move it.
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We also recognize that the value of G is constant if a cluster moves to a height somewhere between its
highest neighbor and its lowest neighbor. Instead of moving clusters up and down in parallel, we move up
(down) all clusters with the appropriate effective cluster size for the given A first. These clusters will move
up (down) to meet another cluster, stopping at S, or to meet an f value, stopping at Sy. Since some clusters
will join with others, we recompute effective cluster sizes for all clusters that changed and then move down
(up) all clusters with the appropriate effective cluster size for the given A.

For this version of the algorithm, we are still stepping in an @-descent direction to points in S, and/or
Sy. We are not breaking up clusters as before, but we are now stepping through effective cluster sizes to
make the algorithm more efficient. As long as the effective cluster size does not decrease, we know that the
convergence given in Section [ still holds. In fact, we can easily show that effective cluster size does not
decrease.

Lemma 5.1. The effective cluster size (ECS) for any cluster at any iteration given by

Qup =dqg—4qrt+qe or den = —qg +q¢ t Yo, (64)

will never decrease, here Q,, is the ECS for a cluster intended to move up and Qg is the ECS for a cluster
intended to move down.

Proof. We will prove this lemma is true for an up cluster C;. The argument for a down cluster is similar. We
recall Definition

For this proof, we will say that u; in C; contributes to gg if u; > fj, to g¢ if u; < fj, and to g, if u; = f;.
Notice the following:

e If u; in C; contributes to g, and C; moves up to form the new cluster C;, then u;. in C7 contributes to
g, since u} >uj> fj.

e If u; in C; contributes to g, and C; moves up to form the new cluster C’ then u; in C; contributes to
g, since u} >uj=fj.

e If u; in C; contributes to g¢ and C; moves up to form the new cluster C7, then u; in C] contributes
to either g, or g} since a cluster will stop at the closest of its neighbors or corresponding f values.
Thus f; > u} > uj.

This all tells us that when C; moves up, g, can only change by decreasing, g, can only change by increasing,
and ¢, can change by either increasing or decreasing.
Now, we consider the effective cluster size for three cases for the newly formed cluster C.

A |C| = |Cj], the actual cluster size does not change. This happens when C; moves up to meet an f
value,

B C! is lower than both of its neighbors, and

C C! is acluster that is higher than both of its neighbors.

We don’t consider the case when one of the neighbors of C’ is below and the other above the cluster, since
moving this cluster will not give descent in G.

In case A, since both neighboring clusters, C;_; and C;y; are still above C;, the effective cluster size is
given by O, in . Using the argument above we see that the new effective cluster size increases since at
least one u; in C; that contributes to g, will move up to u; that contributes to g, thus Q,, will increase.

In case B, C; will move up to join with at least one of its neighboring clusters C;_; and C;;;. Now, let
Qi-1, Qi+1 denote the effective cluster sizes of C;_1, C;1, respectively and Q; be the contribution from C;
after its move. From the above argument, we know that Q) = g, — ¢, + q, = g — qc + qe = Qi

If C; moves up to join with C;_;, the new effective cluster size is just the sum of the contributions from
both clusters, that is, Q = Q;—1 + Q;. If C; moves up to join with C;y, the new effective cluster size is
0 = Q; + Qi+1- And if C; moves up to join with both C;_; and Cj;1, the new effective cluster size is
0=0;1+ Ql’. + Q;+1. In these three cases, if Q;_1, O;+1 > 0 then the effective cluster size does not decrease.

Notice that case C can only happen if C; moves up to meet both of its neighbors (for otherwise, at least
one will still be above C;). Thus, the new effective cluster size is Q = Q;—1 + Q] + Qi41. Also, for this case,
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the new cluster that is formed is a down cluster, that is, Q is computed using Qg in (64). Since C; was
below clusters C;_; and C;,; before the move, we know that C;_; and C;;; were down clusters before C;
moved up. Since we are incrementing on the ECS, we know that Q;_1, Q;+1 > Q;. Since the newly formed
cluster, C/ is a down cluster, the amount that C; contributes to Q is Q} = —q; + g¢ + g.. Notice that Q’ is
not an effective cluster size, rather it only contributes to the new effective cluster size therefore it may be
negative. If Q! is negative, then we will get the smallest value for Q. But the smallest this can be happens
when u; = f; for all u; in C; so that after the move they contributed to g, but then Q; = |C;| and we get
Q=0i1+0/+Qis1 = Qi1 —|Ci| + Qis1 2 Q;. And, we know that, in this case also, the effective cluster
size never decreases.

Notice that since the algorithm starts with u = f, Q; = |C;| > 0 for every cluster C; thus using the above
arguments, the minimum effective cluster sizes never decrease. ]

Now we give the formal algorithm. Let C(k) . (k) be the unique clusters at iteration k. Let g(k) &) f(k)

be g, q., and g, for cluster i at iteration k.

Algorithm 5.1. (L'TV)
Given f = (fi,..., fn);
Setu® = @”,...,ul") = (fis- - fuk
0) (0) 0).
Find C\7,C,", ..., Cys
Setk « 1;
do
Compute ggk) & f(k) for each i = 1...qo;
U« {j:all ne1ghbors of C; are above C;}

D « {j : all neighbors of C are below C i}
lg (k) g(k) {k)}

l

) _ g 4 o0
l

min;ep{— g +€(k) +e(k)}}

mincs; < minj<i<q, {Minjey
mvel —{ieU:g,
if mvcl # 0

for idx =1 : |mvcl|

Move up, CmVCl(idx) to closest of f, Criigx)—1, and Crigx)+1

= mincs};

end
else
mvcl « {ie D —g(
for idx =1 : jmvcl|
Move down, Cmvcl(idx) to closest of f, Cr(igx)-1, and Crigx)+1

by fl(.k) + el(.k) = mincs};

end
end
k—k+1
Update list of clusters, [C(lk), e, Cg?];
if mincs; #mincsy_;
Append list of solutions with [C1,....Cql:
Append list of A with —5—
end
until no descent exists.
TasLe 3. Efficient L' TV algorithm (written with an up preference)

minc Y+1 ’

In this algorithm we start at #) = £ and find the clusters. We then determine which clusters might move
up (call them up clusters) and which might move down (call them down clusters) ignoring those that have
both a neighbor below and a neighbor above the cluster. In the case of Algorithm we see it is written
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with a preference to move clusters up first and then down. We find the minimum effective cluster size (ECS)
and move up any up cluster, having this ECS, to its nearest neighboring cluster or f value. If no up cluster
has this ECS, we move down any down cluster that has the same ECS to its nearest neighboring cluster or
f value. We repeat this until the stopping condition is reached. If at any iteration the minimum effective
cluster size changed from the previous iteration, we update the list of solutions and the A value.

The stopping condition for this algorithm depends on the type of data and the boundary conditions. In
the general case for data (that is, not necessarily binary data), we stop the algorithm when monotonicity is
reached for fixed boundary data or, for free boundary data, when there is only one cluster left (the solution
is flat).

For binary data, this algorithm is greatly simplified. There is never a need to check neighbors of a cluster.
If the data is binary, then the neighbors have the opposite value of that of the cluster. That is, if the cluster
is at a height of 1, then its neighbors are at a height of 0 and it is then a down cluster. For down clusters,
C;, the effective cluster size is dependent on £; and e; whereas for an up cluster, the effective cluster size is
dependent on g; and e;. Another simplification for this algorithm when the data is binary is that we never
need to check the distance to f values corresponding to a cluster since these will also be either 0 or 1.
Thus, the algorithm will not have moves to heights other than the height of cluster neighbors. Finally, the
algorithm will stop when the minimum number of clusters, ming, is reached. The value of minq depends on
whether the boundaries are fixed (minq= 2) or free (ming= 1).

The greatest benefit to Algorithm for both the general and the binary problems, is that we are able
to solve the A = 0 problem and in the process get the solutions YA > 0. That is, the computational task of
getting a solution for all 4 > 0, is the same as solving only one problem. We state this result in the next
theorem.

Theorem 5.1. Algorithm ﬁnds a solution to L'TV for every 1 > 0.

Proof. Algorithm [5.1|iterates by increasing the effective clusters size, thus decreasing A beginning with the
largest possible A so that at least one cluster will move. Because the problem is discrete, the effective cluster
sizes are positive integers between 0 and m (the length of the signal). The effective cluster size (and thus,
A) does not change until no cluster of this effective cluster size will move. By the results of Section 4] we
know that for each A, Algorithm finds descent whenever descent exists. Therefore at each iteration the
algorithm minimize L'TV for the current 1. And by Lemma we know that iterating on the effective
cluster size does not skip a particular effective cluster size that might need to be revisited later since the
effective cluster size never decreases. Thus, for each A > 0, we find a minimizer to the corresponding L! TV
problem. O

5.1. Extensions of the ht Algorithm. It is worth noting that the algorithm will not naturally extend to
higher dimensional data. The issue lies in the neighborhood structure that occurs at higher dimensions. In
higher dimensional problems, such as imaging problems, it becomes beneficial to break up clusters when
there is a data point that has more neighbors outside of the cluster than inside. We see this occurring in
images with L!TV when parts of object edges having high curvature are rounded. We conjecture that an
adjustment to the algorithm to allow cluster break up only when the number of neighbors outside the cluster
is not less than the number inside will give similar results for higher dimensional data.

The ht algorithm does not extend easily to an L' TV objective function where the data fidelity term in-
volves a linear operator such as in the discretization of ||K s u — f||;. This transformation causes a rotation of
some of the bounding hyperplanes, changing the geometry of the problem. Because the ht algorithm relies
strongly on this geometry, we believe it is not obvious , yet worth future investigations, to extend the ht
algorithm to such cases.

6. TiME TRIALS FOR L' TV HT ALGORITHM

Finally, we show timing results for both the general and binary cases as well as for fixed and free boundary
conditions.
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First, we start with fixed boundary conditions. We ran Algorithm [5.1)on 100 random signals of size N.
In Table 4] we have recorded the average number of initial clusters, the average number of A solutions, and
the average time in seconds that it takes to perform the main loop of the ht algorithm. The algorithm has a
set up that is of order NV, but then the main loop depends on the number of initial clusters.

N | Ave. # of initial clusters | Ave. # of A Solutions | Ave. time in seconds
5 5 2.61 0.0008
10 10 3.65 0.0015
20 20 5.93 0.0031
40 40 9.21 0.0061
80 80 12.62 0.0114
160 160 23.58 0.0229
320 320 39.27 0.0455
640 640 63.76 0.0941
1280 1280 135.61 0.2153
2560 2560 283.39 0.5410
5120 5120 418.02 1.4511

Taste 4. Time Trials for Algorithm [5.1] for general random signals, of size N, with fixed
boundary conditions.

We then ran 100 random binary signals of length N. We recorded the average time to complete the main
loop of the ht algorithm, the average number of initial clusters, and average number of A solutions in Table

&l

N | Ave. # of initial clusters | Ave. # of A Solutions | Ave. time in seconds
5 2.1 1.39 0.0001
10 3.9 2 0.0002
20 7.4 2.51 0.0004
40 13.8 2.93 0.0007
80 26.9 3.47 0.0012
160 52.2 3.93 0.0020
320 104.4 4.43 0.0035
640 209.1 491 0.0067
1280 419.1 5.34 0.0138
2560 836.2 591 0.0305
5120 1677.1 6.42 0.0762

TasLe 5. Time Trials for Algorithm [5.1] for random binary signals, of size N, with fixed
boundary conditions.

Next, we looked at some time trials, but this time with free boundary conditions. We ran 100 random
signals of length N. In Tables [6] (general random signals) and [7] (binary random signals), we recorded the
average time to complete the main loop, the average number of initial clusters, and the average number of A
solutions.

We know that for a random binary signal, this algorithm is O(M). From our time trials, it appears that the
computational complexity of the main loop of our ht algorithm is O(M), where M is the number of initial
clusters in our signal. An initial computation of O(NV) is performed on each signal to catalogue the clusters,
where N is the length of the signal. Putting these together, we believe that the computational complexity of
this algorithm is O(aN + M) signals of length N, where a is small compared to 1. We know that for a binary
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N | Ave. # of initial clusters | Ave. # of A Solutions | Ave. time in seconds
5 5 3.26 0.0010
10 10 4.28 0.0020
20 20 5.93 0.0035
40 40 8.11 0.0063
80 80 11.15 0.0117
160 160 15.15 0.0217
320 320 20.58 0.0417
640 640 30.22 0.0857
1280 1280 41.72 0.1874
2560 2560 58.94 0.4587
5120 5120 84.78 1.2875

TasLe 6. Time Trials for Algorithm [5.1] for general random signals, of size N, with free
boundary conditions.

N | Ave. # of initial clusters | Ave. # of A Solutions | Ave. time in seconds
5 2.3 1.85 0.0002
10 4 2.33 0.0003
20 6.7 2.71 0.0005
40 13.8 3.19 0.0008
80 26.8 3.51 0.0012
160 53.8 4.03 0.0020
320 106.7 4.54 0.0036
640 211.4 4.87 0.0068
1280 420.8 5.36 0.0138
2560 835.8 5.85 0.0305
5120 1678.3 6.40 0.07771

TaBLE 7. Time Trials for Algorithm for random binary signals, of size N, with free
boundary conditions.

signal, the cluster that moves will meet up with both its neighbors. Thus, after each iteration, the number of
clusters decreases by 2 for every cluster that moves. This means that there are exactly % cluster moves for
any binary signal. The worst case scenario, is the binary signal given by

u® =(0,1,0,1,0,1,...).

Here the number of initial clusters is N, the signal length. Thus, the number of cluster moves is equal to
% = % In a random binary signal, we expect less than N initial clusters.

7. EXAMPLE FOR L' TV ot ALGORITHM

As we mention above, L' TV minimization can be used to find scales in data. In this section we show
that our algorithm for L' TV does indeed give the expected results. In Figure a), we show a plot of daily
sunspot numbers obtained from NASA (http://solarscience.msfc.nasa.gov). The sunspot number| | for any

IThe sunspot number is commonly refered to as the Wolf Number in honor of Rudolf Wolf who is credited with the concept in
1848.
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given day is a standardized measure of the number of sunspots and sunspot groups present on the earth-
facing surface of the sun. Sunspots are dynamic and have typical lifetimes of a few days to a few months.
However, the dominant feature in the signature is an approximate 11-year period in overall sunspot activity.

(b 24h = 13

T

[e} 2/A = 1100

1956 1958 1980 1962
1850 1800 1830 2000

Ficure 11. Examples of minimizing signals for daily sunspot numbers at significant scales.
The raw daily data is represented at scale 2/4 = 1.

We applied the ht algorithm for L! TV to this sunspot data. The signature shown in Figureis the value
of the variation term in 0y lu?,, — u;|]) for each distinct value of 2/ found by the ht algorithm. The
presence of a scale 2/4 in a signature is revealed by significant changes in variation with respect to 2/A.
Three scale signatures are present, at 2/4 =~ 13, 1200, 11000, in units of days. The largest value indicates the
time scale over which sunspot activity rises and falls over decades. The medium scale represents the typical
duration of the decadal peak in sunspot activity, about 3-4 years. The 13-day scale correlates well with
the typical duration of a sunspot on the face of the sun, limited by half of the the sun’s generally accepted
synodic rotational period of 26 days. The short scale does appear to be composed of a broad range of scales
ranging from one to six weeks. Scales shorter than two weeks may be due to observations of the beginning
and end of sunspot life cycles. Scales of several weeks may be due to the duration of sun-wide bursts of
activity.

Minimizing signals for these two scales are shown in Figures[[T[b) and[TT|c). The inset subfigures show
the signals over a short range of dates from 1955 through 1963. At these scales, features in the data of
width are significant and changing rapidly with respect to A. Features of effective cluster size (see Section
[5) smaller than the given scale are not present.

8. HypERPLANE TRAVERSAL ALGORITHM FOR DISCRETE L! pT'V For p < 1

In this section, we consider the discrete formulation for L! pT'V for 0 < p < 1

m—1 m

min{Gp = Z |I/t,'+1 - M,‘lp + /lz |ﬁ - M,'|
i=0

i=0

ue Rm“} ) (65)
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total variation

10°
scale

Ficure 12. Scale Signature for sunspot data

Notice that if u is binary data, the problem is p-independent. Thus, for binary data, this problem reduces to
the L! TV problem.

For this problem, we seek a minimizer in the set ¥ (Definition @ Because G, is concave in the regions
separated by the hyperplanes of the form {u; = ;1) {u; = ui—1}, or {u; = f;} (see Figure @), we know that
minimizers will be in Y. We use a variant of the ht algorithm which stays in Y to find local minimizers.
The difference in the algorithm is that the choices made depends on whether neighboring clusters are both
above, both below, or one above and one below the cluster being moved.

FiGure 13. Level lines of a simple example of G, for p = .5and 4 = 1.

8.1. ht Algorithm for L' pTV. Again, we use the proof of Lemmas and to write an algorithm to
find minimizers of . We let C(lk), ey Cg,? be the unique clusters at iteration k. Using the lemmas, we write
the conditions on A for a cluster to move at iteration k. We let gg, g., and g be as we defined them in Section
5] To move a cluster that has one neighbor above and one neighbor below, we let 7, be the distance from
the cluster to the neighbor above the cluster and 7;, be the distance from the cluster to the neighbor below
the cluster. And we consider moving the cluster up a distance n = min {n,, {f; — ; : when f; > u;, u; € C;}}.
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The algorithm will find descent in this case if

P _ _ Py P _ + p
0< 1< Ta (Ma —m)? +m, — (p + 1) . 6)
(4g — qc + qe)

Notice that since g, — g + q. > 0, we need

0<ny = a—mP +m, — 0w+ (67)

This happens only when 1, < 1,. Now we consider moving the cluster up a distance n = min{n, {u; — f; :
when f; < u;,u; € C;}}. The algorithm will find descent in this case if

Mo = (a +m)P + 1, = (95 — )P

n(=qg + qc + qe) '
Similar to the previous case, we need that 1, < 7, for this to make sense. To move a cluster that has both
neighbors above, we let 77, be the distance from the cluster to its left neighbor and 7, be the distance from
the cluster to its right neighbor. And we consider moving the cluster up a distance = min{n., n,, {fi — u; :
when f; > u;, u; € C;}}. The algorithm will find descent in this case if

0<A< (68)

0<A<7ﬂ-%ﬁw—mp+n§—0n—ny‘ (69)
g = qe + qe)
Finally, To move a cluster that has both neighbors below, we let 17, be the distance from the cluster to its left
neighbor and 7, be the distance from the cluster to its right neighbor. And we consider moving the cluster
up a distance 7 = min{rng, 1, {u; — f; © when f; < u;, u; € C;}}. The algorithm will find descent in this case if
O<A<7ﬁ—(m~+mp+n§—Ow+nV' 70)
(=4 +qc + qe)
Using the above information, we see that our algorithm should only check the conditions for moving a
cluster up when the closest neighbor is above the cluster. Similarly, we should only check the condition
for moving a cluster down when the closest neighbor is below the cluster. As in Algorithm we let
gi»éei, i be qq,qe, qc for cluster i. In the algorithm below, we let Q,, = {gi—{i + ¢ : 1 < i < m} and
Qawn ={-gitli+te:1<i<mh
In words, this algorithm starts at #’’ = f and finds all of the clusters. The cluster with the maximum
Acur (according to Equations (66), (68), (69), and (70)) is moved in the appropriate direction to the nearest
neighbor or nearest f; for i € {i : u; € C;}. We continue this until stopping conditions are reached. As in the
L'TV algorithm, stopping conditions depend upon the type of boundary conditions, that is, whether they are
fixed or free boundary conditions.
Notice that since the iterations of Algorithm [8.1] stay in Y (see Definition [2.2)), we know that it is also
a finite ht algorithm. From Lemmas [4.9 and [4.10] we know that at each iteration, the algorithm finds strict
decent. G, > 0 and is therefore bounded below. We can see that G, is coercive. Indeed, we have that
2o luivr —uil” >0 and

m m
A Ufi =l <) (il +|fih) = o0 as u] — . (71)
i=1 i=1

We do not have a convexity condition therefore we are only able to conclude that this algorithm finds local
minima.

Like Algorithm [3.T} Algorithm [8.T] steps to the hyperplanes where G, is nonsmooth and stays in the
lower dimensional space. Therefore, this algorithm finds minimizers of lower and lower dimensional prob-
lems. The clusters also only get larger, therefore because we operate on clusters rather than the signal, the
algorithm increases in efficiency as we progress through the iterations.

Also for Algorithm|[8.1] we don’t get a local minimizer at the end of each iteration. This happens because
the effective cluster size can increase or decrease. The iterations that end with minimizers are those for



26 H. A. MOON AND T. J. ASAKI

Algorithm 8.1. (L!pTV)
Given f = (f1,-..» fm);
Setu® = @, ..., ul)) = (fir. .. f);
Find ¢, ¢, ....c{;
Compute Set k « 1;
fori=1:m
Compute 4; according to Egs. (66), (68). (69). and (70));
end
do
Find mvcl = arg max;{4;};

Set A, « Amyers
if 4, <0, stop do loop
Set 7, « |uy — ul,mp < ue — ul;

n < min {n, ne, ming o ec,,,. {1f; = wjl] a(f; - uj) > O});
Compute @,; according to using uy, e, Qup;s Qdwni Mr N
Move C,p,¢; the distance na,c
k—k+1
Update list of clusters, [C(k), e, Cg?];

Compute A; for clusters that change;
it 4 <4,
Append list of solutions with [Cy, ..., Cg,];
Append list of 1* with A;;
end
until no descent exists.

TaL 8. L'pTV algorithm

which A decreases in the next iteration. Notice if A increases in the next iteration, we are still finding descent
for the current A, value. For example, if /IEI,?, = 10 we know that at iteration k, we find descent whenever
A < 10. If the maximum A that will give descent at iteration k + 1 is larger than 10, then we know that we
will find descent for A < 10 since /lg;fl) > 10. Thus, we get a complete set of local minimizers.

9. SUMMARY

In this paper we presented a novel way of understanding and solving the one-dimensional discrete L' pT'V
problem (T)). This coercive function is piecewise concave with region boundaries defined by hyperplanes.
We show that optimal solutions for any 1 > 0 can be found on the finite set of discrete points in R"*!
defined by intersections of m + 1 or more distinct hyperplanes. We then provided a hyperplane traversal
(ht) algorithm which systematically searches these points. The ht algorithm finds exact optimal solutions
for all 4 > 0 in finite iterations. For p = 1 the solutions are globally optimal, for 0 < p < 1 solutions are
only guaranteed to be locally optimal. Of particular interest is that ht never needs to compute the objective
function G ,(u) in order to obtain the complete A-parametric solution set.

The ht algorithm is a form of parametric programming, but is extremely efficient in terms of computa-
tional cost and memory usage. Time trials on randomly-generated test signals indicate that the computational
complexity on binary data is O(M), where M < m + 1 is the initial number of clusters (distinct groupings of
either 0 or 1). General non-binary data complexity appears to be O(am + M), where a << 1.

One use of the L' pT'V function is the discovery of scale information in data. We illustrated this ability
by examining the record of daily sunspot numbers for approximately 152 years of data. Significant scale
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Algorithm 8.2. (a)
Given u, u,, ug, Qups Oddwn» NrsNe5
if u,,ur>u
a«1;
elseif u, > u and n, < ny
a« 1;
elseif u, > u and n, < 7,
a« 1;
elseif n, = 7,
ifup>uoru. >r
if 0 < Qup < den or den <0< Qup
a < 1;
elseif O, = Quwn
a « preferred direction (up=1,down=-1);
end
end
else
a — —1;
end

TaBLe 9. L!'pTV algorithm

signatures are present at approximately 13 days, at 3-4 years and at 30 years. These scales are explained in
terms of the known dynamics of the sun and of sunspot activity.

We briefly discussed extensions to higher dimensional data, such as images, and to signals modified by
linear operators, such as blurring functions. It is not yet clear which types of extensions can be solved using
an ht algorithm because it depends strongly on the geometry of the objective function.

We would like to acknowledge Jamie O’Brien for finding a mistake in our algorithm description. We
would also like to thank the reviewers for taking the time to give valuable feedback on our original manu-
script.
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