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Abstract

We consider the problem of recovering monotonicity in noisy data.

1 Introduction

Frequently one has to deal with data, where external knowledge indicates that
the data should be monotone, but this property is broken due to measurement
errors. We consider the problem of best approximation of given data with
monotone data. Here, given data means some vector y € R™, where n is large
and we seek for z € R™ such that z; < x;41 for 1 <¢<n—1and ||z —y| is
minimized, where || - || is the Euclidean norm.

We present a simple algorithm with quadratic running time that solves this
problem to optimality.

2 Prerequisites

Since minimizing the norm is equivalent to minimizing its square, we may as
well consider
(

min(zx —y) ' (z —y) = min(me — 2yTa; + yTy).

Neglecting the constant and dividing by two, in order to simplify later compu-
tations, the problem can be modelled as the following quadratic program (P)

: 1T T
min 5T T—Y

subject to  gi(x) =x; —x;p1 < 0 foralll1 <i<n-—1.

(1)

Clearly, this program is strictly convex and hence the unique local mini-
mum is the unique global minimum. Local minima in non-linear programming
are characterized by the Karush-Kuhn-Tucker (KKT) conditions (see e.g. [1]
Theorem 12.1) which we recall for later reference.



Theorem 1. Suppose that x is a local solution of (1). Since the gradients of
the constraints are linearly independent there is a Lagrange multiplier vector u
such that the following conditions are satisfied at (x, )

n—1
Vi) + Y wVgi(x) = 0 (2)
i=1
Vi<i<n—1l:gi(z) < 0 (3)
Vi<i<n—1:p; > 0 (4)
Vi<i<n-—1:pg(z) = 0. (5)

Here, the KKT-conditions are necessary and sufficient for a global minimum.
In our special situation, besides feasibility the KKT conditions are equivalent
to

n—1
x—y= Z wi(e; —eir1) (gradient equations) (6)

i=1
ui(xi—xiﬂ):o for all 1 SZSTL—I (7)
w <0 foralll1 <i<n-—1. (8)

The gradient equations may be interpreted as follows. We have a path with
vertices e;, the p; are potentials at the vertices and x; — y; is the potential
difference along edge (e;,e;+1). The simple structure of these equations allows
to search for potentials which must be zero due to (7). This will split the path
into two parts which can be solved independently.

This motivates the procedure Monotone_Projection in Figure 1.

(i) Initially set = :=y.

(ii) Find an index 1 < k <n — 1 that minimizes

, 1 1
dlﬁ(k):Ein—n_k Z Z;.

(iii) If diff (k) < O then k is called a splitting point. Optimize the first k& and
the last n — k coordinates of x recursively.

(iv) If diff (k) > 0. Set z; := L 3" | z; for all j and return.

Figure 1: Procedure Monotone_Projection

Clearly, the algorithm terminates after at most n — 1 iterations. In each
iteration the sums can be computed in O(n). Thus, in total we have a work
load of O(n?).

3 Feasibility

On termination by (iv) each y; in a certain connected range will be replaced
by the arithmetic mean of its range. By the splitting rule (iii) these ranges are



disjoint and form a partition of the output vector which we denote by out(y)

out(y) = (21,421, 22,0122, v s Zhy-evs2h) (9)
—_——— —— ——
A1 entries Ao entries Ap entries
where \; > 1 denotes the length of the partition and there are h > 1 different
partitions. If 21, 23, ..., 2 is a monotone sequence, we have proven the feasibility

of out(y). This will be our first goal.

We start with a simple observation relating the partitions alongside the split-
ting point to the corresponding arithmetic means. For notational convenience
we use the abbreviations

k n
1 1
M= = E ; M = E ;
k k 2 Yi k n— kL i,k+1y“

for the left and right arithmetic means. We keep in mind, that the existence of
a splitting point always implies n, h > 2. If k is a splitting point, we denote the
left slice of y by y[1 : k] and the right slice by y[k + 1 : n].

Proposition 1. Let k be a splitting point with k =Y _;_, A\;. Let v be the largest
partition index of out(y)[1 : k] thus v+ 1 being the smallest partition index in
out(y)[k+1 : n]. Recall that, since k is a splitting point we have diff (k) < diff (¢)
for all 1 < ¢ <n —1. This implies that if

i) v>2, then

M,lc—zv M — z,
>0 10
k— X +n—k+)\,,_ (10)

i) v <h-—2, then

Zyp1 — M} Zyg1 — MY
k+)\v+1 ’I’L—k—)\v+1

>0. (11)

Proof. 1)
My, — M < M\, —Mj_,,
k:Mfc —AoZy (m— k)M + Ayzy

k— X, n—k+ X\,
Ml — 2 M] — z
- M! Au#_MT. )\v#
Bt k— M\, L n—k+ A\
— 0 < M’l“_zv+ Mj =z

k=X, n—k+X,
ii)

My —M; < Mj,, —Mi, .,
_ k'M’i + /\v+lzv+l _ (’Il — k)M’: — >\v+1zv+1
k4 Ao n—k— A1
) 1*Ml Z?)—&-l*Mr
= Mg 2t ke Nt TR
R W L T

e M} Zyg1 — MY,
- k+)\v+1 ’I’L—k—)\v+1.




Lemma 1. If k=7, \; is a splitting point then
2y < M} and z,41 > M.
Proof. If v = 1 then diff (k) < 0 implies M} = 2, < M].
If v = h — 1 then diff (k) < 0 implies 2,41 = M} > M}.
By assumption we have M, ,lc < M}, hence z, > M| implies
M} — 2, < M} —2,<0
contradicting (10) for 2 <v < h — 1.
Similarly, z,41 < M,é implies zy41 — M] < zp41— M,é < 0 contradicting (11)
for1<v<h-2.
O
Corollary 1. If k=Y. | \; is a splitting point then
2y < Zy41-

Proof. Assuming 2 < v < h—2 and multiplying (10) and (11) with their common
denominators and adding the resulting equalities yields:
(Mllc —z)(n—k+ X)) + (Mg — 20)(k — Ay)
+ (o1 = Mp)(n =k = App1) + (o1 — ME)(E+ A1) > 0
= (Ao + A1) (M}, = M7) +1(2 11 — 2,) > 0.

<0

The cases v = 1 and v = h — 1 remain open. We will prove only the first
case, since the other one is proven in a very similar way. The first inequality
holds due to the minimality of the splitting point.

2y — Mlz Skzv + )\v+1zv+1 _ (n — k)M]: — )\'u+lz'u+1
k + )\1)+1 (?’L - k) - A11+1

k Avt1 Av+1
= M <zp— 4
: L k+)\v+1+Z+1<k+)\v+1+(n—k)—)\v+1

n—k
M
g <(nk)/\v+l>
)\erl )\v+1
() < (T
Z(k+>\v+1> ’“((n—k)—ml)
)\U+1n
+ 2y
o <(k+>\v+1)((n— k) — /\v+1)>
= My (k + Avt1)

(Zv - M,:)(k + /\v+1)
(k+ Apt1)
n

zo(n — (k + Apt1)) — nzup1

NZy — NZy+1

2y — Zy+1 < (z2p — MY) <0
—_————
<0

O

Thus, out(y) is feasible. Furthermore, we have proven, that according to (7)
. = 0 must hold at every splitting point for the Lagrange multipliers of the
optimum solution.



4 Optimality

Setting 1o = ppn, = 0 we may rewrite (6) to

n

Z(Mz’ —fli—1)e; =T —y (12)

i=1
and iteratively compute the values of the pu; for 1 <i < n — 1. It is immediate
that this equation is solvable if and only if

n n
E T; = E Yi
i=1 i=1

which is guaranteed to hold for x = out(y). Hence, in order to verify the KKT-

conditions for (out(y), ) we are left to prove p; < 0forall 1 <i<n-—1.
Since the equations after a split are fully decoupled, it suffices to consider

the situation that diff(k) > 0, i.e. in the terminating case (iv). Hence, we know

k
1 .
zi:ﬁély” for 1 <i<n.
j:

Proposition 2. Suppose diff (k) > 0 for all 1 <k < (n—1). Then setting

pi= > - (13)
j=1 j=1

the vector p solves the gradient equation (6).
Proof. We will prove the hypothesis by induction on 3.

0 i=1:
The first scalar equation of (6) yields

1 n
H1 = Ezyj — Y-
j=1

ii) If (13) holds for i, then also for ¢ + 1 (consider equation i + 1 of (6)):

1 n
Bit1 = o Zyj — Yit1 T M
j=1

= Ezyz‘*yiHJrﬁzyi*Zyj
j=1 Jj=1 Jj=1
i+1

j=1 j=1

As mentioned above, the n-th equation is also satisfied. O

Corollary 2. Ifdiff(k) > 0 for all 1 < k < (n—1), then (8) and (7) hold for
all1<i<(n-1).



Proof. Condition (7) holds as out(y); = ... = out(y), = = 31" | y; and hence

T n

gi(x) =0 for 1 <4 <n—1. The following computation verifies (8):

0 > —diff(d)
- M - M]
1 & 1<
DI 'EE
j=i+1 j=1

— i(nl_i) D INTEICED) "
1 <
= o P

n

R

Summarizing, we thus have proven.

Theorem 2. The procedure in Figure 1 terminates with the unique out(y) min-
imizing ||z — y|| for monotone x.
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