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Preface

This monograph is about combinatorial optimization. More precisely,
about a special class of combinatorial problems known as energy mini-
mization or maximum a posteriori (MAP) inference in graphical mod-
els, closely related to weighted and valued constraint satisfaction prob-
lems and having tight connections to Markov random fields and quadratic
pseudo-boolean optimization. What distinguishes this monograph from
a number of other monographs on graphical models is its focus: It con-
siders graphical models, or, more precisely, MAP-inference for graph-
ical models, purely as a combinatorial optimization problem. Model-
ing, applications, probabilistic interpretations and many other aspects
are either ignored here or find their place in examples and remarks
only.

Combinatorial optimization as a field is largely based on five fun-
damental topics: (i) integer linear programming and polyhedral opti-
mization; (ii) totally unimodular matrices and the class of min-cost-
flow problems; (iii) Lagrange decompositions and relaxations; (iv)
dynamic programming and (v) submodularity, matroids and greedy
algorithms. Each of these topics found its place in this monograph,
although to a variable extent. The covering of each respective topic
reflects its importance for the considered MAP-inference problem.

Since optimization is the primary topic of this monograph, we mostly
stick to the terminology widely used in optimization and where it was
possible we tried to avoid the graphical models community-specific
technical terms. The latter differ from sub-community to sub-community
and, in our view, significantly complicate the information exchange
between them.

The same holds also for the presentation of material in this mono-
graph. If there is a choice when introducing mathematical constructs
or proving statements, we prefer more general mathematical tools ap-
plicable in the whole field of operations research rather than to stick
to graphical model-specific constructions. We additionally provide
the graphical model-specific constructions if it turns out to be easier
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than the more general one. This way of presentation has two advan-
tages. A reader familiar with a more general technique can grasp the
new material faster. On the other hand, the monograph may serve
as an introduction to combinatorial optimization for readers unfamil-
iar with this subject. To make the monograph even more suitable
for both categories of readers we explicitly separate the mathemati-
cal optimization background chapters from those specific to graphical
models.

We believe, therefore, that the monograph can be useful for under-
graduate and graduate students studying optimization or graphical
models, as well as for experts in optimization who want to have a
look into graphical models. Moreover, we believe that even experts in
graphical models can find new views on the known facts as well as a
novel presentation of less known results in the monograph. These are
for instance (i) a simple and general proof of equivalence of different
acyclic Lagrange decompositions of a graphical model; (ii) a general
scheme for analyzing convergence of dual block-coordinate descent
methods; (iii) a short and self-contained analysis of a linear program-
ming relaxation for binary graphical models, its persistency properties
and its relation to quadratic pseudo-boolean optimization.

The present monograph is based on lectures given to undergraduate
students of Technical University of Dresden and Heidelberg University.
The selection of material is done in a way that it may serve as a basis
for a semester course.
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Notation

To simplify reading of the monograph, some frequently used notations
are collected here. Some of them, which we assume to be quite stan-
dard, are used without additional notice in the text. Others, typically
more specialized, are introduced in the monograph. For those we point
out the section and the page they are defined in.

Standard notation

N
4
R
R’ﬂ

the set of natural numbers

the set of integer numbers

the set of real numbers

an n-dimensional vector space over the field of real num-
bers

the set of vectors with non-negative coordinates in R, i.e.
{r eR": 2; >0, i=1,2,...,n}; for n = 1 the notation
simplifies to R

For any set A and any finite set B, this notation stands for
a vector x with |B| coordinates indexed by elements of B,
for each b € B it holds that x; € A. The only exception
from this rule is the notation AB, see below.

comparison operations are applied coordinate-wise to vec-
tors and point-wise to functions

denotes the Iverson brackets, that is, for any predicate A
it holds that [A] = 1 if A is true, otherwise [A] =0

the inner product, i.e. (c,x) => " | ¢;z;

gradient of the function f

for two functions f: N — N and g: N — N one writes
f = O(g), if there is a constant ¢ > 0 and a number
no € N such that f(n) <c-g(n) for all n > ng
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Standard abbreviations

w.r.t. with respect to
w.l.o.g. without loss of generality
s.t. subject to

10
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Notation defined in the monograph

No(u)

og(y), 6(y)

vrtx(P)

A?’L
AX

conv(X)
mi[6f,,]

set of graph vertexes incident to vertex wu, see §1.1,
page 14

binary representation of the labeling y, i.e. a binary
vector with non-zero coordinates corresponding to the
labels y,, u € Y, and label pairs (v, y»), uv € &, see
page 57;

the set of indexes of the cost vector of a graphical
model; |Z| is equal to the number of coordinates of
the cost vector, see §1.1 on page 16

set of vertexes of the polyhedron P, see Definition 3.19
on page 38

n-dimensional simplex, see Definition 3.21 on page 40
| ¥'|-dimensional simplex, with coordinates indexed by
elements of X, see Definition 3.21 on page 40

convex hull of X, see Definition 3.28 on page 41
binary vector with non-zero coordinates correspond-
ing to locally minimal values of the cost vector 8,,, see
page 107

binary vector with non-zero coordinates correspond-
ing to the non-zero coordinates of i, see page 107
arc-consistency closure of a binary vector &, see Defi-
nition 6.11 on page 111

the set of indexes of the Lagrange dual vector for the
MAP-inference problem; | 7| is equal to the number
of coordinates in the dual vector, see §6.1 on page 95
angular brackets are used in figures for coordinates of
primal relaxed solutions, see e.g. Figure 4.1, 4.2, 6.4,
12.3

11



1 Introduction to Inference for
Graphical Models

There are many problems in computer science, which can be formu-
lated in the form of so-called Discrete Graphical Models. Examples can
be found in bio-informatics, communication theory, statistical physics,
computer vision, signal processing, information retrieval and machine
learning.

Discrete graphical models as a modeling tool naturally appear when

e the target object (the object we model) consists of many small
parts,

e each part must be labeled by a label from a finite set, and
e parts (and, therefore, their labels) are mutually dependent.

Example 1.1 (Image segmentation). Image segmentation is a clas-
sical image analysis task: Each pixel of an input image must be as-
signed a label of an object visible in the image. For instance, if we
consider images of street scenes, these labels could belong to the set
{pedestrian, car, tree,building}.

The target object is an image, i.e. a two-dimensional array of pixels.
Each pixel constitutes an elementary part of the image and must be
labeled with a label from a finite set. The simplest assumption about
image segments, i.e. groups of pixels having the same label, is the so
called “compactness assumption”. It states that it is more probable
that neighboring pixels are labeled with the same label than with
different ones.

12



1 Introduction to Inference for Graphical Models

Example 1.2 (Depth reconstruction). Depth reconstruction is an-
other important image analysis problem. In the classical setting there
are (at least) two images taken from different viewpoints. The task
is to match pixels from these two images to each other. Assuming
the positions of cameras and their focal lengths are known, this allows
us to estimate depth of the scene, which was photographed with the
cameras.

As in the previous example, the target object is a two-dimensional
pixel array, where each pixel constitutes an elementary part of the
object and must be labeled with a label from a finite set. Here, the
meaning of the labels is different: Each label represents depth infor-
mation of the associated pixel in an image, i.e. how far the depicted
observation is placed from the camera. Usually the set of labels is cho-
sen as natural numbers in a given interval, for instance, {0, 1,...,255}.

Assuming that the observed surface is smooth, one would expect
the difference |s — s'| between labels s and s’ in neighboring pixels
to be small. The opposite would mean a jump in depth, or, in other
words, non-smoothness of the surface.

Example 1.3 (Cell tracking problem in bio-imaging). Given is a se-
quence of images that show the development of a living organism from
an early embryo consisting of only a few cells to a fully grown animal.
During this sequence, the images show moving and splitting cells.

Under the assumption that the image is already pre-segmented, i.e.
the cells were already found in each image, the task at hand is to
track each individual cell and its descendants from the first to the last
frame.

The cells are the elementary parts of the considered object. Each
cell in a given image frame is labeled with pointers to one or two
cells in the next frame. One pointer means that the cell only moved,
and two pointers correspond to a cell division. The simplest tracking
model forbids two different cells to have the same descendants. This
rule defines dependencies between object parts.

13



1 Introduction to Inference for Graphical Models

Ouo(s,t)

AR

G=V,8)

Figure 1.1: Example of a graphical model with grid structure. On
the left, graph nodes are denoted with inclined rectangles,
lines connecting nodes correspond to graph edges. On the
right, two neighboring nodes are shown. Black circles in-
side rectangles correspond to the labels s in the node u (left
rectangle) and ¢ in the node v (right rectangle). Dashed
lines correspond to each label pair s,¢ with an assigned
pairwise cost 0y, (s,t).

1.1 Basic definitions

Graph Let G = (V, &) be an undirected graph consisting of a finite
set of nodes V and a set of edges £ C (g) The set £ will also be called
a neighborhood structure of V. For convenience, we will typically use
lower case letters w and v for nodes of the graph, and write uv to
denote an edge {u,v} € & connecting u and v. Since the graph is
undirected, uv and vu denote the same edge. The notation N (u) will
be used for the set of nodes {v | uv € £} connected to the node w.

The graph G is considered as a model of the considered target object,
where the nodes represent the elementary object parts and edges stand
for mutually dependencies between them.

In Examples 1.1 and 1.2 the graph G may have the grid structure
of the underlying two-dimensional pixel array. In Example 1.3 cells
of one image frame are neighbors, since their labels depend on each
other.

14



1 Introduction to Inference for Graphical Models

Labels and unary costs A finite set of labels ), is associated with
each node u € V. Our preference for each label is expressed by the
unary cost function 6, : YV, — R, which is defined for each node u € V.
The value 6,(s) determines the cost, which we pay for assigning label
s € Yy to the node u. Sometimes we will use very high costs to
implicitly forbid certain labels or label pairs. The notation co will be
used to denote such high costs.

Unary costs are usually defined by what is known from observation.
In Example 1.1, typically, the color distribution in the vicinity of a
given pixel defines the cost of each possible label. The difference be-
tween color distributions from two or more images of the same scene
taken from different viewpoints determines the unary costs in Exam-
ple 1.2. Unary costs are often called the “data term” to emphasize
that they depend on the input data or observation.

Dependence and pairwise costs Dependencies between labels
assigned to different graph nodes are modeled with pairwise cost
functions Oy, : Yy X Yy — R, which are defined for each edge uv € £
of the graph.

A simple (although not always the best) way to model the compact-
ness assumption in Example 1.1 is to assign

0, s=t
Ouo(s,t) =< 7 1.1
5,1 {% o (1.1
for any pair of labels (s,t) € Y, x Y, with some o > 0. A simple way
to model a smooth surface in depth reconstruction in Example 1.2 is
to assign

Oun(s,t) = |s — 1], (1.2)

to penalize large differences between depth in the neighboring nodes.
In the cell tracking example the pairwise costs should forbid the
same labels to be assigned to neighboring nodes when no cell division

happens:
0 t
ms,t):{ o7 (1.3)
0o, s=1.

15



1 Introduction to Inference for Graphical Models

This disallows that cells u and v “glue” to the same “parent” cell s = t.
In case of cell division, this pairwise cost function can be extended in
a natural way to disallow intersection of cell descendants.

These examples show that pairwise costs often incorporate the prior
information about a considered object, therefore, they are often col-
lectively referred to as the prior. However, this is not always the case.
For instance, much better segmentation results can be obtained if the
parameter « in (1.1) depends on the color distribution of the input
image, i.e. on uv.

Costs and cost functions are also called potentials and potential func-
tions. We prefer the term cost since it is more widely used in general
optimization literature.

Since unary and pairwise costs are functions of discrete variables,
they can be seen as vectors. Therefore we can treat the unary cost
function 6, as a unary cost vector (6,(s), s € ). Similar reasoning
holds also for each pairwise cost function, which can be considered as
a pairwise cost vector Oy, = (Ouu(s,t), (s,t) € Yy X Vy). Unless we
use the word vector or function, the context will determine whether we
refer to a vector or a function 6, (or 6,,). All unary vectors stacked
together form the vector of all unary costs 8y = (6,, u € V). The
vector g of all pairwise costs is defined similarly as (6,,, uv € &).
Stacking together the latter two results in a long cost vector 0 =

(Oy,0¢) with dimension Z := >, oy, [ Vu| + > L0ce [Vl

Labeling In the following, we will often use the notation ) 4 for all
possible label assignments to a subset of nodes A C V. Formally, Y4
stands for the Cartesian product Hue 4 Vu- In particular, Y, denotes
Yu X Yy and is the set of all possible pairs of labels in nodes u and
v. A vector y € )y of labels assigned to all nodes of the graph is
called labeling. We will refer to coordinates of this vector with the
node index, i.e. y, stands for the label assigned to the node u. One
may also speak about partial labelings, if only a subset A of the nodes
is labeled.

16



1 Introduction to Inference for Graphical Models

Figure 1.2: Labeling of the graphical model from Figure 1.1. Selected
labels are marked as black circles and connected with solid
lines. Each black circle corresponds to a unary cost and
each solid line to a pairwise cost in the sum in the energy
minimization problem (1.4).

Definition 1.4 (Graphical model). The triple (G, Yy, 6) consisting of
a graph G, discrete space of all labelings ), and a corresponding cost
vector 0, is called a graphical model.

Definition 1.5 (Energy minimization problem). The problem

y* = arg min
yeVy

E(y;0) := Zﬂu(yu) + Z euv(yuayv)] (1.4)

uey uvel

of finding a labeling y* with minimal total cost will be called energy
minimization or mazximum a posteriori (MAP) inference problem for
the graphical model (G, )y, 0).

For the sake of notation we will sometimes use the short form
of (1.4)

y* = argmin
yeVy

BE(y;0) = > Hw(yw)] (1.5)

weVUE

with g, being equal to y,, if w corresponds to a node, i.e. w =u € V,
and ¥y, if w corresponds to an edge, i.e. w = uv € £.

17



1 Introduction to Inference for Graphical Models

Problems equivalent or very closely related to (1.4) have also other
names depending on the corresponding community they are studied
in: mazimum likelihood explanation (MLE) inference (machine learn-
ing, natural language processing community), weighted /valued/partial
constraint satisfaction problem (constraint satisfaction community).

1.2 Probabilistic interpretation

The name MA P-inference stems from the probabilistic interpretation
of the problem (1.4). With the energy F(y;0) one typically associates
the exponential probability distribution

) = g5 e (E:0)). (1.6

where the normalizer Z(60) is known as partition function.

According to the distribution (1.6), problem (1.4) is equivalent to
finding the most probable labeling y, i.e. the one maximizing p(y).
Since E has the separable form (1.5) the expression (1.6) takes the
form of the Gibbs distribution

p(y % II ©uwww) (1.7)

wGVU8

with ©,, = exp(—6,,). This explains the also frequently used name
“factors” for the cost functions and their exponents O,,.

The probabilistic interpretation (1.6) gives rise to several other prob-
abilistic inference problems motivated by Bayesian statistical deci-
sion making theory. One computational problem, often referred to
as marginalization inference, consists of computing marginal distribu-

tions
Puls) = Y py) (1.8)
YEVY : Yu=s
for each node w and label s of a graphical model. These kinds of

problems, although closely related to MAP-inference, are beyond the
scope of this monograph.

18
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1.3 Combinatorial complexity of MAP-inference

The number of possible labelings y in (1.4) grows exponentially with
the cardinality of V, as it is equals ],y |Vy|. It results in LV in case
all nodes have the same number of labels |V,| = L, Yu € V.

However, an exponentially large set of solutions is not sufficient for
polynomial A/P-hardness of a problem. For example, the shortest path
between two nodes in a directed graph with positive edge weights has
an exponentially large set of solutions, but is polynomially solvable by
Dijkstra’s algorithm.

Below we show that the MAP-inference (1.4) is, indeed, NP-hard.
To do so, it is sufficient to show that some NP-complete decision
problem is polynomially reducible to MAP-inference.

In the following construction we will show that the Hamiltonian
cycle problem reduces to MAP-inference in polynomial time.

Definition 1.6 (Hamiltonian cycle). A Hamiltonian cycle in a graph
G is a cycle which visits each node exactly once.

The problem of deciding whether a given directed graph has a
Hamiltonian cycle is known to be NP-complete. To show A/P-hardness
of MAP-inference, it is sufficient to reduce the Hamiltonian cycle prob-
lem to it.

Let G’ = (V', &) be the graph for which one should solve the Hamil-
tonian cycle problem. Let us construct the following graphical model
(see Figure 1.3): For the graph G = (V,€) it holds that V =V’ and
&= (g) In other words, graph G contains the same nodes as graph G’
and is fully connected. Moreover, we will order all nodes of the graph
G, ie. V = {1,2,...,|V|}. This order is the order of nodes in the
Hamiltonian cycle we are searching for. We will assume the operation
u ~+ 1 to be defined modulo |V|, i.e. u+ 1 defines the next element of
the Hamiltonian cycle. In other words, if u < |V| then w + 1 is the
next natural number after v and for u = |V| the element u+1 is equal
to 1.

The set of labels Y, := V' is the same for each node u € V. Its
elements index nodes of the graph G’. A label s assigned to a node

19



1 Introduction to Inference for Graphical Models

1 2
0 -t(s,t)eg'
S:oo :t/(s,t’)éc‘:’
u u+1
5 5[] o
S: oo:S
U v

Gg=V¢)
4

Figure 1.3: Illustration of the reduction of the Hamiltonian cycle prob-
lem to MAP-inference for a graph with 5 nodes. Edges of
the MAP-inference graph G are divided into two groups:
between nodes u and u + 1 (bold edges) and all others
(thin edges). The corresponding pairwise costs are illus-
trated on the right (see also main text).

u € V encodes that the u-th node in the Hamiltonian cycle corresponds
to the node s of the graph G'.

Unary costs are equal to 0. Pairwise costs are split into two groups.
For a pair of nodes {u,u+ 1} € £ the cost reads

0, (s,t)eé&

00, (s,t)¢&. (1.9)

9u,u+1(57t) = {

It guarantees that two neighboring nodes of the Hamiltonian cycle are
connected by an edge in the graph G’.

To guarantee that no node is included twice in the Hamiltonian
cycle, we set up other pairwise costs for v 2 u+1 and v # v+ 1 as

follows:
0 t
euv<s7t>={ 7 (1.10)

oo, s=t

Such type of pairwise costs is sometimes called the uniqueness con-
straints, since these costs enforce that each label is selected at most
once.

20



1 Introduction to Inference for Graphical Models

Let y be some labeling of the graphical model G such that E(y, ) <
oo. Then the sequence (y1, 2, ... ,y|v|) is the Hamiltonian cycle by
construction: there is an edge between y, and 3,41 in G’, and the set
{y1,92,-- -,y } is exactly the set V',

All labelings have either value 0 or co. Therefore, the solution of
the MAP-inference problem answers the question whether there is a
labeling y such that E(y,6) < oo, and, therefore, whether there is a
Hamiltonian cycle in the graph G'.

Note that the same reduction of the Hamiltonian cycle problem to
the MAP-inference could have also be done without using the infinite
costs. Instead, any positive finite cost (e.g. 1) could be used in place of
infinities. In this case the solution of the MAP-inference problem an-
swers the question whether there is a labeling y such that E(y, ) = 0,
which is equivalent to the existence of a Hamiltonian cycle in the
graph G'.

1.4 Bibliography and further reading

For further examples of applications of graphical models in computer
vision and image processing we refer to the collection [1]. Books [2],
[3] can be recommended to learn more about the probabilistic view on
graphical models. The monograph [4] concentrates on the exponential
family (1.6) of distributions and its relation to graphical models.

A classical source to learn about the computational complexity of
combinatorial problems is [5], a modern exposition is given in [6]. The
most recent and comprehensive analysis of complexity of the MAP-
inference problem is provided in [7].

The text books [8] and [9] can be recommended to learn about
Bayesian decision theory.

The reduction of the Hamiltonian cycle problem to MAP-inference
is reproduced from the lectures on structural pattern recognition given
by Prof. Michail Schlesinger at National Technical University of Ukraine
“Igor Sikorsky Kyiv Polytechnic Institute” where the author studied
mathematics and computer science.
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2 Acyclic Graphical Models

In this chapter we will concentrate on an important subclass of graphi-
cal models, namely those having an acyclic structure, i.e. whose graph
G is acyclic. This type of problem is important by itself, because it nat-
urally allows us to model (i) time-series, as chain-structured graphs,
and (ii) hierarchies, by tree-structured graphical models. As we show
below, the MAP-inference problem on acyclic graphs can be solved
very efficiently. Therefore, this type of model is also widely used as a
building block for approximate algorithms. We will consider one class
of such approximations in Chapters 9 and 10.

The algorithm that allows for an efficient solution of the MAP-
inference problem for acyclic graphical models is the dynamic pro-
gramming algorithm. Most importantly, for acyclic models the com-
putational complexity of this algorithm grows only linearly with the
problem size which is the best possible complexity one can expect.

The chapter is split into four parts. The first two are aggregated
into a single section, and introduce the dynamic programming algo-
rithm for chain- and general tree-structured graphs, respectively. The
third part covers a related topic, the computation of the so-called min-
marginals for chain-structured graphical models. This part shows its
real importance when approximate solvers as in Chapter 10 are con-
structed. There the algorithm introduced below plays a crucial role.
The fourth part comments on the use of dynamic programming for
models whose graphs contain cycles.
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2 Acyclic Graphical Models

2.1 MAP-Inference with dynamic programming

2.1.1 Chain-structured graphical models

To simplify our presentation we start with the special case where the
graph G is chain-structured. In this case the set of nodes can be
totally ordered, i.e. V = {1,...,n}. The set of edges contains pairs of
neighboring nodes in the chain: &€ = {(i,i+1):i=1,...,n—1}.

Consider Figure 2.1, where a chain-structured graphical model is
depicted. An optimal labeling starts in the first (left-most) node
and ends in the last (right-most) one. To select its last label opti-
mally assume we have computed the function F,,: )V, — R such that
F,(s)+60,(s) denotes the cost of the best (minimal-cost) labeling with
the very last label being s. In other words, the value F),(s) is the cost
of the labeling without the unary cost 6,,(s). Then the minimization
Yn = argmingey, (F,(s) 4 0,(s)), which can be performed by enumer-
ation, allows us to determine the last label of an optimal labeling y.

To find other labels the same considerations can be applied given
that the functions F;: ); — R are computed such that F;(s) equals the
cost of the best partial labeling in the nodes 1,...,¢ with the label s
assigned to the i-th node .

Functions F; can be recursively computed as

Fi(s) := tgjl}in (Fio1(t) + 6;-1(t) + 92‘_17i(t, s)), (2.1)
i—1
with Fi(s) =0 for all s € V.
These considerations can be derived from the following recursive
representation of the energy of a chain-structured graphical model,
where functions F;: ); — R for ¢ € V are introduced “on the fly”:

n—1
min F(y;0) = min (Z (91(,%) + 605 i41(Yis yi+1)) + On(yn)>

yeyv Y1s--5Yn N
=1
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2 Acyclic Graphical Models

Fi(y1) Fy(y2) F3(y3) Fy(ya) Fo(yn)
o e e
oo Lo (re

Z ) . / = s *ee
@< @€ @ { ) ( }
7”3(y3)
1 2 3 4 n

Figure 2.1: Illustration of dynamic programming on a chain: re-
cursive expression (2.1) and Algorithm 1. Dash lines
between nodes 4 and 3 connect the label y,, which
is currently computed, with all possible labels y3 €
Y3.  Minimization is performed over ys according to

Fy(ys) = mingey, <F3(y3) + 03(y3) + 03,4(y3, y4)>. The
arrows point to the result of this optimization during the
previous steps of the algorithm and correspond to the
values of 7;(y;). To reconstruct an optimal labeling one
has to follow the arrows back from the last node to the
first one. The starting label in the last node is chosen as

Yn = argmingey, (F(s) + 0n(s)).

= min ( min <01(y1) +91,2(y1,y2)>

Y2,-Yn \ Yy1E€EMN
Fy(y2)
n—1
+ Z (Gi(yi) +0;i11(yi, yi-l—l)) + '9n(yn)>
i=2
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2 Acyclic Graphical Models

= min ( min <F2(y2) + 62(y2) + 02,3(y2, y3)>
Y3,Yn \ Y2EV2

F3(ys)

n—1
+ Z (91(%) + 0ii41(yis yz’+1)> + Hn(yn)>

1=3

— min (Fn(yn)+0n(yn)). (2.2)

Yn€Vn

The transformations (2.2) confirm that the energy of the optimal
labeling can be computed as minyey,, E(y) = mingey, (Fn(s) + 0n(s))
and values F;(s) can be computed recursively as given by (2.1). We
summarize these observations in Algorithm 1.

Algorithm 1 Dynamic programming algorithm for chain-structured
graphical models

1: Given: (G, My, 0) - a chain-structured graphical model

2: Fi(s):=0, for all s € }

3: for i =2 ton do

4 Fl(s) = minteyFl (Fi_l(t) + Qi_l(t) + 01'_171'(15, S)), Vs €Y

5 ri(s) == argmingey, | (Fio1(t) +0i-1(t) + 0i—1,4(t, 5)), Vs € V;
6: end for

7. E* = mingey, (Fn(s) + 0n(s))

8: return E* {ri(s):i=2,...,n, s € Y}

Values Fj(s) are often called forward min-marginals or forward mes-
sages, since they represent an optimal labeling from the first node to
the label s in the node 4, and all unary/pairwise costs with indexes
smaller than ¢ are marginalized out.

Values 7;(s) are pointers needed to recover the optimal labeling,
when its energy is computed, as given by Algorithm 2. Note that
F;(s) and r;(s) are obtained by the same minimization, therefore it
must be performed only once.
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2 Acyclic Graphical Models

Algorithm 2 Reconstructing an optimal labeling

1: Given: ri(s):i=2,...,n, s€);
2: Yp = argmingey, (F(s) + 0n(s))
3: for i =n to 2 do

4y =ri(y)

5. end for

6: return y

Computation complexity of each minimization in line 4 of Al-
gorithm 1 is O(|Yi—1|). One has to perform |Y;| such minimizations
on each iteration. Therefore, complexity of the algorithm reads

0(2 \yi_1|yz~|>,
=2

which results in O(L?|V|) = O(L?|€|) if we assume that all nodes have
an equal number L of labels. This is exactly the memory, which is
required to define a chain graphical model: |V| unary cost vectors of
the size L each plus || pairwise costs of the size L? each. In other
words, dynamic programming for chain-structured graphical models
has linear complexity with respect to the model size.

The functions F; are known as Bellman functions, in honor of the
author of dynamic programming. Besides the original name, Algo-
rithm 1 is often refereed to as the Viterbi algorithm.

Algorithm 1 can also be run the opposite direction. In this case one
speaks about backward min-marginals recursively defined as

B,(s) =0, s € Yy;

Bi(s) i= min (Bisa(t) + 0 (8) + bripa(s.8)) s €, (2:3)
i+1
for i =n —1,...,1. Backward min-marginals can be computed sim-

ilarly to forward min-marginals, by processing the nodes of a chain
graph in an inverse order. In §2.2 we show why computing both for-
ward and backward min-marginals can be useful.
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2 Acyclic Graphical Models

2.1.2 Tree-structured graphical models

Dynamic programming is also applicable to MAP-inference in general
acyclic graphs. Without loss of generality we will assume the graph to
be connected, i.e. it must represent a single tree. For graphs with mul-
tiple connected components the MAP-inference problem decomposes
into independent subproblems for each component.

Two important properties of a tree-structured graph are:

e If a tree has more than one node, there always exists a node u
which has a single incident edge, i.e. |[Np(u)| = 1. Such nodes
are called leaves of the tree.

e Removing any leaf and its incident edge turns a tree-structured
graph again into a tree-structured graph.

Note that a chain is a tree, and in Algorithm 1 we remove itera-
tively the leaf with the smallest index. This observation leads to the
generalization of Algorithm 1 to arbitrary tree-structured graphs. For
convenience we slightly change the definition of functions F;, compared
to the case of chain-structured models.

Algorithm 3 Dynamic programming algorithm for tree-structured
graphical models

1: Given: (G, )y, 0) - a tree-structured graphical model
2: Fy(s) :=0,(s), forallv eV, se ),

3: while |[V| > 1 do

4:  Find a leaf v € V: Njy(v) = {u} for some u € V

5. Fyu(s) := Fu(s) + mingey, (Fy(t) + 0uu(s, 1)), Vs € Yy
6:  V:=V\{v}

7: end while

8: Let v be the remaining node, i.e. V = {v}

9: return E* = mingey, Fy(s).

Algorithm 3 iteratively searches for a leaf node v and eliminates it
by recomputing F;, for its single neighbor u. To prove correctness of
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2 Acyclic Graphical Models

Fy(y2)

1 Oralyiva) 4

Figure 2.2: Illustration to Algorithm 3 of dynamic programming on
a tree. Nodes are enumerated in a possible processing
order. Dash lines between nodes 4 and 1 connect the la-
bel y4, which is currently computed, with a possible label
y1 € V1. Minimization is performed over y; according to

Fy(ya) = Fy(ya) + miny, ey, (F1(y1) + 91,4(y1,y4)>-

the algorithm its derivation in an algebraic form analogous to (2.2)
can be constructed.

On each iteration of Algorithm 3 one edge wv (incident to a leaf
node v) is eliminated in line 5. This elimination has a complexity
of O(|Vul|Yw|). It has to be performed for all edges, which results in
the overall complexity of Algorithm 3 being O(>_,, ce [Vul|Vu|). The
latter simplifies to O(|€|L?) in case all nodes are associated with the
same number of labels L. Similarly to the case of a chain-structured
model, the complexity is linear in the model size.

In the same way as Algorithm 1, Algorithm 3 can be augmented
with additional information to reconstruct an optimal labeling when
the optimal energy is found.
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2 Acyclic Graphical Models

2.2 Computation of min-marginals

Besides computing an optimal labeling for the problem as a whole,
dynamic programming can be very efficiently applied to compute the
energy of an optimal labeling containing a specified label in a partic-
ular graph node. Moreover, computing energies of all such labelings,
i.e. for all labels in all nodes at once, has basically the same complex-
ity as the MAP-inference problem. Here we will again assume that
the graphical model is chain-structured, although the computations
generalize straightforwardly to any acyclic graph.

Definition 2.1. Let E,,: V,, — R be defined for all w € VUE as

E,(s)= min E(y;6), (2.4)
YEVy : Yyuw=s
that is, E,(s) is the energy of the optimal labeling containing label
(label pair) s in node (edge) w. Values Ey,(s) are called min-marginals.
We will distinguish node min-marginals F,, v € V, and edge min-
marginals By, uv € £.

Using the definition of F; as in Algorithm 1, and B; as in (2.3), it
is easy to see that

Ei(s) = Fi(s) + Bi(s) + 6i(s), i€V, s€ ), (2.5)
Eiiv1(s,t) = Fi(s) + Biya(t) + 0i(s) + 0i1(t) + 0 iv1(s, 1),
i=1,...,n—1, (s,t) € Viiy1. (2.6)

The algorithm, which computes min-marginals by first computing
functions F; and B; and then applying (2.5) and/or (2.6), is often
referred to as forward-backward dynamic programming or forward-
backward belief propagation on a chain. The name comes from the
fact that one has to perform computations in the order of increasing
node indexes for F; (“forward move of dynamic programming”) and in
order of decreasing node indexes for B; (“backward move of dynamic
programming”).
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2 Acyclic Graphical Models

2.3 On dynamic programming for cyclic graphs

Graphs with low tree-width The dynamic programming algorithm
can be extended to cyclic graphical models. However, the complexity
of the algorithm grows exponentially with the so called tree width of
the graph. Loosely speaking, nodes and edges of the initial graph
must be grouped together into “hyper-nodes” and “hyper-edges” in
such a way that the “hyper-graph” defined by this grouping is acyclic.
Tree-width is defined as the maximal number of nodes in a “hyper-
node” of this graph. Unfortunately, an n x n grid has tree-width n,
and so has the fully-connected graph with n nodes. This implies an
exponential complexity of the dynamic programming algorithm for
the corresponding graphical models.

Therefore, typically dynamic programming can be used to simplify
the problem by reducing it to a subgraph with high tree-width. To
deal with this remaining problem, alternative approaches must be con-
sidered, which we will explore in later chapters of this monograph.

Belief propagation Another, heuristic, way to use the dynamic pro-
gramming algorithm for cyclic graphs is to define an order on the set
of its nodes and iteratively perform dynamic programming updates
as in Algorithm 1 according to this order. This type of algorithm is
usually referred to as (loopy min-sum) belief propagation. However,
such algorithms have very weak convergence properties, they do not
converge in general, and lack optimality guarantees even when they
converge.

In Chapters 9 and 10 we will follow the more theory based La-
grangean decomposition approach which splits the graphical model
into acyclic subgraphs, and enforces consistency of their solutions.
Interestingly, some of the resulting algorithms turn out to be very
similar to belief propagation, but contrary to it they (i) enjoy much
stronger convergence guarantees, (ii) provide optimality bounds for
the optimal energy, and (iii) perform better in numerous applications.
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2 Acyclic Graphical Models

2.4 Bibliography and further reading

A historical reference for dynamic programming is the book [10]. An-
drew Viterbi proposed a method for finding the most probable se-
quence of a hidden Markovian chain (which can be seen as a chain
graphical model) in his seminal work [11]. Acyclic graphical models
and generalizations of dynamic programming are presented in great
detail in the excellent text-book [9] which we recommend for fur-
ther reading on the topic. The definition and a detailed overview
of tree-width computation is given in [12], [13], and the corresponding
generalization of dynamic programming is presented in [14, p.228] as
message passing in junction trees. Belief propagation was introduced
n [15]. The work [16] is also widely cited for this algorithm.
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3 Background: (Integer) Linear
Programs and Their Geometry

In the following, we will often treat M AP-inference for graphical mod-
els as an integer linear program. The theory of this mathematical
object is well-developed, and plays an important role for construct-
ing exact and approximative optimization algorithms. Therefore, we
will give basic concepts and results of this theory which are necessary
to describe the most efficient existing optimization methods for the
considered MAP-inference problem.

We start this chapter with a general notion of a (constrained) op-
timization problem and its relaxations. Further, we will focus on a
specific, polyhedral constraints, which will lead us naturally to the lin-
ear programs. Finally, we will consider linear programs with integer
constraints, known as integer linear programs.

3.1 Optimization problems
In the optimization literature the notation

i 3.1

min f() (3.1)
is adopted for a problem of minimizing a function f: X — R on a set
X C R™. More precisely, it means that the optimal value of f defined

as f* = infzex f(x) must be found. If f* = —oo, that is, there exists

a sequence r' € X such that f(z?) g —00, the problem is called

unbounded. Another special case appears when X is an empty set.
Then the problem is called infeasible, the notation f* = oo is adopted
to this case. The set X is called the feasible set of the problem (3.1),
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3 Background: (Integer) Linear Programs and Their Geometry

and x € X is a feasible point. The fact that the problem (3.1) is
neither infeasible nor unbounded, in other words, feasible and bounded,
is denoted as —oo < f* < co. A vector z* € X such that f(z*) = f*
is called an (optimal) solution or optimal point of the problem. In
general, an optimal solution is not unique, or may not exist, even if
—00 < f* < o0.

Example 3.1. Although the optimal values of the problems

min e%; min (3.2)
x>1 z>1
are finite and equal to 1, their optimal points do not exist.
Indeed, assume that a feasible point x > 1 is an optimal solution for

the first problem. However, since ew%rl <ew and x 4+ 1 > 1 is feasible,
the point = is not an optimal solution.

Similarly for the second problem, its objective value in (1 + £51) is
strictly smaller than in = for any feasible z, and 1+ %‘1 is feasible as
soon as x is feasible.

In the following, we will mostly deal with problems where the ex-
istence of an optimal value implies also the existence of an optimal
point.

A feasible point x such that f(z) is approximately equal to f* (de-
noted as f(x) ~ f*) is often referred to as an approzimate solution of
the minimization problem (3.1).

The problem of the form (3.1) is referred to as a constraint mini-
mization problem. The constrained mazximization problem max,ex f(x)
is defined by substituting min with max, inf with sup, and —oo with co
and the other way around. Minimization and maximization problems
together are also called optimization problems.

Example 3.2. The following optimization problems are infeasible, as
their respective feasible sets are empty:

min f(z);  max f(z); Jmin - f(z). (3.3)
<0 z>2 z€[0.2,0.9]

33



3 Background: (Integer) Linear Programs and Their Geometry

Example 3.3. The following optimization problems are unbounded:

minz + 1; min2 — x; max z2 . (3.4)
<0 >0 <0
Example 3.4. The following optimization problems have multiple

optimal solutions

min 1—2% min |z —0.5); max1. (3.5)
ze[—1,1] z€{0,1} z€[0,1]

In the rest of the monograph we will deal mostly with linear objec-
tives, i.e. f(x) = (¢, z) for some vector ¢ € R™. The feasible set X will
usually be either finite or polyhedral. The definition of the latter will
be given in §3.2.

3.1.1 Relaxations of optimization problems

As we already learned in the example for the MAP-inference problem
in Chapter 1, important optimization problems are often computa-
tionally intractable. Therefore, it is natural to consider tractable ap-
proximations of these problems to obtain an approximate solution of
the problem or at least a bound on its optimal value. In the following,
we define one of the most important types of such approximations:

Definition 3.5. The optimization problem

i 3.6

min () (3.6)

is called a relazation of the problem (3.1) if X' O X and g(z) < f(x)

for any x € X. The solution of the relaxed problem is often referred
to as a relaxed solution.

Example 3.6. The problems ming>o f(7) and minge(oqj» f(z) are
relaxations of the problem min,c o 1y» f(2).

Example 3.7. The problem min,¢g 22 is a relaxation of the prob-
lem ming,c (g7 |7|. The advantage of this relaxation is the differentia-
bility of 2%, which may often lead to faster optimization algorithms.
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3 Background: (Integer) Linear Programs and Their Geometry

Example 3.8. The problems min (¢,z) and min (c,x) are re-
zeXCR"” z: Az=b

laxations of min (c,z).
z€X CR?
Az=b

The most important property of a relaxation is provided by the
following proposition:

Proposition 3.9. Any relaxation constitutes a lower bound, i.e.

min g(z) < min f(z),
if X € X" and g(z) < f(z) for z € X. Moreover, if 2/ € X and
f(z') = g(«’) holds for a relaxed solution z’ € arg min ¢y, g(z), then
2’ is an optimal solution of the non-relaxed problem min,cx f(z) as
well. In this case, one says that the lower bound provided by the
relaxation is tight.

Proof. The first statement of the proposition is implied by the follow-
ing inequalities min,cx/ g(x) < mingex g(x) < mingex f(x), which
follow from Definition 3.5.

The second statement follows from f(z') = g(2') = minge x+ g(z) <

mingex f(z) < f(2'). O

Relaxations, which provide tight lower bounds for all instances of
optimization problems from a certain class, are called tight relaxations.

Example 3.10. Problem min cz is a tight relaxation for min cx
z€[0,1] z€{0,1}

for any constant c.

Definition 3.11. The relaxation min,cxs g(z) is called tighter than
the relaxation minxeX,Q(x), if it provides better lower bound, i.e.

mingex: () > min,_ ¢, §(z).

The first part of Proposition 3.9, in particular, implies that the
relaxation mingeys g() is tighter than min_, ¢, g(z) if the latter is a
relaxation of the former one.
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3 Background: (Integer) Linear Programs and Their Geometry

Definition 3.12. Two relaxations are called equivalent, if their bounds
coincide.

The following simple proposition shows that uniqueness of the so-
lution of a tight relaxation implies uniqueness of the solution of the
non-relaxed problem:

Proposition 3.13. Let min,cx f(x) be an optimization problem and
minge xs g(x) be its relaxation. If 2/ € X is the unique solution of the
relaxed problem and g(z’) = f(2'), then it is also the unique solution
of the non-relaxed one.

Proof. Since 2’ is the unique relaxed solution, it holds that f(z') =
g(2') < g(z) for x € X'\{a'}. Therefore, f(z') < g(z) < f(x) for
all z € (X\{2'}) C (X'\{2'}), which implies that 2’ is the unique
solution of the non-relaxed problem. ]

3.2 Linear constraints and polyhedra

In this section we consider a special type of constraint sets known as
polyhedra. Polyhedra are the main components of linear and integer
linear programs.

Let a # 0 be a vector in R™. The set {z € R": (a,z) = b} is called
a hyperplane in R", and {x € R" | (a,z) < b} is a half-space defined
by this hyperplane.

Definition 3.14. A polyhedron P in R™ is a set which can be repre-
sented by a finite set of linear inequalities, i.e. P = {x € R": Az < b}
for a matrix A € R™*™ and a vector b € R™. A bounded polyhedron
is called a polytope.

Example 3.15. The set [0, 1]", called an n-dimensional cube, is a
polytope, since it can be represented as

{reR"| —2; <0, 2; <1, i=1...,n}

and it is bounded.
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1
an T +ay <1
) =b
b
flaf =1
<a,x> < b 0 I\ 71
Figure 3.1: Examples of different polyhedra: (left)  Hy-
perspace  (a,x) < b; (middle)  Polytope
{>0, 22 >0, z1 + 22 < 1} (right) Poly-
tope (three-dimensional simplex) A3 =

{x €R3: my + 22+ 23 =1, 21,72, 23 > 0}

Constraints = € [0,1]™ constitute a special case of box constraints.
The latter in general may specify a different feasible interval for each
coordinate of x.

Polyhedra can be represented also by a mixture of equalities and
inequalities:

Proposition 3.16. The set of the type {z € R": Az = b, Bx < d},
where A and B are arbitrary matrices of a suitable dimension, is a
polyhedron in R™.

Proof. The proof follows from the fact that the equality constraints
Az = b can be equivalently represented as inequalities:

{Az <b, —Ax < —b}. 0

Example 3.17. A hyperplane (a,z) = 0 is a polyhedron, and so is an
intersection of multiple hyperplanes Ax = b. Indeed, as an intersection
of hyperplanes Ax = b defines a linear subspace, which is unbounded
unless it is empty or consists of a single point.

The set of polyhedra, as well as the set of polytopes are closed with
respect to intersection:
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Proposition 3.18. The intersection of two polyhedra is a polyhedron
itself. Moreover, if one of the polyhedra is a polytope, the intersection
is a polytope as well.

Proof. The proof of the first statement follows from the fact that an
intersection of two polyhedra given by Ax < b and Bz < d, respec-
tively, is the set {z | Az < b, Bz < d} constrained by both these sets
of inequalities. The second statement is trivial as the intersection is a
subset of the polytope at hand. O

3.2.1 Convex hulls and vertices of polyhedra

There is an important one-to-one relation between a polytope and the
set of its vertices, which plays an important role in the analysis of
(integer) linear programs. Below, we define this relation.

Definition 3.19. A vector 2’ € R" is called a vertex of a polyhedron P
if there exists a vector ¢ € R™ such that the linear function (c,x)
attains a unique maximum at 2’ on P.

In other words, z’ is a vertex, if it is the unique solution of

max (c,x).

Definition 3.19 is illustrated in Figure 3.2. We will use the notation
vrtx(P) for the set of vertices of a polyhedron P.

Note that since max,cp (¢, z) = — mingep(— (¢, z)), the maximiza-
tion problem max,cp (¢, x) can be equivalently exchanged with

min (¢, )

in Definition 3.19.

Example 3.20. Let us show that {0,1}" C vrtx([0,1]™). Indeed,
consider z € {0,1}" and a linear function (c¢,x) with ¢; = 2z; — 1.
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(b) (c)

Figure 3.2: (a) Illustration of Definition 3.19 of a polyhedron vertex.
The value of the scalar product (c,x) is the length of the
orthogonal projection of a point x of the polyhedron onto
the direction of the vector c¢. The length of the projection
of the vertex z’ is the longest one. (b) Illustration of the
statement {0,1}" = vrtx([0,1]"). (c) Hlustration of the
statement vrtx(conv(X)) € X. Each point in the finite
set X is denoted by a dot.

Then

,,,,,

n
Therefore, max (c,z) = max Y, x;— Y. x; =y, z,and
z€[0,1]™ z€[0,1]" i=1, . n: i=1,...,n: i=1

the maximum is attained in the point z only. Therefore, according to
Definition 3.19, z is a vertex of [0, 1]™.

Let Ry := {x € R | x > 0} denote the set of non-negative real
numbers and R =[], Ry stand for the non-negative cone of the
n-dimensional vector space.
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Definition 3.21. The polytope A™ := {z € R’ : >, x; = 1} is called
n-dimensional (probability) simplez.! For finite X we also use the no-
tation AY for vectors from Al whose coordinates are indexed by
elements of the set X.

A three-dimensional simplex is shown in Figure 3.1.

Example 3.22. Let us show that vectors 2* € R", i = 1,...,n such
that 2 = [i = j] are vertices of the simplex A™. Indeed, for ¢ = 2’ the
maximum maxzean (¢, ) is attained in a single point z¢. Therefore,
2t € vrtx(A").

Note also that 2 € R™, i = 1,...,n, are the only binary (with
coordinates 0 and 1) vectors in A™. In other words, {z' € R" | i =
1,...,n} = A" N{0,1}". This implies that A™ N {0,1}" C vrtx(A").
Moreover, later we will show that these sets are equal, i.e. A" N
{0,1}"™ = vrtx(A"™).

Definition 3.23. For any finite number of points 2 € R", i =
1,...,N and any p € AV the point Zf\il piz’ is called a convex com-
bination of 2*,i=1,...,N.

Definition 3.24. A set X C R" is called convez, if for any a € [0, 1]
and any two points x, z € X their convex combination ax + (1 — a)z
also belongs to X.

It is sometimes easier to use an equivalent definition:

Definition 3.25. A set X C R” is called convezx, if for any finite
subset 2 € X, i = 1,..., N of its points and any p € AY it holds
that (N | piz?) € X

Convexity is closed w.r.t. the intersection:

Lemma 3.26. Let X be representable as the intersection of an arbi-
trary number of convex sets. Then X is convex as well.

! Although dimensionality of the n-dimensional simplex as a manifold is n — 1, we
stick to the above name. For the purpose of this book the dimensionality of the
space plays more important role than the dimensionality of the simplex itself.
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Proof. Let x and z belong to the intersection. Then x and z belong
to each of the sets. Consider now one of these sets. Then, for any
a € [0, 1] the point £ = ax + (1 — a)z belongs to this set as well due
to its convexity. Since this consideration holds for any set involved in
the intersection, & belongs to the intersection as well. O

Proposition 3.27. Polyhedra are convex sets.

Proof. Tt is necessary to prove that the set X = {z: Az < b} is convex,
where A is a matrix and b a vector of suitable dimensions. Let p € A™.
The proof follows from

Azn:pixizzn:piflxiSzn:pib:bzn:pi:b, (3.8)
i=1 i=1 i=1 i=1

where the inequality holds since p; > 0, and the last equality holds
due to Y1 pi = 1. O

Definition 3.28. For X C R" theset {s c R*" |AN € N, pc AN: 5=
Zij\il pixt, x' € X} of points representable as a convex combination
of a finite number of points of X is called the convex hull of X and
will be denoted as conv(X).

Exercise 3.29. Prove that X is a convex set if and only if conv(X) =
X.

Exercise 3.30. Prove that conv(X) is a minimum convex set contain-
ing X, that is, for any convex set C' O X it holds that conv(X) C C.

Proposition 3.31. Let Z C R"™ and X C Z. Then conv(X) C
conv(Z).

Proof. Any x € conv(X) is representable as ZZ]\L | piz® with some nat-
ural N, p € AN and z' € X. Since z' € Z, the point = = Zi]ilpixi
also belongs to conv(Z). O
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Example 3.32. Let us show that simplex A" is a convex hull of
vectors {z' € R" |i=1,...,n, :):i:[[i:j]]}*A”ﬁ{O 1}”

Indeed, any vector p € A” is representable as o, pix'. The other
way around, all vectors of the form ) ;" | p;z’ belong to A”™.

A simple but important technical lemma simplifies the computation
of convex hulls in multidimensional spaces:

Lemma 3.33. Let X =[], X% be the Cartesian product of X? C
R%_ where d; is the dimension of the subspace. Then conv(X) =
[T, conv(X?).

Proof. 1t is sufficient to give the proof for n = 2, since []7; X i
X' x X™ where X' = H?;ll Xt C RES 4 and the statement of the
lemma can be applied recursively. Therefore, let X =Y x Z,Y € R%,
Z € R%.

Proof of conv(X) C (conv(Y') x conv(Z)): Elements of conv(X) are
representable as x = (Zfil pz‘yiazf\; pi2') with p € AN, By def-
inition, SN piyt € conv(Y) and SN piz? € conv(Z). Therefore,
x € conv(Y) X conv(Z).

Proof of (conv(Y) x conv(Z)) C conv(X): Let p € AF and ¢ € A™.
Elements of conv(Y) x conv(Z) are representable as

m

k. m
szy ZQJZJ :ZZ ’Lq] y Z (3-9)

Note that p;q; > 0 and

k m k m k
I i = mYy ¢ =Y pi=1. (3.10)
i=1  j=1 i=1

i=1 j=1
N——
=1

Since (y*,27) € X, this implies € conv(X). O

Example 3.34. Due to Lemma 3.33 the equality conv({0,1}") =
[0,1]™ follows directly from the fact that conv({0,1}) = [0, 1].
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The following lemmas show that convexity is invariant with respect
to linear mappings:?

Lemma 3.35. Let X be a convex set. Then the set Z := {z | z =
Az + b, x € X} is convex as well.

Proof. Let z,2’ € Z. Then they are representable as z = Az + b and
2/ = Az’ 4+ b for some z,2’ € X respectively. Consider p € (0,1) and
pz+(1—p)z’ = p(Az+b)+(1—p)(Ax’+b) = A(px+(1—p)x’)+b. Since
X is convex, pxr+ (1 —p)z’ € X and, therefore, pz+ (1—p)z' € Z. O

Lemma 3.36. conv{Az +b |z € X} = {Ax+b| z € conv(X)}, or
in other words, convex hull commutes with linear mapping.

Proof. Let
Z :=conv{Az +b|z e X} and Z:={Az+b|z e conv(X)}.

Z C Z: Let 2= Az’ +b, o’ € conv(X). Therefore, 2/ = SN | p;a’
with ' € X and p € AY. Hence,

292:A$,+b: sz sz

N
= Zpi(Af"’i) + sz‘b = Zpi(Axi +b)eZ. (3.11)

i=1 =1 i=1

Z C Z: Consider z = Zfilpi(Axi +b) € Z, 2" € X, and apply the
transformation above in the opposite direction.
O

From Definitions 3.24 and 3.28 it follows directly that the convex
hull is a convex set. The inverse holds trivially, since each convex
set can be seen as its own convex hull. A non-trivial result, stated
in the theorem below, describes an important relation between finite
sets and their convex hulls:

2In this book we do not distinguish between linear and affine mappings and call
both of them linear.
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Theorem 3.37 (Minkowski (1896)). The set P C R" is a polytope
if and only if it is representable as the convex hull of a finite set of
points.

Corollary 3.38. A polytope is the convex hull of its vertices.

Proofs of both statements are beyond the scope of this monograph.
In §3.6 we reference the literature, where these proofs are given.

Whereas Corollary 3.38 claims that any polytope is uniquely defined
by a finite set (of its vertices) by its convex hull, the following theorem
describes vertices of a convex hull of a finite set of points:

Theorem 3.39. Let X C R" be a finite set and z be a vertex of
conv(X). Then z € X.

Theorem 3.39 is illustrated in Figure 3.2. To prove Theorem 3.39
we will need the following simple but very useful Lemma:

Lemma 3.40. Let a € R" and p* = argmin,can > pia;. Then
p; =0 for all j such that a; > min;—; _,{a;}.

-----

some a; > a, and

j i ¢ {i*,j},
P =<0, i=7. (3.12)

»k

P +pj, i=1".

Note that p’ € A™ if p* € A™. Then

n
> phai =pias+pjac+ Y plai
i—1

ig{i*,j}
ax<aj * * * - *
< pias +pja; + Z D; 4; :sz'ai7 (3.13)
ig{i*,j} =1
which contradicts the definition of p*. O
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Proof of Theorem 3.39. Let z € vrtx(conv(X)). Since z € conv(X),
it holds that z = ) _ p.x for some p € AX. As z is a vertex of
conv(X), there exists ¢ such that

z = argmin (c, z) (3.14)
z€conv(X)

and, moreover, z is a unique solution of this problem. In other words,
there is no other vector z’ € conv(X) such that (c, z) = (¢, 2').
According to Lemma 3.40, it holds that

(c,2) = pr (c,x) > ;%1)1(1 (c,x),

zeX

and p,s # 0 only for 2’ € argmin ¢y (¢, z) if the equality holds. All
such 2’ are minimizers of the problem (3.14) along with z. Therefore,
z can be a unique solution only if z € arg min, y (¢, z), which finalizes
the proof. O

Example 3.41. According to Example 3.15, [0, 1]™ is a polytope. Let
us show that the set of its vertices is precisely the set {0,1}".

Since conv({0,1}") = [0,1]" (see Example 3.34), Theorem 3.39 im-
plies vrtx([0, 1]™) C {0, 1}". The inverse inclusion {0, 1}" C vrtx([0, 1]")
is proven in Example 3.20, which finalizes the proof.

Example 3.42. A"N{0,1}" = vrtx(A"™). In other words, the binary
vectors of a simplex are all its vertices.

Since A" = conv(A” N {0,1}") (see Example 3.32), Theorem 3.39
implies vrtx(A™) C A" N{0,1}"™. The inverse inclusion A”N{0,1}" C
vrtx(A”) is proven in Example 3.22, which finalizes the proof.

The following simple lemma is useful to find vertices of polytopes
obtained as an intersection of polyhedra:

Proposition 3.43. Let X be a polytope and Z be a polyhedron in
R™ and z € X N Z. If additionally z is a vertex of X, then x is a
vertex of X N Z.

45



3 Background: (Integer) Linear Programs and Their Geometry

T

(a) (b)

Figure 3.3: (a) Illustration of optimal solutions of a linear program.
Given the polytope P with vertices 0, A and B, the point
B is the unique solution of max,cp (¢, z), whereas for the
problem max,ep (¢, z) (with ¢ orthogonal to the line AB)
any point on the line between points A and B is a solution.
(b) Illustration of Proposition 3.43. Vertices of a polytope
X remain vertices of the intersection X NZ, if they belong
to this intersection. (c) Illustration of Corollary 3.58: the
set of vertices of the feasible set of the LP relaxation (PN
[0,1]™) contains the vertices of the integer hull (conv(P U

{0,13)).

The proposition is illustrated in Figure 3.3(b).

Proof. Since x is a vertex of X, there exists ¢ € R™ such that x is the
unique solution of ming ¢y (¢,2’). Since z € Z, it holds also that it
is a unique solution of ming ¢ xnz (¢, 2’) (see Proposition 3.13), and,
therefore, x is a vertex of X N Z. O

3.3 Linear programs

Linear programs (LP) are the most important components of integer
linear programs — a unified representation for combinatorial problems.
We will see below that although linear programs constitute a continu-
ous, non-discrete object, the set of points, which is sufficient to check
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to obtain their exact solution, is finite. Moreover, it can be shown
that this set grows exponentially with the dimension of the problem
in general. In this sense linear programs can be seen as combinatorial
problems themselves. The main difference, however, is in their solv-
ability: There exist polynomial algorithms for any linear program,
whereas the class of combinatorial problems contains N/P-hard prob-
lems, like, for example, the considered MAP-inference for graphical
models. Interestingly, polynomially solvable combinatorial problems
often can be equivalently represented in the form of a linear program,
whose size grows polynomially with the size of the combinatorial prob-
lem.

In this section we will discuss the most important properties of
linear programs.

Definition 3.44. Let P be a polyhedron in R™ defined by a set of
linear constraints. Optimization problems of the form

min (c,x) and max (¢, x) (3.15)

are called linear programs (LP).

The following lemma is the key to the combinatorial property of
linear programs:

Lemma 3.45. For any a € R" it holds that

“min {a;} = min Zpiai = min i (3.16)

weconv{a;, i=1,....,n}

Proof. The first equality directly follows from Lemma 3.40 and the
second equality holds per definition of the convex hull. O

Corollary 3.46. For any ¢ € R" and any finite X C R" it follows

i ) - i ) . 3'17
RO = el ) (347
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Proof. The proof is a direct consequence of the transformations:

min _ {¢,x) = min ( c, prx
z€conv(X) peAIXI aex

: Lem. 3.40 .
= min pr (c,z) "= min (c,x) . (3.18)

O]

In general, the claim of Corollary 3.46 holds for any X C R"™, how-
ever, for the purpose of this monograph, considering a finite set is
sufficient.

Corollary 3.47 (Combinatorial property of linear programs). For
any ¢ € R” and any polytope P it holds that

i = mi . 3.19
min {c, ) i (c,z) (3.19)

Proof. The statement follows directly from the fact that
P = conv(vrtx(P))
(Corollary 3.38) and Corollary 3.46. O

Corollary 3.47 claims that to solve a linear program over a polytope
it is sufficient to evaluate the objective on the finite set of vertices of
the polytope. This does not mean, that it is impossible that the min-
imum is attained in a non-vertex point of the polytope. However,
it guarantees, that there will always be a vertex corresponding to the
minimal value of the objective, see Figure 3.3(a). Solutions which cor-
respond to vertices of a polytope P are called basic solutions and can
be found with the famous simplex algorithm (see references in §3.6).
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3.4 Integer linear programs

The integer linear program (ILP) is a unified format to represent com-
binatorial problems. The main advantage of formulating combinato-
rial problems as ILPs, is the unified geometrical (polyhedral) inter-
pretation common to all integer linear programs. This has allowed for
significant progress in creating standardized methods to solve them.
Below, we will provide a definition of ILPs and show their relation to
linear programs.

Definition 3.48. A linear program with additional constraints allow-
ing all the variables to take only values 0 or 1, e.g.

i 3.20
seplin (6 T) (3.20)

is called a 0/1 integer linear program (further we omit mentioning

'0/1’ for brevity). Here P is a polyhedron in R™. Constraints of the
form x € {0,1}" are called integrality constraints.

The class of integer linear programs is A’P-hard, as is shown by the
following two examples, where we represent known NP-hard problem
as ILPs:

Example 3.49 (Binary Knapsack Problem). Let {1,...,n} be in-
dexes of n items, each of which has its volume a; and its cost c¢;.
Therefore, we assume two vectors a,c € R™ to be given. The task is
to select a subset of items to maximize their total cost, whereas their
total volume should not exceed a given (knapsack) volume b. This
can be equivalently formulated as the integer linear program

3.21
Lanax (c,z) (3:21)
s.t. (a,z) <b. (3.22)

Example 3.50 (Max-cut problem). Let G = (V, ) be an undirected
graph and ¢, € R, uv € £, the costs assigned to its edges. The goal
of the max-cut problem is to partition the nodes of the graph into two
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subsets V° and V!, such that VOU V! =V, VPN VP! =), and the sum

of costs of edges connecting V° and V!, i.e. > cu, is maximized.
uveE:

ueV0, vevl
Max-cut is known to be A’P-hard.
This problem can be shortly written as
max Cun | Ty — Ty (3.23)

ze{OJ}Vqug

by identifying the nodes in V? and V! with 0 and 1, respectively. To
get rid of the absolute value in (3.23) and rewrite the problem as an
ILP we introduce three binary variables zy,, 2, and 2, for each edge
uv € . This is done in such a way that x, —x, = 2, if z, — 2, >0,
and z, — z, = %, otherwise. To achieve this, for each edge uv € £ we
will introduce the linear constraint x, — x, = 2, — z,,. Bearing in
mind the integrality constraints z, 2, 2~ € {0, 1}¢ the value |z, — x|
becomes equal to 2y, = 2, + 25,

Putting all constraints together results in the ILP representation of
the max-cut problem 3

max Z CuvZun s (3.24)
wveE

St. Ty — Ty = 25, — 25, WEE,
Zuw = 2y 2y »
2,27, 27 €{0,1}¢,
z e {0,1}V.

The max-cut problem can also be represented as a MAP-inference
problem defined on the same graph G, where each node wu is associated
with the label set ), = {0,1}. Unary costs are all equal to zero, and
pairwise costs are defined as 0y, (s,t) = —cyy[s # t] for all uv € £ and

(5,t) € V-

3The standard ILP representation of the max-cut problem differs from (3.24).
However, it is more involved and less suitable for the illustration purposes we
pursue here.
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In Chapter 4 we will also show how the MAP-inference problem can
be represented as an ILP.

ILP as LP Somewhat surprisingly, any ILP can be represented as
a linear program by a specially constructed polytope. Note that the
feasible set of the problem (3.20) is finite, therefore one can use Corol-
lary 3.46, which implies

min  (c,z) = min (c,x), (3.29)
zePN{0,1}n z€conv(PN{0,1}")

and, since, according to Theorem 3.37, the convex hull of a finite
set is a polytope, the right-hand side of (3.29) constitutes a linear
program. This fact does not mean polynomial solvability of the right-
hand-side of (3.29) and, therefore, of (3.20). This is because the
polytope conv(P N {0,1}") may require exponentially many linear
(in)equalities to be specified explicitly, and computational complexity
of the LP optimization methods grows as a polynomial of this amount.
For instance, consider the following straightforward (and, therefore,
not necessarily shortest) polyhedral representation of y € conv(X),
where X = PN {0,1}™

y=> pex, Y. p=1 p>0VzeX. (3.30)
zeX reX

The length of constraints and their number grows linearly with the
size of the set X = PN{0, 1}", which is exponentially large for typical
ILPs (see e.g. Example 3.50). Otherwise such problems would be
easily solvable by a direct enumeration of these vectors.

We will call the polytope conv(P N {0,1}") the integer hull of P,
although this name has a broader meaning as the convex set of all
integer points (not only those having coordinates 0 and 1) in P. In
Chapter 4, we will reformulate the energy minimization problem (1.4)
as an ILP and illustrate (3.30) with that example.

Vertices of the integer hull
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Lemma 3.51. Let X C {0,1}". For any = € conv(X) it holds
0 < z; <1, that is, conv(X) C [0, 1]™.

Proof. Due to Proposition 3.31 and Example 3.34 it holds that conv(X) C
conv({0,1}"™) = [0, 1]™. O

Corollary 3.52. For any = € conv(PN{0,1}") it holds that 0 < x; <
1.

Since P N {0,1}" is a finite set, it follows from Theorem 3.39 that
vrtx(conv(PN{0,1}")) € PN{0,1}". The following proposition states
that these sets are equal:

Proposition 3.53. For any X C {0,1}" it holds that vrtx(conv(X)) =
X.

Proof. Let z € X. To show that it is a vertex of conv(X), consider

the problem max (c,z) with ¢; = 2z; — 1. Repeating the proof of
z€conv(X)

Example 3.20 we conclude that

max (c,x) = max Z T — Z x;

z€conv(X) z€conv(X)

Due to Lemma 3.51 it follows that this expression equals to > z;, and
i=1

is attained in the point z only. This implies that z is the vertex of

conv(X). O

Corollary 3.54. vrtx(conv(P N {0,1}")) = P N{0,1}". In other
words, each feasible point of a 0/1 ILP is a vertex of its integer hull 4.

Due to Corollary 3.54 we conclude that for any feasible point of
the integer linear program min,cpnyo,1}» (c,x) such a vector ¢ € R"
exists, that this point becomes the unique solution of the program,
see Figure 3.3(c) for an illustration.

4This claim does not hold for a more general class of integer linear programs
without the 0/1 constraint.
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3.5 Linear program relaxation

The simplest approximation of an A/P-hard integer linear program by
a polynomially solvable linear problem can be constructed by omitting
integrality constraints. This approximation, known as linear program
relazation, or simply LP relazation, is a very important and powerful
tool for obtaining approximate and exact solutions of integer linear
programs. Below, we investigate some geometric properties of LP
relaxations.

Definition 3.55. The linear program

i 3.31
e 1]n<c,x> (3.31)

is called linear programming (LP) relaxation of the integer linear pro-
gram (3.20).

Note that

e the LP relaxation is constructed by substituting the integrality
constraints z; € {0, 1} with interval or box constraints z; € [0, 1].
Since x; € [0,1] is equivalent to 0 < z; < 1, these constraints
define a polyhedron. As the intersection of two polyhedra is a
polyhedron (see Proposition 3.18), the problem (3.31) is a linear
program;

e the LP relaxation is a relaxation in terms of Definition 3.6, since
its feasible set is a superset of the one for the non-relaxed prob-
lem and their objectives coincide.

The most important properties of LP relaxations read:

Proposition 3.56. Let f* and f be optimal values of the ILP prob-
lem (3.20) and its LP relaxation (3.31) respectively. Let also & be a
solution of the LP relaxation. Then the following assertions hold:

L f<r
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2. If £ € {0,1}", then Z is a solution of the non-relaxed ILP prob-
lem (3.20).

3. PN[0,1]™ D conv(PN{0,1}"), that is, the feasible set of the LP
relaxation is a superset of the integer hull.

Proof. The first two statements follow directly from Proposition 3.9.
The third one follows from the fact that conv(P N[0, 1]") = PNJ0, 1]"
(since P and [0,1]"™ are convex, their intersection is a convex set),
PN[0,1]" > PN {0,1}", and Proposition 3.31. O

3.5.1 Vertices of the feasible set of the LP relaxation

While the statement (2) of Proposition 3.56 claims that integrality
of a relaxed solution implies its optimality for the non-relaxed ILP
problem, it does not say, whether there has to be a solution to the LP
relaxation which is integral. Or in other words, whether any solution
of the ILP problem can be obtained as an optimal solution of its LP
relaxation. The following proposition fills this gap:

Proposition 3.57. For any polyhedron P it holds that PN{0,1}" C
vrtx(P N[0, 1]™).

In other words, Proposition 3.57 states that all feasible vectors of an
ILP are vertices of the feasible set of its LP relaxation and, therefore,
can be reached as a relaxed solution.

Proof. Let us consider the intersection of the polyhedron P and the
polytope [0, 1]™. According to Proposition 3.43, vertices of [0, 1] be-
longing to P are also vertices of PN[0,1]™. As shown in Example 3.41,
any vertex of the n-dimensional cube [0, 1]™ is a vector from the set
{0,1}™ and vice versa. Therefore, any point from P N {0,1}" is a
vertex of P N0, 1]". O

The following corollary additionally relates vertices of the integer
hull and of the feasible set of the LP relaxation (see Figure 3.3(c)):

Corollary 3.58. vrtx(conv(P N {0,1}")) C vrtx(P N[0, 1]").
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Proof. The statement follows from vrtx(conv{P N {0,1}"}) = PN
{0,1}™ C vrtx(PNJ0,1]"), where the first relation follows from Corol-
lary 3.54 and the second holds due to Proposition 3.57. 0

The last proposition of the chapter states that there is no other
binary vector in the feasible set of LP relaxation than those, which
are feasible for the non-relaxed integer linear program:

Proposition 3.59. For any polyhedron P C R" it holds that vrtx(Pn
[0,1]")N{0,1}" = PN {0, 1}

Proof. Let x € PN {0,1}". Trivially « € {0,1}". According to
Proposition 3.57 x € vrtx(P N [0,1]"). Therefore, P N {0,1}" C
vrtx(P N [0,1]") N {0, 1}

The other way around, let = € vrtx(P N[0, 1]") N{0,1}"™. Trivially,
z € vrtx(P N [0,1]") and = € {0,1}". Since vrtx(P N [0,1]") C PN
[0,1]™, it holds x € P. Therefore, x € PN {0,1}". O

3.6 Bibliography and further reading

One of the best introductory text-books about linear programming
and the simplex method is written by the author of the simplex
method, Georg Dantzig [17]. For fundamental results on polyhedra,
linear inequalities and linear programming the monograph [18] is a
classical reference. It includes also fundamental results on the poly-
nomial solvability of linear programs. We refer to the text-book [19]
for the Minkowski theorem and its corollary. This text-book as well
as [20] can be recommended for learning the basics of combinatorial
optimization and its relation to (integer) linear programming.
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4 Energy Minimization as Integer
Linear Program

In this chapter we will consider the MAP-inference problem in the
context of the theoretical background provided in Chapter 3. In par-
ticular, we will show how to reformulate this problem as an integer
linear program and investigate the properties of its integer hull. Then
we will consider its LP relaxation, discuss optimality properties of the
relaxed solution and provide a simple rounding technique to obtain
approximate solutions of the non-relaxed problem.

4.1 MAP-inference as ILP

To formulate MAP-inference as an ILP we first have to represent its
objective in the form of a linear function. To do so, recall how the
unary and pairwise cost functions have been translated to the cost
vector § € R? in Chapter 1, where elements of the set Z index all
labels in all nodes and all label pairs in each edge.

Consider the set {0, 1}7 of binary vectors of the same dimension and
let 11 be a vector from this set. This means that each label s in a partic-
ular node u is associated with a binary variable p,,(s) € {0,1}, and all
such binary variables together form a vector p1, = (py(8), s € V) € {0,1}Vu,
Each pair of labels (s,t) corresponding to an edge uv is associated
with fiy,(s,t) € {0,1}. Similarly, the vector piyy = (puw(s,t), (s,t) €
Vuw) € {0,1}Yw contains all these variables as its coordinates. All
vectors i, are combined to a joint unary vector uy = (ty, u € V)
and the joint pairwise vector pg is defined as (fyy, uv € £). Finally,
vector p € {0, 1} consists of the joint unary and pairwise vectors, i.e.

p= (py, pe)-
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4 Energy Minimization as Integer Linear Program

In other words, each elementary cost gets a corresponding 0/1 vari-
able. The values 1 and 0 of this variable “switch” this cost “on” and
“off”, respectively. Therefore the inner product (6, 1) denotes the sum
of costs, which correspond to the labels and label pairs with the value
1 in the corresponding coordinate of vector u, see Figure 4.1 for an
illustration.

These labels and label pairs are not necessarily consistent, i.e. they
do not necessarily correspond to a labeling, see Figure 4.1(d). To
enforce this, let us introduce the function ég: Yy — {0,1}%, which
maps each labeling y onto the corresponding binary vector dg(y) such
that [0g(y)]u(s) = [yu = s] and [0g(y)]uv(s,t) = [(s, 1) = (Yu, y0)], for
all wu € V, s € Y, and wv € &, (s,t) € Yy, respectively. Here, the
notation [0g(y)]u(s) and [dg(y)]uv(s,t) stands for the corresponding
coordinates of the vector dg(y). For the sake of notation we will write
d(y) instead of dg(y) whenever the graph G is clear from the context.

Using this notation we can write the MAP-inference problem (1.4)
as

min E(y;0) = mln (Z@ (Yu) Z euv(yU7yv)>

€ ey
yeEYy ISALY wocE

= min (33 WG+ Y D s OBun(s,1)

u€Y s€Yy UVEE (8,t)EVuv

= mln 0,9 = min {#,u), (4.1

= min (0.00) = min (0.0) . (&)

where the set 6(J)) is the set {u € {0,1}F | u=6(y), y € Yy} of all
binary vectors corresponding to labelings.

To turn the last expression of (4.1) into an ILP, we have to give

a polyhedral description of the set §()))), that is, represent it in the
form P N {0, 1}* for some polyhedron P.

4.1.1 Local polytope and ILP representation

To find a polyhedral representation of the set 6()), let us investigate
the linear constraints which are fulfilled for all elements of this set.
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Figure 4.1: (a,b) Correspondence between labelings y',3? € ) and
their representations as binary vectors d(y') and d6(y?).
The coordinates of the binary vectors and their convex
combinations are given in angular brackets (). (c) The rep-
resentation of the relaxed labeling u = 0.35(y') +0.75(32).
(d) Binary vector p € {0, 1} not corresponding to any la-
beling, because the non-zero values assigned to the labels
in node u and the label pair on the edge uv are inconsis-
tent.

Lemma 4.1. Let p € §(Qy). Then ) v, pw(s) = 1forallw € VUE.

Proof. Given that §()y) C {0,1}%, the statement essentially reduces
to the claim that there is a unique label (label pair) s € ), for each
node (edge) w € V U E such that p,(s) = 1. For other labels (label
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pairs) t € Y, \{s} it holds that s, (t) = 0. This claim directly follows
from the definition of §(Jy). O

Lemma 4.1 and the fact that 6())) C {0,1}* result in two linear
constraints restricting the set 6(Jy):

Z pw(s) =1, weVUE, (4.2)

Seyw
Hw > 0.

These constraints are insufficient, because they relate only variables
within each separate node (edge) and do not provide connections be-
tween them.

For example, consider the simple model in Figure 4.1(d). The binary
vector p = (10 0100 10) satisfies (4.2), but does not correspond to any
labeling.

To change this, we must add connections with the following prop-
erty:

pu(s) =1 = Yo € Np(u) 3t € Yy: pun(s,t) = 1. (4.3)
In other words, for each label s assigned the value 1 in a node u there

must be a label pair (s,t) assigned 1 for each edge incident to u. And
symmetrically,

Hun(S,t) =1 = py(s) =1 and p,(t) =1. (4.4)

In other words, if a label pair (s,t) is assigned the value 1 in an edge
uv, then both the label s in the node u and the label ¢ in the node v
must be assigned value 1.

These connections must be represented in the form of linear
(in)equalities to define a polyhedron together with the constraints (4.2).
One way to do so is as follows:

Z P (8,1) = py(8), weV, veNy(u), s€ . (4.5)

teEYy

It is easy to see that for u € {0,1}% constraints (4.5) are equivalent
to those defined by (4.3) and (4.4).
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4 Energy Minimization as Integer Linear Program

Together with (4.2) these constraints define the local marginal poly-
tope

S rey, Hun(5,8) = pu(s), u €V, veN(u), s€ D (a)
L= > tey, Ho(t) =1, vey (b)
| e (©)
Z(Svt)eyuv Huv(87 t) = 17 uv 6 5 . (d)

(4.6)

Constraints (4.6) indeed define a polytope, since the lines (b-d) imply
that p € [0,1]%. For brevity we will omit the word marginal and stick
to the term local polytope, as it is also often used in the literature.

Constraints (4.6)(a) are called coupling or marginalization constraints.
We will mainly use the first term to underline their role to couple vari-
ables of individual unary and pairwise factors. The term marginaliza-
tion comes from summing over, or marginalizing out, one variable, e.g.
s €Y, in (4.6)(a).

Constraints (4.6)(b) and (d) are often referred to as uniqueness or
stmplex constraints.

The constraints (4.6)(d) can be obtained by summing up (4.6)(a)
over all s and taking into account (4.6)(b). Therefore they can be
omitted.

By construction, binary vectors satisfying (4.6) correspond to la-
belings, i.e. £N{0,1}F = §()),). This in its turn results in the ILP
representation of the MAP-inference problem, which reads:

min E(y;0) = e (0, 1) - (4.7)

Naturally, the local polytope contains also non-binary vectors. An

example of such a vector is given in Figure 4.1(c).

Example 4.2 (How large-scale is the ILP representation of the MAP-in-
ference problem?). Consider the depth reconstruction Example 1.2
from Chapter 1. Each element of the nodes set V corresponds to a
pixel in an input image. Let the latter be as small as 100 x 100 = 10%.
Let also each node be associated with 10 labels only. It implies, there
are in total 100" labeling.
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To estimate the number of variables in the ILP representation (4.7)
we count for 10 x 10* = 10° total number of labels (corresponding to
the variables i,(s)).

The number of edges in the grid graph is ~ 2 x 10* and each
edge is associated with 102 label pairs (and the corresponding vari-
ables fiy,(8,t)). Therefore, the total number of label pairs is ~ 2 x
10* x 10% = 2 x 10°.

This results in O(10°) variables in th ILP representation (4.7).

As it follows from the definition of the local polytope (4.6), the
number of equality constraints grows linearly with the total number
of labels and therefore is of order O(10°%). However, since there is
the non-negativity constraint p,,(s) > 0 for each variable, the total
number of constraints has the same order O(10°) as the number of
variables.

The millions of constraints and variables turn the MAP-inference
(4.7) to the class of large-scale optimization problems. Large size of the
problem significantly limits the set of methods, which can be applied
to tackle it.

4.2 ILP properties of the MAP-inference problem

Due to the ILP representation (4.7) of the MAP-inference problem,
we can directly make conclusions about its own properties and the
properties of its natural LP relaxation:

e The integer hull of the set of feasible binary vectors §()y) =
L£Nn{0,1}F is M := conv(6(J)) = conv(L N {0,1}?) and is
called marginal polytope. As it follows from Corollary 3.54,
vrtx(M) = §(Jy). In other words, each vertex of the marginal
polytope corresponds to a labeling, and the other way around,
each labeling corresponds to a vertex of M.

e Since £N[0,1]%7 = £ due to (4.6)(b)-(d), the LP relaxation of
the MAP-inference problem (4.7) reads

min (0, 1) - (4.8)
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The local polytope L gives also the name to the LP relax-
ation (4.8), which is often referred to as the local polytope re-
laxzation of the M AP-inference problem. Like any relaxation, it
constitutes a lower bound, i.e. E(y;f) > min,c, (0, p) for any
(in particular the optimal) labeling y. Cases when this bound
is tight, i.e. mingey, F(y;0) = min,ez (0, 1), will be called LP-
tight.

e The marginal polytope is a subset of the local polytope, i.e.
M C L. According to Corollary 3.58, moreover, vrtx(M) C
vrtx(L) holds, that is, all vertices of the marginal polytope are
also vertices of the local polytope.

4.3 Properties of the local polytope relaxation

4.3.1 Fractional vertices of the local polytope

So far we have shown that vertices of the local polytope include all
binary vectors corresponding to labelings. We will refer to these ver-
tices as integer. However, as the following example shows, the local
polytope may have fractional vertices, which are vectors with non-
integer coordinates. These vectors, also called relazed labelings, may
correspond to the relaxed solutions of the MAP-inference problem.

Example 4.3 (M C L£). Consider the graphical model with three
nodes as in Figure 4.2(a). Assume that all unary costs are zero, pair-
wise costs corresponding to solid lines are equal to 0, and costs corre-
sponding to dashed lines are o > 0.

Consider the vector y/, whose coordinates corresponding to all pos-
sible labels in the unary factors and to solid lines in the pairwise
factors are equal to 0.5 and zero otherwise.

The vector ' satisfies constraints (4.6) of the local polytope, there-
fore, ' € L. Since for any p € [0, 1]7 it holds that (6, u) > 0, it holds
also for all u € £ C [0,1)%. Since (0, ') = 0, this implies that y/ is a
solution of the LP relaxation (4.8).
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It is also easy to show that ' is the unique solution of the LP relax-
ation and, therefore, is a vertex of the corresponding local polytope L.

Indeed, for any relaxed solution g it must hold iy, (s,t) = 0 if
Ouv(s,t) = «a, since otherwise (#, ) > 0. Informally speaking, any
relaxed solution may “include” only label pairs with zero cost. It
remains to show that p’ is the only point in £, which satisfies this
condition. Let pu € £ satisfy this condition and let u1(0) = v. Sequen-
tially applying the coupling constraints (a) of the local polytope (4.6)
one obtains that (1(0) = p12(0,0) = v, p12(0,0) = p2(0) = 7,
p23(0,1) = pz(1) = v, p3(1) = pa1(1,1) = v and, finally, p31(1,1) =
p1(1l) = . Due to the simplex constraints (4.6) (b-d) it holds that
pi(l) + p1(0) = 2y = 1 and, therefore, v = 0.5, which finalizes the
proof.

4.3.2 Rounding of LP solutions

An LP relaxation of some integer linear program is typically consid-
ered to be good, if the lower bound is close to the optimum of the
non-relaxed problem and, more importantly, if most of the variables
of the relaxed solution have integer values.

Given the relaxed solution one may round the fractional variables
to obtain an approximate solution of the non-relaxed problem, as it is
shown in Example 4.4.

Example 4.4 (Deterministic rounding). Let ' be a relaxed solution
and let some of the nodes be assigned fractional values. For such
a fractional-valued node w it holds that u!, ¢ {0,1}%, or, in other
words, f1,(s) € (0,1) for at least two labels s. A labeling 3/, which is
an approximate non-relaxed solution to the MAP-inference problem
can be obtained by rounding of ' in the fractional-valued nodes:

y,, = argmax /. (s), u € V. (4.9)
$€EVy
In particular, from equation (4.9) it follows that the label s is as-

signed to the node w if p,(s) = 1, i.e. if the node u is already integer-
valued.
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Figure 4.2: (a) Ilustration for Example 4.3. The fully-connected
graph G contains three nodes 1,2, 3. Unary costs as well as
the pairwise costs corresponding to solid lines are equal to
0 . Pairwise costs corresponding to dashed lines are equal
to a > 0. Angular brackets () are used for coordinates of
u. For the unique relaxed solution p it holds that g, (0) =
pu(1) = 0.5 for all u. The same value 0.5 is assigned
to the coordinates corresponding to the solid lines, i.e.
112(0,0) = p12(1,1) = ps(1,1) = p13(0,0) = p32(1,0) =
w32(0,1) = 0.5. The remaining coordinates are zero. (b)
Hlustration for Example 4.5. Similar to (a), but the node 3
has 3 labels. All unary costs are zero. All label pairs
not connected by a line, have cost a > 0, dotted lines
correspond to the pairwise cost S > 0, solid lines to the
cost 0. It holds @ > 28. The optimal labeling is (1,1, 2),
the optimal relaxed labeling is the same as in (a).

Since 3 is only an approximate solution of the MAP-inference prob-
lem, it holds that E(y’;0) — minycy,, E(y;0) = d > 0. Since the value
of d determines quality of the approximate solution 7/, the natural
question that arises is how big d can be.

Unfortunately, as the following Example 4.5 shows, the value of d
can be arbitrarily large.
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Example 4.5 (Deterministic rounding can be arbitrarily bad). Con-
sider the graphical model in Figure 4.2(b). It differs from the one in
Example 4.3 (Figure 4.2(a)) by an additional label 2 in node 3. As in
Example 4.3 this label has unary cost 0. The pairwise costs are aug-
mented with 913(1,2) = 923(1,2) = >0 and 913(0,2) = 923(0,2) =
«a, where oo > 0 is the same positive constant as in Example 4.3.

The optimal relaxed labeling for the corresponding MAP-inference
problem coincides with the one for Example 4.3. The optimal solution
of the non-relaxed problem depends on the ratio between « and 5. If
a — 20 > 0 the optimal labeling is (1,1,2) and has energy 23. The
best labeling which can be obtained by deterministic rounding (4.9)
has the energy «. Therefore, the gap value constitutes d = o — 23
and it can be made arbitrarily large.

Unfortunately, as shown by e.g. [7], MAP-inference belongs to the
problems for which no polynomial constant factor approximation al-
gorithm is possible. Therefore, one cannot hope that there exists
a rounding technique for the (polynomially solvable) LP relaxation
which would provide such a bound. This does not imply that the
rounding (4.9) does not make sense to use in practice. Indeed, this
simple technique often leads to reasonable results in applications.

Although good approximation is impossible for the whole class of
MAP-inference problems, some of its subclasses belonging to the so
called metric labeling problem admit such bounds. Moreover, efficient
algorithms exist which are able to attain these bounds. We refer to
Chapter 11 for further discussion on this topic.

Partial optimality of integer-valued coordinates Most rounding
schemes implicitly assume that integer-valued coordinates of the re-
laxed solution belong to an optimal solution of the non-relaxed prob-
lem. In other words, they assume that these coordinates are partially
optimal.

This observation indeed often holds in practice, and, moreover,
there are exact algorithms for the non-relaxed MAP-inference which
efficiently utilize it (see §4.4 for references).
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In general, however, this assumption is wrong as shown by Exam-
ple 4.6.

Example 4.6 (Integrality does not imply partial optimality). Con-
sider the problem in Figure 4.3. All unary costs are assigned zero
values, solid lines correspond to zero pairwise costs, dotted lines cor-
respond to cost 5 > 0 and those, which are not shown, to cost o > 0.
Moreover, o > 5.

The graphical model is constructed by extending the one from Ex-
ample 4.3. In particular, each of the original three nodes is augmented
with a third label and an additional fourth node with two labels is
added to the model. Costs are selected such that the relaxed solu-
tion from Example 4.3 when augmented with the label 0 of the fourth
node, becomes the relaxed solution p of the problem. A the same
time, the optimal labeling y = (2,2,2,1) consists of the labels for
which gy (y,) = 0 for all .

This demonstrates that integer-valued coordinates of the relaxed
solution need not belong to any optimal non-relaxed one.

Example 4.6 provides the general worst-case scenario. In Chapter 12
we will show that the local polytope relaxation of binary graphical
models (where only two labels can be assigned to each graph node)
indeed possesses the considered partial optimality property. This is
the reason why the graphical model in Example 4.6 is not binary.

Universality of local polytope The relaxed MAP-inference problem
min,ep (0, 1) defines a special class of linear programs, therefore, it
can be solved with general-purpose LP solvers in polynomial time.
A natural question is whether this class of problems is specific enough
to allow for specialized LP solvers able to solve it faster even in the
worst-case.

Unfortunately, the answer to this question is negative, as stated by
the following theorem:

Theorem 4.7 (Universality of the local polytope [21]). Any linear
program reduces to the local polytope relaxation of a certain graphical
model with 3 labels in linear time.
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Figure 4.3: Illustration of Example 4.6. Notation is similar to Fig-
ure 4.2(b): unary costs are 0, as well as pairwise costs as-
sociated with solid lines. Dotted lines are associated with
pairwise costs 8 > 0, not shown lines with the cost a > 0.
It holds > 55. The optimal labeling reads (2,2,2,1),
the non-zero coordinates of the optimal relaxed solution
w correspond to solid lines and are equal to 0.5 as well as
values assigned to the labels connected by the solid lines
in nodes 1,2,3: p11(0) = p1(1) = p2(0) = pa(1) = p3(0) =
p3(1) = 0.5. Finally, (4(0) = 1.

In other words, there are instances of the problem, which are as
difficult as the most difficult linear programs. Therefore, the known
complexity estimates for linear programs apply to the local polytope
relaxation.

However, problems emerging in numerous applications, typically do
not represent the worst-case scenario and can be approximately or
even exactly solved with efficient polynomial algorithms. A powerful
subclass of such algorithms, which we will consider in further chapters,
is based on the local polytope relaxation.
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4.4 Bibliography and further reading

Two groups of methods try to utilize the observation that integer-
valued coordinates of a relaxed solution mostly keep their value in
an optimal solution. First of all, these are the so-called partial opti-
mality or persistency methods [22]-[32]. These polynomial methods
formulate and verify sufficient optimality conditions for integer-valued
coordinates. Those satisfying these conditions can be fixed and further
exact combinatorial solvers can be applied [33], [34].

An alternative method [35], [36] builds a series of nested auxiliary
subproblems mostly consisting of the fractional-valued coordinates of
the relaxed solution. The subproblems grow until a sufficient optimal-
ity condition can be proved for a current one. The idea of the method
is to restrict application of a combinatorial solver to only a small part
of the initial problem related to the fractional-valued coordinates.

Universality of the local polytope was originally shown in [37]. The
topic was further developed in [21], [38], [39]. Interestingly, a similar
complexity result was obtained also for LP-relaxations of other AV/P-
hard problems [40].

A unified description and comparison of other (convex) relaxations
of the MAP-inference problem can be found in the seminal work
of [41].
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5 Background: Basics of Convex
Analysis

This section introduces the notion of a convex optimization problem.
This type of problems plays a central role in optimization as a whole,
since there are good reasons to treat these problems as efficiently solv-
able. Most of the methods we consider below are based on approx-
imating a difficult non-convex problem by a much easier convex one
and then solving the latter.

One such approximation technique known as Lagrange duality and
its application to integer linear programs are considered in the last
sections of this chapter.

5.1 Convex optimization problems

5.1.1 Extended value functions

So far, when speaking about the optimization problem

LJuin f(z), (5.1)
we assumed that the value f(x) is finite for all x € X. But this may
not always hold. Consider for example, that f(x) is defined implicitly,
as the result of another optimization, e.g. f(z) = max,cz g(x, z) with
g: X x Z — R. The maximization problem may turn out to be
unbounded for some z. Loosely speaking, this would mean that f(z) =
00.
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Example 5.1 (Implicitly defined extended value function). Consider
the following extended value function, defined implicitly:

flx) = max (12 + x2) . (5.2)

) =0
¥ . Therefore, f is extended
oo, x1#0.

value, although x1z+x2 is defined for all z, x and z is an unconstrained
variable.

It is easy to see that f(z) =

Let us now take a closer look at the minimization problem

min f(x)

zeX

when f is extended value:

e Let now X’ be the maximal subset of X such that the value f(x)
is finite for all z € X'. Then the optimal value of (5.1) is finite
as well and can be attained in some z € X’ only.

o If f(x) is unbounded from above for all x € X, this implies
that its minimal value is unbounded as well. In other words,
mingecx f(z) = oo. This is the same as in the situation, where
problem (5.1) is infeasible, since there is no element x € X such
that f(z) is finite.

With these considerations in mind it makes sense to assume the
following definition.

Definition 5.2 (Extended value function). A mapping of the form
f: X = RU{oo,—00} is called an extended value function. The set
{r € X | —o0 < f(z) < oo} is called domain of f and is denoted
by domf.

Let f be an extended value function. The constrained minimization
problem mingcx f(z) is defined similarly as in Chapter 3 with the
following modifications:
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e The feasible set is defined as {z € X | f(x) < oco}.

e The problem is called unbounded if inf,cx f(z) = —oc0. In par-
ticular, it is sufficient that there exists an x € X such that
f(x) = —oo for the problem to be unbounded.

The maximization of extended value functions is treated similarly
by substituting min with max, inf with sup, and —oo with co and the
other way around.

Most importantly, with the extended-valued functions one can “in-
tegrate” constraints into the objective function. Let X C R™ and let
tx: R" - RU{oo} be the extended value function

0, zxzeX
vx (@) = {OO’ s¢ X. (5.3)

Unless f is equal to —oo for some z € X, the optimization problem
mingex f(z) can be equivalently written as mingern (f(z) + tx(2)).

Similarly, max,cx f(x) = maxgern (f(z) — tx(x)).
In the following, when speaking about a function, we will assume
an ertended value function, if the opposite is not stated.

5.1.2 Convex functions

Definition 5.3. An epigraph of a function f is defined as the set
epif :={(x,t): € domf, t > f(x)}.

Loosely speaking, epigraph is set of points “above” the plot of a
function, as illustrated in Figure 5.1(a).

Example 5.4. The epigraph of a linear function f: R — R is a
half-space in R"*1.

The following proposition simplifies the analysis of a large class of
functions:

Proposition 5.5. For any two functions f and g it holds that epi (max{f, g})
= epi(f) Nepi(g).
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epi(f + tfa,p))

Figure 5.1: (a) Epigraph of the function f + ¢[,4); (b) Illustration of
local and global minima (maxima) of a function. All points
in the closed interval [x!, z?] are local maxima, points in
the open interval (2!, z?) are also local minima. Similarly,
points [z3, 2%] are local and global minima, in (23, %) are
also local maxima. Points 2° and 2% are local maximum
and minimum respectively. (c) Illustration of the subgra-
dients of a piecewise linear function. The shadowed sectors
denote the range of possible subgradients. In the point 23
those are all hyperplanes, which lie (are convex combi-
nations of) between a® and a*. The point 22 contains a
horizontal hyperplane, which corresponds to the zero sub-
gradient. Existence of such a hyperplane is a necessary
and sufficient optimality condition for convex functions.
Note that along with the zero subgradient there are oth-
ers, that are convex combinations of a? and a3.

Proof. The proof follows directly from the definition of the epigraph of
a function: ¢t > f(x) and t > g(x) together imply ¢t > max{f(z), g(x)},
and the other way around. ]

Definition 5.6. A function f: R™ — RU{oc} is called convez if epif
is a convex set.

Definition 5.7. A function f: R” — RU {—o0} is called concave if
(—f) is convex.

Exercise 5.8. Prove that a concave and convex function f is linear,
that is, it is representable as (¢, x) + b for some ¢ € R"” and b € R.
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Exercise 5.9. Prove that for any convex function f the set X =
{z: f(z) <0} is convex.

Proposition 5.10. A function f: R" — R U {oo} is convex if and
only if the inequality:

flpr+ (1 —p)z) <pf(z)+ (1 -p)f(2) (5.4)

holds for any z,z € R™ and p € (0,1). Here we assume that p-oo = oo
for any positive p, co + z = 00, —o00 + & = —oo for any z € R and
—(—0) = 0.

Proof. In case either f(x) or f(z) is infinite, the inequality trivially
holds. Otherwise, (z, f(x)) € epif as well as (z, f(2)) € epif. Since
epif is a convex set, if and only if it contains also (px+(1—p)z, pf(x)+
(1—p)f(z)). By the definition of epif this is equivalent to f(pz+ (1—
p)z) < pf(x) + (1 —p)f(2). O

Remark 5.11. The natural addition and multiplication rules for in-
finite values defined in Proposition 5.10 are considered as defined fur-
ther in this monograph. Additionally —oco - 00 = —oo and the result
of 0o — 0o is undefined.

Exercise 5.12. Show that a function f: R” — RU {oo} is convex if
and only if the inequality

N N
f (mel) <> pifa)) (5.5)
i=1 i=1
holds for any natural N, any N-tuple 2 € R”, i =1,..., N, and any
pe AN,

The following proposition allows us to construct convex functions
with linear operations applied to other convex functions:

Proposition 5.13. Let f and g be convex functions and « and S be
non-negative numbers. Then af 4+ B¢ is convex as well.
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Proof. Let p € [0,1]. Then convexity of f and g implies the following
sequence of inequalities, which proves the statement of the proposi-
tion:

(af + Bg)(px + (1 —p)z) = af(pr + (1 - p)z) + Bg(pr + (1 —p)=2)
<a(pf(z)+ (1 —p)f(2)) + Bpg(z) + (1 —p)g(2))
= plaf + Bg)(x) + (1 —p)(af + Bg)(z). (5.6)

O]

Definition 5.14. A function h: R¥ — R is called non-decreasing, if
h(z1,...,x) > h(z1,...,2,) when ; > z; for alli =1,... k.

A superposition of convex functions is convex under an additional
condition:

Proposition 5.15. Let f(z) = h(fi(x),..., fx(x)) with f;: R* - R
be convex functions, and h: R¥ — R be convex and non-decreasing.
Then f is convex.

Proof. The following inequality holds for any p € [0,1] and arbitrary
x and z due to convexity of f; and the non-decreasing property of h:

h(filpz + (1 —p)2),..., fu(pz + (1 — p)2))
<h@fi(x)+ (1 =p)fi(2),...,pfe(x) + (1 =p)fe(2)). (5.7)

Further, due to convexity of h, the right-hand-side of (5.7) does not
exceed

ph(fi(@), ..., fr(x)) + (A =p)h(fi(2),. .., fr(2)), (5.8)
that finalizes the proof. O

Proposition 5.16. Let f be a convex function defined on R™ and
X C R" be a convex set. Then the function f + tx: R” — R is
convex, where tx is defined as in (5.3).
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. . —o00, ze€X
Proof. Consider the convex function ix(z) := { ’

0, z¢X

It is straightforward to see that f + ¢x = max{f,ix}. Due to
Proposition 5.5, it holds that epi(f+tx) = epi(max{f,ix}) = epi(f)N
epi(ix), and, therefore, epi(f + tx) is convex as it is the intersection
of convex sets (see Lemma 3.26). O

Note that a similar claim holds also for a concave function f and a
convex set X. In this case the function f — ¢x is concave.

5.1.3 Local and global minima

Let the set Be(z) = {2/ € R" | || — 2'|| < €} denote the ball of radius
€ > 0 around x € R™.

Definition 5.17 (Local and global minima). Let f: X — RU{o0, —oo}
be an extended value function. A point x such that f(z) < oo is
called a local minimum of f if there exists € > 0 such that z €
argming ¢ g, (p) (f(2') +¢x(2")). The point z is called a global mini-
mum of f,if x € argminy f(2').

Definition 5.17 is illustrated by Figure 5.1(b).
The following proposition states one of the most important proper-
ties of convex functions for their minimization:

Proposition 5.18. Any local minimum of a convex function is also
its global minimum.

Proof. Let x be a local, but not a global minimum on X C R”. There-
fore, there exists z € X such that f(z) < f(x). Since f is convex it
holds that f(pxr + (1 —p)z) < pf(z) + (1 —p)f(2) < f(z) for any
p € (0,1). For any € > 0 there is p > 0 such that (pz + (1 —p)z) € B,
therefore, f(pzr + (1 —p)z) < f(z) implies that x is not a local mini-
mum. O

Due to Proposition 5.18, it makes sense to speak about minima of a
convex function, without subdividing them into local and global ones.
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Proposition 5.19. The set of minima of a convex function is convex.

Proof. Let x and z be two minima and, therefore, f(z) = f(z). Then
for all p € (0, 1) the inequality f(pz+(1—p)z) < pf(x)+(1—p)f(z) =
pf(x)+ (1 —p)f(x) = f(z) implies that px 4+ (1 — p)z is a minimum
as well. O

Note that the set of maxima of a concave function is convex as well.

The following important proposition essentially states that a maxi-
mum of convex functions is a convex function itself. This observation
is crucial for properties of Lagrange relaxations, which will be consid-
ered later in this chapter.

Proposition 5.20. Let Z be any set and let the function f: R"x Z —
R be convex w.r.t. x € R" for each fixed z € Z. Then the function
g(x) = sup,cy f(x, z) is convex.

Proof. For each fixed z the epigraph of f(-,2) is a convex set. The
epigraph of the function g is the intersection of the epigraphs of the
functions f(-,z): R® — R for all z € Z. Therefore, according to
Lemma 3.26 epi(g) is a convex set as an intersection of convex sets.
So by Definition 5.6 g is convex. O

Corollary 5.21. The function g(z) = inf,ez f(z,2) is concave if
f:R®” x Z — R is concave w.r.t. x for each fixed z € Z.

Definition 5.22 (Convex optimization problem). Let f be a con-
vex function and X be a convex set. The problems of the form
mingey f(z) and max,ecx(—f(z)) are called convex optimization prob-
lems. In other words, convex optimization is a minimization of a con-
vex or maximization of a concave function on a convex set.

According to Proposition 5.16, for any convex f and X the prob-
lem mingern (f(x) + tx(x)) is convex and equivalent to mingex f(x).
Therefore, we conclude that the set of optimal solutions of this prob-
lem is convex.

Linear programs, as well as the optimization problems from Exam-
ples 3.1 and 3.3 are convex.
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Definition 5.23. (Convex relaxation) The problem min,cx’ g(z) is
called a convex relazation of the problem mingcx f(z), if it is both,
a relaxation (that is, X’ C X and g(z) < f(z) for all z € X)), and a
convex optimization problem.

5.2 Subgradient

Most of the functions we will deal with in this monograph will be
non-smooth, or, more precisely, non-differentiable. In particular, this
implies that they cannot be minimized with such a simple and well-
known technique as gradient descent. To circumvent this, we will now
introduce a generalization of the notion of gradient to non-differentiable
functions. In later chapters we will also consider the corresponding
generalizations of the gradient descent algorithm along with other
non-smooth optimization methods.

Definition 5.24. Let f be convex. A vector g is called a subgradient
of f in the point 2° € domf if for any € domf it holds that

f(x) > f(2%) + (g, 2 — a°) . (5.9)

The set 3 f(2°) of all subgradients of f in 2¥ is called the subdifferential
0

of fin z”.

Definition 5.24 is illustrated in Figure 5.1(c).

For concave functions the inequality (5.9) changes its sign, i.e. if g
is a subgradient of f it holds that f(z) < f(z%) + <g,x — a:0>. Since
—f is concave if f is convex, this implies that if g is a subgradient
of f, then —g is a subgradient of —f. For concave functions the
term supergradient is also often used instead of subgradient. This
reflects the fact that the supergradient defines an upper bound of a
concave function contrary to the subgradient defining a lower bound
of a convex one.

Proposition 5.25. Let f be a convex function. For any x € domf
the set 0f(x) is convex.
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Proof. Expression (5.9) defines a linear inequality w.r.t. g for each
2? € domf. Any linear inequality defines a convex set, see Proposi-
tion 3.27. The intersection of these convex sets for all x € domf is
also a convex set according to Lemma 3.26. O

Proposition 5.25 is illustrated in Figure 5.1(c).
In practice, the following proposition is very important for comput-
ing subgradients:

Proposition 5.26. If f is convex and differentiable in z, then df(x) =

{Vf(x)}.

We leave out the proof and here provide a suitable reference in §5.5.
Since subgradient is defined by a linear inequality, its linear prop-
erties follow directly from the definition:

Proposition 5.27 (Linearity of subdifferential). Let f and f be con-
vex functions. Then

O(af + Bf) (@) = adf(x) + BOf(x) (5.10)

for any o, 8 € Ry with + denoting the Minkowski set sum. In partic-
ular, if g € 0f(x) and g € df(x), then (ag + Bg) € d(af + Bf)(z).

Subgradient (but not subdifferential in general!) of function com-
position can be obtained with the same chain rule as gradient:

Proposition 5.28 (Subgradient of function composition). Let f(z) =
h(fi(z),..., fu(z)), h: R¥ — R be convex and non-decreasing and
fi: R™ — R be convex functions. Let also

gi € 0fi(z%) and z € Oh(f1(z°),..., fr(z?)). (5.11)

Then g = (Zle zigi) € Of(a0).

Proof. According to Proposition 5.15 the function f is convex w.r.t. x.
The proof of the proposition statement follows from the sequence of
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(in)equalities:

f(x) = h(fi(x ) -5 fi(@)

> h(fi(2%) + (g1, 2 —2°), ..., fu(@®) + {gp,z — 2°))

> WA, Sl@) + (= (g2 =) o (g —a®) )

= f(a°) + (g, — 2°) . (5.12)
O

Therefore, the subgradient can be seen as a generalization of the
gradient for convex functions. An important difference is, however,
that for non-differentiable functions the subgradient is not unique, i.e.
OJf may contain multiple elements in the points where the function
is non-differentiable. Below, we consider an important class of such
functions.

Definition 5.29. The function f: R™ — R is called convex piecewise
linear, if there is a finite set I such that for all z € R"™ the function
is representable as f(x) = max;er <ai,x> +b* with @' € R*, b' € R
for i = 1,...,]I|. By exchanging min with max above one obtains
concave piecewise linear functions.

Note that a convex piecewise linear function is indeed convex as
it is a point-wise maximum of convex (here, linear) functions, see
Proposition 5.20.

Figure 5.1(c) as well as Example 5.30 below illustrate the notion of
piecewise linear functions and their subgradients.

Example 5.30. Let I be a finite set and let f be a convex piecewise
linear function f(z) = max;es (a’,z) + b*. Then from (a’,2%) + b’ =
f (%) it follows a’ € Of(2°) . Indeed,

flx) — f(a:o) = max (<aj,a:> + bj) — (<ai, :L’O> + bi)

jerl
> (<ai,a:> + bi) — (<ai,x0> + bi) = <ai,:L‘ - x0> . (5.13)
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The following lemma generalizes Example 5.30:

Lemma 5.31. Let functions f;: R® — R, i=1,...,m be convex and
differentiable. Then the function f(z) = maxjeci,. m fi(x) is convex
and Of (z) = conv{V fi(x): i € I(x)}, where I(x) := argmax;e; _,, fi(z).

Proof. We will here concentrate on showing that
Of(x) D conv{V fi(x): i€ I(x)}.

For the reverse inclusion we refer to the corresponding literature in
§5.5 as it requires more advanced analysis.

To prove the above inclusion we first show that V f;(2°) € df(2?)
for all i € I(2"), 2° € R™. By Proposition 5.26 we have for all z € R™:

fi(z) > fi(xo) + <Vfi(x0),a: — x0> ) (5.14)
Therefore, by definition of f, it holds that
f@) > () +(V fi(a),z = a%) (5.15)

and, hence, Vf;(z°) € 9f ().

As conv{V fi(z): i € I(z)} is the smallest convex set containing all
vectors Vfi(z), i € I(x), and Of(x) is convex by Proposition 5.25,
this implies Of (z) 2 conv{V fi(z): i € I(z)}. O

In particular, for a convex piecewise linear function

f(z) = max <ai, Ty + bt

i€l

Lemma 5.31 states that df(z) = conv{a’: (a?,z)+V = f(z), j € I}.
In other words, the subdifferential is a convex hull of all vectors a’
such that f(z) = (a/,z) + b/, see Figure 5.1(c).

Example 5.32. Consider f(x) = max{0,1 — z}.

—1, <1
The subdifferential of f is 0f(x) = ¢ [-1,0], x=1.
0, z>1
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A statement analogous to Lemma 5.31 can be formulated for con-
cave functions by substituting “convex” with “concave” and max with
min:

Corollary 5.33. Let functions f;: R" — R, ¢ = 1,...,m be con-
cave and differentiable. Then the function f(x) = minjei . fi(x)
is concave and Jf(x) = conv{Vfi(z): i € I(z)}, where I(z) :=

argminge; fi(x).

Apart from its use in gradient-based optimization methods, the gra-
dient of a differentiable convex function uniquely characterizes its op-
tima. A similar result holds also for the subgradient:

Theorem 5.34. Let f be convex. Then f(z*) = mingedoms f(x) if
and only if 0 € 9f(x*).

Proof. Indeed, if 0 € 0f(z*), then f(z) > f(z*) + (0,2 — z*) = f(z¥)
for all x € domf. On the other hand, if f(x) > f(«*) for all x € domf,
then f(z) > f(z*) + (0,2 — 2*) = f(2*) and 0 is a subgradient of f
in z*. O

>
nd

Theorem 5.34 is illustrated in Figure 5.1(c).

5.3 Lagrange duality

In Chapter 3 we defined a general notion of relaxation and considered
an important example thereof, the linear programming relaxations.
The latter are constructed by substituting the integrality constraints
with box constraints.

Here we will consider another powerful method for constructing
relaxations, where some constraints are substituted with a specially
constructed function, which is then added to the original objective.

Although these two types of relaxations seem to have nothing in
common at the first glance, they are in fact often equivalent. At the
end of the chapter we will consider this point and formulate sufficient
conditions for this equivalence.
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5.3.1 Dual problem

Let us consider an optimization problem of the form

2%1}3 f(z) (5.16)

s.t. Ar =0,

where P C R". We will assume that omitting the equality constraints
Az = b would make the optimization problem easy (or at least easier)
to solve. Therefore, we write these constraints separately instead of in-
cluding them into the set P. Below we consider a powerful technique,
which allows us to partially get rid of these constraints to simplify
optimization.
Consider the following function of a vector A € R™
min [f(z) + (\, Az — )] , (5.17)
zeP
which we will call the Lagrange dual function. The expression L(z, \) :=
f(z)+ (A, Az — b) is referred to as the Lagrangean. One also says that
the constraint Az = b is dualized or relaxed. Variables A\ are called
dual variables. The dimensionality of A equals the number of rows

of the matrix A. In other words, each elementary constraint gets a
corresponding dual variable.

Example 5.35. Consider

in_ (e, 5.18
L (¢, ) (5.18)
st.xp =xo. (5.19)

Its Lagrange dual function reads

i Az — 5.20
min, {e.2) + Ay — ) (5:20)

with A being a real number.

For any A the problem (5.17) is a relaxation of (5.16), because:
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L{Az<b}

(A, Az —b) O\ Az —b), A>0

Az —b 0 Az —b
(a) (b)

Figure 5.2: Illustration of the Lagrange relaxation for (a) the equal-
ity constraints Ax = b. Bold lines denote the function
Uz: Ax=b}(T), see (5.3). The dashed line denotes the lin-
ear function (\, Az — b), which constitutes a lower bound
for t5. ag—py(7). (b) The same, but when the inequality
Az < b is dualized. Due to the, compared to Figure (a),
different function vf,. 4z<p)(2), only non-negative A\ must
be considered to guarantee the lower bound property of
(A, Az — b).

e The feasible set of (5.17) is a superset of the one for (5.16).

e The objective values of both problems are equal for any feasible
point of (5.16), since in this case Az = b holds, and, therefore,
(A, Az —b) = 0.

These kinds of relaxations are called Lagrange relaxations.
The properties above imply:

Proposition 5.36. For every A € R the optimal value of (5.17) does
not exceed the optimal value of (5.16), and they coincide if the con-
straint Az’ = b holds in an optimum 2’ of (5.17).

Proof. The first claim follows directly from Proposition 3.9. The sec-
ond one follows from Proposition 3.9 and the fact that the objective
functions of (5.16) and (5.17) coincide if Az’ = b. O
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Exercise 5.37. Show that for every A € R the problem

g(N) :ggg flz)+ (N Az —b) (5.21)
5. A >0 (5.22)

is a relaxation of the problem

rxnei]rjl f(z) (5.23)
s.t. Az <b. (5.24)

In general, Lagrange relaxation is a way to construct a relaxation
by dualizing any equality or inequality constraints, not necessarily
linear ones. In these cases the constraint is defined as h(x) = b (or
h(z) < b), and is substituted by the term A(h(xz) — b) (with A > 0),
which is then added to the objective. In this monograph we make use
of the dualization of linear constraints only, therefore, we restrict our
attention to this very important special case.

Figure 5.2 gives an intuitive explanation of the relaxation properties
of the Lagrange duals. Indeed, let us move the constraint Az = b of
the problem (5.16) into the objective. Then it becomes equivalent to

Hllnf($) + U{z: Az=b} (x) : (525)
zeP
To obtain the dual (5.17) we only substitute the function ty;. s4z—p
with (A, Az — b), and, as shown in Figure 5.2(a), the latter is a lin-
ear lower bound for the former one. The same reasoning can be used
for the inequality case from Exercise 5.37 and is illustrated in Fig-
ure 5.2(b).

Since it is important to have the tightest possible lower bound, one

considers the Lagrange dual problem

max min flz)+ (N Az —b) , (5.26)
which amounts to maximizing (5.17) w.r.t. \. One speaks about full
Lagrange dual if all constraints are dualized and not only a subset of
them.
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The most important property of the Lagrange dual problem (5.26)
is its concavity w.r.t. A, which does not depend on the fact whether
the primal problem (5.16) is convex or not:

Proposition 5.38. The dual function (5.17) is concave w.r.t. A.

Proof. The proof follows from Corollary 5.21 and the fact that the
objective of problem (5.17) is linear w.r.t. A, and, therefore, concave.
O

The following example shows that although the dual function is
concave, it may not be differentiable:

Example 5.39 (Piecewise linear Lagrange dual). Consider the La-
grange dual as in (5.16):

min (¢, z) + (A, Az — b) (5.27)

reEP
It is a concave piecewise linear function of A, when P is
e a finite set, since (5.27) satisfies Definition 5.29 in this case.

e a polytope. In this case

. . Cor. 3.47 . T .
min (c,x) + (N, Az —b) = xelerltl){l(P) <c + A, :c> (A D)
(5.28)

and the right-hand-side satisfies Definition 5.29.

Proposition 5.40. Let P be a polytope and the set PN{z: Az = b}
be non-empty. Then there exist optimal primal and dual solutions.
Moreover, the strong duality holds, i.e.

i = i Ax —b) . 2
i%lzpnb (¢, ) mgxgg}g(c,x)—l—()\, x —b) (5.29)

Proof. Let us first show that there exist optimal primal and dual solu-
tions. From P being a polytope it follows that the primal feasible set
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Pn{x: Az = b} is a polytope as well (see Proposition 3.18). There-
fore, the optimal primal value p* is finite and attained in one of its
vertices, according to Corollary 3.47.

Let d* denote the optimal dual value. The following sequence of
inequalities, which uses Proposition 5.36,

A=0
00 > p* > d* = maxmin (c,z) + (A, Az — b) > min (c,x) > —00
A zeP zeP
(5.30)

implies that the dual optimal value d* is also finite.
Consider the dual objective

g(A\) :=min (¢, z) + (\, Az — b) CorBAT in (c,x) + (N, Ax —b) ,
zeP zevrtx(P)
(5.31)

and the set P(\) := arg Mingcyrix(py (6 7) + (A, Az —b). Since P is

non-empty, P(A) is so as well. The maximal dual value d* is attained
in all vectors A satisfying

d* = <C, x/> + <)\, Az’ — b> , (5.32)

where 2’ is some vector from P()\). The set of \ satisfying (5.32) is
non-empty as soon as Az’ —b = 0 implies d* = (¢, 2’). This implication
is given by the following sequence of equalities:

d* = m/exxegtiﬁp) (c,z) + (N, Az —b) = max (c,a') + (X, Az’ — b)

/

Ar=b max (c,a") ={c,a")y . (5.33)

Therefore, the dual solution exists. Let A\* be such a solution.
According to Lemma 5.31,

dg(\*) = conv{Az*—b: z* € P(A)} "= (42" —b: 2% € conv(P(\Y))}.

(5.34)
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Since A* is a dual optimal solution, Theorem 5.34 implies that
0g(A*) 3 0. In other words, there exists * € conv(P(A*)) such that

Az* —b=0.

Observe that 2* € P, since P(A\*) C vrtx(P) and, therefore, conv(P()\*)) C
conv(vrtx(P)) = P. This yields

z*eP
*_p_ Az*—b=0
d* = (c,z*) + (A", Az* — b) Aw’b=0 (c,x™y > min (e,z) =p*.
Az=b

(5.35)
Together with (5.30) this implies p* = d*. O

Example 5.41. Consider Example 5.35, the primal
in_(c, 5.36
i (c,z) (5.36)
s.t. x1 = 22, (5.37)

and the dual problem:

max wé?&ﬁl]? [(c; ) + A(z1 — 22)]

= max ;cg[loi,IllP [(c1 + AN)z1 + (ca — N)axg] . (5.38)

The primal problem can be equivalently rewritten as

0, (c1+¢2)>0

(c1+¢2), (c14+¢c2)<0 (5.39)

min (c1 +co)z] =
z1€[0,1}( ! 2)1 {

Consider the dual problem (5.38). It can be equivalently rewritten
as
max (min{0, (¢1 + A\)} + min{0, (c2 — \)}) . (5.40)

The necessary and sufficient optimality condition is the existence of
the zero subgradient of the function. According to Lemma 5.31, this
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condition holds when either
ca+A>0and e — A >0, (5.41)

or

cit+A<0and e —A<0. (5.42)

hold. One pair of these inequalities is always attained when c¢; + A =

c2 — A, therefore, A = ©25%. Substituting A with this value in (5.41)

we obtain ¢; + ¢o > 0. Similarly (5.42) turns into ¢ + co < 0.
Summing up,

max (min{0, (c1 + A\)} + min{0, (coa — \)}) (5.43)

_ {0» (c1+c2) >0

(et ), (a+e)<0, (5.44)

which coincides with the primal optimal value.

5.4 Lagrange relaxation of integer linear programs

Since we are interested in solving integer linear programs, let us con-
sider the Lagrange relaxation of this kind of problem.
In what follows we will deal with integer linear programs of the form

i , 5.45
el (0 (5.45)
s.t. Az =0,

where P is a polytope. The assumption that P is bounded (i.e. it
is a polytope and not a general polyhedron) can be made w.l.o.g.,
since the problem (5.45) can be turned into an equivalent one with a
bounded P by adding the constraints = € [0, 1]™.

As before, we assume that without the constraint Az = b the prob-
lem (5.45) becomes easy or at least easier to solve. Therefore, these
constraints are separated out from the polytope P. Dualizing these
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constraints we obtain the Lagrange dual problem to (5.45):

a i ,x) + (N Az —b) . 5.46

X A () + O A ) (546

Note that objective of the dual problem (5.46) is a concave piecewise
linear, therefore, non-differentiable, function.

5.4.1 Primal of the relaxed problem for ILPs

The Lagrange dual problem (5.26) can be treated as a problem of
selecting the best relaxation from a given set of relaxations. This
class is parametrized with the dual vector A. The solution of the
dual problem is a value of this parameter. To obtain the correspond-
ing relaxed solution one has to solve the related relaxed problem
mingex f(z) + (A, Az — b) with fixed X\. In this problem, however,
both, the objective and the initial feasible sets are changed compared
to the primal problem (5.45). This makes analysis of the relaxed so-
lution much more complicated.

This differs from the case of the LP relaxation for integer linear pro-
grams, where only the feasible set is increased, but the objective itself
remains unchanged. Interestingly, for integer linear programs, one can
define a relaxation, which is equivalent to the Lagrange relaxation, by
changing only the feasible set.

To do so, let us consider the Lagrange dual (5.46). Corollary 3.46
implies

min (¢, z)+(\, Ax — b) = min (c,x)+ (N, Az —b) .
zePn{0,1}" z€conv(PN{0,1}")
(5.47)

Consider now the following minimization problem

(c,x) . (5.48)

min
z€conv(PN{0,1}™)
Azx=b

Assuming that the problem (5.45) is feasible implies that (5.48) is so,
too. Since the feasible set of (5.48) is a polytope, Proposition 5.40
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implies that its Lagrange dual is tight:
min (¢, x) = max min (c,x) + (X, Az —b) .
mEconv/(lPQEO,l}n) A xECOHV(Pﬂ{O,l}n)
(5.49)
Comparing it to (5.47) we conclude

Proposition 5.42.

max min _ (¢,z) + (N, Az —b) = min (c,z) . (5.50)
X zePn{0,1}n wecony (P{0,1)7)

In other words, the Lagrange dual is tight for the problem (5.48).
Therefore, we will call the latter the primal relazed problem for the
Lagrange relaxation.

Note that (5.48)) is also a convex relaxation of the ILP problem (5.45),
since conv(PN{0,1}") D PN{0,1}" by definition of the convex hull.
Contrary to the Lagrange relaxation, the problem (5.48) modifies only
the feasible set of the non-relaxed problem (5.45), and keeps its ob-
jective unchanged. Note also that (5.48) is a linear program, since its
feasible set is a polytope. It differs from the LP relaxation of (5.45)

Nl (¢, ) (5.51)

Azxz=b
by the feasible set only. The following statement compares these two
linear programs and establishes conditions under which they coincide.

Corollary 5.43. Let vrtx(P N [0,1]") C {0,1}", that is, all vertices
of the polytope P N [0,1]™ are defined by binary vectors. Then the
primal relaxed problem (5.48) is equal to the LP relaxation (5.51).
Otherwise, the relaxation (5.48) is tighter.

Since the primal relaxed (5.48) and dual (5.46) problems provide the
same bound, one also says that the Lagrange relaxation is in general
tighter than the LP one.

Proof. According to Proposition 3.57, it holds that vrtx(P N[0, 1]™)

)
Pn{0,1}"™. According to Proposition 3.59, it holds vrtx(P N0, 1]™) N
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{0,1}" = P n{0,1}". Therefore, vrtx(P N [0,1]") C {0,1}" implies
vrtx(P N [0,1]") = PN {0,1}". From Corollary 3.38 it follows that
conv(PN{0,1}") = PNJ0, 1]", and, therefore, the considered Lagrange
and LP relaxations are equivalent.

In general, however, it holds that conv(P N {0,1}") € PN [0,1]"
(see Proposition 3.56), which implies that relaxation (5.48) is tighter
than the LP one (5.51), as their objective functions coincide. O

5.4.2 Reparametrization

For (integer) linear programs the Lagrange relaxation has a simple
and intuitive interpretation, expressed in terms of reparametrization
or equivalent transformation of the cost vector. The optimization of
the dual problem can be viewed as finding such an equivalent transfor-
mation, such that the dualized constraints are fulfilled for the (relaxed)
primal problem.

Till the end of this chapter we will assume that the dualized con-
straints have the form Az = 0. Although the more general case Ax = b
can be treated similarly, the resulting expressions for the case b = 0
are simpler, and, what is even more important, they correspond to
the form of the constraints of the MAP-inference problem in its ILP
formulation (4.7).

Let us consider the Lagrange dual problem (5.46). For b = 0 its
objective is

(c,x) + (N, Azx) = (¢, x) + <AT)\,1‘> = <c + AT, x> . (5.52)
Note that for any feasible z, it holds that Az = 0 and therefore
(c,x) = <c—|— AT)\,:E> : (5.53)

It implies that the problem

i AT 54
el (S ATH) (55
st. Az =0 (5.55)
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is equivalent to (5.45) (with b = 0), i.e. for any A and any feasible z
the objectives of both problems have equal values. Clearly, the solu-
tions of both problems are therefore also equal. The transformation
¢ — ¢+ AT is therefore called an equivalent transformation or a
reparametrization of the problem (5.45). The dual problem

max |D(\) ;==  min <c + AT, x>] (5.56)
A zePN{0,1}"
therefore consists in finding an optimal reparametrization of the prob-

lem.

Example 5.44. In Example 5.41 the reparametrized cost vector has
coordinates ¢; + A and co — A.

Note that the equality (5.53) implies also that the relaxed primal
problem, defined by the right-hand-side of (5.50), is equivalent to its
reparametrization for any A:

min (e,x) = min <c + AT, x> . (5.57)
conv(z€PN{0,1}™) conv(z€PN{0,1}™)
Az=0 Ax=0

5.4.3 Primal-dual optimality conditions

In the following, we formulate necessary and sufficient conditions for
dual optimality. These conditions play an important role for con-
structing a stopping criterion for iterative algorithms as well as for
reconstruction of primal solutions from the dual ones, see §6.2.

Proposition 5.45. Vector A* is an optimum of the dual problem (5.56)
if and only if there exists

z* e arg min <c + AT, x> (5.58)
z€conv(PN{0,1}7)

such that Az* = 0. In other words, A* is a dual optimum if and only
if there exists x* satisfying (5.58), which is feasible for the relaxed
primal problem defined by the right-hand-side of (5.50). Such an z*
is a solution of the relaxed primal problem.
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Proof. Due to (3.29), the objective of the dual problem (5.56) can be
equivalently expressed as

Ni=  min o (e+ATAz). 5.59
g( ) z€conv(PN{0,1}") ’ ( )

Since g is concave, its necessary and sufficient optimality condition

is the existence of the zero vector in its subdifferential which is the set

1= o g (4] o0

see the proof of Proposition 5.40 for details.
To prove that z* is the primal relaxed solution note that

<c + ATA*,x> (5.61)

min
z€conv(PN{0,1}")

is a relaxation of

min <c + AT, :n> . (5.62)
chonv{éPﬁ{O,l}")

=0
And since the solution z* of the relaxation (5.61) is feasible for (5.62)
due to Az* = 0, z* is a solution of (5.62) as well, according to Propo-
sition 3.9.
O

Remark 5.46. Note that if, in addition to (5.58) and Az* = 0, it
is * € {0,1}", then z* is a solution of the non-relaxed ILP prob-
lem (5.45). This directly follows from the fact that problem (5.58) is
a relaxation of (5.45), #* is its minimizer, and (c,z) = (c + AT\*, z)
holds since Az* = 0.

5.5 Bibliography and further reading

For a more fundamental understanding the notion of convex functions
and their subgradients we refer to the textbook [42]. In particular, it
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contains proofs of Proposition 5.26 and Lemma 5.31. The comprehen-
sive source on the topic is [43].

For an extended introduction to the duality theory we recommend
the excellent textbook on convex optimization [44]. It also details the
notion of the extended value functions and their relation to convex
analysis and Lagrange duality. More general and deep analysis of the
mathematical phenomenon of duality is presented in [45].
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6 Lagrange Duality for
MAP-inference

This chapter is devoted to the Lagrangean dual of the MAP-inference
problem. This dual is obtained by relaxing the coupling constraints
of the local polytope. Based on the theoretical background provided
in Chapter 5 we will analyze properties of the dual. In particular, we
will show that it is equivalent to the local polytope relaxation, that
is, it provides the same lower bound.

The second important topic we deal with in this chapter is the
optimality conditions for the considered dual problem. We will give
exact (necessary and sufficient) as well as approximate (only neces-
sary) optimality conditions. Whereas checking the first ones can be
as computationally expensive as optimizing the dual itself, the latter
can be verified with a simple and efficient algorithm which we will also
describe.

In the last section we return to the acyclic graphical models in-
troduced in Chapter 2, and show that the approximate optimality
conditions are exact for such models.

6.1 Reparametrization and Lagrange dual
Recall the ILP formulation of the MAP-inference problem

i 0, 6.1
e Efg;gl}g 1) (6.1)
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with the local polytope £ defined by (4.6). Note that £ can be rewrit-
ten as follows:

iy € AVu Vu eV
L= 19 puy € AV, Yuv € € (6.2)
Dty Huv(8:t) = pu(s), Yu eV, veNy(u), s € Wy

As in Chapter 4, the notation 1, stands for the vector (1, (s): s € Vu),
which encodes the selected label in the node w, and fiyy = (puw (s, t):
(s,t) € Yuv) encodes the selected label pair in the edge uv. Let us con-
struct the Lagrange dual to (6.1) by relaxing the coupling constraints
(the last line in (6.2)). This is done similarly to the general scheme
provided in §5.3.1.

Consider the linear term of the objective, which corresponds to
dualizing the coupling constraints. In other words, we will specify
the term (\, Az) corresponding to the constraints Az = 0, when the
role of the latter is played by the coupling constraints. Since for
each node u € V there is one constraint for each of its labels s € ),
and each neighboring node v € Nj(u), the role of the dual vector
A is played by the vector ¢ € RY with coordinates ¢, ,(s), where
J ={(u,v,s) |u eV, veMNu),se W} The comma between u
and v in the lower index w,v underlines that ¢, ,(s) and ¢, ,(s) are
two different vectors, contrary to fiy,(s,t) and i, (t, s), where u and
v are not separated by the comma.

Given the above notation, the considered linear term corresponding
to the coupling constraints reads:

YYD bunls) (Zuuvst ()). (6.3)

uey 'UGNb ) SEYVu tEVy

By adding it to the objective

O0,)=> > Ou()pu(s)+ D> D Ou(s,t)pun(s,t)  (6.4)

u€Y s€Yy wv€EE (8,6)EVuw
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and regrouping terms one obtains

Z Z fhu(s) <GU(3) - Z ¢uv(s)>

u€Y s€Yy VEN, (u)

+ Z Z Muv(sa t) <9uv(57 t) + ¢u,v(3) + va,u(t)) = <‘9¢a /'5> 5

UVEE (8,8)EVuv
(6.5)

where we introduced the reparametrized costs 8¢ defined as

07(s) == 0u(s) — > Gun(s), vEV, s€ V0, (6.6)
veN (u)

Hﬁ’v(s,t) =0y (8, 1) + Puov(s) + Ppu(t), uwv e &, (s,t) € Yy

See Figure 6.1 for an illustration of the reparametrization.

Note that the reparametrized Lagrangean <9¢, ,u> is an instance of
the reparametrization introduced in §5.4.2 for general (integer) linear
programs, see Expression (5.56). In other words, the Lagrangian dual
constructed by relaxing the coupling constraints consists in finding an
optimal reparametrization:

max min <c9¢, M> : (6.7)
PRI pef{0,13L
pueAYVu uey
NquAyuv JUvEE

dual function D(¢)
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Figure 6.1: (a) Illustration of the reparametrization. Energy of all
labelings remains the same when the value ¢y, ,(s) is sub-
tracted from the cost 6,(s) of the label s in the node u and
simultaneously added to the costs of all label pairs (s,t),
t € Yy, associated with one of the edges incident to u. (b-
c) Example of the reparametrization: (b) initial costs, (c)
reparametrized costs. Bigger numbers stand for the costs
(initial in (b) and reparametrized in (c)), smaller numbers
in (c) define values of the reparametrization vector ¢ with
the same meaning as in (a).

Note that the constraints on p decouple into the coordinates indexed
by u and uv:

H??z [<9¢,M> = Z <937Nu> + Z <¢9fv,uuv>]
HuﬂeeA{y;L ,}UEV u€ey wve€

pyp EAYUY uvel

= min E <93, ,uu> + min E <9$U, ,um,>
pu €AYVuN{0,1}Vu pw €AYuv n{0,1}Yuv
uey u€y uveE uv€el

= min 0%, >+ min <9¢ ) >
ZuueAyuﬁ{O,l}yu< w ILLU g”uveAyuvﬂ{(]J}yuv uv Nuv

2%
= Z min 6% (s min 69, (s,t). (6.8)
eyt SEWy o (8,8)EVuv
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Therefore, the dual problem (6.7) takes the form

PpERT qbeRJ $€Vu (s t)EVuv

max D(¢) := max (Z min 69 (s min 02, (s, t)) . (6.9)

Note that to compute the value of the dual objective in (6.9) for a
fixed ¢ one has to select independently in each node and each edge an
optimal label and an optimal label pair, respectively. Such labels and
label pairs will be called locally optimal in the following. Note also
that these locally optimal labels and label pairs need not be consistent.
In other words, if the label s is selected in node w and the label pair
(t,t') in edge uv, this does not generally imply that s = t. However,
as we will show later in this chapter, some kind of relaxed consistency
(known as arc-consistency) is enforced in the optimum of the dual
function.

Example 6.1 (How large-scale is the Lagrangean dual of the MAP-in-
ference?). Consider now the Lagrangean dual (6.9). The number of
variables is equal to | J|, that grows linearly with the number of labels
and the number of edges in a graph. This is in contrast to the primal
problem (6.1), where the number of variables grows quadratically with
the number of labels.

Consider Example 4.2, where the size of the ILP representation of
the MAP-inference problem was estimated for the depth reconstruc-
tion problem from Example 1.2. In that case the dual problem has
O(10°) variables, which is an order of magnitude less than the size
O(10%) of the primal problem.

The following proposition summarizes properties of the dual prob-
lem, which specialize the general properties of the Lagrange relaxation
from §5.

Proposition 6.2. For the dual problem (6.9) it holds that:

1. <¢9¢, M> = (0, ) holds for any ¢ € RY and p € £ (in particular
for p € £LN{0,1}% and p € M). This implies that for any
labeling y € )y it holds that E(y;0) = E(y;0?) with E being
the energy of y as defined in (1.4).
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[\)

. D(¢) is a lower bound for the energy minimization, i.e. D(¢) <
(0, p) for any u € £N{0,1}% and ¢ € R7.

3. D is concave piecewise linear non-differentiable function.

4. The primal relaxed problem corresponding to (6.9) is the local
polytope relaxation, i.e. max,cgs D(¢) = mingec (0, 1)

ot

. The optimality condition for the dual D(¢) reads:

¢ € argmax D(¢')
¢'eRT

if and only if the polytope

L(p) = {,u € L: py(s) = 0if 62(s) > I/reujgl 0% (s"),
weVUE, s€ Yy} (6.10)

is non-empty. In other words, there must be a relaxed labeling
u € L with non-zero coordinates assigned only to locally optimal
labels and label pairs. Such a relaxed labeling is also a solution
to the local polytope relaxation min,cz (6, ).

6. Tightness of the Lagrange dual: Let the set £(¢) defined by (6.10)
contain an integer labeling, in other words, there is y € Yy such
that d(y) € L(¢). Then y is the solution of the (non-relaxed)
energy minimization problem (1.4). In this case D(¢) = E(y;0).
We will call this case LP-tight, since the Lagrange dual is equiv-
alent to the local polytope relaxation.

This statement holds also in the opposite direction, that is,
D(¢) = E(y;0) if and only if there is y € )) such that §(y) €
£(9).

Proof.

1. Equality follows from the fact that for any p € £ the coupling
constraints hold, and, therefore, <0¢’, u> is a reparametrization
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of (0, ), as introduced in §5.4.2. Alternatively, this fact can be
directly shown by observing that

() =0+ X X m) (= T ounle))

u€Y s€Yy VEN} (u)

F20 D () (Dun(s) + D)

wv€E (8,t)EVun

- Z Z Z (bu,v(s)uu(s)

u€V veN, (u) €V

+Z Z Z¢uv )Zﬂuv(sat)

uey ’UGNb ) SEYVu teVy

0t Y Y buals) (Z (. ) — uu<s>)

u€V veEN, (u) SEVu tey

=0
= (0, 1) (6.11)

The simpler special case of u being a labeling, i.e. u = §(y),
y € Dy, is illustrated in Figure 6.1.

. This follows from Proposition 5.36, since D(¢) is a Lagrangian
relaxation of the energy minimization problem (6.1). This fact
can be also directly proven by observing that for any yu € LU
{0,1}* and any ¢ € RY

{0, ) = min <9u(yu) + 9uu(yu,yv)>
u€y

wweE
see Item 1 .
= min 93 w) + 921) ws Yo
min (Z () ge:g (y y))
>Z§I€mie¢>s Z sinelg 02,(s,t) = D(¢) (6.12)
uey uw

. The dual is concave piecewise linear as any Lagrange dual of an
integer linear program is. This also can be seen directly from
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(6.9): The reparametrized potentials 6 are linear functions of
¢ according to (6.6), and the dual objective has also the repre-
sentation (6.7) as a minimum over linear functions of ¢.

. The proof is based on Proposition 5.42 applied to problem (6.1).
Recall that its dual reads

max D = max min <9¢ > 6.13
max () = mas  min (0% (613)
MuGAyu,uEV
HquAy“Uﬂ“)Eg

To use it, let us consider the feasible set conv(P N {0,1}") of the
primal relaxed problem in the right-hand-side of (5.50). Applied
to the MAP-inference problem (6.1) it corresponds to

conv({p € {0,1}F: py € AV u €V, iy € AV uv € £}).
(6.14)
This set decomposes into a set of independent constraints for
each fiy, w € VUE: juy € conv(AY» N {0,1}7#). According
to Example (3.42) the set AY» N {0,1}Y* is precisely the set of
vertices of the simplex AY» and, therefore, its convex hull is the
set AV itself (Proposition 3.38).

Therefore, it holds that
conv({p € {0,1}F | py € A" u €V, iy € AV uv € EY)
={peR? |y €AY U €V, pyy € AV uv € E}. (6.15)

Combining (6.15) with the coupling constraints one obtains the
local polytope £ (6.2).

. Necessity can be shown using Proposition 5.45. The optimality
condition (5.58) translates into

@€ argmin <6¢,,u'> (6.16)
pheAVu wey
M,IM’UEAyuv,u'uef
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due to (6.15). Let ¢ € R be a dual optimum. Then according
to Proposition 5.45 there exists u satisfying both (6.16) and the
coupling constraints. It implies that p € £. To show that u €
L(¢) it remains to prove that p,,(s) = 0if s ¢ argming.y, 05 (s).
The latter holds due to

min <0¢,u'>: Z ’HGHA%’w Z 1l (5)02(s) (6.17)
sEWV.

1 eAVu uey
ju " wevug Hv

phip €AYuY uvee w

and Lemma 3.40.

To prove sufficiency let us denote 7, := minsey, 93(3). If
L(p) # 0 then there exists p € L(¢) C L. Due to Item 1 it
holds that

Oy = (0%1) = 32 D uttals)

weEVUE s€EYVw
_ _ : o} _
= 2 YD ()= ) mindi(s)=D(9). (6.18)
weVUE SEYVw weVUE
—_———

=1

Since (0, u) > D(¢) for any p € L, this proves that ¢ maximizes
D and p minimizes (0, u) on L.

. From Item 5 it follows that §(y) is a minimizer of the local
polytope relaxation. Since d(y) € {0,1}* it also minimizes the
non-relaxed problem (6.1) and, therefore, y is an optimal label-
ing. The equality D(¢) = E(y;0) = (0,0(y)) follows from (6.18),
which holds for any p € £(¢) and, therefore, for §(y).

To prove the statement in the opposite direction assume that
L(p) # 0, but that it does not contain any integer labeling, i.e.
d(y) ¢ L(¢p) for any y € Y. Due to Item 4 a vector p € L
is an optimum of the local polytope relaxation if and only if
<0¢’,M> = D(¢). In its turn, according to Item 5, the equality
(62, 1) = D(¢) holds only for pu € L(¢). Since 6(y) ¢ L(¢), the
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vector (y) is not a solution of the relaxed problem. Therefore,

D(¢) = (0% ) < (0.0(y)) = E(w:6),  (6.19)
which is a contradiction.

O]

Exercise 6.3. Show that the following linear program is equivalent
to the dual problem (6.9), i.e. for any ¢ € R the maximization over
the remaining variables gives the value D(¢):

max <Z Yt D m) (6.20)

uey uveE
Yo < 03(3), uey, s,
Vv < 93,”(8,75), wv € E, (s,t) € Yy -

This linear program can be obtained by dualizing all constraints
defining the local polytope. The LP form (6.20) of the Lagrangean
dual supports a known fact (see e.g. the text-book [44]), namely, that
the dual of a linear program (which is the considered local polytope
relaxation) can itself be represented as a linear program.

6.2 Primal solutions from the dual problem

6.2.1 Naive dual rounding

Statements (5)-(6) in Proposition (6.2) justify the following heuristics
for obtaining approximate solutions of the non-relaxed problem (6.1)
from a reparametrization ¢: In each u € V a locally optimal label is
assigned to y,:
Yy = arg min 69 (s). (6.21)
$€Vu

Compared to the primal rounding (4.9) the naive dual rounding (6.21)
is weaker in the following sense: from i, (s) > 0 it follows that

s € arg ml)]? 0 (s'), (6.22)
s'e u
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but not the other way around. In other words, a locally optimal label
may correspond to a zero coordinate of an optimal relaxed solution.
It implies that even in case the Lagrange dual is tight (as in Propo-
sition (6.2)(6)), the rounding (6.21) may not allow reconstruction of
the optimal solution. The following example illustrates this case:

Example 6.4 (Naive dual rounding is weak). Consider the graph
(V, &) with V = {u,v} and € = {uv}, see Figure 6.2(a). The label set
is the same in both nodes and contains two labels: ), = ), = {a, b}.
All unary costs are equal to 0 except 6,(b) = 1. Pairwise costs are
defined as 0y,(s,t) = [a # b].

Since # > 0 and 6,(a) = 0,(a) = Oyp(a,a) = 0, the labeling (a, a)
consists of locally optimal labels and label pairs. Therefore, according
to Proposition (6.2)(6) the trivial reparametrization ¢ = 0 is an op-
timal one for the dual problem. The optimal primal and dual values
are equal to 0. Moreover, the labeling (a,a) is the unique solution of
the relaxed as well as the non-relaxed problem.

Consider now the naive dual rounding (6.21). Since 6,(b) = 0 this
procedure may return the labeling (a,b) with energy 1, which is non-
optimal.

Example 6.4 shows that even if the set £(¢) contains a single integer
labeling, the locally optimal labels and label pairs may not be unique.
Therefore, the naive rounding may return sub-optimal results.

Importantly, it can be shown that in the considered LP-tight case
L(¢) = {6(y)} there always exists an optimal reparametrization, such
that each node contains a unique locally optimal label. For such a
reparametrization the naive rounding returns the optimal primal so-
lution. Figure 6.2(b) shows such a reparametrization for the problem
from Example 6.4.

Therefore, there exist three ways to construct reasonably good round-
ing algorithms for the Lagrange dual:

e Use dual optimization algorithms which return possibly unique
locally optimal labels/label pairs in each node/edge. In Chap-
ter 8 we will consider one such algorithm, known as min-sum

diffusion.

105



6 Lagrange Duality for MAP-inference
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Figure 6.2: Illustration of Example 6.4. Characters u, v stand for
graph nodes and a, b for labels. Big numbers 0,1, 0.5, 1.5
define costs assigned to labels and label pairs. Small num-
bers 0.5 in (b) provide values of the dual variables ¢, which
are required to turn the costs of (a) to the costs of (b).
(a) In spite of the optimal reparametrization, the naive
dual rounding (6.21) may return a non-optimal labeling
(a,b), even in the LP-tight case with a unique integer so-
lution. (b) Another optimal reparametrization, where the
locally optimal labels are unique and therefore the naive
dual rounding (6.21) returns the correct primal optimal
integer solution.

e Create rounding methods which are specialized to a certain type
of dual optimization algorithm. In Chapter 10 we will consider
such a specialized rounding method related to the TRW-S algo-
rithm.

e Find a rounding method which works reasonably for any optimal
reparametrization.

Below we concentrate on the last option. First of all, we will study
local properties of optimal dual solutions, which will play a crucial
role in constructing dual rounding schemes. Later, in §6.2.4, we con-
sider the relaxation labeling algorithm, which can be used to obtain
approximate primal solutions.
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6.2.2 Arc-consistency

As follows from Proposition 6.2(5), to determine whether a given dual
vector ¢ is optimal, it suffices to check whether the polytope L£(¢) de-
fined in (6.10) is non-empty. Such kinds of problems, where it is nec-
essary to verify whether a set is empty, are called feasibility problems.
In general, feasibility problems for linear programming are as difficult
as linear programs themselves. In other words, checking whether a
polyhedron is empty can be formulated as a linear program with a
different polyhedron.

In practice, a simpler optimality condition is often desirable, which
could be checked often enough, for example on each iteration of some
iterative algorithm. In this section we formulate such a condition. The
price for its simplicity is that it is only necessary for dual optimality
and no longer sufficient. Informally, instead of looking for an integer
or relaxed labeling consisting of locally optimal labels and label pairs,
which would require a global reasoning, one may check whether the
locally optimal labels and label pairs are locally consistent. Below, we
give a formal definition of this simpler condition and an algorithm for
its verification.

In the following, we will use two functions, which turn real-valued
vectors from the primal space R? into binary ones:

e For any u € R let nz[u] = [p # 0] be the indicator function
of p being non-zero. When applied to a vector u € R", it acts
coordinate-wise, i.e. nz[u]; = nzu].

e For § € RT let mi[f)] be defined such that locally minimal labels
and label pairs (w.r.t. ) obtain the value 1 and others zero, i.e.
mi[f]y(zy) = [Ow(xw) = mi§1 Ow(zw)] for w € VUE. Here mi

Tw€E

w

stands for min.
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Example 6.5.

nz[6(y)] = 6(y);

1z[(0,0.2, 0.8, 0)] (0,1,1,0):

mi[(0, -2, —-1,-2,3)] = (0,1,0,1,0);

mi[(0,—2), (1,1, 2, 0),(7,—1)] = (0,1),(0,0,0,1),(0,1).

Definition 6.6. A binary vector £ € {0,1}7 is called arc-consistent
if

1. &uw(s,t) = 1implies &, (s) = & (t) = L foralluv € &, (s,t) € Vo,
and

2. &u(s) = 1 implies that for any v € Ny (u) there exists t € ), such
that &, (s,t) = 1.

The set of arc-consistent vectors from {0, 1}7 will be denoted as AC~.

This definition as well as the following one are illustrated in Fig-
ure 6.3.

Definition 6.7. ¢ € {0,1}F is strictly arc-consistent if it is arc-
consistent and } oy, &u(s) = 1forallu € Vaswellas - ey, Cun(s,t) =1
for all uv € &.

In other words, strict arc-consistency means that (i) for a single label
in each node and a single label pair in each edge the corresponding
coordinate of ¢ is equal to 1 and (ii) these labels and label pairs are
consistent with each other.

The statements of the following proposition follow directly from the
definition of the local polytope £. They show that arc consistency is
an intrinsic property of all vectors in £, and that strict arc-consistency
is equivalent to the notion of integer labeling.

Proposition 6.8.

1. p € L implies that nz[u] is arc-consistent.
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Figure 6.3: Illustration to the notions of arc-consistency and node-
edge agreement (non-empty closure). Black circles and
solid lines correspond to the non-zero coordinates of & €
{0,1}%. White circles and dashed lines to the zero-valued
coordinates. (a) Strictly arc-consistent vector. (b) Arc-
consistent €. (c) Not arc-consistent, however the node-
edge agreement holds (cl(¢) # 0). (d) Not arc-consistent,
no node-edge agreement (cl(¢) = 0).

2. For any y € )y, d(y) is strictly arc-consistent.

3. For any # € R” the following two statements are equivalent:
a) mi[f] is strictly arc-consistent;

b) mi[f] € £ N {0,1}%, i.e. mi[f] is an integer labeling.

Node-edge agreement is insufficient for dual optimality

Proposition 6.8(1) defines a necessary condition for the dual optimum
given in Proposition 6.2(5). Coordinates of p € L£(¢) may be greater
than 0 only for locally optimal labels and label pairs. Therefore, for
a dual vector ¢ to be optimal it is mecessary that there exists an
arc-consistent subset of locally optimal coordinates (corresponding to
labels and label pairs) of 69:

Definition 6.9. One says that nodes and edges agree (or there is a
node-edge agreement) for a cost vector § € R”, if for each node and
each edge w € VUE there is a non-empty subset S,, C argming,y, 0.,(s)
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v

Figure 6.4: Tllustration corresponding to Example 6.10. Arrows are
drawn to rule the reasoning leading to a contradiction.
All depicted labels are locally optimal and locally optimal
label pairs are denoted as solid lines with and without
arrows. Angular brackets () are used for coordinates of p.
It turns out that there is no vector p in the corresponding
local polytope such that fu,,(s,t) > 0 implies that the
label pair (s, t) is locally optimal.

of locally optimal labels and, respectively, label pairs, such that the
vector ¢ with coordinates &,(s) = [s € Sy] is arc-consistent.

In §6.2.4 we will provide an algorithm able to find the subsets S,,.
However, first we show that the arc-consistency of the binary vector £
defined by these subsets is only necessary, but not sufficient for dual
optimality.

Example 6.10 provides a graphical model with costs € such that
mi[f] is arc-consistent. However, the reparametrization ¢ = 0 is not
optimal.

Example 6.10 (Arc Consistency # Dual Optimality [46]). Consider
the graphical model in Figure 6.4. Assume all labels are locally op-
timal and locally optimal label pairs are denoted as solid lines with
and without arrows. Let us show that there is no vector p in the
corresponding local polytope such that from fu,,(s,t) > 0 it follows
that the label pair (s,t) is locally optimal.
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The model consists of two parts each containing three nodes con-
nected by edges. The right “triangle” is the same as in Example 4.3,
where we have learned that the only element of the local polytope
compatible with the depicted locally optimal edges is the one with
the corresponding coordinates equal to 0.5. In other words, coordi-
nates of p corresponding to the locally optimal labels and label pairs
in the right “triangle” are equal to 0.5.

Let us now show that this implies that all optimal labels and label
pairs in the left “triangle” correspond to the value 0.5 of the respec-
tive coordinates of p as well. This will mean a contradiction to the
simplex constraint ) .y, fu(s) = 1, since each of the labels in the
left “triangle” will be assigned the value 0.5 and 3-0.5 = 1.5 # 1,
showing that arc consistency is insufficient for optimality.

To show this, it is enough to start with the locally optimal label
pair denoted by the arrowed line between the nodes u and v. The
coordinate of u corresponding to this label pair is equal to 0.5 due
to the coupling constraints. Going along the arrows and applying the
coupling constraint again and again one obtains the required property.

6.2.3 Arc-consistency closure

As noted in §6.2.2, the necessary dual optimality condition requires to
find an arc-consistent subset of locally optimal labels and label pairs.
Here we define this subset formally and provide an efficient algorithm,
which either finds such a subset or determines that there is none.

Let us introduce two logical operations: “and”, denoted as A, and
‘or”, denoted as V. We assume their coordinate-wise application to
binary vectors. In this section we will give an algorithm which, for an
input binary vector ¢ € {0,1}%, finds out whether an arc-consistent
binary vector & exists such that & A ¢ = ¢/. The vector mi[f?] is used
in place of £, when optimality of ¢ must be determined w.r.t. the dual
objective D.

¢

Definition 6.11. A vector & € AC? is called the arc-consistency
closure of a vector ¢ € {0,1}? and is denoted as cl(¢) if
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1 ¢ AE=¢, and
2. for any & € ACT such that £&” A& = £” it holds that £/ A& = €.

The closure &' is called non-empty, if ¢’ # 0, where 0 is the vector with
all zero coordinates.

The configuration in Figure 6.3(d) has an empty closure, an in Fig-
ures 6.3(c), 6.3(a), 6.3(b) and 6.4 a non-empty one. The configura-
tions in latter three figures have non-empty closures, since they are
arc-consistent themselves.

The arc-consistency closure is also often called kernel in the litera-
ture. We will often refer to the arc-consistency closure as closure, if
it does not lead to misunderstanding.

To analyze properties of the arc-consistency closure we will require
the following simple lemma, which directly follows from Definition 6.6.

Lemma 6.12. Let &, & be two arc-consistent vectors. Then &V £ is
arc-consistent as well.

Proposition 6.13 (Closure properties). For any & € {0,1}7 its arc-
consistency closure is unique and is equal to \/ ;¢ 40z &
g/ ne=¢’
In other words, the closure is the arc-consistent vector with the
largest number of coordinates equal to 1.

Proof. Let us consider the vector é =V ereacz . By construction and
gne=¢’
due to Lemma 6.12 it satisfies Definition 6.11, therefore, £ = cl(&).

Uniqueness: Let £’ be another arc-consistency closure such that
¢ + & Then & € ACT and € is a closure, therefore &/ A& = £” by
Definition 6.11. However, since & € ACZ, and ¢” is a closure, it implies
&" A€ = €. Therefore, & = £, which is a contradiction. O

Example 6.14. It is easy to show that arc-consistency of £ and &’
does not imply arc-consistency of £“ := & A &’. Indeed, consider a
binary graphical model defined on the graph G = ({u,v}, {uv}) with

112



6 Lagrange Duality for MA P-inference

two nodes and an edge between them. Let the non-zero coordinates
of { and & are §,(1) = &(1) = &(0) = &uu(1,1) = &u(1,0) = 1, and
£.(0) =¢&(0) =¢,,(0,0) =1. Then the only non-zero coordinate of
¢" is £/(0) = 1, which implies its inconsistency.

For the sake of notation, in the following corollary we will use the
coordinate-wise comparison of binary vectors. For example, £ < £ is
equivalent to £ A &' = €.

Corollary 6.15. Let &,¢ € {0,1}F and € < ¢. Then cl(§) < cl(&).

Proof. According to Proposition 6.13 it holds that

¢y =\ ¢ (6.23)

f;‘”eACI

¢r<e
Consider & = cl(€). Since cl(¢) € ACT and cl(€) < € < ¢, therefore,
according to (6.23) cl(€) < cl(¢). O

6.2.4 Relaxation labeling algorithm

The relazation labeling algorithm turns any ¢ € {0,1}% into cl(¢)
iteratively. It repeats the following two operations until £ does not
change anymore:

Vu eV, s € Vy, vE€Ny(u):  Euls) = Eu(s) A \/ Euv(s,t), (6.24)
teVy
\V/’LL'U € 5, (S,t) S yuv: E’U,U(Sat) = &w(sat) A g’u(s) /\gv(t) .
(6.25)

The algorithm is illustrated in Figures 6.5 and 6.6.

Operation (6.24) searches for non-zero label pairs &,,(s,t) for each
label s in each node u and each neighbor v € Ny(u). If there is no
such non-zero label pair, then \/;cy, §uv(s,t) = 0 and, therefore, &, (s)
is turned to zero itself. Operation (6.24) need not be performed for
those labels s, where &,(s) = 0, since independently of the value of
Viey, §uv(s,t), the value of £, (s) will remain zero.
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EINE

Figure 6.5: Illustration of the relaxation labeling algorithm. Black
labels and solid lines stand for the value 1, others — for 0.
Nodes and edges of the graph are processes in the counter-
clock-wise order, i.e. node 1, edge {1,2}, node 2, edge
{2,3}, node 3 etc. The algorithms stops when no changes
have been done on the last iteration over the whole graph.
The attained configuration is arc-consistent.

Operation (6.25) checks whether &,(s) = &,(t) for each label pair
(s,t) in each edge uv. If it is not the case, the label pair &, (s,t) is
assigned zero value. As before, this check has to be performed only for
those label pairs, where &, (s,t) = 1 initially. As soon as &, (s,t) =0
it keeps this value in the future.

This simple analysis implies that the relaxation labeling algorithm
(6.24)-(6.25) is a finite step algorithm, because during each iteration
non-zero coordinates can potentially be set to zero, but never the other
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om0

(a)

Figure 6.6: Illustration of the relaxation labeling algorithm. Note
the difference to Figure 6.5, the label pair {3,1} in the
edge {3, 2} is assigned 0 value. Black labels and solid lines
stand for the value 1, others — for 0. Nodes and edges of
the graph are processes in the counter-clock-wise order, i.e.
node 1, edge {1,2}, node 2, edge {2,3}, node 3 .... The
algorithms stops when no changes have been done on the
last iteration over the whole graph. The attained closure
is empty, since already on when processing the node 2 all
its labels where assigned the value 0. It is easy to see that
this will inevitably assign values 0 to all other labels and
label pairs within a single iteration of the algorithm.

way around. Therefore, the algorithm stops when either £ = 0 or it
has not changed any coordinate of £ on a current iteration.

Note that the algorithm stops as soon as £ becomes arc-consistent.
In other words, for an input vector £ € {0,1}* the relaxation labeling
algorithm (6.24)-(6.25) finds the arc-consistent vector £ and with the
largest number of coordinates equal to 1 such that & A& = ¢’. Due to
Proposition 6.13, it is & = cl(€).

Output of relaxation labeling algorithm Let 69 be a reparametrized
cost vector and ¢ = mi[#?] be the input to the relaxation labeling
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algorithm. There are three possible conditions the output vector &
may satisfy:

o If ¢’ is strictly arc-consistent, then ¢ is the optimal reparametriza-
tion and the labeling y with coordinates defined as ¥y, = s if
€, (s) =1, u €V, is a minimizer of the MAP-inference problem

ming ey, (0,0(y')).

o If ¢ = 0, the closure is empty and therefore, there is no node-
edge agreement, which implies that the reparametrization ¢ is
non-optimal.

e ¢’ is neither zero nor strictly arc-consistent. In this case to de-
termine optimality of ¢ one has to verify whether there is y € £
such that p < ¢, which is the feasibility problem of linear pro-
gramming. This is similar to the optimality condition £(¢) # ()
discussed in § 6.2.2 with the difference that the set of poten-
tially positive coordinates of u does not include the locally opti-
mal labels and label pairs set to zero by the relaxation labeling
algorithm.

Relation to Constraint Satisfaction For a binary vector ¢ € {0, 1}%
the problem to decide whether there exists a strict arc-consistent vec-
tor £ such that & A & = ¢ is NP-hard and constitutes a constraint
satisfaction problem.

For example, the graphical model obtained by reduction of the
Hamiltonian cycle problem in §1.3 can be treated as a constraint sat-
isfaction problem, if zero costs are substituted by cost 1 and infinite
costs are substituted by O.

For ¢ = mi[f?] solving the constraint satisfaction problem can be
necessary if cl(§) is non-empty and not strictly arc-consistent, and
the solution p of the feasibility problem “find p € £ such that pu <
cl(€)” is non-integral. Should the solution of the constraint satisfaction
problem exist, then the corresponding labeling is an exact solution of
the MAP-inference problem minycy,, (6, 0(y)).
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e-Arc-Consistency In practice, however, the minimum mingey,, 6% (s)
is usually attained in only one label due to a finite precision of float-
ing point computations. Therefore, for a potential vector 6, the bi-
nary vector mi[f] is either strictly arc-consistent or has an empty arc-
consistency closure. Both conditions in this case can be checked di-
rectly and without the relaxation labeling algorithm.

To also take labels into account which correspond to almost minimal
costs, one has to resort to an approximate arc-consistency, so called
e-arc-consistency. We denote as mi.[f] the vector with coordinates

1, 6u(s) < mingey, O,(s) + €

, ,weVUE. (6.26)
0, otherwise

mic[0],(s) = {

Definition 6.16. We say that for the costs 6 the e-arc-consistency
property holds for € > 0 if mic[f] is arc-consistent. We also say that
there is the e-node-edge agreement, if cl(mic[d]) # 0.

There always exists a large enough e such that mi.[f] has a non-
empty arc-consistency closure. This obviously holds for

= (mpo-0-mpo) . o2
since in this case all coordinates of the vector mi.[f] are equal to 1.

Moreover, one can compute a minimal €, which guarantees e-arc-
consistency, by a min / max generalization of the relaxation labeling
algorithm. This algorithm resembles the relaxation labeling algo-
rithm (6.24)-(6.25) with the only difference that the operation V is
substituted with min and A is turned into max. The algorithm starts
with £ := 0 and proceeds as follows:

Vu €V, s € Yy, v € Np(u): & (s) := max {{u(s),gg)n §W(s,t)}
(6.28)
Vuv € €, (8,t) € Vuw:  Eun(s,t) := max{&uu(s,t),&u(s), &u(t)} .
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Algorithm stops when no changes to vector £ are made on the last
iteration run over the whole graph. Let
m = min &,(s) (6.29)

weVUE
s€EVw

the minimal coordinate of the vector £ after the algorithm stops. Inde-
pendently of the order in which all nodes as edges of the graph are pro-
cessed, the set of coordinates of £ with the value m are arc-consistent.
In other words, the vector & such that & (s) = [&w(s) = m] for
w € VUE and s € ), is arc-consistent. Figure 6.7 illustrates the
work of the algorithm.
The resulting value € is obtained as
e:= max_ ([&w(s) =m] - (m —04u(s))) . (6.30)

weVUE
sEVw

Note that the value [£,(s) = m] differs from 0 and is equal to 1 only
for those coordinates of £, which are equal to m.

Analysis of the algorithm is similar to the one for the relaxation
labeling algorithm with V and A operations. Therefore, we omit it
here and provide the corresponding reference in §6.4.

6.3 Dual optimality for acyclic graphical models

As shown in §6.2.2 node-edge agreement is only necessary, but not
sufficient dual optimality condition in general. However, there are
a few cases, where this condition is sufficient as well. This holds in
particular for binary graphical models, i.e. when only two labels are
associated with each node (see Chapter 12 for details), or when the
graphical models are acyclic. The latter case is considered below.

Proposition 6.17. Let (G, )y, 0) be a graphical model with the graph
G being acyclic. Then cl(mi[#?]) # 0 implies ¢ is a dual optimum.
Moreover, there is an optimal integer labeling y € )y, such that §(y) <
cl(mi[f?]).

Furthermore, for any (w, s) € (VUE)xY,, such that cl(mi[0%]),,(s) #
0 there is an optimal integer labeling y* € )y such that y;, = s.
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Figure 6.7: Illustration to the min-max variant of the relaxation label-
ing algorithm (6.28). (a) Initial graphical model, numbers
denote costs, both unary and pairwise. (a-e) Algorithm
progress, dashed node is the one processed at the current
step of the algorithm. Dashed lines in the pairwise fac-
tor have the similar meaning of the currently processed
factor. (f) Final configuration obtained by the algorithm.
The labels marked with black circles and the label pairs
corresponding to solid lines are those having the smallest
cost 2. Note that they build an arc-consistent configura-
tion. The value € computed as in (6.30) is equal to 2.

Proof. Without loss of generality we assume that G is connected, i.e. is
a tree. Otherwise the proof can be done for each connected component
separately.

Let ¢ := cl(mi[f#?]) # 0. The proof will be done by constructing a
labeling y such that d(y) < €.

We will iteratively build a connected subgraph (V',&’) and assign
labels to the nodes of V' such that if label pair (y,,y,) is assigned
to the edge (u,v) € &' it holds that &,(yu) = 1, &(y») = 1 and
Euv(Yu, y») = 1. Our procedure finalizes when V' =V and &' = £.
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The sets V' and &’ are empty at the beginning of the procedure.
Let u € V be any vertex. Consider a label s € ), for which &,(s) = 1.
Assign y,, := s and V' := V' U {u}.

On each iteration a node v € V\V' is considered, which is incident
to some node of V. Note that any node v € V\V' is incident to at
most one node in V'. Indeed, if v’ and v” would be two nodes of V’
incident to v, there would be a path p between them in the graph
(V', &), since the latter is connected. Therefore, there would a cycle
o', v,u”, p,u’, which would mean a contradiction, as the initial graph
is acyclic.

Let therefore v € V\V' be any node connected to some node u € V'.
By definition of closure there is a t € ), such that &, (yy,t) = & (t) =
1. Assign y, :=t and V' := V' U {v}, & := & U {uwv}.

Repeat the process until V' =V and therefore £ = £’.

By construction it holds that §(y) < £ for the labeling y, which
finalizes the proof of the first two statements.

For the last statement, the labeling y* can be constructed with (u, s)
being selected at the first step of the procedure. O

Corollary 6.18. Let (G, )y, 0) be a graphical model with the graph G
being acyclic. Let £ and M be the corresponding local and marginal
polytopes. Then £ = M.

Proof. Since M C L if suffices to show that £ C M. Consider a
maximizer ¢ of the Lagrange dual D defined by (6.9) for an acyclic
problem with the cost vector 6. Since cl(mi[#?]) # 0 is necessary
for optimality of ¢ (see §6.2.2), Proposition 6.17 implies that L£(¢)
contains an integer labeling. In its turns, it implies (see statement 5
of Proposition 6.2) that this labeling is a solution to the local polytope
relaxation of the MAP-inference problem.

In other words, Proposition 6.17 implies that for any cost vector 6
there is always an integer solution of the local polytope relaxation of
the MAP-inference problem for acyclic graphs. It implies that only
for vectors d(y), y € Yy, corresponding to integer labelings, a cost
vector 6 may exist such that d(y) is the unique solution of the relaxed
problem min, ez (6, 1).
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Due to Definition 3.19 this implies vrtx(£) C {d(y) | v € Iv}.
Therefore,
LCconv{d(y) |lyev}=MCL, (6.31)

which finalizes the proof. O

Corollary 6.19. Let (G, )y, 0) be a graphical model with the graph
G being acyclic. Let also u* € L be a solution of the local polytope
relaxation of the MAP-inference problem. Then from p}(s) > 0 for
some u € V, s € ), it follows that there is an optimal integer labeling
y* such that y, = s.

Proof. The labeling y* can be constructed as in the proof of Proposi-
tion 6.17 with (u, s) being selected as the first node and label. O

6.4 Bibliography and further reading

The local polytope relaxation for graphical models, its dual and its
analysis were first provided by Schlesinger (see [47], [48]). An algo-
rithm equivalent to the relaxation labeling was independently pro-
posed by [49], Schlesinger (see Shlezinger [47]) and revisited by [50].

The comprehensive overview [46] is a standard reference for the
relation of the primal and dual formulations of the energy minimiza-
tion problem. It includes definitions of arc-consistency, the relaxation
labeling algorithm and a lot of related notions and facts.

How to estimate a primal relaxed solution during dual optimization
of the MAP-inference problem is described in [51].

We refer to [52] and references therein for a definition of constraint
satisfaction problems in general. The description of its solvable sub-
classes was first given in [53], see also [54]. An analysis of solvability of
constraint satisfaction problems, where min/max operations instead of
V/A is given in [55]. A simple generalization of the relaxation labeling
algorithm for such problems can be found in [56].
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7 Background: Basics of
Non-Smooth Convex
Optimization

The goal of this chapter is to give a brief overview of the simplest op-
timization methods applicable to large-scale convex programs, such as
the Lagrange dual of the MAP-inference problem. To keep our exposi-
tion short, we restrict our overview to the three most basic techniques:
gradient descent, the subgradient method and block-coordinate de-
scent. The latter two will be used for MAP-inference, whereas the
first one plays the role of a baseline for comparisons. These methods
are applicable to smooth and non-smooth problems with different con-
vergence guarantees. Since the convergence proofs and the derivation
of the convergence rates are often quite involved and the techniques
used in the proofs do not play any significant role for further chapters
of the monograph, we mostly omit the proofs in this chapter and refer
to the corresponding literature instead.

Throughout the chapter we will use the notation || - || for the Eu-
clidean norm in R".

7.1 Gradient descent

We start the chapter with differentiable functions and the most ba-
sic algorithm for their optimization. Although for MAP-inference we
will deal mostly with non-smooth optimization, we provide the basic
results about gradient descent as a baseline for comparison to other
methods.
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Lipschitz-continuity We will be interested in differentiable functions
with continuous gradient. Its “degree of continuity” is determined by
the following definition:

Definition 7.1. A mapping f: R™ — R™ is called Lipschitz-continuous
on X C R™ if there is a constant L > 0 such that for any x,z € X it
holds that

1f(x) = F() < Lz — =] - (7.1)

The smallest value L satisfying the condition above is called the Lip-
schitz constant for f on X.

Figure 7.1 illustrates Definition 7.1. Informally speaking, the Lips-
chitz constant is an upper bound for the speed of change of the value
of the mapping f. The following statement considers the limit case
of this inequality and allows us to estimate the value of the Lipschitz
constant in simple cases:

Proposition 7.2. If f: R® — R™ is differentiable, then

L = sup [[Vf(z)]2,
rzeX

where || - ||2 is a spectral norm, i.e. the largest eigenvalue of the matrix
V f(z). In a special case, when m = 1, it coincides with the Euclidean
norm.

Example 7.3. Proposition 7.2 implies that:

e f(x) = x is Lipschitz-continuous on R;

e f(x)=2",n=2,3,... is Lipschitz-continuous on any bounded
subset of R, e.g. on [0, 1], but not on R itself.

We will use the notation C’i’l(X ) for functions f: X — R, which
are differentiable on X and whose gradient is Lipschitz-continuous on
X with the Lipschitz constant L. In general C’E’m(X ) is a standard
notation for the set of k-times differentiable functions such that their
mth derivative is Lipschitz-continuous on X with the constant L.
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Figure 7.1: Illustration of the Lipschitz continuity and Lipschitz con-
stant L.

Example 7.4. Ci’l(R) includes such functions as z and z2. The

functions x™ for n = 3,4,... belong to Ci’l(X) for any bounded
X CR, but not for X =R.

Theorem 7.5. Let f: R® — R be convex and differentiable. Then
Vf(x) = 0 is the necessary and sufficient condition for x € R™ to be
a (global) minimum of f.

Proof. This follows directly from the similar property of the subgra-
dient expressed by Theorem 5.34 together with Proposition 5.26. [J

Gradient descent algorithm Let f: R” — R and 2 € R” be an
initial point. The iterative process of the form

o =2t — !V f(2h) (7.2)
for t = 0,...,00 and some a' > 0 is called gradient descent. The
value ! is called the step-size of the algorithm.

Let 2* € argmingc o, ¢ f(7) and f* = f(z*). The following state-
ment specifies convergence properties of the gradient descent:
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7 Background: Basics of Non-Smooth Convex Optimization

Theorem 7.6 ([42], [57]). Let f € C’}J’I(R”) be convex. Then with
al = % for the sequence z¢ defined by (7.2) it holds that:

o~ o) < flat - I - S IVIEOIE,  (73)
P < f@t) — IV AEI, (7.4)

o 2L~ o
flat) =< —ira (7.5)

Let us consider the statement of the theorem in detail. First of
all, it considers a constant step-size o := o = %, which is inverse-
proportional to the speed of change of the gradient V f expressed by
its Lipschitz constant. In other words, the faster the gradient changes,
the smaller step-size must be selected. Therefore, the Lipschitz con-
stant defines the vicinity in which the considered function has “ap-
proximately the same” gradient. The larger the constant the smaller
is the vicinity and, hence, the smaller the step-size.

Expression (7.3) states that each step of the algorithm produces a
solution estimate x'*! which is closer to the optimum z* than the
previous estimate z!.

Expression (7.4) shows that the algorithm is strictly monotonous,
i.e. unless Vf = 0, the objective value strictly decreases on each iter-
ation.

Expression (7.5) provides the convergence rate of the gradient de-
scent algorithm. The accuracy € = f(z!) — f* is attained after at
most O(%) iterations. This complexity is often formulated in a “dual”
fashion, when one says that the algorithm requires O(%) iterations to
attain a given accuracy e.

Step-size selection for gradient descent One may object that a sin-
gle Lipschitz constant L can be a too rough estimation for a behavior
of a function on its whole domain and, therefore, the constant step-
size policy a = % may not work well in practice. This is indeed often
the case. Consider the function 2% on the interval [0, b]. The Lipschitz
constant of its derivative 322 on this interval is bounded by the value
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7 Background: Basics of Non-Smooth Convex Optimization

6b according to Proposition 7.2. If b = 1 this results in L = 6 and if

b = 100 Proposition 7.2 gives L = 600. The step-size ﬁ would lead to

a much slower convergence in the vicinity of z = 1 than the step-size %.

In other words, the step-size and the convergence speed depend on the

domain on which the estimation of the Lipschitz constant was done.

Therefore, a variable step-size quite often works better in practice.
There are three typical ways to define af in (7.2):

o of = % - constant step size. Requires knowing the Lipschitz
constant or a good estimate of it. May be very inefficient if

||V f]| significantly varies over the domain of f.

o o = argmin,cp, f(2' — aVf(z')), which is the step-size that

minimizes f in the negative gradient direction. For efficiency of
the gradient descent algorithm as a whole, a closed form solution
for of is typically required, which is often not available.

e o is selected to satisfy

@) < flah) = SNV, (7.6)

Here é plays the role of a local estimate for L. To this end o

is searched in the form of = 205:1 for n = 0,...,00 until (7.6)
is satisfied. In other words, one tries to double the step size,
checks condition (7.6) and divides the step-size by two until the
condition is not satisfied anymore. The initial value o can be
selected arbitrary, as soon as more than just few iterations of
the algorithm are used. See the Goldstein-Armijo rule in [42],

[44] for a substantiation.

Though the practical behavior can differ for the above three cases,
their worst-case analysis is similar and for any of these strategies it
results in the convergence rate given by Theorem 7.6.
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7 Background: Basics of Non-Smooth Convex Optimization

7.2 Sub-gradient method

However, we can not use the gradient descent for our dual MAP-
inference problem (6.9) directly, because it is not differentiable.

Definition 7.7. Let 20 € R” be a starting point and f: R® — R be
a convex function. The iterative process of the form

=2t —algh, (7.7)

for t =0,...,00, some o' >0 and g' € df(z!), is called a subgradient
method.

The update rule (7.7) is basically the same as (7.2). However, when
the function f is non-smooth, the step-size o must be selected differ-
ently than in the smooth case:

Theorem 7.8 ([42], [58]). Let f be convex and Lipschitz continuous
in a ball Br(z*) = {x € R": ||z* — z|| < R} with Lipschitz constant
M. Let 2° € Bg(z*) be the initial point and let the step-size o satisfy

o0
ol >0, of =20, and Zat:oo. (7.8)
=1

Then the following holds:
o flat) = f* =205

e 58] 0 <ol < p PGt implies

llg*lI*
2" = 2| < fla* — 27| (7.9)
. t R _ . .
e [42] In particular, ot = ToVirT forall t =1,2... implies
MR
t *
z)— < . 7.10
fat) =1 < o= (710
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7 Background: Basics of Non-Smooth Convex Optimization

Note the following important properties of the sub-gradient method
stated by Theorem 7.8:

e For a non-differentiable function f the convergence is guaran-
teed only if the step-size of satisfies the diminishing step-size
rule (7.8). This is due to the fact that the subgradient need not
vanish in the vicinity of the minimum, contrary to the gradient,
see Figure 7.2 for illustration. Since neither f(x!) — f* nor R
is typically known, the claims of Theorem 7.8 can be simplified
as there exists {a'}?2, such that (7.9) holds, as well as there ex-
ists {a!}2°, such that (7.10) holds. Step-sizes which decrease as

O(1) or O(%) are typical choices that satisfy condition (7.8).

e The update rule (7.7) does not guarantee the monotonic im-
provement of the function value if f is non-differentiable. In
other words, it may happen that f(xz!*!) > f(a!), even for an
arbitrary small of, see Figure 7.3 for illustration. It implies that
minimization of f in the direction of a negative subgradient does
not make sense, contrary to the case when f is smooth. On the
other hand, the distance to the optimum z* never grows during
iterations, according to (7.9).

e The convergence rate defined by (7.10) can be written as O(%),

or, alternatively, as O( E%) This is significantly slower than the
convergence rate O(%) in the smooth case. For example, to
attain the precision ¢ = 0.1 the subgradient algorithm must
perform 100 times more iterations than to obtain the precision
€ = 1. Note that the gradient descent would require only 10
times more iterations given that the function to be optimized is
smooth.

Table 7.1 summarizes the difference between gradient- and subgra-
dient descent algorithms, or, more precisely, between the cases where
the function f to be optimized is smooth (is in Ci’l) and non-smooth.
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Jah f(a)

(a) (b) (c)

Figure 7.2: Illustration of the step-size rules for minimizing smooth
and non-smooth functions. (a) The function f is smooth,
therefore its gradient vanishes as one gets closer to the
optimum. Therefore, the size of the update steps o'V f
will vanish as well, even for a constant step-size a! = a.
(b) The function f is non-smooth, hence its subgradient
does not vanish in general. Therefore, a constant step-size
leads to oscillations around the optimum. (c) A vanishing
step-size allows for convergence to the optimum even for

non-smooth functions.

Table 7.1: Difference of (sub)gradient descent algorithms for smooth
and non-smooth optimization.

Smooth f Non-smooth f

Update rule ot =gt — otV f(at) ot =gt —atgt, gt € f(at)
Step-size oy > 0 at = % at 122, 0, Y02, ap =0
Distance to et — 22 <t — o2 et — ) < flat — 2|
optimum - ﬁHVf(wt)HQ
Monotonicity fETY) < fzh) = S IV —

¢ 2L||20 -z | t_ MR
Convergence rate flxt)—f* < w ffP=r<z=5
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z24 f(z) o

50

Figure 7.3: Level sets, i.e. lines of a constant function value, of smooth
(a) and non-smooth (b-c) convex functions are depicted.
(a) For differentiable functions the negated gradient al-
ways points to the direction of the function decrease, there-
fore for small enough step-sizes the gradient descent (7.2)
is monotonous. (b) A negated subgradient of a non-
differentiable function may point to the direction in which
the function increases. Therefore, the subgradient algo-
rithm (7.7) does not guarantee the monotonous decrease
of the function on each iteration. (¢) The point z’ is the
directional minimum of the function f, i.e. when moving
along the axes z1 and x9 from the point 2/, the value of f
increases compared to f(z').

7.3 Coordinate descent

Coordinate or block-coordinate descent is the last optimization method
in our short overview. Like the subgradient method it is well-defined
for both smooth and non-smooth functions, although the correspond-
ing convergence guarantees differ significantly.
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Definition 7.9. For a function f: H?Zl R™ — R the iterative pro-

cess
xfﬂ = arg grenlé% f(xﬁ“, - ,a;ﬁ'*_'}, ,x§+1, coah) (7.11)
i:=(i+1) modn (7.12)
)
t:=|— 7.13
HEE

is called cyclic (or Gauss-Seidel) coordinate descent. Here ¢ mod n
denotes the remainder from the integer division of ¢ to n and L%J its
integer part.

The method is also known as alternating minimization, since one
alternates the optimization w.r.t. the different variables. When the
dimensionality n; of individual variables is greater than one, one often
speaks also about block-coordinate descent.

Note that by definition the coordinate descent is monotonous, i.e.
it holds that

t+1 t+l ¢t t
Ji a2, g, Ty,

t
i—1

> f(att it et 2l L (7.14)

£
and therefore, the sequence f! is monotonously non-increasing w.r.t.
k=mn-t+i— co. Assuming that the minimal value of f exists, i.e.
f* > —oo, this implies convergence of the sequence f!. To analyze
this convergence and the convergence of the argument sequences !
for each i as t — oo, we will require the following simple lemma:

Lemma 7.10. Let f: R x R™ — R be a convex function of two
(vector-)variables. Then for any fixed z’ € R™ the function f,/(z) :=
f(z,2") is convex w.r.t.  and its optimum is attained in z € R" if

and only if 0 € 9f,/(z).
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7 Background: Basics of Non-Smooth Convex Optimization

Proof. The epigraph of f./ is an intersection of the epigraph of f and
the linear subspace z = z’. Therefore, it is convex as an intersection
of two convex sets. This proves convexity of f,,. The claim about
optimality of x follows from Theorem 5.34. O

Let us now consider a function f: H;L:1 R"™ — R of n variables.
Let fi(&a') := f(2h,...,2j_1,§, 2} q,...,2,,) be the function of the
i-th variable given all others are fixed to the corresponding coordi-
nates of /. Assume 2’ is a fixed point of the algorithm (7.11), i.e.
x; € argmingcrni fi(£;2"). Due to Lemma 7.10 it holds that

0€dfi(xl;2)) foralli=1,...,n. (7.15)

If f is convex differentiable, then condition (7.15) is equivalent to
Vf(z') = 0 and, therefore, a fixed point is an optimum.

However, if f is non-differentiable, this implication does not work,
as shown in Figure 7.3(c).

This is due to the non-uniqueness of the subgradient, which causes
this behavior of the fixed point for non-differentiable functions. In
other words, there might exist a zero subgradient for each coordinate,
but not for all of them together.

Moreover, in general, the algorithm (7.11) does not even guarantee
convergence to such a point where the conditions (7.15) are fulfilled.
This negative statement holds even if f is differentiable, as shown
by [59]. Indeed, to guarantee convergence, an additional uniqueness
property is required:

Theorem 7.11 ([58]). Let f be continuously differentiable on R".
Furthermore, let for each ¢ and = € R" the minimum in (7.11) be
uniquely attained. Then for every limit point z* of the sequence z,
t=1,2,... defined by (7.11) it holds that V f(z*) = 0.

If f is convex differentiable the optimality of x follows from the con-
dition V f(z) = 0. Theorem 7.11 does not claim neither existence nor
uniqueness of the limit points. It only proofs their properties if they
exist. In particular, if the set F'(z0) := {z: f(x) < f(2")} is bounded,
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then z! € F(2°) due to the monotonicity of the coordinate descent,
i.e. f(x') < f(2°). Hence {z'} is bounded and has limit points, which
all correspond to the optimum of f according to Theorem 7.11.

Convergence rate A little is known about the convergence rate of
cyclic coordinate descent (7.11) for general convex differentiable func-
tions. Recently, the convergence rate O(7) was proven by [60] for
the case n = 2, i.e. when only two blocks of variables are considered
in (7.11).

7.4 Bibliography and further reading

In this chapter we have reviewed classical results which can be found
in the text-books [42], [57], [58].

The subgradient method as well as a number of its variants and
applications to the non-smooth minimization have been proposed by
N. Z. Shor in 1960’s, see [61] and references therein.

Although coordinate descent belongs to one of the earliest algo-
rithms, the results about its convergence and the corresponding con-
vergence rates in general are still missing. FEarlier works on this
topic mostly considered specializations to different function subclasses
e.g. [62]-[65]. The most general convergence results for variants of the
coordinate descent were recently given in [60].
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8 Subgradient and Coordinate
Descent for MAP-Inference

In this chapter we apply the optimization methods from Chapter 7 to
the MAP-inference problem.

First of all, we consider one of the simplest optimization methods
for this problem, known as Iterated Conditional Modes (ICM). This
algorithm is a direct implementation of the coordinate descent tech-
nique for discrete energy functions.

Afterwards, we consider more powerful techniques addressing the
Lagrangean relaxation and the respective dual problem. As we learned
in Chapter 6, the latter can be seen as an unconstrained concave non-
smooth maximization problem. Therefore, the subgradient method is
applicable directly and we provide the corresponding analysis.

However, the most efficient existing methods for the Lagrangean
dual are based on the block-coordinate ascent technique. Although
these methods do not attain the dual optimum in general, they are
often able to attain practically good approximate solutions in a mod-
erate number of iterations.

Moreover, we show that most of the existing block-coordinate ascent
methods converge to node-edge agreement, as introduced in Chapter 6.
To this end we introduce a broad class of block-coordinate ascent algo-
rithms called anisotropic diffusion and provide a general convergence
proof scheme for these and similar methods.

We learned in Chapter 6 that the LP relaxation is tight for acyclic
graphical models. Here, we additionally show that exact inference for
acyclic models, based on the dynamic programming algorithm, can
be interpreted as a dual block-coordinate ascent, specifically, as the
anisotropic diffusion algorithm, which we introduce below.
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8 Subgradient and Coordinate Descent for M A P-Inference

We conclude this chapter with an empirical comparison of the con-
sidered methods on several popular benchmark MAP-inference prob-
lem instances.

8.1 Primal coordinate descent

8.1.1 Iterated Conditional Modes

Iterated Conditional Modes (ICM) is one of the first and simplest
algorithms for energy minimization. As we show below, it is an imple-
mentation of the coordinate descent (7.11) for the primal non-relaxed
energy minimization objective E(y;6).

The algorithm starts with some labeling y € )), and iteratively tries
to improve it. In its elementary step it minimizes the objective w.r.t.
the label of a node u € V), whereas the labels of other nodes are kept
fixed.

Let the notation

Yo, vF U

S, v=1u

Wy,u,s) ==y €Dy with y, = { (8.1)

define a labeling where all coordinates but the one corresponding to
node u coincide with the labeling y and the coordinate u is assigned
the label s.

Then the elementary step of the algorithm can be written as

Yy 1= arg m%}n E(l(y,u,s);0) . (8.2)
sE u

Algorithm 4 applies this rule to each node sequentially and iterates
this procedure until the labeling y does not change anymore.

As any coordinate descent, Algorithm 4 guarantees that the ob-
jective value of E is monotonically nonincreasing. However, since
as a function of y is neither convex nor differentiable (moreover, it
is defined on a discrete set )} only), Algorithm 4 does not guaran-
tee attainment of the optimal value of E and its output significantly
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Algorithm 4 ICM: Coordinate Descent for E(y;0)
1: Init: y € )y
2: repeat
33 forueVdo

4: Yy = argmingey, F(l(y,u,s);0)

5

6

end for
: until the labeling y does not change anymore

depends on the initial labeling. In practice Algorithm 4 typically
returns labelings with significantly higher energies than many other
techniques.

The following example demonstrates that Algorithm 4 may fail to
attain the optimum even in pretty simple cases:

Example 8.1. Consider a simple two-node model with two labels
in each node as shown in Figure 8.1. Suppose that the unary costs
are all zero and the pairwise costs are 0,,(0,0) = 0, 0,,(1,1) = 1,
0uv(0,1) = 604,(1,0) = 2. If the initial labeling is (1,1), the ICM
updates cannot improve the labeling, since they can switch only to
the labelings (1,0) or (0, 1), each with total cost 2, while the labeling
(1,1) has total cost 1. However, the optimum is attained in labeling
(0,0), which has total cost 0.

8.1.2 Block-ICM algorithm

The idea of the ICM algorithm goes beyond Algorithm 4. In general,
one has to fix labels in a subset of nodes and optimize with respect
to the labels in the remaining nodes. Should this optimization be
tractable then the whole algorithm is as well. Below we describe one
such tractable case.

Definition 8.2. A subgraph (V',&’) of a graph (V, £) is called induced
by its set of nodes V', if &' = {uv € £: u,v € V'}, i.e. its set of edges
contains exactly those edges from £, that connect nodes from V.
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0

< =4
1 C’>1<‘O
v

u

Figure 8.1: The ICM algorithm does not guarantee attainment of the
optimum even for a simple binary 2-node model. Suppose
that the unary costs are all zero and the pairwise costs
are 0,1,2, the thickness of the lines grows with the cost:
04 (0,0) = 0, Oup(1,1) = 1, 04,(0,1) = 0,4,(1,0) = 2.
If the initial labeling is (1,1), the ICM updates cannot
improve the labeling, see Example 8.1 for a detailed ex-
planation.

Let G = (V,€) be a graph defining a graphical model and V/ C V
be a set of nodes with fixed labels. The corresponding partial labeling
will be denoted as yf € Vys.

Introducing V' = V\V7 as complement of V/ we can generalize the
notation defined in (8.1) such that

f f
- ) 5 w, UEV

W' V) =g€dy with g, = {y, , (8.3)
Yys UEV

defines a labeling, where nodes from the set Y/ are labeled with y7,
otherwise with /.

Let (V', &) be the subgraph of G induced by V'. It turns out that
if the subgraph is acyclic, one can optimize w.r.t. the labeling on 1/,

y =arg min E(l(y/,V,y);0), (8.4)
y/GyV/

using dynamic programming as shown below.

As Example 8.1 in particular shows, Algorithm 4 does not solve the
MAP-inference on acyclic models in general. Therefore, considering
blocks of variables associated with such acyclic models for a block-
coordinate descent may result in better approximate solutions.
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Below we derive the expression for the unary and pairwise costs
of the acyclic model to be optimized over on each iteration of the
considered block-ICM algorithm. Let (Vf,£7) be the subgraph of G
induced by V/ and let £/ = {uv € £: u € V', v € V/} be the set of
edges of G connecting the nodes from V' and V7 (see Figure 8.2 for
illustration). Consider the energy E(I(yf,V',y); ), defined by (8.3):

EQ(y’, V' y):0)
= Z Ou(yy) + Z Ouv (Vs o) + Z Huv(y;uyz}j)

ue)’ uvel’ woe€'f
+ >0l + D bulyl )
uev’f uve&f
=S 10+ D @yl
uey’ veN (u)NV/
+ > Ol u) + D 0uyd) + Y Ouwlylyl).  (85)
uveé’ ueVf uve&f

Recall that y7 is fixed. Therefore, the last expression represents the
energy of a problem on the graph (V',&’) with modified unary costs,
plus a constant represented by the last two terms of the expression.
It implies that minimization of E(I(yf,V’,3);0) w.r.t. ¥/ can be done
efficiently by dynamic programming if the graph (V’,£’) is acyclic.

Algorithm 5 summarizes these observations. At each iteration it
generates a subset )’ of nodes over which it minimizes the correspond-
ing auxiliary energy (8.5) with dynamic programming, as described in
Chapter 2, until the current labeling does not change for a certain
number of iterations or the total iteration limit is reached.

The way the sets V' are generated can be either quite generic or
depend on a particular graph structure. For grid-graphs a simple and
well-parallelizable approach is to consider four graphs (V',&’) in a
cyclic order: columns with even indexes, columns with odd indexes,
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90990 60 09 ¢ O PQ
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00 ¢ 900 ¢ 90
O----0 @O O--—-—-0O---0O--—-0O @ O @O

(a) (b) (c)

Figure 8.2: A grid graphical model and different acyclic induced sub-
graphs. Black and white circles stand for graph nodes,
solid, dashed and dotted lines for graph edges. White cir-
cles and dashed lines denote V/ and &£/ respectively, i.e.
the part of the model with fixed labels. Dotted lines stand
for the edges from the set £/ connecting nodes from V'
and V/. The block-ICM algorithm optimizes over the la-
bels in the nodes V' denoted as black circles and connected
by solid lines denoting the set of edges £’. (b,c) Note that
the subgraphs (V', £’) consist of several connected compo-
nents, which can be processed independently in parallel.

rows with even indexes and rows with odd indexes. Note that mini-
mization in line 5 of Algorithm 5 can be done for all columns (rows)
of each of these subgraphs in parallel, see Figures 8.2(b) and 8.2(c).

Algorithm 5 Block-ICM: Block-Coordinate Descent for E(y;6)

1: Init: y € )y
2: repeat

Generate V' C V such that (V',&’) induced by V' is acyclic

Define V/ := V\V' and y/ := y|,s
Compute y* := argmin, ¢y, , By, V', y);0)

Re-assign the values of y on the coordinates of V': y|y := y*

until some stopping condition holds
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8.2 Dual sub-gradient method

Now we turn to the maximization of the Lagrange dual. Recall, it has
the form of an unconstrained piecewise linear concave function

D(¢) = min 6% (s) + min 09, (s, 1), 8.6
O = mpoto)+ X miy 00, 60

with the reparametrized costs #? defined by (6.6).

The subgradient method (7.7) is the simplest way to optimize con-
cave non-smooth functions in general. To be able to use it we have to
compute a subgradient of D.

Consider its single coordinate % and the function

Duo(u) = min 07(s') + " 05,(5',1) (8.7)
containing exactly those two terms of D, which depend on ¢, ,. Other
terms do not contribute to %, due to the linear properties of the
subgradient (Proposition 5.27) and due to the fact that the subgra-
dient of a constant function is identical to zero (since any constant
function is differentiable and has gradient zero, which is also its sub-

gradient, see Proposition 5.26). In other words, 5 45?(5) = 82?2’(”8).

Due to the linearity of the subgradient we can compute it for each
term of D, , separately. Recall also how 6% depends on ¢:

07(s) == 0u(s) = > Guon(s), u€V, s €y, (8.8)
vEN (u)
Hﬁv(s,t) = 0uu(5,t) + Guw(s) + pu(t), uwv €&, (s,t) € Yuu -

Consider the first term of D, 4,

in 02(s). 8.9
Jnin 0 (s") (8.9)

Its subgradients are by virtue of Lemma 5.31 equal to the convex

AP (o bt
hull of the vectors dggiij) = ( ggiiis)) 18 € yu) for all minimizers s
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of (8.9). Since the numerator is a linear and, therefore, differentiable
function of ¢, we can apply the standard differentiation rules, yielding
89¢(s /
Douat) = 15 =51

Slmllarly, subgradients of the second term in (8.7) can be computed

D (I gl
as %i(t)) [s = "] for each minimizer (s”,¢”) of the second term.

Note that if s = s” = s the subgradients of both terms cancel out.

We now combine our observations to construct a subgradient of D.
Let

y!, € argmin 6% (s) (8.10)
Seyu
and
(Yl y) € arg min 931}(8,75) (8.11)
(S t)eyuv

be defined for all v € V and all uwv € £. The vector a—? with coordi-
nates

0, s#y, and s#y,

D — o/ d —
8 — 07 S yu an S yu (812)
0Puu(s) -1, s=y, and s#vyl

1, s#y, and s=yl,
is a subgradient of D. Figure 8.3 illustrates all possible combinations
occurring in (8.12).

Note that (8.12) defines only one possible subgradient. It is unique
only if y/, and (y.,y)) are unique solutions of the respective local
minimization problems (8.10) and (8.11). Multiple solutions imply
multiple subgradients of the form (8.12) and the convex combinations
thereof.

However, any of these subgradients can be used in the subgradient

method (7.7), which is now defined up to the step-size a':

aD

8¢ '
As noted in Chapter 7, the step-size o must be diminishing, i.e. sat-
isfy (7.8). There is no single best performing rule, its choice can

¢t+1 ¢t (813)

t
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Du(s)

Figure 8.3: Illustration to Equation (8.12). Black circles correspond
to y,, solid lines to (y.,y.). White circles and dashed
lines are labels and label pairs, which are not equal to
v, and (yl,y.) respectively. The number to the left of
the rectangles denoting the node w, is the value of the
corresponding subgradient coordinate.

significantly depend on the specific problem type or even problem in-
stance. One practical way to deal with this is to search for a suitable
step-size in parametric form, e.g.

ol =B +1)7, (8.14)

and tune the parameters, here § > 0 and 0 > v > —1, on similar
problem instances.

Remark 8.3. Note that subgradients computed according to (8.12)
are quite sparse. For a given node w and edge uv there are |),|
entries of the subgradient, corresponding to the |),| dual variables
Guw(s), s € Vy. According to (8.12) at most two coordinates of the
subgradient have non-zero entries. The rest |),| — 2 are zero. This,
in turn, implies that only a small number of coordinates of the dual
vector ¢ are changed on each iteration of the subgradient method.
This is one of the reasons, why this algorithm converges quite slowly
in practice, especially for problems with a large number of labels )),.

Sufficient dual optimality condition Note that Theorem 5.34 pro-
vides a necessary and sufficient optimality condition for the Lagrange
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dual D. It is the existence of a zero element in 0D(¢). However,
checking this condition is in general computationally costly, as it
would require to check whether the convex polyhedral set 9D is non-
empty. This is in general as difficult as solving a linear program of
the size comparable to the size of the relaxed MAP-inference problem.
Therefore, a simplified sufficient optimality condition is typically used,
where a zero subgradient is searched only in the form given by (8.12).
To this end it must be verified, whether y,, = y// for all u € V, or, in
other words, if there is an integer labeling consisting of locally optimal
labels and label pairs. Indeed, Item 5 of Proposition 6.2 also implies
sufficiency of this condition.

Exercise 8.4. Consider Example 4.3. Show that there is a zero sub-
gradient in the point ¢ = 0, although it does not have the form (8.12).

Exercise 8.5. Consider Example 6.10. Show that there is no zero
subgradient in the point ¢ = 0.

8.3 Min-sum diffusion as block-coordinate ascent

Till the end of this chapter we will concentrate on block-coordinate
ascent methods for the Lagrange dual (8.6). We start with one of the
first such methods proposed for the MAP-inference problem, min-sum
diffusion, see §8.3.1. Although it is not the most efficient algorithm of
the considered type, its simplicity allows us to illustrate the properties
typical for most block-coordinate ascent algorithms for the Lagrange
dual of the MAP-inference problem. An additional advantage of min-
sum diffusion as a starting point of our consideration is that it can be
turned into the state-of-the-art block-coordinate ascent method by a
small modification. This modification will be considered in §8.3.2.

8.3.1 Min-sum diffusion

To construct a block-coordinate ascent algorithm one has to first par-
tition the coordinates into blocks. To get an efficient algorithm, the
minimization with respect to each block should be efficient. Ideally,
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Figure 8.4: One elementary step of the min-sum diffusion algorithm
optimizes over dual variables ¢, (s), v € My(u), s € Yy,
“attached” to the current node u. The variables are “sit-
ting” on the pencils, associated with each label of the node
u and denoted by small arcs.

the minimum should have a closed form or be attained by a finite-step
algorithm with linear complexity.

One such possibility is to assume that one block consists of variables
(Puw(s): v € Np(u),s € V,) “attached” to one node of the graph, see
Figure 8.4. For a given edge uv and label s € ), we will refer to the
set of label pairs {(s,l), | € ), } as a pencil. Each pencil is defined
by the triple (s,u,v), where u € V, v € Ny(u) and s € ). Pencils
(s,u,v), v € Np(u), will be called associated with the label s in node
u.

The elementary update step of the diffusion algorithm consists of
the following two operations,

Vo € Ny(u) Vs € Yy ¢Lt(s) := ¢l () — min 602 (s,1),  (8.15)
b 9 e N
t+1

05 (s)
Np(u)] 7

Vo € Np(u) Vs € Y, (ﬁfjf(s) = (bi:z}l(s) + (8.16)

and is illustrated in Figure 8.5. Loosely speaking, executing one el-
ementary update step for a node u redistributes the minimum costs
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Figure 8.5: Example of an elementary update step of the diffusion al-
gorithm. Larger numbers stand for (reparametrized) costs,
smaller numbers for the corresponding coordinates of the
dual vector ¢, assuming that initially ¢ = 0. Solid and
dashed lines denote minimal and non-minimal label pairs
in each pencil respectively. (a) Initial costs. (b) Costs
and dual variables after (8.15). (c) Costs and dual vari-
ables after (8.16). Note that unary costs are zero and
minimal label pairs in each pencil get equal weights, as
stated in (8.17) and (8.18) respectively.

evenly between all pencils of a given label while moving all costs away
from the node itself.

For fixed s and v the first operation (8.15) computes the minimal
cost in the pencil (s,u,v), subtracts it from the costs of all label pairs
of the pencil and adds it to the cost of the label s. As a result, the
minimal cost in each pencil associated with the label s becomes zero.

The second operation then redistributes the reparametrized unary
costs 0;? (s) now corresponding to the label s equally between all pencils
(s,u,v), v € Np(u). As a result, the unary cost of the label s becomes
zero and the minimal pairwise costs in all pencils associated with s
become equal to each other.
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In other words, after operations (8.15) and (8.16) have been exe-
cuted for node u € V the following holds:

05(s) =0, Vs € W, (8.17)
min %, (s,t) = min Hi)v,(s, t), Yv,v" € Ny(u), s € Y, . (8.18)
tey'u tey,ul

Proposition 8.6. Operations (8.15)-(8.16) maximize the Lagrange
dual D w.r.t. the block of variables (¢, (s): v € Ny(u),s € Wy).

Proof. By virtue of Lemma 7.10 it is sufficient to prove the existence of
a zero subgradient in a subdifferential of D when the latter is treated
as a function of only the considered block of variables.

We will search for a zero subgradient in the form (8.12). Since only
the costs in the node u and its incident edges uv, v € Ny(u), are
dependent on the considered variable block, it is sufficient to show
that

Fyu € Vo Yo € Nyp(u) Tyy € W, :

Yy € argmin 09(s) and (yu,y») € argmin 69, (s, 1). (8.19)
5€Vy (8,1) EVuv
See Figure 8.3(b) for illustration.

Note that y, € argming.y, 02 (s) holds for any y, € Y, since all
labels in node u have the same cost after the elementary diffusion step
due to (8.17), namely cost 0. Let us, therefore, assign y, such that
(Yu, Ypr) is & minimizer of va, for some v' € Ny(u). Condition (8.18)
implies that it then also minimizes 0%, for all v € Np(u). This finalizes
the proof. ]

Note that the sufficient block-optimality condition (8.19) can be
equivalently expressed as

\/ Euls) A /\ \/&w(s,t) =1. (8.20)

$EVu ’UGN(,(U) tEYy
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for the binary vector ¢ := mi[#?]. Note that (8.20) is precisely the
value computed by the node-wise operation (6.24) of the relaxation
labeling algorithm.

Remark 8.7. If the block-optimality condition (8.20) holds, the ele-
mentary step (8.15)-(8.16) of the diffusion algorithm applied to node
u does not change the dual value, since the dual vector is already
optimal with respect to the considered block of variables.

The min-sum diffusion algorithm consists in a cyclic repetition of
the operations (8.15)-(8.16) for all w € V, which corresponds to the
cyclic block-coordinate ascent method (7.11), up to substitution of the
convex function f by the concave function D and minimization w.r.t.
each coordinate block by maximization.

Since D is neither differentiable nor does it have a unique optimum,
the min-sum diffusion is not guaranteed to optimize the dual D(¢).
Its convergence properties are analyzed below.

First, we will show that node-edge agreement is a fixed point of
min-sum diffusion, i.e. once this condition is satisfied at some iteration
of the algorithm, it is satisfied at all further iterations as well. After-
wards we show that min-sum diffusion actually converges to node-edge
agreement.

Let the function F,: RT — RZ define the transformation of costs
performed by a single elementary update step (8.15)-(8.16) applied to
the node w. In other words, F, transforms a cost vector 8 € RT to
another cost vector F,(#) € RZ.

Then the following holds:

Lemma 8.8. cl(mi[f]) < cl(mi[Fy(0)]).

Proof. Since cl(mi[F,(#)]) is the maximal arc-consistent vector con-
tained in mi[F, ()], it suffices to show that cl(mi[f]) < mi[F,(0)] due
to Proposition 6.13.

The application of a single elementary update step (8.15)-(8.16)
only affects the entries at u and its incident edges. For any other
w e VW{uUE\{uv: v e Ny(u)}, s € W, it is Fiu(0)w(s) = by (s), and,
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Figure 8.6: Illustration to the proof of Lemma 8.8. Black labels s, 1, I’
and the solid lines connecting them correspond to locally
optimal label pairs (s,1) and (s,).

therefore, mi[Fy,(0)]w(s) = mi[f]y(s). This in turn implies cl(mi[f]).,(s) <
mi[F,(0)]w(s). It remains to prove this property for u and its incident
edges.

Let 6 denote the cost of a locally minimal label on u. Analogously,
let 67, denote the cost of a locally minimal pair on the edge wv for

any v € ./\/[,(U), (S,t) € Vuv,

Fu(0)uv(8,t) = Oup(s,t) — min Oy, (s,t)

eV,
1
+——— | 0,(s) + min 6, (s, t
No(w)] () v ENy(u )tleyvl -
1
>0+ ——— | 6, + 0| - (8.21)
w5,

Consider now a node v € Ny(u) and a label pair (s,t) € My, such that
cl(mi[f])uw(s,t) = 1. Since cl(mi[f]) is arc-consistent this implies

Oun(s,t) =02, ,
Bu(s) = 07, (8.22)
min 6, (s,t') =0, for all v' € Ny(u).

t/Gy ’
(8.23)
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Thus, equality holds in (8.21), which implies

Fu(@)u(s,t) = min  Fu(0)u(s,t).
(s",")€Vuv
Therefore, mi[Fy,(0)]us(s,t) = 1. So the above statement holds for all
edges incident to wu.

Finally, note that by (8.17) all label costs in u are minimal after
an elementary update step in u, which means that mi[F},(0)].(s) =1
holds for all s € ),,. Therefore, cl(mi[f]),(s) < mi[F,(0)].(s) for all
s € Y, which finalizes the proof. O

Corollary 8.9. The statement of Lemma 8.8 holds for an arbitrary
number of elementary step applied to any nodes of the graph.

Proof. We can prove this by induction. By Lemma 8.8 the statement
holds for the first transformation. Let F': RT — R” be the mapping
describing some number of update steps and cl(mi[f]) < cl(F'(mi[6)])).
By Lemma 8.8 it holds that cl(F'(mi[f])) < cl(mi[Fy(F(0))]). Combin-
ing these two inequalities implies cl(mi[f]) < cl(mi[F,(F(0))]), which
finalizes the proof. O

Let F: RT — R” stand for the transformation of the cost vector
after some number of elementary steps (8.15)-(8.16) has been applied
to arbitrary nodes. Corollary 8.9 together with the Remark 8.7 implies
the following statement:

Theorem 8.10. Let #® € R? satisfy node-edge agreement. Then
F(6%) does so as well. Moreover, in this case the transformation F

does not change the dual value, i.e. D(¢/) = D(¢), where #? = F(69).

Proof. The first part of the statement follows directly from Corol-
lary 8.9.

To prove the second one, note that according to the definition, node-
edge agreement implies the block-optimality condition (8.20). There-
fore, as noted in Remark 8.7, D(¢') = D(¢). O
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Theorem 8.10 guarantees that as soon as at some iteration of the
min-sun diffusion algorithm the node-edge agreement holds, it holds
for further iterations as well. The following theorem states that min-
sum diffusion converges to node-edge agreement.

Theorem 8.11 ([66]). Let 6" be the cost vector produced on iteration
t of the min-sum diffusion algorithm. Let also € > 0 be the smallest

value such that cl(mi.[0']) # 0. Then e =% 0.

In Section 8.4 we will prove a more general statement, which in-
cludes Theorem 8.11 as a special case.

Since min-sum diffusion converges to node-edge agreement and not
necessarily to the optimum, its result in general depends on the initial
point (reparametrization). However, compared to the ICM method,
this dependence is usually quite weak for diffusion. In other words,
typically quite similar (or even the same) results are obtained when
the algorithm is initialized differently.

Min-sum diffusion for acyclic graphs According to Theorem 8.11
and Proposition 6.17 the diffusion algorithm converges to the dual
optimum for acyclic graphs, where node-edge agreement implies dual
optimality (see §6.3). However, contrary to dynamic programming,
diffusion may require an infinite number of iterations to attain node-
edge agreement even in this case. Example 8.12 illustrates this obser-
vation.

Example 8.12. Consider the chain-structured model as in Figure 8.7.
The min-sum diffusion algorithm attains an arc-consistent configura-
tion, which for acyclic models coincides with the dual optimum, only
in the limit. Note also that on this problem instance the subgradient
algorithm exhibits the same convergence only in the limit.

Rounding for min-sum diffusion To obtain an integer labeling one
has to apply some rounding method. Unfortunately, the naive dual
rounding procedure (6.21) can not be used directly with the min-sum
diffusion, since it takes into account only the reparametrized unary
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Figure 8.7: The figure shows a chain-structured graph, where the dif-
fusion algorithm converges only in the limit. The num-
ber of nodes in the chain is n + 1, which implies that the
number of edges is n. Dashed label pairs have very high
(infinite) costs, which does not influence the performance
of the algorithm, while thick lines indicate label pairs as-
signed the given initial costs. Basically, there are only two
labelings allowed: the “upper” one (0,0,...,0) and the
“lower” one (1,1,...,1). All unary costs are equal to zero,
therefore, the energies of both labelings are equal to —n.
However, while the energy of the upper labeling is equally
distributed between edges, the energy of the lower one is
concentrated in a single edge. Updates of the diffusion al-
gorithm do not change the upper labeling and redistribute
the weights between label pairs of the lower one. However,
the arc-consistent configuration is attained only when all
lower edges have the same weight equal to —1, but the
min-sum diffusion algorithm can not attain this point in a
finite number of iterations, although it converges to it.

costs and those are all equal to zero in the diffusion algorithm. One
way to deal with that is to remember the locally optimal label af-
ter each “collection step” (8.15) of the diffusion algorithm, when the
pairwise costs are shifted to the unary costs.

151



8 Subgradient and Coordinate Descent for MAP-Inference

Another one, which typically gives similar result when the algorithm
converged, is to “equally” split the pairwise costs between correspond-
ing unary factors, i.e. to perform

1
Vo € Np(u) Vs € Vo dup(s) = dun(s) — B lm;}n 0% (s,1), (8.24)
e v
for all nodes u € V. Afterwards the naive dual rounding (6.21) can be

applied.

8.3.2 Anisotropic diffusion

Note that the proof of the block-coordinate ascent property (Propo-
sition 8.6) for min-sum diffusion is based on fulfilling condition (8.20)
after the corresponding update step (8.15)-(8.16). Let w,, for all
v € Np(u) be non-negative numbers such that >°, cr ) wue < 1. As
the Proposition 8.13 below states, the condition (8.20) is fulfilled also
after an update defined as

Yo € Ny(u) Vs € Yu i) (s) == o, ,(s) — min 02 (s,t),  (8.25)
Yo € Ny(u) Vs € Yy ¢572(s) := (ﬁi—;}l(s) + Wy v 9$t+l(s) . (8.26)

Updates (8.25)-(8.26) differ from (8.15)-(8.16) by the coefficients
Wy, Which weight different edges of the graph and may allow for
some of the costs to remain in the node labels after reparametrization.
For the min-sum diffusion these coeflicients correspond to a uniform

. . . . . 1
distribution over the edges, i.e. wy ., = AR
Proposition 8.13. For any w,,, > 0, uv € &, such that Zver(u) Wy <
1, the operations (8.25)-(8.26) maximize the Lagrange dual D w.r.t.
the block of variables (¢y(s): v € Np(u), s € V).

The proof of Proposition 8.13 is similar to the proof of Proposi-
tion 8.6 for the elementary updates of the min-sum diffusion algorithm
and is omitted.

We will refer to algorithms based on the updates (8.25)-(8.26) as
anisotropic diffusion algorithms. Particular settings of w, correspond

152



8 Subgradient and Coordinate Descent for M A P-Inference

to different block-coordinate ascent algorithms. The setting wy ., =
m is known as the conver message passing algorithm [67]. An-
other setting, which relates the anisotropic diffusion and the dynamic
programming and leads to a state-of-the-art dual optimization method

is considered below.

Dynamic programming as anisotropic diffusion

Recall Algorithm 1 for computing forward min-marginals on a chain
graph using dynamic programming. Assume as in Chapter 2 the set
of nodes to be fully ordered, i.e. V = {1,...,n}. Algorithm 1 can be
expressed in terms of reparametrizations as shown in Algorithm 6.

Algorithm 6 Dynamic programming as anisotropic diffusion

: Given: (G, My, 0) - a chain-structured graphical model, ¢ = 0
:fori=1ton—1do
- — p? :

Giit1(s) =07 (s) for all s € );

i41.(s) = —miney, 07,1 (t,s) for all s € Vi

Set r;11(s) to arg min of the computation in line 4.
end for
return E* = mingey, 0% (s)

N TR W

Step 3 of Algorithm 6 adds the reparametrized unary costs of node
i to the pairwise costs of the “next” edge (7,7 + 1). This turns the
reparametrized unary costs of node i to 0. Step 4 selects an optimal
“preceding” pairwise cost and adds it to the unary cost of the node 7+
1. In total, the dual variables ¢;11(s) become equal to the negated
forward min-marginals (—Fjy1(s)).

In other words, to turn the forward min-marginals F;(s) into the
reparametrization returned by Algorithm 6 it is sufficient to assign

Gii—1(8) == —F;(s), i=2,...,n, (8.27)
Giiv1(8) = 0i(s) + Fi(s), i=1,...,n—1. (8.28)

By construction, the reparametrized costs ¢ computed by Algo-
rithm 6 possess the following properties:
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o 07(s) =0 for all i € V\{n}, s € V;

e mingey, 67, .(s,t) = 0 for all i € V\{1} and t € Y; and,

171,
therefore,

. Hfiﬂ(s,t) >0 for all {i,i+1} €&, (s,t) € Viit1.
These properties imply:

Proposition 8.14. The reparametrization #% obtained by Algorithm 6
is optimal, i.e. it maximizes the dual D(¢).

Proof. According to Proposition 6.17 it is sufficient to show that there
is node-edge agreement. For that it is enough to find a labeling con-
sisting of locally minimal labels and label pairs. Let us show that
the optimal labeling y reconstructed by Algorithm 2 from pointers
1i(s) possesses this property. Indeed, by construction Hf)l Wi yir1) =
Qf(yi) =0 for all i € V\{n}. Additionally, 6% (y,) = minsey, 0%(s) =
mingey, F(s) + 0,(s) due to line 2 of Algorithm 2. O

Note that Algorithm 6 can be seen as anisotropic diffusion with
wii+1 = 1 (and, therefore, w;;—1 = 0) applied to the nodes in the
order of the nodes in the chain.

Anisotropic diffusion and state-of-the-art methods for general graphs.
In Chapter 10 we will show another important property of anisotropic
min-sum diffusion. Namely, we will show that it can be seen as the
main building block for the state-of-the-art Sequential Tree-Reweighted
Message Passing algorithm (TRW-S) [68], [69].

Convergence of anisotropic diffusion Note that although all ani-
sotropic diffusion algorithms perform block-coordinate ascent, not all
of them converge to a non-empty arc-consistent closure in the sense
of Theorem 8.11.

Exercise 8.15. Show that the anisotropic diffusion algorithm with
wyw = 0 for all v € Ny(u) gets to its fix-point after a single iteration.
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Moreover, the arc-consistency closure of the fix point potentials is in
general empty.

8.4 Convergence of dual block-coordinate ascent
methods

The following section is quite technical and has a single goal: provide
a general scheme for the convergence proof for dual coordinate as-
cent algorithms. In particular, this can allow us to show convergence
of the diffusion and TRW-S algorithms to the node-edge agreement.
This proof largely follows and generalizes the proof for the diffusion
algorithm given by [66].

This section consists of two parts. First, we formulate and prove
the convergence theorem in general, assuming that an optimization
algorithm has certain specified properties. Afterwards, we show that
these properties hold for a subclass of anisotropic diffusion. This will
imply convergence to node-edge agreement for this kind of algorithm.

8.5 Abstract convergence theorem

Let f: R™ — R be a continuous function which has to be maximized.
The function f(x) corresponds to the Lagrangean dual D(¢) intro-
duced in Chapter 6. Let also the mapping F': R — R” stands for
an iterative algorithm such that F' maps the current iterate x! to the
next one x't! ie. 2/t = F(at). Let F'() := F(F(...F(0))) denote
4 times
the ith composition of F'. In our case the mapping F' corresponds
to a single iteration of a block-coordinate ascent algorithm, such as
(anisotropic) diffusion (8.25)-(8.26).

Let further e: R™ — R be a continuous non-negative function such
that its value £(z!) specifies how well a certain property of x! is satis-
fied. Equality (x) = 0 means that the property is fully satisfied for .
For the dual block-coordinate ascent algorithm the value € = e(2!) de-
fines the smallest value € such that e-node-edge agreement holds. This
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e can be computed by the corresponding modification (6.28) of the re-
laxation labeling algorithm. Since all steps of this algorithm represent
continuous mappings and a superposition of a finite number of contin-
uous mappings is a continuous mapping itself, the function ¢ is indeed

continuous for that case.

As before, let || - || stand for the fo-norm.

Definition 8.16. A mapping F': R™” — R", which satisfies the condi-
tions below is called consistency-enforcing:

(1) F is continuous;
(2) Fismonotone w.r.t. f: For all z € R™ it holds that f(F'(x)) > f(z);

(3) F is bounded w.r.t. f: For any z € R"™ there exists M € R such
that f(F'(z)) < M for any i;

(4) For all z € R™ there exists C, > 0 such that ||[F(z)|| < C, for
any 1.

(5) F is bounded w.r.t. e: For all z € R™ there exists M, € R such
that e(Fi(z)) < M, for any i;

(6) There is a natural number N > 0 such that f(FN(z)) = f(z)
implies e(x) = 0.

The following main convergence theorem generalizes Theorem 8.11
formulated for the diffusion algorithm in §8.3.1:

Theorem 8.17. For any x € R™ and any consistency-enforcing F' it
holds that lim e(Fi(x)) = 0.
1—00

Proof. Consider some arbitrary fixed € R™. The proof consists of
four steps, enumerated respectively:

1. By virtue of (4) the sequence ! = F'(x) is bounded and, there-

fore, contains a converging subsequence :ci(j), 7 =12, ..., where
§ > 4" implies i(j) > i(j), i.e. the limit z* := lim 2'0) exists.
j—o00
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Let us show that

e(z*)=0 (8.29)
holds for any converging subsequence of z*.

Due to (2) and (3) the sequence f(z') is non-decreasing and
bounded from above. Therefore, it converges and there exists
f* = lim f(z*). Hence, it also holds

1—00

= lim f(2'0)) = lim f(z'O+N) (8.30)

j—00 j—00
for any natural number N. This implies
0= lim ( Fa'@y - f(x“jHN))

j—00
— lim (f(aci(j)) - f(FN(xiu')))) . (8.31)

Jj—o0
Since f and F' are continuous, it holds

0= lim (f(a:iU)) _ f(FN(aci@))) = f(a*) — f(FN(z*))

Jj—00
(8.32)
and, therefore, (8.29) holds by virtue of (6).
. Since € is a continuous function, (8.29) implies
lim e(z'9)) =0 (8.33)

Jj—00
for any converging subsequence z%9) of 2.

. Let us now consider the sequence ¢(z%). By virtue of (5) it is
bounded, and, therefore, there exists €' := sup;s;e(2?). The
sequence €' is a monotonically non-increasing sequence of non-

negative numbers and therefore it has a limit ¢* = lim €".
11— 00
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4. According to the “Theorem about superior and inferior limits”
from Analysis there exists a subsequence e(z% () of e(z') such
that ‘

lim e(2"V)) = lim € = €.
j—o0 i—00
The sequence 270) is bounded by virtue of (4) and, therefore,
contains a converging subsequence z* (%)) For this subsequence
it also holds
lim (2" UR)) = ¢
k—o0
At the same time, as proved in item 2, for any converging sub-
sequence it holds that

0= lim e(z'V®)) = ¢ = lim supe(a®).
k—o0 100 >

Finally, 0 < e(2) < supys,; e(z*) implies lim,_, e(z") = 0.

8.6 Convergence of diffusion algorithms

To prove convergence of the diffusion algorithms it remains to show
that the iterations of the algorithms are consistency-enforcing, that
is, they comply with Definition 8.16.

To simplify the notation, we will associate the reparametrized costs 8%
with the variable x from Definition 8.16, instead of the dual variables ¢
themselves. Therefore, to denote the reparametrized costs on the ¢t-th
iteration we will write 8¢ instead of 69"

First, we will show that properties (1-5) from Definition 8.16 hold
for the elementary step (8.25)-(8.26) of the anisotropic diffusion algo-
rithm with arbitrary weights w,,,. It trivially implies that they also
hold for any finite number of such steps. This, in particular, includes
a sequence of updates performed for all nodes of the graph in a pre-
specified order, or in other words, for an iteration of the algorithm.
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Afterwards, we will show that the most complicated condition (6)
holds for min-sum diffusion (8.15)-(8.16). The proof of condition (6)
for a wide subclass of the anisotropic diffusion methods is provided
in [69].

Proof of properties (1-5) for the anisotropic diffusion
updates (8.25)-(8.26)

(1) follows from the fact that operations (8.25)-(8.26) are defined as
a superposition of continuous mappings, which is a continuous
mapping itself.

(2) follows from Proposition 8.13, which states the ascent property
of anisotropic diffusion.

(3) follows from the fact that the maximal dual value is finite and
bounded from the top by the minimal energy value.

(4-5) are closely related to each other. To prove them it is sufficient

to show that there is M () such that max max |6% (s)| < M ()
weVUE s€Vy

for any iteration ¢. Property (4) would follow directly since

I @) =161= [ > > (8h(s))?

weEVUE s€Vy

<M©O) | Y Vul. (8:34)
weVUE

Property (5) follows from the definition of e-node-edge agree-
ment. As noted in §6.2.4, see (6.27), for

€ = max <max 0,(s) — min Hfu(s)>

wEVUE \ sEYVw s€Vw

<2 ot < 2M(# )
< Jél%g?é%f‘w(s)‘— (0) (8.35)
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the e-node-edge agreement always holds, which implies

e(0") <e<2M(9). (8.36)

Therefore, the following statement finalizes the proof of proper-
ties (4) and (5):

Lemma 8.18. Let F' denote one step of the anisotropic diffu-
sion algorithm (8.25)-(8.26) applied to some node u. Let also
F? stands for t such updates applied to a specified sequence of
nodes. Then for any 6 there is M (#) such that

t <
Jhax max |F¥(0(s))] < M(6). (8.37)

Proof. The proof consists of two part. First we study behavior
of the updates (8.25)-(8.26) if the cost vector has some special
properties like e.g. non-negativity of its components. Afterwards
we consider a general cost vector 6.

Non-negative, non-positive and constant cost vectors.

— Equations (8.25)-(8.26) imply that if all components of 6
are non-negative, so are the components of F'() as well.

— Let 0 be a cost vector such that the cost function is constant
for each node and edge, i.e. :

O (8) = 0y (s') for allw € VUE and 5,8 € V. (8.38)

Applying equations (8.25)-(8.26) one obtains that the same
holds for F'(6) as well:

F'0)w(s) = F'(0)w(s), w e VUE, 5,8 € V. (8.39)
— Let @' = 6 + 6, where 0 satisfies (8.38). Then (8.25)-(8.26)

imply X
FY(@') = F'(0) + F'(0). (8.40)
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— Equations (8.25)-(8.26) imply that if € is constant for each
node and edge (satisfies (8.38)) and all its components are
non-positive, so are the components of F*(6).

— Let us first assume that all components of the initial cost
vector 6 are non-negative. Since the anisotropic diffusion
performs a reparametrization, it holds that E(y; F'(6)) =
E(y; 0) for all labelings y. Due to the non-negativity F*(6),(s) <
E(y; F'(0)) = E(y;0) for any y such that y,, = s. It implies

FO0)u(s) < Ewio) < 3 3 0u(s). (841)
weVUE s€YVw
Therefore,

FOu(s) < Y D 1wl (8.42)

wEVUE s€EYw

General cost vector 0. Let 6 not satisfy the non-negativity

constraint, which is, minwevue 0y,(s) < 0. Consider the non-
SEVw

negative cost vector #’ with coordinates 0, (s) := 0, (s) — O, (s),
where 6 is a cost vector with only negative coordinates equal to
each other and defined by

Ouw(s) := ming 0w (s') <0, weVUE, s€Vy. (8.43)
w’ eVu
s’ €V

Then due to (8.40) F*(#) = F'(#') + F'(0) and, therefore,
[FH(8)] < |F'(8")] + |F*(0)]. (8.44)

Due to non-positivity of 0, for any y such that vy, = s it holds
that

F'(0)u(s) > E(y; F1(0)) = E(y;0) > (V] + |€))0u(s), (8.45)
and, therefore,

[F @) ()] < (VI + [EDIGu(s)] - (8.46)
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Due to non-negativity of 6, according to (8.42),

[FH 0 w(s) < Y > 10(s (8.47)

weEVUE s€Vy,

Adding the last two inequalities and taking into account (8.44)
one obtains

[FLO < (IVI+IENIBu(s) + D D 16u(s (8.48)

weVUE s€YVw

that finalizes the proof. O

Proof of property (6) for min-sum diffusion Let, as before, F}, be
the mapping RZ — RZ corresponding to the elementary update step
of the min-sum diffusion algorithm (8.15)-(8.16) applied to node u.
Let also for two vectors £,& € R™ the relation £ < £ (£ < ¢) be
applied coordinate-wise, i.e. for each coordinate 7 it holds that & < &
(& < &). Without loss of generality we assume that all occurring
unary costs are zero, as holds already after the first iteration of the
min-sum diffusion algorithm. Abusing notation we will assume the
Lagrange dual D to be a function of the (reparametrized) costs 6%,
i.e. the notation D(#?) till the end of this section corresponds to the
previously used one D(¢) and stands for ), e min ey, 0%,(s,1).

Lemma 8.19. Let D(0) = D(F,(0)). Then mi[F,(f))] < mi[d], i.e.
the set of locally optimal label pairs may increase only when the dual
value increases.

Proof. Let 0’ := F,(0). Since the mapping F, does not change the
values of 6, for w € VU E\{uv: v € Np(u)}, the lemma states that
the equality

0 (s,)= min 6 (51 8.49
’U/U( ) (s’,l’)eym, UU( ) ( )
implies the equality
Oun(s,1) = min (s, 8.50
(s,1) (1) Vs ( ) ( )
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for all v € Ny(u), as soon as D(0) = D(').
In particular, (8.49) implies

0, (s,)= min 6, (s, 8.51
pin G, (s, 1) i wo (s 1) (8.51)

Let I*(v) € argminjcy 6,,(s,1) define a minimal label pair (s,1*(v))
in the pencil (s,u,v). By virtue of (8.18), equality (8.51) then holds
for all v € My(u) and fixed s € V,,. In the introduced notation it reads

Oulssl'(0) = | min ,(5'.0). (552

Summing up over all v € NM(u) we obtain

Y O w) = ) ,min 0 (s, 1. (8.53)
veNy () veN(w)
Since D(0) = D(#'), it holds that
min Oy, (s,1') = min  0,,(s',1"). 8.54
Z (s’,l’)eyw ( ) Z (S,,l,)eyuv ( ) ( )
vEN (1) veEN (u)

On the other hand, since F, performs a reparametrization, it holds

that
Y Ou(s, () = Y 0, (s, (v (8.55)

VEN; (1) vEN; (u)
Combining this with (8.53) and (8.54) we obtain
D (s, Fw) = D min Oun(s',1') (8.56)
vENb(w) veNy(u)

which is fulfilled if and only if the corresponding summands on the
right- and left-hand sides are equal:

Ouo(s,1*(v)) = min Oy (s, 1), 8.57
(5.0 = min u(s0) (857

To finalize the proof note that [*(v) can always be selected such that
[ = I*(v) and, therefore, (8.50) follows from (8.49). O
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The condition cl(mi[#?]) = 0 implies that there are two incident
edges uv and uv’ such that the locally optimal label pair in wv is
“incident” only to locally non-optimal ones in uv’. Formally, it holds
that

Ouo(s,1) = min Oy, (s, 8.58

(s,0) (5 1) Vs ( ) ( )
and

Ouor (5,1) > i Qo (8, 1) 8.59

lllniin (8 ) (S/,%glyuv (8 ) ( )

In this case we will call the node u locally inconsistent with respect
to 6.

Lemma 8.20. Let u be locally inconsistent with respect to 6 and let
D(0) = D(Fyu(0)). Then mi[Fy,(0))] < mi[f].

Proof. Let I*(v) € argminjcy, 0uy(s,1) defines a minimal label pair
(s,*(v)) in the pencil (s,u,v). Let also 6" := F,(#). With (8.59) in
mind summing up over all v € N;(v) we obtain

> (s, f(w) > D ( min Oy, (s',1'). (8.60)

I -
VEN} (u) vEN, (u) s l)ey

Since D(#) = D(#') and all unary costs are zero, it holds that

Z (min Oun (8',1') = Z min 0, (s',1'). (8.61)

vEN, (u) ) EVuw vEN, (u) (" 1) E€Vuv

Since F,, performs a reparametrization, it holds that

D7 Ou(s () = Y O, (s, (v (8.62)

vEN; (u) vEN}(u)
Combining this with (8.60) and (8.61) we obtain

S 0,0 sTw) > Y lrlxenyne L8 (8.63)

veN, (u) vEN(u) s/ €Vy

By virtue of (8.18) all summands in the right-hand side are equal
to each other, as well as all summands in the left-hand side. This
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immediately implies

0., (1,s*(v)) > min 0., (I, s'), (8.64)

for all nodes v € N(u) including the one where equality (8.58) holds
for 6. Together with Lemma 8.19 this finalizes the proof. O

Let F be the mapping R? — RZ corresponding to one iteration of
the min-sum diffusion algorithm, that is, F' corresponds to the cost
transformation (8.15)-(8.16) applied to all nodes u € V in a predefined
order. Property (6) in Definition 8.16 is equivalent to the following
statement:

Theorem 8.21. cl(mi[f]) # 0 if and only if D(6) = D(FN(6)), where
N = ZUUGS |yuv|

Proof. Necessity: The condition cl(mi[f]) = 0 implies that there is
at least one inconsistent node on each iteration. By Lemma 8.20 if
D(H) = D(FN(0)) the number of locally minimal label pairs strictly
decreases on each iteration and becomes zero after at most NN iter-
ations, which is impossible by definition. Therefore, it must hold
D(9) < D(FN(H)).

Sufficiency: If cl(mi[f]) # 0, then D(§) = D(F!(#)) for any natural
1 according to Theorem &.10. ]

8.7 Empirical comparison of algorithms

To get a feeling for how the algorithms considered in this chapter
perform and compare to each other, we run them on four different
problem instances. Although in general results obtained on so few
test instances do not generalize well, this is not the case here. We in-
tentionally selected some typical problem instances to get the results,
which are well correlated with those obtained in studies of much larger
scale, such as [70] and [71].
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Algorithms For comparison we selected the following six inference
algorithms and their variants, where the names of the algorithms used
in the description further on are emphasized with the typewriter
font:

e Naive node-wise rounding: This method simply selects the label
with the lowest unary cost in each node independently:

Yy = argmin 6, (s) . (8.65)
5€EVu

e The ICM method as described in §8.1.1, with the initial labeling
selected with the naive method.

e The min-sum diffusion algorithm with the initial reparametriza-
tion ¢ = 0. Two different methods were used to obtain an integer
labeling from the current reparametrization:

— diffusion+naive, the labeling was obtained by applying
the preprocessing (8.24) followed by the naive rounding (8.65)
applied to the reparametrized costs.

— diffusion+ICM, one iteration of the ICM algorithm was run
to obtain a labeling with the starting point being obtained
as in diffusion+naive.

e Finally, the subgradient method with the step-size selected as
al = 10J‘rlt was used to optimize the dual. The constant 0.1 was
selected empirically. To obtain an integer labeling the same
two techniques were used as in the case of diffusion with the
difference that the preprocessing (8.24) was not applied before
the naive rounding. The corresponding algorithms are referred

to as subgradient+naive and subgradient+ICM.

Datasets We run all algorithms listed above on the following four
problem instances taken from the OpenGM2 [71] and MRF Middle-
bury [70] benchmarks. Below we provide only a short description and
refer to these benchmarks for a more detailed one:
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e The color segmentation N4 dataset [71]: the instance pfau
-small is represented by a 4-connected grid graph of the size
320 x 240 nodes corresponding to image pixels. The considered
applied problem is to approximate an input image with an image
where only 12 fixed colors are used. Therefore, the label set ),
in all pixels u € V is the same and contains |)),| = 12 labels, one
for each of the fixed colors. The unary cost 6,(s) is determined
by the difference between the actual image color in the pixel u
and the predefined color corresponding to the label s € ),,. The
pairwise costs represent the compactness assumption (colors in
the neighboring pixels are most likely the same) discussed in
§1.1 and are given by the expression:

0 — ¢
Oup(s,t) = { ° (8.66)
Quy >0, sF#t.

e The MRF-stereo dataset [70], [71], the instance tsu-gm, is rep-
resented by a 4-connected grid graph of the size 384 x 288 nodes
corresponding to image pixels. The considered applied problem
consists in recovering a depth value in each pixel. The label set
Y, in all pixels u € V is the same and contains |),| = 12 labels,
one for each of the considered discretized depth values. The
unary costs are computed based on the color difference between
the corresponding pixels of the stereo pair of images, where cor-
respondence is determined by the depth value. The pairwise
costs represent the assumption that the 3D surface to be recon-
structed is piecewise smooth. Therefore, the cost is proportional
to the difference of the depth values within each piece and one
pays a fixed cost (although dependent on the color information
taken from the image, which is expressed by a constant «,,, be-
low) if two neighboring nodes belong to different pieces (in other
words, if the jump between the depth values exceeds a certain
threshold T'):

Ouv (s, 1) = au min{|s — t|, T} . (8.67)
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e The worms dataset [72], the considered instance

phadA7L1_1213062-1owThresh-hyp.surf

is represented by a non-regular densely connected graph with 556
nodes, with the number of labels varying from 4 to 47 and the
number of edges being about 10% of all possible 556 x 555 node
pairs. Most of the edges, however, represent so-called uniqueness
constraints, similar to the ones in §1.3, where they were used to
guarantee a one-to-one mapping between nodes of the graphical
model and the graph where a Hamiltonian cycle had to be found:

Oun(s, 1) = {O’ 57 (8.68)

0o, s§=1

e The protein-folding dataset [71], the instance 2BBN is repre-
sented by a fully-connected graph with 37 nodes and the num-
ber of labels varies from 2 to 404. The pairwise costs vary in a
very large range, similar to the one from the worms dataset and
dissimilar to the relatively small range of pairwise costs in the
stereo and color segmentation datasets.

Primal-dual plots The performance of algorithms is represented by
the primal-dual convergence plots in Figures 8.8-8.9. These plots show
both the obtained dual value on each iteration of the diffusion and
subgradient methods as well as energies of the reconstructed label-
ings. In addition to the six methods listed above we plot also the
value of the optimal solution of the non-relaxed MAP-inference prob-
lem obtained with a modern exact inference technique [36].

It can be seen that the naive method performs worst, which is not
surprising taking into account that it completely ignores the pairwise
costs. In contrast, applied after several iterations of the diffusion or
subgradient, it delivers much better results, as these dual methods
reparametrize the unary and pairwise costs to make them possibly
consistent.

Still, the naive rounding does not perform well even when coupled
with these dual algorithms for the protein and worms datasets. The
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reason for that is the existence of the very large (infinite) pairwise
costs. If there is at least one pair of labels (selected naively by the
dual rounding in each node independently) corresponding to such a
very large (infinite) pairwise cost, the resulting energy becomes very
large (infinite) as well.

A simple and efficient way to cope with the described problem is to
run the ICM algorithm after obtaining the naive rounding. Even one
iteration of this method allows us to obtain a labeling without very
large (infinite) pairwise costs. Such ICM “postprocessing” improves the
approximate primal solution also for the color segmentation and
stereo datasets, where all pairwise costs are quite modest. Therefore,
the obtained improvement is less pronounced in this case.

When applied as a standalone method, the ICM algorithm converges
after a couple of iterations, but typically obtains only approximate
solutions, which are very far from the global optimum.

Note also, that the subgradient method is always outperformed by
the min-sum diffusion after at most several dozens of iterations. We
attribute this fact mainly to the sparsity of the subgradient updates,
as pointed out in Remark 8.3. Contrary to the subgradient method,
the min-sum diffusion algorithm updates all dual variables on each of
its iterations.

8.8 Bibliography and further reading

The ICM algorithm [73] is among the first methods addressing the
MAP-inference problem. There are several publications suggesting
different variants of the block-ICM method with tree-structured sub-
problems. Among the recent ones are [74] and [75], [76], where its
parallelization properties were used to achieve faster convergence.

Another efficient block-ICM scheme for optimizing over small, but
arbitrary structured subproblems is proposed in [77] and known as
Lazy Flipper.
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Primal-dual plots for (top) color segmentation and
(bottom) stereo problem instances. The legend for the
bottom plot is the same as for the top one. The naive
method is not shown in the bottom plot, since it lies be-
yond its field of view. Note how a small difference in the
dual domain between diffusion and subgradient turns
into a much larger one between energies of the primal so-
lutions obtained by the corresponding diffusion+naive
and subgradient+naive methods.
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Figure 8.9: Primal-dual plots for (top) protein and (bottom)
worms problem instances. See also the legend in the top
plot in Figure 8.8. The naive, diffusion+naive and
subgradient+naive methods, as well as ICM in the bot-
tom plot, are not shown, since they lie beyond the field of
view of the plot.
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The dual subgradient algorithm for the MAP-inference problem in
the described form was proposed in [78]. Independently, the sub-
gradient method was evaluated for a slightly different dual problem
(considered in Chapter 9) in [79]-[81].

Although the min-sum diffusion algorithm is known at least since
the 70’s, its detailed convergence analysis was given only recently
in [66]. The anisotropic diffusion was introduced in the work [69],
along with a unified analysis and evaluation of different dual coor-
dinate ascent algorithms including the CMP (Convex Message Pass-
ing) algorithm [67] and MPLP (Message Passing for Linear Program-
ming) [82]. The latter was recently significantly improved in [83].

A min-sum diffusion-like algorithm for general convex piecewise
linear functions was suggested in [84]. A taxonomy of dual block-
coordinate ascent methods for the MAP-inference problem has been
proposed in [85]. A unified analysis of the convergence properties of
block-coordinate descent algorithms for non-smooth convex functions
was recently given in [86].

There is an alternative method that guarantees the monotonic im-
provement of the dual objective as well as the convergence to the
node-edge agreement. Its representative is the Augmenting DAG (di-
rected acyclic graph) algorithm, proposed by [48] and recently reviewed
in [46]. A generalization of this algorithm to higher order models was
suggested in [87]. This algorithm can be seen as an instance of the
combinatorial primal-dual method [88]. The latter covers in particular
such famous techniques as the algorithm of Ford-Fulkerson for max-
flow and the Hungarian method for the linear assignment problem.
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9 Lagrange (Dual) Decomposition

In the previous chapters we learned about two different types of op-
timization methods with (different) optimality guarantees. On one
side we have dynamic programming and on the other side the dual
subgradient- and min-sum diffusion methods.

Dynamic programming:

e is a finite step algorithm and has linear complexity with respect
to the problem size;

e solves the energy minimization problem exactly;
e is limited to acyclic graphs.
The subgradient and min-sum diffusion methods:

e are iterative algorithms with no finite-step convergence, even for
acyclic graphs (see Example 8.12);

e address the dual LP and, therefore, provide a lower bound for
the optimal energy value;

e are applicable to graphical models with arbitrary structure, but,
in general solve even acyclic problems only in the limit.

Our goal is to construct a method, which combines the advantages
of dynamic programming as well as the dual iterative methods. This
method should

e be applicable to graphical models with an arbitrary structure;

e be as efficient as dynamic programming for acyclic graphs;
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e provide a lower bound and guarantee convergence either to the
dual optimum or at least to node-edge agreement for general
graphs.

In §8.3.2 we have seen that anisotropic diffusion updates with spe-
cially constructed weights are equivalent to dynamic programming.
Indeed, in Chapter 10 we will construct an algorithm based on anisotropic
diffusion which satisfies all the properties above. Although one could
prove these properties directly, such a proof would lack interpretation
power. In other words, with a direct proof it would be difficult to
explain why the proposed algorithm is very efficient. Additionally,
it would be difficult to explain how the correct weights w; for the
anisotropic diffusion steps must be selected to result in an efficient
algorithm.

Therefore, we will make a detour and consider another convex re-
laxation technique known as Lagrange (or dual) decomposition. This
technique is widely used for constructing convex relaxations of com-
binatorial problems. An advantage of this detour is not only another
interpretation of anisotropic diffusion, but also another dimension for
efficiency analysis applicable to most of the existing dual iterative
inference algorithms for graphical models.

9.1 Lagrange decomposition in a nutshell

Let f: X — R be the function which has to be minimized. Assume
that the minimization is difficult, however, f is representable as a
sum of two other functions on the same domain, i.e. f(z) = f'(z) +
f?(x). Furthermore, assume that the optimization of f!(x) + (), x)
and f2(x)+ (), z) independently is easy for any vector \. Lagrange de-
composition is the method for constructing a relaxation of the problem
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mingcx f(z) as follows:

min f(z) = min(f!(z) + f2(z)) = min (f'(z!) + f2(2?))

zeX zeX zlizfe2x
> minX (fl(:zl) + f2(a:2) + <)\, (931 — a:2)>)
zl x2e
o . 1,1 1 . 20,2y 2
= min (ff=")+ Nz >)+xr£1€11)1( (f*(z%) = (N 2?)) .

(9.1)

In a nutshell, the Lagrange decomposition is a Lagrange relaxation,
where the equality constraint ! = 2 is dualized, as is done in the
second line of (9.1). This fact also proves the respective inequality
in (9.1), see Chapter 5.3.1. Alternatively, this inequality can be proven
directly by noting that

min (f(z') + f2(2?) = min (fH(z') + 2 (@2%) + garogey (@', 2?))

zl 22eXx zlr2eX
zl=22

(9.2)
with ¢;1_,2) being a function such that ¢,1_,0y = 0 if z! = 22 and oo
otherwise. Since tg,1_,2y(x!, z?) > (A, (¢! — 2%)), the inequality (9.1)
holds.
The problem of finding the best lower bound of the form (9.1) is
the (Lagrange) decomposition-based dual:

max (min (FY) + (') + min (£2(?) — <)\,x2>)> (93)

A rleX r2eX

As a Lagrange dual it is a concave (see Proposition 5.38), and (in
general, see Example 5.39) non-smooth problem.

9.2 Lagrange decomposition for grid graphs

In this section we will consider applying of the Lagrange decomposi-
tion technique to energy minimization in graphical models. We start
with the special case of grid graphs to avoid cluttering the main idea
with technical details.
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E(y;0) = E(y;0°) + E(y;07)
o—o—o—o

*—o—0 0
*—o—0 9o
*—o—0—9°

C C T T
Sy, B0 = Ry, B0+ iy B0

Figure 9.1: An illustration of the Lagrange decomposition-based dual
construction for grid graphs. The master graph is split into
two acyclic slave subgraphs corresponding to the rows and
columns of the graph. The total energy of the correspond-
ing slave subproblems is equal to the energy of the master
problem. This is achieved by splitting the unary costs be-
tween slave subproblems. The decomposition-based dual
problem consists in finding such a splitting that maximizes
the corresponding lower bound.

Let G be a grid graph with m” rows and m¢ columns and let E(y; )
be the energy of a labeling y € Yy. Let us split the graph G into
chain subgraphs G" and G¢, corresponding to the rows and columns
of the graph G respectively, see Figure 9.1. In other words, if (i, j),
1=1,....,m", j=1,...,m stands for the j-th node in the i-th row,
then G" = (V,&"), with & = {{(4,7),(G,j+1)}:i=1,....m", j =
1,...,m¢ — 1} and, similarly, G¢ = (V,£°), with £ = {{(4,7), (i +
L}:i=1,....m" =1, j=1,...,m}. We will call the subgraphs
G" and G¢ slave in contrast to the master graph G.

The total energy of all columns will be denoted as £¢ and the energy
of all rows as E". We will split costs between these two subgraphs in
a way that the sum of energies of the slave subgraphs is equal to the
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energy of the master graph for any labeling y € Vy:
E(y;0) = E°(y;0°) + E"(y;0") . (9.4)

Energy minimizations for columns (E°) and rows (E") are called the
slave (sub)problems, in contrast to the energy minimization over the
whole graph, called the master problem.

Let Z¢ and Z" denote the number of primal variables in the ILP rep-
resentations of the corresponding subproblems, similar to Z defining
it for the master problem.

To ensure fulfillment of equality (9.4) we will split the unary costs
between G" and G¢ and assign the pairwise ones to the corresponding
subgraphs without changing them. In other words, the costs 6¢ €
RZ" and 6" € RZ" are defined such that 6°(s) + 67 (s) = 6,(s) for
any node u € V and label s € })),,. This is equivalent to the following
representation (see Figure 9.2):

05(9) = 5N(s) = 2 (), B3() = NI (s) 1=

0. (s)

—Au(s),
(9.5)
where the values A := {\,(s): u € V, s € Y} € RXuevPul can be
arbitrary. Therefore, further in the formulas we will omit the vector
space R2uev Vel they belong to for the sake of notation. We will write
O[A] where it is important to emphasize that costs #° and 6" depend
on .
Since G" and G¢ have no common edges, there is no need to change
pairwise costs to enforce the equality (9.4). Therefore, they read:

wa = g'tcwp‘] = O, uv € E°, wa = GZUP\] = 0Ouy, wv € &
(9.6)
It follows from (9.4) that

in E(y;0) > min E°(y°; 0|\ in E"(y"; 0"\ 9.7
ynelll)il; (v; )_ylcrg)r}v (y; [])-i—ylrlég}v (y";0"[A]) (9.7)

U

for any .
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° o L () 0(5) 01(5)
B
*—o oo
4 0,(s) = (9“2(8) n )\u(s)> 4 (‘9"2(5) - )\u(s)>
{ J 05 (s) 07, (s)

Figure 9.2: An illustration of the Lagrange decomposition-based dual
construction for grid graphs. The master graph is split
into two acyclic slave subgraphs corresponding to the rows
and columns of the graph. The unary costs split between
slave subproblems. This can be achieved by considering
an unconstrained dual variable A, (s) for each node u and
each label s. See also comments to (9.5).

Note also that the right-hand-side of (9.7), denoted as U(\), can be
easily evaluated by dynamic programming due to the fact that both
G¢ and G" are acyclic. Inequality (9.7) implies that for any A the value
U(N) is a lower bound for the optimal value of the energy FE.

Since U(A) and minycy,, E(y; ) can be rewritten as

U = jomin (E“(y0°(A]) + E"(y":07[A]) (9.8)
and
min E(y;0) = min (E(y%6°N) + E7(y67A) (9.9)

respectively, the former can be seen as a relaxation of the latter one
in the sense of Definition 3.6. Let us show that it is a Lagrange
relaxation, and, therefore, the problem max) U/(\) can be seen as a
decomposition-based dual of the MAP-inference problem, as in (9.3).

To this end, we will introduce two cost vectors 6" and 6° for the mas-
ter graph G. Coordinates of these vectors represent costs of the slave
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subproblems associated with the subgraphs G” and G¢ and otherwise
are equal to zero:

Ouw, uv € E°, gro_ {HW, wv € E7

Vuv e £ 65, = _ , On, =13~ .
0, uv € E" 0, uv € E°
(9.10)

We will also assume that the unary costs are equally split between
column- and row-wise subproblems:

YueV: 6°

u

= -0,. (9.11)

Together with (9.10) this implies 6¢ + 67 = 6.
Similarly, we will introduce a vector A € R? with zero coordinates
corresponding to the edges of the master graph G:

Vuv € £ Ay =0. (9.12)

In what follows we will also distinguish between notations dg for
the master graph and dgr and dge for the slave subgraphs. To give
a meaning to the inner product in (9.3) we will write E as a linear
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function of the cost vector 0:

E(y;0) = 0,6
%}I}l} (y;0) = yg}}}( g(y))

= min ((0°.d6(v)) +(0".56(v) )

- ycg;,ienyv <<éc,5g(yc)> ér’ég(yr)»
"

+{
= emin, (o) + ()
( (0

HH=nY,

> i ((000) + (07 (v = i)
O i (F Ay i (8- A

= min (690N, 8g-(45)) + min (€7, 3g-(4")

= fin By 05\ + min E7(y" 07A) =U(A). - (9.13)

Note that the derivation (9.13) is a specialization of (9.1) and there-
fore U(N) is a Lagrange decomposition-based dual as the objective
n (9.3). Since the slave subgraphs G¢ and G" are acyclic, we will also
call it tree-reweighted- or tree-decomposition-based dual to distinguish
it from the Lagrange dual D(¢) introduced in Chapter 6 (see (6.9)).

Note that according to (9.5) the costs §°[\] and 6" [\] linearly depend
on \. Therefore, the function I/ is piecewise linear and concave, but
non-smooth. As we learned in Chapter 5 (see Example 5.39), these are
the general properties of the Lagrange duals for discrete minimization
problems when linear constraints are dualized.
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9.3 General graph decomposition scheme

9.3.1 Dual problem

In this section we generalize the results of the previous section for
general graphs and their general decomposition. Let (G, My, 60) be a
graphical model, which will be referred to as a master model. Let T
be a finite set and G7, 7 € T, be a collection of subgraphs of a graph
G such that each edge and each node belongs to at least one subgraph
of the collection. We will call G the master graph and G7, 7 € T,
its slave subgraphs. Several exemplary decompositions are shown in
Figure 9.3.
For each slave subgraph G7 = (V7,E7), 7 € T, we define the set

" = {(w,s)lw e VTUE, s € Y} (9.14)

of index variables in the ILP representation of the MAP-inference
problem associated with the subgraph G™. The set of labelings of the
subgraph G” will be denoted as Yy := [],cy- Yu. We also introduce
the set Ty := {7 € T:w € VT UET} as the set of all slave subgraphs
containing the node or edge w € VUE.

With each slave sub-graph G7 we associate the set ©7 := RI™ of its
possible cost vectors. We also define the set

o7 = {eTe [He1> 05 =06u w evué’} (9.15)

TET TETw

of all feasible costs for all subgraphs, i,e. costs which sum up to the
cost of the master model, see Figure 9.4 for illustration. Let also
MT™ = conv(dgr(Yy~)) be the marginal polytope corresponding to
the slave graphical model (G7,07).

Then for any §7 € ©7 the following sequence of (in)equalities holds:

min E(y;0) = min (0, g(y)) = min (0w, 06 (Y)w)
yEVY yEVY yEVY
weVYUE
= min Z 9575g(y)w> = min Z Z (03,06 (Y)w)
VEW Lo <T€Tw YEW L EVUE T T
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9 Lagrange (Dual) Decomposition

(a) An acyclic decomposition. The local sets of subproblem indexes are
Ti ={1,2,4}, T2 = {1,3,4}, T3 = {1,2,3}, Ta = {1}; Tia = Toa = Tza =
{1}, Tz = {4}, T = {2}, Tes = {3}.

(b) A decomposition consisting of a cyclic and an acyclic graphs. The
local sets of subproblem indexes are 71 = T2 = T3 = {1,2}, Ta = {2};
Tiz = Toz = T31 = {1}, Tia = Toa = T34 = {2}.

(¢) A decomposition consisting of two cyclic graphs. The local sets of sub-
problem indexes are 71 = T2 = T3 = {1,2}, T« = {2}; Ti2 = {1,2},
Toz = Ta1 = {1}, Tia = T2a = T34 = {2}.

Figure 9.3: Examples of different decompositions. Numbers inside
graph nodes denote their indexes in the set of nodes V
of the master graph. Numbers in circles are indexes 7 € T
of the slave subgraphs.
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= min Z Z Jw) = Jlelijfé (07, 6g+ (yv~))

e "TeTwewugf TeT
> min (07, 0¢-(y")) = min (07, ") = U©OT). (9.16
iy (07,0 (47) ZmeMJ ) = UOT). (916)
TET TET

We will show below (see Remark 9.1 below) that the function U is
the Lagrange decomposition-based dual. It is a direct generalization of
the Lagrange decomposition-based dual constructed in (9.7) for grid
graphs and their decomposition into columns and rows. Likewise,
the subproblems miny-¢y,,, (07, g~ (y")) are called slave subproblems
in relation to the master problem min,cy,, (¢,0g(y)). Note also that
evaluating U (67) is as difficult as minimizing the energy for each slave
model. For example if all graphs G7 are acyclic, the dual & can be
evaluated by applying dynamic programming to each slave subproblem
independently.

The feasible set ©7 is obviously convex, the dual objective U is
concave as a sum of minima of linear functions. Therefore, find-
ing its maximal value, which constitutes the best lower bound of the
form (9.16) is a concave (non-smooth) maximization problem:

e uw’). (9.17)

Unconstrained form of decomposition-based dual The constrained
problem (9.17) can be transformed into an unconstrained one having
the form specified in (9.3). To this end let A/ (s) € R, w € VUE,
s € Yu, be arbitrary numbers. For any w € VUE let 7, be some fixed
index in 7,. Consider the following representation of 7, (s):

o N(s) = 4 7] 018
{97’( |) - EO’GTw\{Tw} )‘Z(s)a T="Tw-.

Note that 67[A] defined as in (9.18) automatically satisfies the con-
straint ) . 07,[\] = 0, and therefore 97 € ©7. On the other

hand, any element of ©7 can be represented in the form (9.18), since
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P i 13
T —-,—f\\
01 I 02
912

Figure 9.4: Illustration of cost splitting for a general Lagrange decom-
position. The vectors of unary costs 6; are sitting inside
the corresponding graph nodes. A single pairwise cost
vector #15 is shown as it is the only one that is shared
by several slave subproblems. The dashed ellipses contain
nodes that are shared by several slave subproblems. The
total cost inside each ellipse is equal to the corresponding
cost of the master problem.

numbers AJ (s) are arbitrary. For the sake of notation we will use
JT to denote the number of dimensions of the vector X, that is
IT =3 vevoe (I Twl = 1)|Vw|, and, therefore, A € RI7

Remark 9.1. We can use the Lagrange decomposition method as
in (9.1) to obtain the decomposition-based dual problem (9.17) with
an explicit representation of the costs as in (9.18). The derivation is
similar to the one for grid graphs covered by (9.13). To this end let
0710 € ©7, 7 € T, be the costs defined by (9.18) with A = 0. For
each 7 € T consider the cost vector of the master graph o™ € RZ,
with the coordinates assigned zero values everywhere except those

184



9 Lagrange (Dual) Decomposition

corresponding to nodes and edges of G7:

07[0], weVTUET,

) (9.19)
0, otherwise

YweVUE: é; = {
It is easy to see that the above definition implies » . 67 =0,
Let also A7 € RXwevue \yw\’ 7 € T, be arbitrary vectors with coor-
dinates indexed as A\],(s) € R, w € VUE, s € Yy, like in (9.18).
For each 7 € T consider the vector \™ € R with the coordinates

assigned zero values everywhere except those corresponding to nodes
and edges of G:

AL, weVTUET, 7€ Ty\{mw}

w .
0, otherwise

YweVUE, 7€ T: 5\7—{

(9.20)
Let 79 € T be arbitrary. Applying the transformations similar
to (9.13) for grid graphs, one obtains:

in E(y;0) = min (0,4,
min (y;0) yrggihg(y))

= mi 07,6 = mi 07,6
£§g<; g(y)> ;ggé%# g(y)>

= min 07, 05 (y" s.t.yT =y for all 7 € T\{7
<yfeyv>ﬂ;,< o(y)) sty =y \{ro}

= ey 2 (7

€T reT
st pr, = pow for all w € VUE, T € Ty \{7w }

2 reontm) 2 <<éT’“T> * <XT’ - “Tw>)

€T reT
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= min <éT +5\T,MT>

e\ (ru} " S9OY)
min g — A7, T
= min 0" [\, pu") = min (07[\], 1) =U67).
S, DL = 3 i 07 = U6

(9.21)

Note that when constructing the decomposition-based dual U the
constraints uj, = pupe, w € VUE, 7 € Ty, were dualized. Each such
constraint corresponds to the dual vector A7 € RYw.

9.3.2 Relation to Lagrange dual

Let #? € R be a vector of reparametrized costs, and the Lagrange
dual objective D(¢) be defined as in Chapter 6.1:

D(¢) = ), min05(s). (9.22)

weVUE

Let us consider numbers pJ, > 0 such that > __p7, =1 for all w €
VUE and 7 € T,. These conditions are satisfied for example for
e €T,

0, otherwise

The following proposition claims that any decomposition-based dual
is at least as good as the Lagrange dual D(¢):

T

P

Proposition 9.2. Let (G7,07) be a decomposition with 67, 7 € T,
defined as 0], = pZUQfZ for all w € VT UET. Then U(0™) > D(o).
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Proof. We can rewrite the decomposition-based dual as:

uw’) = Z mln Z pr 62 (yL) > Z rg}g pr 62 (s)

TET T wevTuET TET weEVTUET
= gcb
D D minpbi(s)= ) > sl minbis)
wEVUE TET, wEVUE TETy
= 9% T
> (o) zpw)
weVUE T€ETw
= Y min6)(s) =D(¢). (9.23)
s€EYw
weVUE

9.3.3 Primal problem

Tightness of different dual bounds is often easier to estimate by com-
paring the corresponding primal problems. By “corresponding” we
mean the primal problem having the same optimal value as the con-
sidered dual. To find the primal for the dual (9.17) let us recall the
general method of constructing primal problems for Lagrange duals,
as given in §5.4.1. First, we will transform the decomposition-based
dual U to the form of (5.50).

Switching the order of the summation and minimization operations
one obtains:

e Z min (67, u")

TET“TEMT
=  min Z (0", ;7)) = min Z 07, ulz-) , (9.24)
(W eM™)rer TET uerle_[TMT TET

where [] stands for the Cartesian product, u is the vector stacked
from p” € M7, and p|z- is the restriction of p to the coordinates p”
corresponding to the subgraph 7. For the sake of notation we will
denote it by u” in the following.
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Let us now recall that 6™ can be represented in the unconstrained
form (9.18) and therefore the dual maximization problem reads

max U(07[\]) = max  min 07N, 1) . 9.25
s UTIA) = max i 3L (9.25)

Note that when constructing the dual U, we dualized the equality
constraints ul, = plv, 7 € Ty, w € VUE, see Remark 9.1 for details.

Therefore, according to (5.50) the primal problem corresponding
to (9.25) is

min 07, 1" 9.26
,uGconv(MTﬁ{O,l}zT |IT‘) 7;-< a > ( )

s.b. g, =y, forallw e VUE, 7€ Ty, (9.27)

where M7 stands for [I.c7 M. We now analyze the expression
conv (MT N{0,1}2~ ‘ZT‘)

and show that it is equal to M7 . Indeed,

conv ((H MT> N {0,1}2%~ |IT|> = conv (H M™ nH{o0, 1}|IT|>

TET TeT
Lem. 3.33 H cony (Mr n {o, 1}|zf|) - H M= MT . (9.28)
TET TeT

Therefore, the primal problem (9.26) can be rewritten as

min Z(GT,MT) s.t. py, = p, forallw e VUE, 7€ T,.
(MTGMT)TGT TET

(9.29)
Since M7 are polytopes, the expression (9.29) represents a linear prob-
lem. However, recall that in general, the definition of the polytopes
MT™ may require an exponential number of inequalities.
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9.3.4 Primal of acyclic decomposition, equivalence to
Lagrange dual

To give an example of the primal problem (9.29) let us consider an
acyclic decomposition, i.e. a decomposition where all slave subgraphs
g™ are acyclic. An important special case of such a decomposition was
the Lagrange decomposition for grid graphs considered in §9.2.

In the case of an acyclic decomposition each marginal polytope M7
is equivalent to the corresponding local polytope L. Therefore, the
primal problem (9.29) reads

min Z(GT,MT), s.t. py, = p, forallw e VUE T €Ty, .
(#TGLT)TGT TET

(9.30)
Let us rewrite the objective and all constraints of the problem (9.30)
in more detail:

min Z Z s o) (9.31)
(“T€R£ )TeT wEVUE T€Ty

st > pn(s)=1, weVUETET, (9.32)
SEYVw

{Zseyu T (s, ) = pi(t), teV,

, wv € E,7 € Ty
ey, Hiw(8:1) = pi(s), s €Wy

(9.33)
Py = My T E Tw,w €€ VUE (9.34)

First, note that for each node and edge w € V U E there are |Ty|
copies of the uniqueness (9.32) and the coupling constraints (9.33).
Note also that,

(i) due to (9.34), the variables pul, occurring in these constrains,
have the same values for all 7 € Ty;

(ii) for each w € VUE it holds that ) - 07, = 6y

Therefore, when substituting all u],, 7 € Ty, with a single p,, the
problem (9.31)-(9.34) reduces to the local polytope relaxation over the
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master graph:

iy 35 ) =iz (3 i)

w€VU£ TE€ETw wEVUS T€Tw

min ws L) = min (0 9.35

=y 30 (o) =i (6,0 - 039

In other words, since each marginal polytope M7 can be described

with constraints of a local polytope, the resulting relaxation coincides

with the local polytope one. Note that this fact does not depend

on a particular decomposition as long as it contains acyclic graphs

only. This also means that all such decomposition-based duals have

the same maximum. Moreover, since the primal problems for both

the Lagrange and decomposition-based duals coincide, this proves the
following fact:

Proposition 9.3. For any acyclic decomposition the optimal value of
the decomposition-based dual U defined in (9.16) coincides with the
optimal value of the Lagrange dual D defined in (6.9), i.e

U = X
)\rer%a;(TL{(G A]) = érel]%JD(gb). (9.36)

Proposition 9.3 can also be illustrated by the following example:

Example 9.4 (Complete decomposition). Consider the following acyclic
decomposition of the master graph G (see Figure 9.5):

e T =VUE, i.e. each subgraph corresponds either to a single node
or to a single edge.

e Node-subgraphs have the form ({u}, () for all u € V.

e Edge-subgraphs are defined as ({u, v}, {uv}) for all uv € £.

The corresponding decomposition-based dual coincides with the La-
grange dual defined by (6.9) and the explicit representation of the cost
functions (9.18) turns into the reparametrization (6.6). This shows
equivalence of this particular acyclic decomposition and the Lagrange
dual.
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Figure 9.5: Example of a complete decomposition, the same notation
as in Figure 9.4 is used. Note that the constraints on
the costs of the slave subproblems can be automatically
fulﬁlled, lf (1) 9% = ¢173, 9% = ¢172 and 9% = 91 *¢172*¢173;
(ii) 9% = (ﬁg,l, 9% = ¢273 and 95’ = 02 — (ﬁg,l — ¢273; (iii)
03 = ¢31, 03 = ¢32 and 05 = 03 — @31 — 32 with ¢, ;
being arbitrary numbers. Note that the vector ¢ can be
seen as a reparametrization of the master problem with
07 = 01, 03 = 03, 05 =05, 07, = 012+ 03 + 03 = 012+
d12 + D21, 9?3 =013+ 07 +0% =013+ ¢13+ d31, and
955,3 =0a3+ 05403 =003+ a3+ d32.

The acyclic decomposition defined as in Example 9.4 will be called
complete, since the master graph is completely decomposed into its
nodes and edges.

We learned that all acyclic decompositions are as tight as the La-
grange one. Combining this knowledge with Proposition 9.2 claiming
that any decomposition-based dual is at least as tight as the Lagrange
one, we conclude:

Proposition 9.5. Any decomposition-based dual is at least as tight
as an acyclic one.

Therefore, to construct tighter relaxations one has to consider non-
acyclic graphs.
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9.3.5 Optimality conditions

Let us recall Proposition 5.45 from §5.4.3, which provides an optimal-
ity condition for Lagrange duals. Applying it to the dual problem in
the form (9.25) and taking into account that conv(M7™ N {0,1}*71) =
M7, we obtain the following necessary and sufficient dual optimality
condition:

Proposition 9.6. The set of costs 87 € O7 is a solution to the dual
problem (9.17) if and only if for all 7 € T there exist

Tea in (07,
I rg;&% 1)

such that pl,(s) = pf(s) for all 7,0 € T and (w, s) € Z" NZ°. More-
over, for the vector u* € RZ such that p¥, = u7 for all w € VUE, it
holds that (0, u*) = U(H7), i.e. u* is a solution of the corresponding
primal relaxed problem. If additionally p* € {0,1}%, then u* is a
solution of the initial non-relaxed energy minimization problem.

The last two statements of Proposition 9.6 follow directly from Re-
mark 5.46 in §5.4.3.

Subproblem (tree) agreement Example 9.4 shows that the Lagrange
dual is a special case of the decomposition-based one. Therefore,
checking for optimality of the dual problem (9.17) is at least as diffi-
cult as checking for optimality of the Lagrange dual (see §6.2.2 for a
detailed discussion). Similar to the latter case, we will develop nec-
essary local optimality conditions for decomposition-based duals. For
the Lagrange dual, the role of such conditions was taken up by the
node-edge agreement.

To construct such necessary optimality conditions we will generalize
Definition 6.9 of the node-edge agreement. Let a subset of optimal
labelings

ST Cargmin (07,0g(y)) , 7 €T, (9.37)
yeEIYT
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be given for each subproblem. For any such subset we will denote
by ST, = {s € Y|y € S7: yuy = s} the set of coordinates which are
taken by optimal labelings in the node or edge w € VT UE™.

Definition 9.7. For a given cost vector 87 € ©7 we will say that
there is a weak subproblem agreement, or subproblem agreement for
short, if there are non-empty subsets of optimal labelings of all sub-
problems S” defined as in (9.37) such that S}, = S¢ holds for all
T,0 € Ty.

For acyclic decompositions a special case of the subproblem agree-
ment is known as tree agreement. For the complete decomposition,
tree agreement is equivalent to the node-edge agreement condition.
However, the fact that node-edge agreement holds (i.e. arc-consistency
closure is non-empty) can be efficiently verified using the relaxation la-
beling algorithm (6.24)-(6.25), whereas Definition 9.7 is non-constructive
and can not be verified directly. To this end a generalization of the
relaxation labeling algorithm can be constructed, which is applicable
to arbitrary decompositions and allows us to check whether the sub-
problem agreement condition is fulfilled. This generalization consists
in iterating the following operation

YweVUETeT: S =S N{yeNn:ye [ SL} (9.39
7' ETw

until the sets S, 7 € T, do not change anymore. Similarly to the
relaxation labeling, this algorithm returns non-empty sets S,, for all
w € YUE if and only if there is subproblem agreement for the decom-
position costs 7. Moreover, the returned sets S™, 7 € T, are those
defining the subproblem agreement as in Definition 9.7. Although this
algorithm is well-defined, its implementation can be costly and non-
trivial, due to the necessity to operate with the sets of all solutions
of the slave problems. In case of the complete representation these
solutions can be explicitly enumerated, however, this will in general
be nontrivial and computationally costly. This is due to the number
of optimal solutions, which may grow exponentially with the size of
the (sub)problem.
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Strong subproblem agreement One can also speak about strong
subproblem agreement, that is, subproblem agreement, where each
slave problem has a unique optimum. In this case the conditions of
Proposition 9.6 hold for u* = §(y), where the restriction of y to the
subgraph G7 is the optimal labeling for the slave problem 7. Similar
to strict arc consistency, in this case the lower bound defined by the
decomposition-based dual becomes equal to the value of the (non-
relaxed) energy function and, therefore, the optimum is reached for
the dual, primal relaxed and non-relaxed problems.

In general, however, (weak) subproblem agreement is only neces-
sary and not a sufficient condition. This follows from the fact that it
coincides with node-edge agreement in the special case of the complete
decomposition.

9.4 Equivalence of all acyclic decompositions

Transformation between acyclic duals In this section we will con-
centrate on acyclic decompositions only and show an even closer rela-
tion between the Lagrange dual and the decomposition-based one. In
particular, we will show how the decomposition-based dual variable
values A can be transformed into the Lagrange dual variables ¢ while
keeping the value of the dual function unchanged. As a side result,
we will show equivalence of node-edge agreement and tree agreement
for an arbitrary acyclic decomposition and not only for the complete
one.

Proposition 9.2 shows that to guarantee U(87) > D(¢) it is suffi-
cient that 87 = p7. 0% is satisfied for some p7, > 0 with YT P =1
for all w € VUE. Let us now show that there exists an inverse
transformation, 07 — ¢ satisfying D(¢) = U(07).

Let (G7,07) be an acyclic decomposition. Let us also assume that
(i) each slave subgraph is connected and contains at least one edge;
(ii) the sets of edges of the slave subgraphs are non-intersecting, i.e.

ENE’ =0, 1#0. (9.39)

194



9 Lagrange (Dual) Decomposition

T
$2,1

Figure 9.6: An example of a canonical decomposition. Small arcs on
graph edges and associated vectors ¢y, and ¢;, , stand for
reparametrizations of the master problem and the slave
subproblems respectively. Note that the reparametriza-
tions of all slave subproblems in total have the same dimen-
sionality as the reparametrization of the master problem.
Therefore, one may build a one-to-one mapping between
them as ¢y, = ¢y, for the (unique) 7 being the index of
the subproblem containing the edge uv. In the figure these

equalities are ¢31 = qbé,l, ¢34 = ¢§74, P14 = ¢%74 etc.

Such decompositions will be called canonical.

Although the definition of acyclic canonical decompositions may
look restrictive, most of the used decompositions in practice fall into
this class (see, e.g. the example of a grid graph decomposition in
§9.2). This is because (i) splitting the pairwise costs between dif-
ferent subproblems is computationally expensive, since the number of
corresponding dual variables grows quadratically with the number of
labels; and (ii) splitting the pairwise costs does not lead to a tighter
relaxation with an acyclic decomposition as it follows from Proposi-
tion 9.3.

Note that due to (9.39) if one considers a reparametrization [§7]?
of each slave subproblem, there will be precisely |V, |+ |Vy| dual vari-
ables assigned to each edge uv € &, since there is exactly one slave
subproblem containing the edge uv for each uwv, see Figure 9.6 for
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9 Lagrange (Dual) Decomposition

illustration. Therefore, such a reparametrization can be considered
as a reparametrization of the initial master problem, that is, for any
uv € & we can assume ¢y, = ¢, ,,, where 7 is the index of the only
subproblem containing the edge uv.

Note also, that for a canonical decomposition for any reparametriza-
tion ¢ and all w € YU E and s € ), it holds that

D715 (s) = 65(s). (9.40)

TeTw

Indeed, when w is an edge, since |T,,| = 1 for all wv € &, equal-
ity (9.40) transforms into [%*]%,(s) = 6% (s), which holds by definition
of a canonical decomposition. When w is a node u € V, the equality
can be proved straightforwardly:

DI =D |~ D dun(s)

T€Tu T€TY vEVT NN (u)
= Z 0, (s) — Z Z Pu,v(8)
T€T, TETu vEVTNNG(u)
D Guw(s) =05(s). (9.41)
vEN(u)

Lemma 9.8. Let (G7,07) be a canonical acyclic decomposition. Let
also [07]?, 7 € T, be optimal reparametrizations of the slave problems
such that [07]? = [09]° for all u € V, 7,0 € T,. Then D(¢) = U(O7).

Proof. Note that due to (9.39) it holds (i) 65, = [67 ]¢ for 7 € Tuw
and, since [07]? = [09]?, it holds also that (ii) [07]? = ‘9—| Therefore
g(b = 9(15 _ —Hd)
i 04(0) = 3y min 400) = 35 i
TE€Tu
= 07 . 9.42
T;r min(07]%(s).  (9.42)
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9 Lagrange (Dual) Decomposition

we can use this in the following sequence of equalities:

mm 0¢ )+ mln 0
SEVu

SE uv

uey

S o+ X 5
ueV 7€T, TETquSTS yuv

S w0+ Y Y i B
TET ueV™ € u TET uwwek™ eyw

_ 16 ; T 19
Z min[6]]%(s) + Z min [0], ] (s))
TET <u€V7' s€Vu weET € Yun

*)
Zyrenliyl;lr (Z 05(2}“ Z guv y?w > :U(HT)' (9'43)

ueYT wv€EET

The equality marked with (x) follows from the fact that [#7]? is an
optimal reparametrization and the Lagrange relaxation is tight for
acyclic problems (Corollary 6.19). O

The equality [07]? = [#7]® required by Lemma 9.8 can be satisfied
e.g. by setting the unary costs to zero. This can always be done in
practice, as follows from the following lemma:

Lemma 9.9. Let each node of a graphical model have at least one
incident edge. Then there is always a dual optimal reparametrization
¢ of the costs 8 such that 0% = 0 for all nodes w.

Proof. Let 0 be an arbitrary dual optimal reparametrization and p* €
AN i e coordinate of p* are non-negative and satisfy >, No(u) pl =
1. The transformation

Guv(s) == ppbu(s), Yv € Ny(u) (9.44)

applied to each node u € V results in 02 = 0. In other words, the unary
costs are redistributed between pairwise costs of incident edges.

It remains to show that 6% is optimal as well. This would follow
from the fact that the dual values D(0) and D(¢) corresponding to
the initial reparametrization and the new one, respectively, coincide.
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9 Lagrange (Dual) Decomposition

Indeed, since 6 is dual optimal, it fulfills the node-edge agreement
criterion (see Definition 6.9 in Chapter 6). This implies that for each
edge uv € & there exists a label pair (s,1) € Yy, such that for all
eV, U €y

Oun(5,1) < O (s',1)
0u(s) < 0,u(s") (9.45)
0,(1) < 0,(1").

Since 6%,(s,1) is obtained by adding to the first line in (9.45) the
second and the third ones multiplied by non-negative numbers, for all
(s',1') € Yup it holds also that:

00, (5,1) < 05,(s',1') . (9.46)

Moreover, the condition (9.46) holds for all label pairs satisfying (9.45).
Therefore, taking into account that 03 = 0 for all u, it holds

D(¢) = min 6%, (s,t)
uvel (8:)EVuv
U2V ST min (Buuls,t) + p20u(s) + L6 (0D)
(S,t)eyu'u
uveE
(9.45) .
= Ous(s,t) + p“ 0u(s) + py O (1
Z (i, o) i 005) i 0.0
= min  0y,(s,t) +Z Z Py min 6,(s
wwee SV uEV veN; (u) €N
= min  0y,(s,t) —I—Z m1n9 Z Dy
wveg (€Y wew \ 5 VEN, (u)
= min Oy, (s,t) + mln 9 9.47
(B 2! PO (047

O]
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9 Lagrange (Dual) Decomposition

Lemma 9.8, therefore, implies the following practically applicable
statement:

Proposition 9.10. Let (G7,67) be a canonical acyclic decomposi-
tion. Let [07]%, 7 € T, be optimal reparametrizations of the slave
problems such that [#7]? = 0 for all u € V™. Then D(¢) = U(O7T).

Proposition 9.10 together with Proposition 9.2 give us a tool for
switching between the Lagrange dual D and canonical acyclic decom-
position-based duals U:

o— 07 : 07, == pr,0uw, pZO,ZpLzl,wEVUé‘ (9.48)
TETw
07 —¢: [01° =0,

Z min [07 (s)]® = min Z 0, (yw), TET.
wveer S YEWT evruer
(9.49)

In particular, one can change decompositions during optimization
without decreasing the corresponding dual value.

Tree agreement for acyclic decompositions is preserved by the trans-
formations (9.48)-(9.49), as the propositions below suggest.

The following technical lemma is used in the proof of all propositions
below:

Lemma 9.11. Let p,, > 0 and ¢’ be defined as 6], = p,0,, for all
w e VUE. Then mi[f] > mi[f]. If p > 0, then mi[f’] = mi[6].

The proof follows directly from the definition of mi as the vector
indicating all locally minimal labels and label pairs with respect to 6.

Proposition 9.12. Let (G7,67) be an acyclic decomposition. Let
07, = Pyt for all w € VUE and some pj, > 0 such that Y - pp, =1
for all w € VUE. Then node-edge agreement for # implies tree agree-
ment for 67
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9 Lagrange (Dual) Decomposition

Proof. Consider S,, = {s € Vy: cl(mi[f]),(s) = 1} for all w € VUE.
Observe that S,, is not empty due to node-edge agreement. Due to
Lemma 9.11 the restriction £7 of the binary vector cl(mi[f]) to any sub-
graph 7 is arc-consistent and £7 # 0. To prove the tree agreement it is
sufficient to show that for each w € VUE, each s € S, and each 7 € T,
there exists y™ € Y7 such that y, = s and y” € argmin,¢y- (07, 0(y))-
Since each subgraph in the decomposition is acyclic, the latter condi-
tion follows directly from Proposition 6.17. O

Example 9.13 below shows that the inverse claim does not hold: In
general tree agreement does not imply node-edge agreement. However,
it holds if an additional condition is imposed, as stated by Proposi-
tion 9.14.

Example 9.13. Consider the decomposed problem in Figure 9.7.
Each of the slave subproblems has a unique optimal labeling consist-
ing of the upper labels assigned to each node. These labelings coincide
in the split node u, therefore, tree agreement holds. However, there is
no node-edge agreement in the master model.

Proposition 9.14. Let #7 be a canonical decomposition and [#7]?,
7 € T, be optimal reparametrizations of the slave problems. Then if
the tree agreement holds for 87 the node-edge agreement holds for 6¢.

Proof. From optimality of [#7]? the node-edge agreement within the
subproblem 7 follows for any w € V™ U E7. The node-edge agreement
of the master problem follows from (9.40), which is, for any s € Y, it

holds that
> 10715(s) = 05(s) - (9.50)
TETw

Therefore, local optimality of the label s for each subproblem 7 implies
its local optimality in the master model. See Figure 9.8 for illustration.
O
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9 Lagrange (Dual) Decomposition

0 ° 2 O. 2 .0 0 ° 2 O. 0. 2 .0
0‘ 1 4‘ 1 'O O. 1 2‘ 2. Pl .0
U U U

Figure 9.7: Illustration to Example 9.13. Numbers denote costs of la-
bels and label pairs. Not shown label pairs are assigned
a very high cost and, therefore, are irrelevant. (a) Mas-
ter model. (b) Decomposition of the master model. The
two copies of the decomposed node u are encircled by a
dashed line. Each of the slave subproblems has a unique
optimal labeling consisting of upper labels assigned to each
node. These labelings coincide in the split node u, there-
fore, the tree agreement holds. However, there is no node-
edge agreement in the master model.

0. 2 O. 2 .0 0. 2 0. 0. 2 .0
0. 3 O‘ 3 .0 0. 3 | (). 0. b3 .O
U ou u

Figure 9.8: The same decomposition as in Figure 9.7, but with op-
timal reparametrization of each slave subproblem. This
reparametrization implies node-edge agreement for the re-
spectively reparametrized master problem.

9.5 Bibliography and further reading

The classical reference to the Lagrange decomposition technique is the
work of [89]. The follow-up paper [90] gives a number of examples of
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9 Lagrange (Dual) Decomposition

the Lagrange decomposition for different integer linear programming
problems. The survey [91] summarizes the experience gained from
using the technique over 15 years and gives a number of mathematical
and applied insights.

For MAP-inference in graphical models the Lagrange decomposition
was proposed in [79]. Later on, and independently, similar work was
done in [78], [92] and [80], followed by [81].

The notion of tree agreement was originally proposed in [93], and
its current, generalized definition is given in [68].

Decompositions into subgraphs with cycles were used by multiple
researchers [94]-[97], certain optimality guarantees for selecting rele-
vant cycles in a sequential (cutting plane) fashion were given in [95].
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10 Maximization of the
Decomposition-Based Dual

This chapter is devoted to optimization of the decomposition-based
dual introduced in Chapter 9.

As in the case of Lagrange decomposition we will concentrate on
two methods: the subgradient method and block-coordinate ascent.
The former possesses convergence guarantees, although it is typically
quite slow in practice. The latter is usually much faster, however, it
does not guarantee convergence to the dual optimum.

The general block-coordinate ascent method that we describe be-
low, is a generalization of the min-sum diffusion algorithm. However,
its straightforward implementation turns out to be very inefficient.
Therefore, we will consider a special case of the acyclic decomposition
and modify accordingly the method’s implementation until it becomes
the state-of-the-art Sequential Tree-Reweighted Message Passing al-
gorithm (TRW-S). The latter also can be seen as a variant of the
anisotropic diffusion method, introduced in Chapter 8. This variant
is also known as a Sequential Reweighted Message Passing algorithm
(SRMP), that for the considered pairwise graphical models is equiva-
lent to TRW-S.

At the end of the chapter we provide an empirical comparison of the
sub-gradient and block-coordinate ascent methods for different acyclic
decompositions.
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10 Maximization of the Decomposition-Based Dual

10.1 Subgradient method

We will assume the decomposition G7 of the master graph G to be
given. The task is to maximize the decomposition-based dual

UOTN) =) min (67N, 8(y)) (10.1)
yEVyr
TET
with respect to the subproblem cost distribution 87 € ©7 defined
by (9.15).
Subgradient %{ of decomposition-based dual &/ w.r.t. A can be
obtained as a subgradient of a composite function (Proposition 5.28):

o ou o007
=== (10.2)
N 00T O\

where the two terms on the right-hand-side are combined via matrix
multiplication. Note that #7 is a linear function of \, given by (9.18).

As a result, the corresponding rows 83%,[)‘}(&‘;) of the matrix 22 have

oA

non-zero entries only for s = ¢, w = w’ and 7 = 0. These entries are
equal to 1 for 7 # 7, and —1 for 7 = 7.

To compute 839—(’4 note that U is sum of piecewise linear concave func-
tions and a subgradient of each such functions can be computed ac-
cording to Corollary 5.33. Since only a single summand minyey,,. (07[A],6(y))
in (10.1) is dependent on the costs 67, there is a subgradient of & with
coordinates

au
o0,

where y7 € argmingcy, . (07[A],d(y)) is an optimal labeling of the
subproblem 7.

=0y w, (10.3)
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10 Maximization of the Decomposition-Based Dual

Putting (10.3) and (10.2) together gives the following formula for
computing subgradient coordinates:

U | 0, yn#sandyl £, 104
OAT,(s) 1, y,=sand yl* #s, '
1

. yn#sandyl =s.

Note that computing the subgradient does not require any addi-
tional computations compared to those needed to evaluate . This
is an advantage of the subgradient method. The subgradient algo-
rithm (7.7) therefore specializes to Algorithm 7.

Algorithm 7 Subgradient method for U(87[\])

1: Init: A - starting point, N - number of iterations

2: fort=1to N do

3:  For all 7 € T compute y” = argminyecy,,, <07[>\t_1], 5(y)>
4:  Compute ?TZ; according to (10.4)
5
6
7

A= N at%\’ with o defined as in §7.2
. end for
. return \V

The only prerequisite of Algorithm 7 is that all slave subproblems
must be efficiently solvable, since their solutions y” are required on
each iteration for computing the subgradient.

Example 10.1. Consider the grid-graph example and the correspond-
ing decomposition from §9.2, see Figures 9.1, 9.2 and 10.1. The sub-
gradient g—&’ in this case reads

ou
— =0(y°) —o(y" 10.5
oy~ OW) —oy), (10.5)
with y© € argmin ¢y, (0°[\],0(y)) and y" € argmin,y,, (07[\],0(y))
being solutions to the column- and row subproblems and 6°[\], 6"[)\]
defined by (9.5).
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?971;\{
° e 0:(s) 0, (s)
E 0 — E +
[ u. *—0 -1
¢ o) = (52 00 + (P57 - o)
| 05.(s) 05.(s)

Figure 10.1: An illustration of the subgradient computation for the
row-column decomposition of grid graphs. Filled circles
in the right part of the figure denote the labels belonging
to the optimal corresponding row- and column labelings.
If they do not match, the corresponding subgradient co-
ordinates obtain values +1 and —1.

Therefore, Algorithm 7 specializes to Algorithm 8. Let s be a label
in node w such that y{, = s # y,,. Then the subgradient will increase
the cost of this label in the column subproblem and (therefore) de-
crease it in the row subproblem. This eventually will either make this
label non-optimal for the column subproblem or make it optimal for
the row subproblem. Therefore, while getting closer to the dual opti-
mum, more and more subproblem agreement is attained. The latter
supports the fact that subproblem agreement is a necessary optimality
condition.

Exercise 10.2. Consider the complete decomposition and check that
the corresponding subgradient coincides with the one provided by (8.12)
for the Lagrange dual in §8.2.
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10 Maximization of the Decomposition-Based Dual

Algorithm 8 Subgradient method for column-row decomposition of
grid graphs

1: Init: X\° - start point, NV - number of iterations
2: fort=1to N do

3 y¢ €argmingey, (09[N, 0(y)), y" € argmingy,, (07[A],6(y))
0, Yu=yy=:5
0, yp#S Yy #
4:  Compute g,(s) 1yt = s 4yl
_17 y’li ?é s = Z/Z
5 AL(s) = Ml(s) +algu(s), u eV, s € Y,
6: end for

7. return \V

10.2 Tree Reweighted Message Passing (TRW-S)

10.2.1 Block-coordinate ascent: Subproblems averaging

Edge decomposition To construct a block-coordinate ascent method
for the decomposition-based dual we will generalize the min-sum dif-
fusion algorithm (8.15)-(8.16) introduced in §8.3.1 for the Lagrange

dual.

To this end, let us consider the edge decomposition of the mas-

ter graph G given as follows:

Reformulate the labeling problem (G, )y, 0) in a way that all
unary costs 0, u € V, are assigned zero values. This can be
done for example by the reparametrization

L Bu(s)
Pu () = [ )

, vENy(u), s €V, (10.6)

where the unary costs are uniformly distributed between adja-
cent pairwise costs.

Let T = &, i.e. each subproblem is associated with an edge and
has the form G™ = ({u, v}, {uv}) for 7 = uwv € £.
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10 Maximization of the Decomposition-Based Dual

In contrast to the complete decomposition, the edge decomposition
does not contain graph nodes as separate subproblems.

In the edge decomposition each edge belongs to a single subproblem
only and the unary costs are zero. Therefore, abusing notation we
write 6, for the cost vector of the subproblem uv € 7T, instead of
using the notation 87 = §“¥ above.

Diffusion as Subproblem Averaging Given the edge decomposition,
one can rewrite the diffusion algorithm in the form of subproblem av-

eraging, where for each node u the costs 6!, , v € Ny(u), on iteration ¢

are computed in a way that the following equality marked with (%)
holds:

t (*) u'v'eT, l’Igan/ GZ/U/ (S’ l/)

min @’ (s,1) = C
leyv 'U/U( ) ) ‘%|

min ¢ (s, 1’

U’G/\/},(u) l/Gyv/ uv/( ? )

= o] , SEVy. (10.7)

In other words, for each label s in the current node u, all optimal label-
ings containing s obtain the same cost in all subproblems intersecting
in u. In the considered case of the edge decomposition, these optimal
labelings consist of label pairs (s,l*) with [* € argminey, 6%, (s,1).
Let us denote the total cost of the labeling (s,!*) in the subproblem
uv as EJ (s), where the upper index 7 indexes the subproblem and the
lower one the node the label s belongs to.

Omitting the iteration index ¢, one can rewrite Equation (10.7) as

follows: i
> ret, Euls)

() = =7

, €Wy (10.8)

General subproblem averaging Equation (10.8) is not specific to
the edge decomposition anymore. Therefore, it can be applied to a
general decomposition G7 as an equation which must be fulfilled after
a step of the diffusion-like algorithm applied to node v and label s. In

208



10 Maximization of the Decomposition-Based Dual

this case E7(s) is defined as the total cost of the best labeling of the
subproblem 7, if label s is assigned in node u:

Ej(s) = yremn 07,0(y)), st.yu=s. (10.9)

Note that to compute E7(s) one may simply reduce the label set ),
to {s} and find an optimal labeling in the resulting problem.

Proposition 10.3. Let (G7,67[\]) be a graph decomposition, u € V
and let condition (10.8) hold for all s € ), with E](s) defined as
n (10.9). Then 67 [\] is an optimum of ¢ with respect to the block of
variables (A7 (s), s € Vu, 7 € Tu\{7u})-

The index 7, is excluded in the last expression, since there is no
variable A\7* and the costs @]+ are expressed through A, 7 # 7,
see (9.18).

Proof. According to Lemma 7.10 the coordinate optimum condition
is equivalent to the existence of the zero subgradient with respect to
the variables one minimizes over, i.e. 0 € 8>\T( ) for all s € ), and
7€ T \{7u}
According to (10.4), this condition holds, if there are
y" € argmin (67,0(y))
yeVyr

such that y; = yl» for all 7 € T,. Indeed, the condition (10.8)
means that E](s) = Ej*(s) for all 7 € T, and all s € }),. For
s* € argmin,cy FE7(s) it implies that yj, = s* for all 7 € Ty, which
finalizes the proof. O

Remark 10.4. An analogous statement can be proved similarly for
the coordinate optimum w.r.t. the pairwise costs 67,,. First, we define

E}. (s,1):= ygl)%\r}lT O07,0(y)), st.yu=35, yp =1. (10.10)

The coordinate optimum condition then reads

E‘re’l}w E:;v (8, l)

(s 1) = =T

(10.11)
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Proposition 10.3 shows a possible way in which coordinate ascent
algorithms can be constructed for the decomposition dual &. To this
end let us write an explicit update formula, which guarantees fulfill-
ment of the coordinate optimality conditions (10.8). Let [-]' denote
the value of - on the iteration ¢ of an iterative algorithm. Then the
following property holds:

Proposition 10.5. Let [#7]"! € ©7 be the decomposition costs and
let w € VUE be the factor processed at iteration ¢. Let [07(s)] be
updated such that for all s € ), and 7 € T, it holds that

[07,(s)) = (07, ()] " — [EL(s))' T Z (B ()] (10.12)
T'€Tw
and [07,(s)]! = [07,(s)]*"! for all w’ € VU 5\{w}, SE€ V', T E Ty
Then [#7]* € ©7 and [EL(s)]' = %j()]t

Proof. The first statement follows from the definition of ©7 (see (9.15)),
the assumption [#7 ]~ € ©7 and the following sequence of equations:

S o) = 3 (e - e o X )

TE€ETw TE€ETw m'€Tw
=D LGN T = D ELT A+ D [ELs)]
T€Tw T€Tw TETw
= S R = (). (10,13
T€Tw

To prove the second statement note that from [07 (s)] = [07 (s)]* 1+
a it follows [E7(s)]! = [E7(s)]*"! + a. Applying this to (10.12) one
obtains

[ () = [En ()] ™" = [ ()] ™" + W ;w
m| 2B

\T| > IEL ()], (10.14)
T'e€Tw

T'€Tw
which finalizes the proof. O
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Proposition 10.5 implies that updates of the form (10.12) can be ap-
plied directly to the costs 7 without considering their unconstrained
representation (9.18) explicitly. However, condition (10.12) together
with the representation (9.18) implies that those coordinates of the
dual vector A € RY” which correspond to 7 € Ty, \{7y}, must be
updated similarly:

ML) = )] T = [ELs)] ™ + W D EL(s) . (10.15)
T'eT

Due to Proposition 10.5, a block-coordinate ascent algorithm for a
general decomposition-based dual may look like Algorithm 9.

Algorithm 9 General block-coordinate ascent algorithm for
decomposition-based dual

1: Init: [#7]° - starting point, N - number of iterations

2: fort=1to N do

3 for {weVUE :|Ty| > 1} do

4: for s € Y, do

5 Compute [EL(s)]~ := minyeyn,. {([07)1,6(1)) | oo = 5}

6: Compute [07]" as in (10.12)
7: end for

8:  end for

9: end for

10: return [07]N

In its straightforward implementation, Algorithm 9 is very ineffi-
cient, since it requires each subproblem to be solved multiple times —
as many as Y ,cyruer; |7, |>1 |Yw| times, to be precise. Compare this
to Algorithm 7 where each slave subproblem has to be solved only
once per iteration. However, in some cases one can reuse computa-
tions in Algorithm 9 to make its implementation efficient. We will
consider one such case in the following section.
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10.2.2 Tree-reweighted sequential message passing

Let (G7,67) be an acyclic canonical decomposition. Let us consider
Algorithm 9 and find an efficient implementation for such a decompo-
sition.

Complexity of Algorithm 9 Note that the value E](s) is nothing
else but the min-marginal of label s in node u, introduced in Chap-
ter 2. The complexity of its computation is O(D_,, cer [Vun|) or simply
O(|E7|L?) if we assume the number of labels in all nodes to be equal
to L. Step 5 of Algorithm 9 must be performed L times for a given
node and O(L|V|) times in total. Therefore, a naive implementation of
Algorithm 9 would require O(L* Y7 o), > <7 [E7|) operations. Since
for any canonical decomposition 3, e > er 1< Dy D penyw) 1 =
2|&], the total iteration complexity of Algorithm 9 is approximately
O(L3|E||€]) with |E] being the average number of edges in a slave
subgraph.

Our goal in this section is to modify the algorithm in such a way that
we attain an iteration complexity of O(|€|L?). The latter is basically
the size of the problem, since we have L? pairwise costs per edge.

Joint computation of node min-marginals First note that for acyclic
subgraphs min-marginals E7 (s) can be computed with dynamic pro-
gramming for all s € ), simultaneously, see §2.2 for details. This
allows for a reduction of the iteration complexity to O(L?|E||€]).

Monotonic chain subproblems For further complexity reduction we
must reuse computations performed multiple times to obtain the min-
marginals E7 (s). To this end we will assume the following:

e There is a complete order on the set of graph nodes, e.g. V =
{1,...,|V|}. We will assume expressions u > v (and v < v) to be
well-defined for any nodes u # v. With respect to this operation
we will speak about monotonic node sequences, i.e. a sequence

ul,u?, ... u" is monotonic, if u* < u't fori=1,...,n—1.
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e All slave subgraphs G7, 7 € T, have a chain structure, i.e. there
is a natural node order within each subgraph.

Definition 10.6. Let G™ be a chain subgraph of G. We will call the
chain G monotonic, if the sequence of consecutive nodes in the chain
is monotonic.

Example 10.7 (Row-column decomposition). For a row- or column-
wise ordering of nodes in a grid graph its row-column decomposition,
as introduced in §9.2, consists of monotonic chains.

Example 10.8 (Edge decomposition). For any ordering of nodes in
a graph, its complete and edge decompositions consist of monotonic
chains.

Let F](s) be forward min-marginals as introduced in §2.2. Since we
are interested in min-marginals computed for a subgraph of G, index
u will refer to node u in the master-graph G. Therefore, despite the
complete order on V the node following u in the subgraph may not
have index u + 1, but can also exceed it. Taking this into account,
the dynamic programming Algorithm 1 specializes to Algorithm 10
for the computation of forward min-marginals for the subgraph G7 .

Algorithm 10 Forward marginals computation for a chain subgraph
1: Init: V7 - ordered set
v € V7 - node with the smallest index in V7;
Fl(s)=0,s€),
2: while v - has not the largest index in V" do
Find u € Np(v) : wv € V7, u > v - next node in V7 after v

FEl(s) = lrgjljn (Ey () +67(1) +0;,(s,1), s€ Wy (10.16)

4: end while
5. return F) (s),u € V", s €Y,

Backward marginals B] are computed using the same algorithm
with the inverse order of nodes. Taking this into account, Algorithm 9
specializes to Algorithm 11.
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Figure 10.2: An illustration of the fact that F; depends only on 6]
with v < u as well as B], for v > u. Consider a grid
graph with the row-column decomposition. The nodes of
the graph are enumerated row-wise from top to bottom.
Rows and columns of the graph are enumerated as 7
to r4 from top to bottom and as ¢; to ¢4 from left to
right respectively. To compute the value Fj¢ the costs
associated with the nodes 2 and 6 as well as with the
edges {2,6}, {6,10} are required. The costs associated
with nodes 10 and 14 do not influence F|3. Similarly the
costs associated with the nodes having indexes 10 and
below do not influence the value of B3.

Further speed-up of Algorithm 11 is based on the sequential char-
acter of the algorithm, see Figure 10.2 for the illustration. Each F}]
depends only on 6] with v < u. In other words, if the value 0] changes,
values F; with v < v will nevertheless remain correct forward min-
marginals. The same holds for B, for u > v.

Therefore, if all chains G” are monotonic w.r.t. the order in which
nodes in Algorithm 11 are processed, there is no need to recompute
F; and Bj. In this case Algorithm 11 turns into Algorithm 12.

Note that the very first iteration of Algorithm 12 does not cor-
respond to the considered block-coordinate ascent scheme, since all
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Algorithm 11 Block-coordinate ascent algorithm for a chain decom-
position

1: Init: G7-a chain decomposition,
07 - initial cost distribution,
N - number of iterations

2: fort=1to N do

3: forueVdo

4: Compute F](s), Bl (s) for all s € Y, 7 € Ty;

5: Eg()—FT()+BT()+HT( )y 8 € Vu, T € Tu;

6: 07 (s) = Z er, B (s) — Fi(s) — Bj(s), s € Yu, T € Tu;
7. end for

8: end for

9:

return 07

values B] (s) are zero on this iteration instead of the backward min-
marginals. This may lead to a decrease in the dual value on the first
iteration. To avoid this, one could compute B] (s) at the start of the
algorithm. However, in practice this does not pay off, because: (i) it
requires almost as much time as one iteration of Algorithm 12 itself;
(ii) the first iteration usually does increase the dual objective, in spite
of the zero initialization of the backward min-marginals.

Algorithm 12 already has the required iteration complexity O(|&|L?):
this is the complexity of computing forward F} (s) and backward B, (s)
marginals performed in line 4. These values are computed for each
node u and all slave subproblems contained this node. Since each edge
belong to exactly one slave subproblem, the number of subproblems
containing a node w is at most the number of the edges incident to u.
Other operations have complexity O(|€|L) at most.

Its actual performance, i.e. speed of increasing the dual bound, may
significantly depend on the ordering of the nodes and a monotonic
decomposition used. However, little is known about the optimal se-
lection of those parameters. We will assume the ordering to be given
and will not discuss its selection.
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Algorithm 12 Block-coordinate ascent for a monotonic chain decom-
position

1: Init: G7-a monotonic chain decomposition,
07 - initial cost distribution,
N - number of iterations,
Bl (s)=F;(s):=0forueV,seY, 7T
2: fort=1to N do
3:  foru=1to |V| do

4: for 7 € 7, do

5: if exists v € Np(u) : wv € V7, u > v - previous node for u
in V7 then

6: Compute F;(s) = miney, () (1) + 07 (1) + 07,,(s,1)) for

all s € Yy,

7: Compute E7 (s) := F](s) + B (s) + 0],(s) for all s € Y;

8: end if

9: end for

10: 07 (s) = ﬁ Yover, Eo(s) = Fi(s) — Bi(s), s €Yy, T €Ty
11:  end for

12 Revert node order, and swap F; < Bj,

13: end for

14: return 67

In the following section, we will consider a particular type of de-
compositions, which have shown good performance in a number of
applications. Additionally, we will show that for these decomposi-
tions Algorithm 12 becomes particularly simple and specializes to a
particularly simple form of the anisotropic min-sum diffusion algo-
rithm introduced in §8.3.2.

10.2.3 Maximal monotonic chains, TRW-S and SRMP
algorithms

Note that Algorithm 12 requires an explicit definition of the graph
decomposition G7 to compute corresponding min-marginals F(s).
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Below, we will show that an explicit definition of the decomposition
may not actually be required. We will see that the only numbers,
which are important for Algorithm 12, are |7,|, defining the number
of chains containing node w. This, in particular, allows for a much
simpler implementation of the algorithm and shows equivalence of all
decompositions having equal numbers |7,|.

Let us introduce the notation

— Z El(s) = Z (£ (s) + By(s) + 0,,(s))

TE€Ty T7€Tu

=0u(s) + > (FI(s)+ By(s)) (10.17)

T€Ty

Now we can rewrite the averaging step 10 in Algorithm 12 as

or(s) = —

= e als) = FI(s) = Bi(s) (10.18)

Let us now express F] (1) as a function of F](s) for v being the
next node after v (which means, in particular, that v > u) in the
chain indexed by 7:

F%)—ggyF<$+ﬂ%> o))

(10.18) . . .
) () = FI(9) = BIG6) + 60, (5.0)
1%QMM)BWH%®® (1019

Note that, since we consider canonical decompositions, each edge
uv has exactly one forward- and one backward-marginal vector, asso-
ciated with it, namely F; and B; such that uv € £7. Therefore, we
introduce an alternative notation for these vectors independent of 7:
F, . and B, ,, respectively. Here comma between v and u shows the
“direction” of computation: For forward marginals the notation F, ,
implies that v > v and the other way around, for backward marginals
B, it implies that u < v.
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Applying this new notation to (10.17) we obtain:

Ou(s) =0u(s)+ > Fouls)+ > Buuls). (10.20)

vEN (u) vEN (u)

v<u v>u
Expression (10.19) transforms to

. 1
Fu.(l) = min <|Tu|0u(s) — Byu(s) + qu(s,l)> , (10.21)

where we omit the index 7 in pairwise costs 6], (s, 1), since 6], (s,1) =
Ouv(s,1) as we consider only canonical decompositions.

Now we can rewrite Algorithm 12 as Algorithm 13 by using expres-
sions (10.20) and (10.21).

Algorithm 13 Modified block-coordinate ascent for a monotonic
chain decomposition
1: Init: Numbers |T,| for u € V,
Fuv(l) =Byu(s) ==0foruwv e &, 1€V, s €V,
N - number of iterations
2: fort=1to N do
3 foru=1to|[V|do
4: Compute 0, (s) = 0u(s) + > venyyw) Fou(s) + D venyw) Boul(s)
for all s € Y, e o
5: Compute Fy, ,(l) = mingey, (ﬁ@u(s) — Byu(s) + Huv(s,l)>
for all v € N}(u) such that v > v and [ € ),
6: end for
7: Revert node order, and swap Fy, <+ B, , for all uv € £
8: end for
9: return F, (1), Byy(s) foralluv € £, 1€ Y,, s € Y,

Note that Algorithm 13 depends on a particular decomposition only
through the numbers |7,/, i.e. all canonical monotonic decompositions
with the same |7,| result in exactly the same algorithm.
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Example 10.9 (Edge decomposition). For the edge decomposition
the value |T,| is equal to the number of incident edges for a node wu.

Example 10.10 (Maximal monotonic chains). Maximal monotonic
chains is a straightforward way to construct a canonical decomposition
consisting of monotonic chains that are as long as possible. Given a
graph, the chains are constructed in a greedy manner as follows. First,
starting with the first node w.r.t. the introduced order, a monotonic
chain is greedily generated step-by-step until it is impossible to extend
it, i.e. for the current node u there is no neighbor v such that v > u.
After that, the edges of the constructed chain are removed from the
graph G and the procedure repeats from the node with the smallest
index that still has incident edges.

Although the decomposition into maximal monotonic chains is not
unique, all such decompositions are characterized by the same num-
bers

[T = max{|v € Mp(u): v < u|,|v € Np(u): v > ul}, (10.22)

which are equal to the maximum of the number of incoming and out-
going edges for node wu, respectively. Here ’'incoming’ and ’outgoing’
are considered with respect to the node ordering of the graph.

A variant of Algorithm 13 with |7,| corresponding to maximal
monotonic chains is known as Sequential Tree-Reweighted Message
Passing (TRW-S). Nowadays it is one of the most efficient MAP-
inference algorithms for graphical models.

Computation of dual value. Relation to anisotropic diffusion It
remains to show how the dual variables ¢ can be computed from the
forward and backward min-marginals returned by Algorithm 13. The
answer is based on generalizing the result of §8.3.2, where we have
shown that dynamic programming can be seen as anisotropic diffusion.
Recall Algorithm 6 and the comments on it. The expression (8.27)
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translates to

for v > wu: (10.23)
Pou(l) = =Fup(l), 1€ Vo, (10.24)
Fuu(l) = 11613211 (Ouo(8,1) + duw(s)), s € Vu. (10.25)

Comparing the last formula with line 5 of Algorithm 13 we conclude:

forv>wu:
bou(l) = =Fuu(l), 1 € Wy, (10.26)

1 -
¢u,v(s) = Weu(s) - Bv,u(s)’ ERSIN

The values 6,(s) can be computed from forward and backward min-
marginals as in line 4 of Algorithm 13.

Taking (10.26) into account, Algorithm 13 can be solely expressed
in terms of the reparametrization. In this form it transforms to Algo-
rithm 14.

Algorithm 14 Sequential reweighted message passing (SRMP)
1: Init: Numbers |T,| for u € V,
¢ - starting reparametrization (typically ¢ = 0)
N - number of iterations
2: fort=1to N do
for u=1to |V| do
Move pairwise costs to unary costs:
Guv(S) = Pup(s) — miney, 05, (s,1) for s € Y, and v < u

5: Redistribute unary costs to the outgoing edges:
Guw(8) = Pup(s) + 9|5ﬁ7’§j) for s € Y, and v > u

6: end for

7. Revert node order.

8: end for

9: return ¢
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It is easy to see that Algorithm 14 is a special instance of anisotropic
diffusion. Its most efficient variant corresponds to the decomposition
into maximal monotonic chains, i.e. |Ty| = max{jv € Ny(u): v <
ul, v € Np(u): v > ul}, see (10.22). This variant of the algorithm
is known as Sequential Reweighted Message Passing (SRMP). For the
pairwise models considered in this book, SRMP is equivalent to TRW-
S and differs only in the numbers, which are computed during its
run. In TRW-S the forward and backward min-marginals are com-
puted, whereas in SRMP the dual variables are computed directly.
The equivalence of the Algorithms follows from the fact that the com-
puted values are related by (10.26).

Similarly to min-sum diffusion, the TRW-S/SRMP algorithm con-
verges to node-edge agreement. This implies also convergence to tree
agreement due to Proposition 9.12. We omit the proof here and refer
to the corresponding literature [68], [69].

10.2.4 Rounding technique for the TRW-S/SRMP
algorithm

Similarly to the case of the min-sum diffusion algorithm, naive round-
ing may not perform well if applied to the result of the TRW-S/SRMP
algorithm directly. The reason is the same — for all nodes, where
the numbers of incoming and outgoing edges coincide, the unary cost
vector contains only zero values. For example, in a grid-graph with
column- or row-wise ordered nodes and a monotonic chain decom-
position all non-border nodes, i.e. nodes (i,7) with 1 < ¢ < h and
1 < j < w (with h and w the total number of rows and columns in
the graph).

The simplest rounding next to naive rounding is to remember during
each iteration of the algorithm the locally optimal label in each node
u after the cost vector 62 is computed in line 4 of Algorithm 14 (or,
analogously, the cost vector f,(s) of Algorithm 13).

However, this method does not guarantee obtaining the optimal
solution even in case the graph G is acyclic. Indeed, Figure 10.3 shows
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Figure 10.3: Depicted is a graphical model with two nodes and two
labels, where the numbers stand for unary and pairwise
costs. This model is a counterexample for the round-
ing technique for the TRW-S/SRMP algorithm where
the minimal label y, with respect to the reparametrized
cost 09 is selected in line 4 of Algorithm 14. The
reparametrized costs in this case are the same as the origi-
nal costs. This implies that either the label a or the label
b can be selected for each node. Since these decisions
are taken independently, it may happen that the labeling
(a,b) is selected as the rounding result, which is not op-
timal. Using the relaxation labeling algorithm would not
help to resolve the problem, as the locally optimal labels
and label pairs are already arc-consistent and form the
arc-consistency closure.

this problem appearing already for a graph with two nodes and two
labels.

Therefore, another approach was proposed in the original work
of [68]. It generalizes the way how an optimal solution is obtained
with dynamic programming and, therefore, guarantees obtaining an
optimal labeling for acyclic graphs after the first iteration of the algo-
rithm.

Consider the dynamic programming Algorithm 1. The pointers
ri(s) are computed for each node 7 and each label s of the graph to be
able to reconstruct an optimal labeling. However, this reconstruction
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can also be performed without saving the pointers r;(s), although with
slightly higher computational cost.
Indeed, according to Algorithm 1

ri(s) := argmin (F;_1(t) + 0;—1(t) + 0i—1,i(t, 5)) - (10.27)

t€Yi—1
This computation can be done on the backward move of the dynamic
programming algorithm when label s is already known. This is sum-

marized in Algorithm 15, which is a straightforward modification of
Algorithm 2.

Algorithm 15 Reconstructing an optimal labeling for a chain graph
1: y, = argmingcy, (F(s) + 0n(s))
2: fori=n—-1to1do

3y = argmingey, (Fi(t) 4 0i(t) + 0ii41(¢, yis1))

4

5

: end for
: return y

The primal rounding for TRW-S/SRMP given by Algorithm 16 is
a straightforward generalization (with ¢, ,(s) = —F’(s)) of Algo-
rithm 15 to arbitrary graphs with the introduced ordering of nodes.
Note that in line 4 of Algorithm 16 the original, non-reparametrized
costs are used.

Algorithm 16 Reconstructing an optimal labeling for the SRMP
algorithm

Lou=|V[;

2.y, = argmin,cy,, (0u(5) = yeni ) e (5))

3: foru=|V|—-1to1ldo

4y, = argmingy | Ou(s) + AZ/:( )Hu’v(s,yv) — /\Z/:( )(bu,v(s)
ve p(u vVE p(u

v>u v<u

: end for
return y

[zl
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10.3 Empirical comparison of algorithms

Algorithms Similarly to §8.7, we provide an experimental evaluation
of the algorithms described in this chapter. Additionally, we compare
them to the methods considered in Chapter 8. Altogether, we consider
the following methods:

e We consider two variants of the min-sum diffusion algorithm,
diffusion+naive and diffusion+ICM, for generating primal
solutions as described in §8.7;

e We also look at the subgradient algorithm represented by two
variants. The first one is subgradient, which is the same La-
grange dual-based algorithm as considered in §8.7. As follows
from Example 9.4, it can be seen as a subgradient method based
on the complete decomposition. The second variant, max.chain
subgradient is based on the decomposition into maximal mono-
tonic chains.

e The decomposition-based block coordinate ascent is represented
by two variants of Algorithm 13. The first one, termed as
TRWS-edge, is the specialization of the algorithm for the edge
decomposition, considered in §10.2.1. The second one is the
TRWS algorithm with the decomposition into maximal monotonic
chains. By default, this algorithm reconstructs the primal inte-
ger solution as described in §10.2.4. Its variant TRWS+ICM addi-
tionally runs one iteration of the ICM algorithm to improve the
primal solution.

Additionally, we plot also the value of the optimal solution of the
non-relaxed MAP-inference problem obtained with the modern exact
inference technique [36].

Datasets The problem instances used for comparison are the same
as in §8.7.
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Dual plots and their analysis Figures 10.4 and 10.5 compare values
of the dual bounds obtained by the considered algorithms. We provide
only dual bounds, since any particular rounding technique typically
yields the lower energies for the estimated primal solutions the higher
the lower bound.

TRWS consistently outperforms all competitors on all problem in-
stances and is typically followed by TRWS-edge and diffusion. A
notable exception is the stereo problem, where the second best al-
gorithm turns out to be max.chain subgradient. Note that only
TRWS and max.chain subgradient are based on a maximal mono-
tonic chains decomposition, all other methods are based on the com-
plete decomposition or the edge decomposition. We explain the high
performance of the maximal chain decomposition-based methods by
their more efficient propagation of the information across the graph.
This is particularly important for sparse graphical models, which vir-
tually contain “long-range” dependencies between distant nodes of
the graph due to strong pairwise costs. Among our problem instances
only stereo has such properties, since protein and worms are densely-
connected and color segmentation has very weak pairwise costs.

Interestingly, diffusion is always outperformed by the nearly iden-
tical TRWS-edge. The difference between both algorithms is the order
in which edges of the graph are processed. Diffusion always starts
from the first node and proceeds to the last one, whereas TRWS-edge
inverts the order on each iteration. Apparently, changing the order
allows for better information propagation in both directions.

The difference between block-coordinate-ascent and subgradient al-
gorithms is more pronounced for models with a larger label set, namely
protein and worms, which is explained by the fact that the subgradi-
ent is more sparse for such models.

Primal-dual plots and their analysis Figures 10.6 and 10.7 show
both primal and dual bounds obtained by the considered algorithms.

As in the comparison in Chapter 8, even one ICM iteration may sig-
nificantly improve the primal estimates. It can also be seen that the
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ICM rounding brings more improvement to simple rounding techniques
like those used in the diffusion algorithm. At the same time, it only
slightly improves the results of the more sophisticated and theory-
based rounding used in the TRWS algorithm. Noticeably, the ICM it-
eration in combination with the slower diffusion algorithm leads to
better primal estimates than the TRWS+ICM rounding for the protein
dataset. We attribute this to the fact that even the stand-alone ICM
algorithm performs pretty well for this dataset - see Figure 8.9. This
may happen because of the fact that TRWS primal estimates are close
to the “local optimum” of the ICM algorithm, whereas the diffusion
ones are not.

Conclusions The above comparisons show that a decomposition into
larger subproblems (e.g. a maximal chain decomposition), as well as
the block-coordinate updates are important components of a well per-
forming dual solver. The importance of the former increases as the
graph gets more sparse. The latter becomes especially pronounced for
large label sets.

10.4 Bibliography and further reading

The subgradient technique for the Lagrange decomposition of the
MAP-inference problem in graphical models was first applied in [79].
Later on, independently, similar work was done in [78] and [80], fol-
lowed by [81].

A number of non-smooth convex optimization techniques have been
developed that generalize the subgradient method. Many of them
have been tested on the MAP-inference problem for graphical mod-
els. These include, but not limited to the mirror descent [98], bun-
dle methods [99], proximal algorithms [100]-[104] and the smoothing
technique [105]-[108]. Although most of these methods guarantee con-
vergence to the dual optimum, in application to the MAP-inference
problem they are typically inferior to the best block-coordinate ascent
techniques (see the comparison [71]).
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Figure 10.4: Dual plots for the (top) color segmentation and (bot-

tom) stereo problem instances. The legend for the bot-
tom plot is the same as for the top one. Note that on the
stereo problem instance max. chain subgradient out-
performs all other methods except TRWS. See main text

for the analysis.
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Figure 10.5: Dual plots for the (top) protein and (bottom) worms
problem instances. The legend for the plots is the same

as in the top plot of Figure 10.4. See main text for the

analysis.
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Figure 10.6: Primal-dual plots for the (top) color segmentation
and (bottom) stereo problem instances. The legend
for the bottom plot is the same as for the top one. Note
that adding just one ICM iteration significantly improves
the primal estimates of the diffusion, whereas the more
sophisticated rounding of the TRWS algorithm can be only
marginally improved. See the main text for the analysis.
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Figure 10.7: Primal-dual plots for the (top) protein and (bottom)

worms problem instances. The legend for the plots is the
same as in the (top) plot of Figure 10.6. Primal es-
timates of diffusion+naive are not shown for worms,
since they are very high because of infinite values pre-
sented in pairwise costs. This is significantly improved
with the rounding used in diffusion+ICM. Note also that
for protein the primal estimates of diffusion+ICM are
better than those of TRWS+ICM. See the main text for the
analysis.
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The original TRW-S algorithm was proposed by [109], followed by a
journal publication [68]. The generalization of the TRW-S algorithm
for higher-order graphical models was proposed in [110]. Although
the resulting algorithm was reported to be quite efficient, it is much
more complicated than the original TRW-S. Later on, a novel view
on TRW-S as anisotropic diffusion was proposed in [69]. This al-
lowed another, elegant and efficient generalization of the method to
higher-order models. The generalized algorithm obtained the name
Sequential Reweighted Message Passing (SRMP).

In this chapter we considered the block-coordinate ascent method,
which optimizes over the dual variables associated with a given node
at a time. As an alternative approach, one could optimize over the
dual variables associated with a whole (acyclic) subproblem, one sub-
problem during one step of the algorithm. The algorithms suggested in
early works in this direction [111]-[113] typically cannot compete with
TRW-S and SRMP. However, a very efficient method based on a sim-
ilar idea was proposed recently in [114]. It seems that this algorithm
outperforms TRW-S, although a vast experimental comparison is lack-
ing. Importantly, for grid graphs a parallelization of the algorithm was
proposed in the same work. It shows a very high performance on the
stereo problem instances used for testing.

A dual block-coordinate ascent framework that generalizes TRW-
S, max-sum diffusion and MPLP methods to a fairly broad class of
combinatorial optimization problems was recently proposed in [115].
Encouraging results using this framework have been obtained for the
quadratic assignment [116] and the multicut problems [117].
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11 Min-Cut/Max-Flow Based
Inference

So far, we considered a single class of graphical models with exactly
solvable MAP-inference problem, that is, the acyclic problems intro-
duced in Chapter 2. In this case the MAP-inference is exactly solvable
due to the special property of the local polytope, which contains only
integer vertices.

However, there is another way to enforce integrality. Instead of
restricting the graph structure, one can restrict the cost vectors such
that they point to integer vertices of the local polytope. A large
class of such costs are called submodular, since the MAP-inference
can be treated as submodular minimization in this case, a well-studied
polynomially solvable type of problems in combinatorial optimization.

The chapter consists of three parts. We start with a general def-
inition of submodular functions. Then we give a detailed treatment
of a subclass of such functions, corresponding to the pairwise graph-
ical model energies. In the second part we will show equivalence of
the submodular MAP-inference and a polynomially solvable min-st-
cut problem. Finally, the third part is devoted to one of the most
efficient primal heuristics, commonly known as graph cuts. Although
this type of algorithm is related to the submodularity property, it is
also applicable to a large class of non-submodular problems.

11.1 Submodular functions

Let X be a finite set and 2% be its powerset. Mappings of the form
f:2% = R are called set-functions. Finite sets can be represented by

232



11 Min-Cut/Max-Flow Based Inference

binary indicator vectors with coordinates indexed by elements of X.
A binary vector ¢ € {0,1}* corresponds to the set A C X if for all

z € X it holds that
0, ¢ A,
= 11.1
§ {1, reA. ( )

Example 11.1. Let (G, )y, 0) be a binary graphical model, i.e. Y =
{0,1}Y. Then the energy function

E(y) = Z eu(yu) + Z euv(ywyv) (11'2)

uey wvel

can be seen as a set-function w.r.t. y, since each labeling y € )y is a
binary vector.

Definition 11.2. A set-function f: 2%X — R is called submodular if
f(A)+ f(B)> f(ANB)+ f(AUB) VA,Be2¥X. (11.3)

Expressing this definition in terms of the corresponding graphical
model energy, we obtain

Ey)+E@W)>Eyny)+EyVy) Yy,y €y (11.4)

with logical and A and or V operations defined as in Chapter 6, see
Figure 11.1 for illustration.

Similarly to convex/concave functions, a function f is called super-
modular, if (—f) is submodular.

The submodular minimization problem consists in computing

A* = in f(A 11.5
arg min f(A), (11.5)

where the set-function f is submodular. This problem is known to
be polynomially solvable (assuming that the value of f(A) can be
computed in polynomial time for any A € X), although the order of
the polynomial is quite high in general. However, different subclasses
of submodular functions have lower computational complexity. One
of such sub-classes, namely, submodular pairwise energy minimization
problems, we will consider below.
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Figure 11.1: Representation of sets intersection and union with binary
labelings. The sets A, B, AUB and AN B are represented

with binary labelings y4, ¥y, yaup = yaVyp and yanp =
ya N yp respectively.

11.1.1 Submodularity on a lattice

Submodularity can also be defined for multilabel graphical model en-
ergies. To do so, we assume that the set of labels in each node is
totally ordered, e.g. the relations < and > are naturally defined for
any two labels s, € Y, u € V. The set of labelings )y in this case
is partially ordered, where the operation > (<) is defined point-wise,
which is y < ¢/ for y,y’ € Yy, if y,, <y, for all u € V, see Figure 11.2.
Moreover, the set of labelings ) is a lattice, since it has its supremum
and infimum, i.e. the highest labeling ¢ such that § > y for all y € )y
and the lowest one g such that § < y for all y € Y.

In general, a non-empty partially ordered set A equipped with op-
erations V and A is called a lattice if x A z and x V z are defined for
all x,z € A.

For every two labels s, for the same node their maximum Vv and
minimum A are naturally defined, i.e. if s > [, then s VI = s is the
maximum and s Al = [ is the minimum. This generalizes to any two
labelings y,vy’, where operations A and V are applied point-wise, see
Figure 11.2.

A classical example of a lattice is the set lattice, i.e. a family of
subsets of a given set with the subset relation C in place of < and
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yVy

Figure 11.2: The multilabel energy as a special case of submodularity
on a lattice. Labels are totally ordered in each node.
(a) Labelings y and y’ are incomparable, since neither
Y, < yy nor y, <y, holds for all nodes u. (a)-(b) For
any two labelings y and 3’ their node-wise maximum yVy/’
and minimum y A 3 are always well-defined. It always
holds (y V') > y Ay (c) The supremum and infimum
of the set of all labelings.

closed w.r.t. the operations N and U standing for A and V. A lattice
is called finite, if the underlying partially ordered set is finite.

Moreover, it is known (see [118]) that any finite lattice is isomorphic
to some finite set lattice. This substantiates the generalized definition
of submodularity:

Definition 11.3. Let (X, A, V) be a finite lattice. A function f: X —
R is called submodular, if

f@)+f(z) 2 flanz)+ f(zV2) (11.6)
holds for any x,z € X.
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For a function to be supermodular, the opposite inequality with the
relation < has to hold.

Translated to the energy function of a graphical model with a lattice
structure submodularity requires that

E(y)+EWY)>Eyny)+EyVy) (11.7)

for any two labelings y,y’ € Jy.

Although this is a valid definition, it cannot be checked explicitly
in practice, as it would require evaluating the relation (11.7) for all
possible pairs of labelings. Fortunately, there is no need to do so, due
to the following remarkable fact:

Theorem 11.4 ([119]). Let (G, )y, 0) be a graphical model and E
be its energy. Let also label sets corresponding to the nodes of the
graphical model be totally ordered and operations V and A be defined
as above. Then F is submodular if and only if all its pairwise cost
functions Oy, : Vu X Yy — R, uv € &, are submodular.

We will get back to this theorem and its proof in §11.2.2 after con-
sidering the class of submodular functions of two variables in §11.2.

Remark 11.5. Submodular functions on a lattice (W, min, max) with
W ={1,...,n1}x---x{1,...,n4} and min and max applied coordinate-
wise are equivalent to Monge arrays. The latter have a number of
applications in optimization, see e.g. the overview of [120].

11.1.2 General properties of submodular functions

Definition 11.6. Let (X, A, V) be a finite lattice. A function f: X —
R is called modular, if it is both sub- and supermodular, i.e.:

flx)+ f(@') = flava)+ fla na). (11.8)

Lemma 11.7. Let X be a totally ordered set. Then any function
f: X — R defined on this set is modular.
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Proof. Consider any x, 2’ € X. W.l.o.g. assume z < z/. Then x Az’ =
z and z V2’ = 2/. Therefore f(z A2') + f(x VvV a') = f(z) + f(2),
which finalizes the proof. O

Lemma 11.8. Let f and g be (sub/super)modular and «, 3 > 0.
Then af 4+ B¢ is (sub/super)modular.

The proof follows trivially from the definition of (sub/super)modu-
larity.

In particular, Lemma 11.8 implies, that adding a modular function
to a submodular one results in a submodular function, as any modular
function is submodular.

11.2 Submodular pairwise energies

11.2.1 Submodular functions of two variables

Let us consider submodular functions of only two variables. In par-
ticular, we are interested in submodular pairwise cost functions .

We start by recalling definition (11.7), which can be reformulated
as follows:

Definition 11.9. The pairwise cost function 60, is submodular if for
all s',s2 €Y, and all I',1? € ), such that s' < s? and ! < [?,

Ouv (51, 15) 4 0y (5%, 12) < O (5%, 1Y) + Oy (s, 12). (11.9)

Submodular functions of two variables are also known in the liter-
ature as Monge matrices, see e.g. the overview of [120].

Figure 11.3(a) illustrates Definition 11.9. Below we consider several
important examples.

Example 11.10 (Binary problem). In the binary case, when ), =
{0,1} for all u € V, the submodularity condition (11.9) simplifies to

Ouv(0,1) 4+ 04y, (1,0) > 040,(0,0) + O, (1, 1) . (11.10)

It is also easy to see that in this case each factor is either submodular
or supermodular, see Figure 11.3(b) for illustration.
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Figure 11.3: (a) Illustration of Definition 11.9 of a submodular pair-
wise cost function. The total cost of the label pairs corre-
sponding to the dashed lines should not exceed the total
cost of the label pairs corresponding to the solid lines; (b)
Binary pairwise cost function. If the sum of the costs cor-
responding to the dashed lines does not exceed the sum of
the costs associated with the solid lines, the cost function
is submodular. Otherwise it is supermodular. (c) Potts
cost function: solid lines are assigned the cost A > 0, the
dashed lines have a zero cost. The shown configuration
is the one, where the submodularity definition (11.9) is
not fulfilled, see Example 11.12.

Example 11.11 (Ising model). Let the energy function be binary and
Ouv(s,t) = Auw[[s # t] for some constant A\,,. If Ay, > 0, the corre-
sponding cost function is submodular, for A, < 0 it is supermodular.
It can be shown, see Exercise 11.30, that using reparametrization any
pairwise binary energy function can be transformed into the Ising
model.

Example 11.12 (Potts model). The Potts model is the generalization
of the Ising model into the multi-label case. That is, the pairwise
factors have the same format as in the Ising model 6, (s,t) = Ayy[[s #
t], however the label sets ), and ), may have more than two elements.
The Potts model is not submodular even for A > 0, because already
for 3 labels (i.e. ), = {0,1,2}) it holds that

6(0,1) +6(1,2) = 2 > A = 6(0,2) + 6(1,1),, (11.11)
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see Figure 11.3(c) for illustration.

Since labels in each node are ordered, one may speak about the next
label. More precisely, the label [ is called next for the label s, if [ > s
and there is no other label I’ such that [ > I’ > s. The previous label is
defined analogously. We will use the notations s+ 1 and s — 1 for the
next and previous label for s, respectively. This is motivated by the
important special case Y, = {1,2...,n}, when this notation becomes
a natural choice.

Checking submodularity with the defining criterion (11.9) requires
O(]Yuv|?) operations, which can be computationally quite expensive
for large label sets. An equivalent definition provided by the following
proposition allows us to check submodularity in linear time O(|Vyyl)-

Proposition 11.13. The cost function 6, is submodular if and only
if

Oun(5,1) + Ouo(s + 1,1+ 1) — Oy (s + 1,1) — Ou(s, 1 +1) < 0. (11.12)

for all s and [ such that s + 1 and [ + 1 exist, see Figure 11.4(a).
In particular, if Y, = {1,2,..., ||}, then s € {1,...,|Vu] — 1} and
Lef{l,...,| V] -1}

The technique used in the following proof plays an important role
for this section and will also be used several times later on. First, we
introduce the notation

020(s,1)

T O(s+1,01+1)+0(s,1) —0(s,l+1)—0(s+1,1). (11.13)
for the mixed second derivative of the pairwise cost function. Note
that the derivative is non-positive for submodular and non-negative
for supermodular pairwise costs. The following lemma constitutes the
core of the proof of Proposition 11.13:

Lemma 11.14. Let Y, and ), be finite ordered sets and 6: YV, x Y, —
R be a function of two discrete variables. Then for y? > y!, 22 > 2!
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the following equality holds

2 2 11 1,2 b 1 = 9%6(s, 1)
9(y,2)+9(y,z)—@(y’z)fg(y’z)zzZW~
(11.14)

Note that the sign of the left-hand-side of (11.14) determines the
submodularity of § according to Definition 11.9. Therefore, Proposi-
tion 11.13 directly follows from Lemma 11.14.

Proof of Lemma 11.14. In a nutshell, the proof is based on the fol-
lowing fact: For a function f: Z — R and a > b it holds that

a—1
fla) = f(b) =Y fli+1) = f(i), (11.15)
i=b
which in the continuous case reads
= / df = / f(t)dt. (11.16)
b b
Here, the derivative f’ is represented by its discrete analog W

with dt = 1.
A similar property holds also for a function of two variables:

fla,b)+f(d' V)= f(d',b)—f(a,b) = // 838t ddt (11.17)

Nevertheless, we provide a rigorous proof below.
Let us consider the differences (y?, 2!) — 0(y*, 2') and 6(y?, 2%) —
Ouv(y', 2?). Comparing them to (11.15) one obtains

21

0(y%,2%) — 0(y", 2%) = yz 0(s+1,22) — (s, 22), (11.18)
g

0(y2, 2 — 0(yt, 21 = Z O(s+1,2) —0(s, 2. (11.19)
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Subtracting the second equality from the first results in

0y, 2%) +0(y', 2") = 0(y", 2%) = 0(y°, =)
y>-1
= Z O(s +1,2%) +0(s,2') — 0(s,2%) = O(s +1,2") . (11.20)

s=yl!

The similar procedure w.r.t. each summand of the right-hand-side
of (11.20) gives:

0(s+1,2%) +0(s,2') —0(s,2%) — (s + 1,2") =

22—1
D 0(s+1,14+1)+0(s,1) —0(s,1+1) — (s +1,1). (11.21)
=21

Plugging (11.21) into (11.20) implies the lemma. O

Similarly to Proposition 11.13 which characterizes submodularity of
a pairwise cost function through the sign of its second derivative, the
following theorem gives a criterion for submodularity of the energy
function through the sign of its second derivative:

Theorem 11.15 ([120]-[122]). The graphical model energy E is sub-
modular if and only if
O*E(y) |
Oyily;

=E(51,..-,8iy.-.,5j,--+,5n)

+E(s1,...,8+1,...,85+1,...,8,)
—E(s1,...,8+1,...,8,...,5)
—E(s1,...,85,...,85+1,...,8,) <0 (11.22)

for any labeling y and any two neighboring nodes ¢ and j.

Proof. Necessity of the condition (11.22) follows directly from (11.7)
as the inequality (11.22) is a special case thereof.

The proof of sufficiency is more involved, therefore, we omit it here
and refer to the original manuscript. O
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Figure 11.4: (a)Illustration of the claim of Proposition 11.13. To
check submodularity it is sufficient to consider only pairs
of the labels placed next to each w.r.t. the ordering within
each node. For submodularity the sum of the costs cor-
responding to the dashed lines should not exceed those
of the solid lines. (b)Illustration to Propositions 11.18
and 11.19. In Proposition 11.18 the coordinate ¢, (/%)
of the dual vector is added to the costs associated with
both, dashed and solid lines, therefore the submodularity
inequality (11.9) is not affected by the reparametrization.
In Proposition 11.19 the solid lines correspond to locally
optimal label pairs. The submodularity property implies
that the dashed lines correspond to locally optimal label
pairs as well.

Importantly, Theorem 11.15 remains also correct for higher order
models, since it is a specialization of the corresponding fact for general
submodular functions. Note that the non-positive second derivative
is the property of concave functions in the continuous case.

Convex and truncated convex pairwise cost functions
Proposition 11.13 can be efficiently used to check submodularity of
certain functions of two variables.

Example 11.16 (Convex functions). Let the label sets ), and ), be
equal to {1,2...,n}, i.e. they represent a range of integer numbers.
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Let the subtraction operation “—” be defined in a natural way. Let
f: R — R be a convex function and 60,(s,l) = f(s —1). Let us
prove that 6y, is submodular. According to (11.12) it is necessary
and sufficient to show that

Fls=D+f(s+1)—(1+1) < fls+1—D)+ f(s—1—1) (11.23)

Indeed, the convexity of f implies
1
fls+1=0)+f(s—1-1) > 2f(§(8+1—l+8—l—1)) =2f(s—1) (11.24)

Note that the left-hand-side of (11.23) is equal to 2f(s — ) as well,
which finalizes the proof.
In particular, the following functions are submodular:

Ouv(s,1) = |s — | (11.25)
Ouv(s,1) = (s —1)%. (11.26)

Example 11.17 (Truncated convex). Consider the truncated convex
pairwise cost functions

Ouv(s,1) = min{a,|s —I|}, a >0

and
Ouv(s,1) = min{a, (s — 1)}, a > 0.

In the binary case they coincide with the Ising model and therefore are
submodular. However, as soon as three or more labels are considered,
these functions are not submodular anymore. In particular, for a = 1
these functions reduce to the Potts cost function 11.12, which is non-
submodular.

11.2.2 Sum-of-submodular functions

Consider the energy function of a graphical model. Since modularity
of unary costs (see Lemma 11.7) and submodularity of all pairwise
costs implies submodularity of the energy according to Lemma 11.8,
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Figure 11.5: Illustration to the proof of Theorem 11.4. The solid lines
correspond to the labelings y! and y?, the dashed lines
correspond to y'vy? = (s%,12,9/) and y' Ay? = (s, 1%, 9/).

Theorem 11.4 states that the inverse claim holds as well. Below,
we prove this inverse statement. For convenience, we first restate
Theorem 11.4.

Theorem 11.4 Let (G,)),0) be a graphical model and E be its
energy. Let also label sets corresponding to the nodes of the graphical
model be totally ordered and operations V and N be defined as above.
Then E is submodular if and only if all its pairwise cost functions
Ouwo: Yu X Vo = R, uv € &, are submodular.

Proof of Theorem 11.4. Consider any edge uv € £. Then correspond-
ing cost function is denoted by 6,,. It is sufficient to prove that for
any four labels st s> € Y, and 11,12 € Y, such that s* > s' and {2 > [!
the submodularity inequality (11.9) holds.

Consider two labelings 3! and 32 such that
yqllzsla inSQ, y?):lla yi :l2,

and yl, = y2 =y, for ' € V\{u, v} with some 3/ € I\ fuw} -

(11.27)

See Figure 11.5 for illustration.

Without loss of generality and for brevity, we assume that the nodes
u and v correspond to the first two coordinates in the vector repre-
sentation of the labelings on )y, and the labelings y' and y? can be
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written as
y'= (L), =0y (11.28)
Submodularity of the energy FE implies that the inequality (11.7)
holds for y' and y?. Note that y' Vv 32 = (s%,12,9/) and y' A y? =
(s', 14 9).
Therefore, the inequality (11.7) reduces to

0< E(y)+E@W) - E@W' Vy*) — E(y' Ay?)
= qu(SQ, ll) + Hm,(sl, l2) — GW(SZ, l2) — Buv(sl, ll) , (11.29)

which finalizes the proof. O

Functions representable as a sum of submodular functions of a small
number of variables are important for two reasons. First of all, due
to their practical value, and second, because algorithms for their min-
imization are much more efficient than those for general submodular
functions. We refer to §11.6 for the corresponding references.

11.2.3 Reparametrization and node-edge agreement for
submodularity

Recall the definition of reparametrization given in Chapter 6. Since
reparametrization does not change the energy of any labeling, it does
not influence the submodularity property (11.7) of the energy func-
tion. Together with Theorem 11.4 it implies that reparametrization
does not influence the submodularity of the pairwise costs as well.
This fact can be also easily shown directly.

Proposition 11.18. Let the pairwise costs 6, be submodular for all
uv € £. Then for any reparametrization ¢ the reparametrized costs
Oﬁv are submodular as well.

Proof. According to Lemma 11.7 the functions ¢y, (s), s € Yy, are

modular. Therefore, 031, is submodular as a sum of a submodular and
modular functions according to Lemma 11.8. O
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Note that a statement similar to Proposition 11.18 does not in gen-
eral hold for higher order costs.

An important fact, which directly implies the polynomial solvability
of submodular MAP-inference problems, is stated in the following
proposition:

Proposition 11.19. Let (G, Yy, 6) be a graphical model and the pair-
wise costs 6, be submodular for all uv € £€. Then the node-edge
agreement! of @ implies that there exists an integer labeling y con-
sisting of locally optimal labels and edges. Moreover, this labeling
can be found by selecting the highest optimal label belonging to the
arc-consistency closure cl(mi[f])? in each node independently.

Proof. The proof is illustrated in Figure 11.4(b). Let s? € ), and
12 € Y, be the highest labels of the closure cl(mi[f]) in the nodes
u and v respectively. Assume that the label pair (s2,1?) is not in
the closure. Due to arc-consistency, however, there are s! € ), and
I' € Y, such that (s!,1%) and (s2,1') belong to the closure. It implies
that

Oun (81,11) > 040 (81, 12) = O (5%, 1Y) =2 e < 0, (s%,17) . (11.30)
At the same time, the submodularity implies
Oup (51, 1Y) 4 04 (5%, 12) < Oun (1, 12) 4 Oun (2, 1Y) = 200, (11.31)
Taken together these inequalities imply
Ouo (85, 1Y) = 04 (5%,17) = a, (11.32)

and, therefore, 0, (s, ') and 0y, (s?,1?) are locally optimal and belong
to the closure. This finalizes the proof. O

Proposition 11.19 implies that

1See Definition 6.9 at page 109.
2See Definition 6.11 at page 111.
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e The local polytope relaxation is tight for submodular problems.
Indeed, node-edge agreement is necessary for dual optimality?.
Similar to the case of acyclic graphical models, considered in §6.3,
Proposition 11.19 together with Proposition 6.2 implies that
node-edge agreement is also sufficient for dual optimality, and,
moreover, that the Lagrange dual is tight for the non-relaxed
MAP-inference problem.

e Dual algorithms such as TRW-S, min-sum diffusion and the sub-
gradient method converge to the optimum of the submodular
MAP-inference problem. Indeed, the first two converge to node-
edge agreement (see Theorem 8.11 and [68]), and, therefore, ac-
cording to Proposition 11.19 to the dual optimum. The sub-
gradient method converges to the dual optimum independently
of the submodularity property. The dual optimum in its turn
coincides with the optimum of the primal non-relaxed problem
according to Proposition 11.19.

Although tightness of the local polytope relaxation implies the poly-
nomial solvability of the submodular MAP-inference, it does not imply
the existence of a practically efficient polynomial algorithm, due to the
universality of the local polytope (see Theorem 4.7).

In §11.3 and §11.4 we will show that submodular pairwise MAP-
inference reduces to a special, much more narrow class of linear pro-
grams, known as min-cut/max-flow problems. The latter have a num-
ber of practically efficient dedicated finite step algorithms for their
solution. These algorithms can therefore be used to solve the sub-
modular MAP-inference problem as well.

11.2.4 Permuted submodularity

Submodularity is a property dependent on the order of labels. Note,
however, that the order does not play any role for the energy itself. It
is only needed to define submodularity.

3See Propositions 6.2(5) and 6.8(1)
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Definition 11.20. A MAP-inference problem (G, My, 0) is called per-
muted submodular if there exists an ordering on each label set ),
u € V such that the corresponding problem is submodular.

Example 11.21. Binary problems on a tree are always permuted
submodular. One can traverse the tree and change the order of labels
if needed to switch from supermodular pairwise cost to submodular.

Example 11.22. Binary supermodular problems on bipartite graphs
(e.g. acyclic graphs, 2D grid) are permuted submodular. To obtain
a submodular problem, the order of the labels on one “side” of the
bipartite graph must be reversed.

Importantly, there is an efficient algorithm, which either finds the
permutation turning the problem into a submodular one, or proves,
that it is impossible. See §11.6 for the respective reference.

Note that Proposition 11.19 also holds for permuted submodular
problems. And in turn, the corollaries of the proposition hold as
well: The local polytope relaxation is tight for such problems, and
the algorithms converging to node-edge agreement converge to the
optimum of the non-relaxed MAP-inference problem. However, to
reconstruct an integer solution from the optimal reparametrization,
in the same way as it is done in the proof of Proposition 11.19, one
has to know (compute) the order of the labels. At the same time,
knowing the order is not mandatory for the reconstruction in general,
see e.g. [123, Thm. 16].

11.3 Binary submodular problems as min-cut

We start this section with a definition of the min-st-cut problem,
which is one of the combinatorial problems having efficient (small)
polynomial time algorithms. Later on in this section we will show how
submodular MAP-inference problems can be reduced to the min-st-
cut. Moreover, in Chapter 12 we will show that not only (multilabel)
submodular problems are reducible to min-st-cut, but also the local
polytope relaxation of binary problems allows for such a reduction.
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11.3.1 Min-st-cut problem

Definition 11.23. Let G’ = (V',£’) be a directed graph, c: & — R
be the weight function of the edges and s,t € V' be two different
nodes, which will be called source and target respectively. An st-cut
C = (S,T) is a partition of V' into two sets S and T such that

SNT =10 (11.33)
SuT =V (11.34)
seS, teT. (11.35)

In the following we will refer to st-cuts simply as cuts.
The weight of the cut C is the total weight of edges leading from S

to T"
o(8,T) = > cup- (11.36)
ueS,veT
(u,v)e€’
The min-st-cut (or shortly min-cut) problem consists in finding a
cut with minimal total weight. The min-cut problem is illustrated in
Figure 11.6(a).

As many combinatorial problems, min-cut can be formulated as an
integer linear program, see Example 11.24. In general it is NP-hard,
just like other ILPs. However, if all weights ¢, ., are non-negative,
its linear programming relaxation is tight and therefore the problem
is polynomially solvable.* The corresponding linear programming re-
laxation has a special structure, which allows us to find its minimum
with polynomial finite-step algorithms with the worst-case complex-
ity O(]V'|?). Typically, the full Lagrange dual of the problem is solved
instead of the primal problem. It constitutes the max-flow problem,
for which a number of efficient polynomial finite-step solvers exist.

*The combinatorial min-cut and max-cut (see Example 3.50) problems are closely
related, therefore one typically speaks about the min-cut problem, if the edge
weights are non-negative and the term maz-cut is used, when this is not the
case.
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Figure 11.6: (a) An example of the min-st-cut problem. The shown
problem can be equivalently written as minimization of
the following pseudo-boolean function represented in the
oriented form (see §11.3.2): ¢5 ¢+ 5121+ Cs 202+ Cs 323+
€121+ CotTo+C3:T3+C1 20102+ Co1T2L1 +C32T322. The
cut shown by a dashed line corresponds to the partition-
ing, where white nodes belong to the set S and black
ones to the set T'. The cut corresponds to the parti-
tion (z1,z2,23) = (1,1,0) and its weight is equal to
Cot + Cs1 + Cs2 + c32 + c3y. Note that the edge (¢,3)
does not belong to the cut. Moreover, the edge (¢,3)
does not belong to any cut, as well as the edge (3,s).
Therefore, these edges can be ignored. (b) The MAP-
inference problem is equivalent to the min-cut problem
in (a). Black circles define the labeling corresponding to
the cut shown in (a).

Example 11.24 (ILP representation of the min-st-cut and its LP
relaxation). The min-st-cut problem with non-negative edge weights
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has the following simple ILP representation:

min Cup T (11.37)
ze{0,1}V'VE’ (u%;é'/

St Ty — Ty + Ty >0 V(u,v) € E (11.38)

zs =0, z; = 1. (11.39)

The coordinates of the binary vector x are indexed by vertices and
edges of the graph. The constraint (11.38) essentially states that if
u € S and v € T, the edge connecting them is in the cut. The non-
negativity of the weights assures that for u € T and v € S the edge
variable z,, is set to zero. Indeed, in this case the inequality (11.38)
reduces to 1+ x,, > 0, therefore x,, may take both values, 0 and 1.
However, if ¢, ,, > 0 the value 0 will be selected, as it corresponds to
the smaller objective value.

The LP relaxation of (11.37)-(11.39) is obtained as usual, by con-
vexifying the integrality constraints.

11.3.2 Oriented forms

Although the graphical form of combinatorial problems is of great
importance for the development of the field, their algebraic forms have
the advantage of a more compact problem representation and help to
give unambiguous proofs. Along with the ILP formulation for the min-
cut problem, we will consider another algebraic form, the quadratic
pseudo-boolean minimization problem.

For a binary variable x € {0, 1}, let Z denote its negation, that is,
z =1— . Functions f: {0,1}" — R are called pseudo-boolean. Note
that the class of pseudo-boolean functions coincides with the class of
set-functions as defined in §11.1. In the rest of the book we will prefer
the latter term as it is done in, e.g., [124]. An important example of
pseudo-boolean functions f(z), = € {0,1}", are those representable
as a quadratic polynomial of x; and Z;. A subclass of such functions,
tightly related to the min-cut problem, is defined as follows:

251



11 Min-Cut/Max-Flow Based Inference

Definition 11.25. Let v, oy, 3; and ~; j, 4,5 = 1,...,n be arbitrary
real numbers. For x € {0,1}" a quadratic pseudo-boolean function of
the type

n n n n
fl@)=v+ Z QT + Z Bizi + Z Z'Yijji$j (11.40)
i=1 i=1

i=1 j=1
will be called an oriented form.

Contrary to the other terms used in this book, the term oriented
form has not been used in the literature before and is first introduced
here.

Example 11.26. The following quadratic pseudo-boolean functions
are oriented forms: —5+ 7x3Z1 + 1223+ %1; 2T1x2 + 3Tox1 — 613T4.

Example 11.27. The quadratic pseudo-boolean functions below are
not oriented forms: —5+ Txsx1 + 1223+ T1; 2x122 + 3Tox1 — 623T4.

11.3.3 Min-cut as oriented form

Oriented forms are well suited for representing graph partitions like
the one found in the min-cut problem. Let the coordinates of a binary
vector z € {0,1}"" be the indicator variables, denoting the subset each
vertex belongs to. In other words, if u € S, x,, = 0, and, on the other
hand, z, = 1 is equivalent to v € T. In this way, the vector x
represents a partition of the graph G’.

Let the monomial ¢, %z, correspond to the directed edge (u,v)
with the weight ¢, . Then the total weight of the cut (11.36) corre-
sponding to the partition associated with the vector x is equal to

> CunTuy. (11.41)

(u,v)e€’

Indeed, the items of the sum are non-zero only if z,, = 0 and z, = 1,
meaning that v € S and v € T
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Note that since s € S and t € T' it follows that x5 = 0 and z; = 1.
Therefore, csyZsTy = Csp®y, CutZult = CytZy and Cs1TsTy = Csy.
It also implies that (directed) edges (u,s) and (¢,u), u € V can be
ignored, since they do not belong to any cut and the corresponding
monomials ¢, sZ,Zs and c¢; T2, vanish.

In conclusion, each min-cut problem can be equivalently represented
as minimization of the oriented form

Cat + Z Coniy + Z CutTu + Z CunBuly  (11.42)
v: (s,v)EE! u: (u,t)eE’ u,vee’
u#s, vt

with the constant cs; being zero if the edge (s,t) does not exist. Con-
versely, minimization of an oriented form can be treated as a min-
cut problem. Figure 11.6(a) illustrates this correspondence. In this
representation weights of the graph edges become coefficients of the
corresponding monomials. In particular it means that a min-cut prob-
lem with non-negative weights corresponds to an oriented form with
non-negative coefficients and the other way around. Table 11.1 sum-
marizes the mapping between the min-cut problem and minimization
of the oriented forms.

11.3.4 Binary energy as oriented form

To show a close relation between binary MAP-inference and min-cut
problems, we show that the former can be equivalently seen as min-
imization of an oriented form. We will start with an inverse trans-
formation by showing that an oriented form can be seen as a binary
graphical model energy up to a constant term. The latter does not
influence the optimization, and, therefore, can be ignored.

For the beginning, consider Figure 11.7, which illustrates how dif-
ferent quadratic monomials can be represented as pairwise factors of
a graphical model. So, for example, the monomial ¢, ¥y, for binary
variables y, and ¥, can be represented as a pairwise factor with the
cost vector

Oup(0,1) = Cuws  Bun(0,0) = Oup(1,1) = 0,,(1,0) = 0. (11.43)
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Table 11.1: Mapping between the min-cut problem, minimization of
the oriented forms and the MAP-inference in graphical

models.

min-cut oriented form E(y;0)
%4 ze{0,1}V | V=V"\{st}
uesS Ty =0 Yy =0
ueT Ty =1 Yy = 1
Cu,v;s (’LL, U) ef Cu,vjuxv qu(o, 1) = Cu,w
in particular:
sesS s =10 -
teT Ty = 1 -
Csv, (S,’U) el Cs,oly 01}(1) = Csv
Cuty (U, t) & Cu,ti‘u QU(O) = Cuyt
Cst, (s,t) €& Cst constant
Cuss (u,8) €& 0 —
th, (t,U) € g, 0 —
CuwYuYov CupYuYv Cu,vYulYv
110 O 110 //O 1 Cun
0 o ol . .1° 0]0O
u v u v u

(a)

(b)

(c)

Figure 11.7: Correspondence between quadratic monomials and pair-
wise costs of binary graphical models. Solid lines corre-
sponding to label pairs denote the only non-zero values
of the cost vector of the pairwise factor.

To specify a general transformation, consider an oriented form (11.40)
with n variables. Build the graphical model (G, )y, ) with the graph
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G consisting of n nodes, V = {1,2,...,n}, where the i-th node corre-
sponds to the i-th variable and vice versa. For each monomial ¢; j7;x;
add an edge between nodes ¢ and j to the graph G, should it not
exist yet. Set all costs 6 initially to zero. For each monomial a;x;
assign 6;(1) := oy, for B;&; assign 6;(0) := B; and for ¢; ;T;x; assign
6;;(0,1) := ¢; ;. Table 11.1 summarizes the construction, which is also
illustrated in Figures 11.6(b) and 11.7.

To specify the inverse transformation of a graphical model to an
oriented form note that only pairwise factors having the structure
of (11.43), that is every entry is zero except one non-zero value on
the diagonal, can be given by an oriented form according to the above
construction. In the following we will adopt the name diagonal form
for such factors. It turns out that any pairwise cost function can be
transformed into the diagonal form by reparametrization. Figure 11.8
illustrates this transformation, given by the formulas below:

Gu,w(0) = Ouu(1,0) — 0,0(0,0) (11.44)
Gvu(0) = —0u,(1,0) (11.45)
Pou(l) = —0un(1,1) (11.46)

Note that after the transformation (11.44)-(11.46) the only non-zero
pairwise cost value is equal to

02,(0,1) = 0y (0,1) + O (1,0) — O (1,1) — 4, (0,0),  (11.47)

which is non-negative for submodular pairwise cost functions. To
guarantee that all monomials in the oriented form are non-negative,
one has to guarantee that the unary costs are non-negative as well.
This can easily be achieved by subtracting the minimal value from the
unary costs:

Vs € Vu:  02(s) := 02(s) — min 6 (1) . (11.48)
Since each labeling contains either the label 0 or 1 in each node, such
an operation only subtracts a constant value from the energies of all
labelings and, therefore, does not affect the optimum of the MAP-
inference problem.
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11.3.5 Equivalence: binary energy minimization = min-cut

Summarizing, transformations (11.44)-(11.46) performed for each edge
wv € & and followed by transformation (11.48) applied to each node
u € V translate the cost-vector into a form where it can be repre-
sented as an oriented form. Moreover, this oriented form has only
non-negative coefficients, if the MAP-inference problem is submodu-
lar.

Combining this with the results of §11.3.3, one obtains the following
statement:

Proposition 11.28. The binary MAP-inference problem reduces to
the min-st-cut problem and the other way around. Should the costs
of the MAP-inference problem be submodular, then it can be reduced
to the min-st-cut problem with non-negative edge weights. Inversely,
such min-cut problems are equivalently representable as binary sub-
modular MAP-inference problems.

Remark 11.29. The transformation (11.44)-(11.46) is asymmetric,
since 0y,(0,1) # 0 and 6,,(1,0) = 0. A symmetric transformation
can also be found, e.g. such that 6,,(0,1) = 6,,(1,0) # 0. Although
it can be useful in some cases, the corresponding min-st-cut graph
would contain two directed edges (u,v) and (v, u) for such a symmetric
representation, whereas the diagonal representation (11.43) requires
only a single edge. The latter results in a smaller min-st-cut graph
and faster optimization.

Exercise 11.30. Show that using reparametrization any pairwise
binary energy can be transformed into the form of the Ising model
(see Example 11.11). Moreover, submodular pairwise costs are trans-
formed into submodular ones with A, > 0, and supermodular into
supermodular ones with A\, < 0.
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a c — b
td—b—c
1 C“ [ i te . s
>{ b r e
0 ] o of |o °
d — ¢] @ d

(a) (b) (c)

Figure 11.8: Transformation of an arbitrary pairwise cost vector (a)
to the diagonal (b) and parallel (c) form. For the use of
the latter see Chapter 12.

11.4 Transforming multi-label problems into
binary ones

As shown in §11.3 binary submodular MAP-inference problems can
be reduced to the min-cut problem with non-negative weights. In-
terestingly, a similar reduction can be performed also for multi-label
graphical models. This additionally supports the theoretical fact that
generalization of the submodularity to general finite lattices from the
set-lattice also preserves computational complexity of this class of
functions.

Instead of providing a direct reduction of a multi-label problem to
the min-cut problem, we will give a transformation of the general
multi-label problem to the binary one. The latter can be reduced
to the min-cut as described in §11.3. Notably, our transformation
will preserve the submodularity of the MAP-inference problem. As a
result, submodular multi-label problems can be reduced to the min-
cut problem with non-negative edge weights.

Consider a multi-label graphical model (G = (V,£), Vv = [[,cp Vu. 0).
We will construct a binary graphical model (G = (V, ), )>9 = [Lev Vu, 0)
with Y, = {0,1} for all u € V, and build an injective mapping
Yy 3y m— g€ )A?f} such that the corresponding energies Eg(6,vy)
and Eg(é, ) coincide for the corresponding labelings y, y. The energy
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1

+ —_J

Label Label — 0 1 Label — 0 1

Node —u v Node = (u,-) (v,-)
Figure 11.9: Transformation of a multi-label problem (a) into a bi-
nary one (b). Dashed lines correspond to zero costs.
Non-shown lines correspond to label pairs with infinitely
large costs. Black circles denote a labeling for the multi-
label problem and the corresponding one for the binary
one. See also the main text for a detailed explanation.

Es (6,9) will be constructed such that it is equal to co for those label-
ings gy € V, which have no pre-image y in the constructed mapping.

The binary graphical model is constructed according to the follow-
ing rules (see illustration in Fig. 11.9):

e The node set contains one node for each label in each node of
the multi-label problem: V := {(u,l): v € V,l € Y, }.

e The edges of the binary problem connect (i) nodes corresponding
to consecutive labels, and (ii) nodes corresponding to the label
pairs of the multi-label problem, that is,

A~

E={((u,0),(u,l+1):ueV,1<Il< |V}
U{((u,s), (v,t)): uv € &€, (s,t) € Vup}. (11.49)
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e The set of labels contains two elements and is the same for each
node: V; ={0,1}, a € V.

e The mapping y — ¢ is constructed such that the label y, in the
multi-label problem corresponds to the following labels g, ;) for
all l € Y,

Yu — :g(u,l) = [[l > yu]] . (11.50)

e Unary costs are set up to guarantee that the labelings ¢ & JA/V,
not conform to (11.50) get infinite energy:

a 0, 1<Ii< |V

fop(0) = {oo g
2 07 1< l S yu
(1) = {9 P

e Pairwise costs for the pairs of nodes in the binary model, which
correspond to pairs of labels associated with the same node of
the initial multi-label problem are constructed to take into ac-
count unary costs of the multi-label problem:

. ! 0 1
Foru € Vand 1 <1< |Vul: Oy yuis1)(s,t) = 00 Gt
1 |0 0

e Pairwise costs for pairs of nodes corresponding to label pairs
from different nodes of the initial multi-label problem are con-
structed as follows:

@)
)

Foruv e £ and s € Y,, l € V,: é(ms)(v,l) =0
1|0 | aup(s,)
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Here
(0 (5, 1) + Oup(s +1,t 4 1)
—Oup(s, 1+ 1) = Oup(s + 1,1), s <|[Vul,t <D0
Qup(8,1) = Q Ouo (5, [ Vo) = Ouo(s + 1, D0]), s < |Vul,t = [D0]
Ouo (| Vul, t) — Oun (| Vul, t + 1), s =|Vul,t < |Vl
Ouo (| Vul; [W0]), s=[Vul,t = D]
(11.53)

Note that (i) for any g € )A)f) other than those representable as (11.50)
for some labeling y it holds that Eg(é,@) = oo due to the pairwise

costs é(v’s)(v’sﬂ) corresponding to label pairs from the same node
of the original multi-label problem; (ii) there is a bijective mapping
between y which satisfy (11.50) and )). Therefore, to prove that
Eg(0,y) = Eg(é, ) it is sufficient to show that

W) = > O @) + D Oy e Gy Gugeny) (11.54)

leyu lEYuy
1<|Yul|

and
RZANRZA

Oun(s,8) = > Y (1,1 (11.55)
l=s l'=t
hold for any y € Yy and gy defined as in (11.50).
The proof of (11.54) is straightforward. The proof of (11.55) follows
from Lemma 11.14, which implies for s < |V,|,t < || (for the sake
of notation we omit the indexes uv in the next formula):

|Vul [Vl
>3 al)
l=s lI'=t
3 Pl
Z > O(s,t) +0(s+1,t+1) = 0(s,t +1) — (s + 1,1)
l=s U'=t
Vul-1 |9s]—1

+ Z al D}v Z Oé(|yu‘,l/)+a(‘yu|>|yv|)

l=s I'=t
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LY 005, 1) + 0(Dul, (D)) = 005, [V]) — 0Dl 1)
(115 ) Yl 1
D00 1)) = 01+ 1,|V))
l=s
(11.53) Mg

+ ) 0Vl 1) = 0Vl U+ 1) + al|Vul, 1Y)
=t
(11.15)

= 0(s,t) + 0(|Vul, Vo) = 0(s, [Vu]) = 0Vl 1)
+0(s, [Vo]) = O(Vul, [Vo]) + 0|Vl 1) = (Wl [V])

(11.53)
+ 0|Vl V]
0(s.1). (11.56)

Elimination of the nodes corresponding to the highest labels The
“top-most” nodes (u,|),|) in the binary problem in Fig. 11.9 can be
eliminated, as they contain a single allowed label (the one with a finite
weight). The elimination only changes unary potentials as follows

A~

Yu € Vv € Ny(w), s < |Vul: Opus) (1) := 01 0 (1) + (s, [W0])
(11.57)

Y € V1 0y -1)(0) 1= a1y (0) + Ou(| V) -
(11.58)

Submodularity of the constructed binary problem The described
transformation of multi-label problems into binary ones is valid for
any pairwise graphical model. Note, however, that if the pairwise
costs of the multi-label problem are submodular, so are the pairwise
costs of the corresponding binary problem. Indeed,

o ayy(s,t) <0 for s < |Yy,| and ¢t < |V, due to the submodularity
of 0yy, and, therefore, pairwise costs 0, 4)(,,1) are submodular.
Due to the elimination of the ”top-most” node, s < |),| and
t < |Vy| hold for any uv € £ above.
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y

(a) (b)

Figure 11.10: Transformation of a pairwise cost in parallel form (a)
to the diagonal form (b). Edges corresponding to label
pairs with zero cost are not shown.

. é(v,s)(v’sﬂ) are submodular since é(v,s)(v’sﬂ)(l,()) = oo accord-
ing to the definition of the pairwise costs.

This shows equivalence of the min-cut and submodular pairwise
energy minimization in general, including multi-label energies.

Diagonal form To transform a binary MAP-inference problem ob-
tained from a multi-label one into min-cut one has to additionally
transform all pairwise factors into diagonal form as described in §11.3.4.
Note that the only factors in the non-diagonal form are é(u,S)(v,t)a
w € €, 8 € Yy, t € Y, which correspond to labels from different
nodes of the initial graph. However, these factors have a special par-
allel form, which has an especially simple reparametrization to the
diagonal form, as shown in Figure 11.10.

Computational complexity Let a binary graphical model be the re-
duction of an L-label one, where L is the maximum number of labels
in a node. Then the number of pairwise factors (and therefore, the
size of the problem) grows as O(|€|L?), where £ is the number of
edges in the multi-label model. Up to a constant, this coincides with
the size of the multi-label model. Therefore, the considered reduction
has a linear complexity if we assume the unary and pairwise costs to
be defined explicitly as number arrays. In a special case, however,
when the pairwise costs constitute an ¢;-norm (11.25), an equivalent
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binary problem can be constructed, whose size grows as O(|€|L), only
linearly with the number of labels L. We refer to [125] for details.

11.5 Move-making algorithms

Although the class of multi-label submodular energies is rich, it does
not include a number of important pairwise costs, such as Potts (Ex-
ample 11.12), truncated linear and quadratic costs (Example 11.17).
Additionally, the size of the min-cut graph obtained as a reduction of
a multi-label submodular problem grows quadratically with the num-
ber of labels, which results in high computational time for the min-cut
algorithms.

Fortunately, there is an alternative class of min-cut-based inference
methods, such that

e they are applicable to submodular problems and beyond, which
includes Potts and truncated convex costs.

e on each iteration they compute an approximate integer labeling
and energies of these labeling are monotonically decreasing over
iterations;

e the size of the min-cut graph does not depend on the number
of labels, although a number of such min-cut subproblems must
be solved until the method terminates.

These methods are only approximative, which is the price for their
favorable properties, although some of them provide approximation
guarantees. In practice, the obtained approximate solutions are often
very good, much better than guaranteed by the theory.

11.5.1 a-expansion algorithm

One of the most popular and efficient min-cut-based move-making
algorithms is a-expansion. Assume the label sets in all nodes are the
same and equal to ), i.e. YV, = ) for all w € V. The algorithm starts
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with some initial labeling y (e.g. consisting of locally optimal labels).
On each iteration it selects a label a to be “expanded”. That is, the
binary auxiliary subproblem

. /

, vur@r/zlg{yu,a} E(y) (11.59)
is considered, where the two labels in each node u are y, and a. If
Y = « the number of labels in the node u reduces to one. The solution
of this binary subproblem is considered as the current labeling for the
next iteration, see Algorithm 17. Iterations proceed until the current
labeling does not change anymore.

Algorithm 17 a-expansion

1: Init: % € )y, t =0

2: repeat

3: for a€)ydo

4: y* = arg miny: YVu yu€{yl,a} E(y)
5: if E(y*) < E(y") then
6: ytJrl — y*

7 else

8: Y+l =yt

9: end if

10: t=t+1

11:  end for

12: until yt = yt= 1ol

13: return 3

Let us assume that the minimization in line 4 of Algorithm 17 can
be done efficiently. Then E(y**!) < E(y!), that is, Algorithm 17
monotonously decreases the energy F.

Let us now figure out, when the minimization problem (11.59) can
be solved efficiently. This is obviously the case when the pairwise
costs of the problem are submodular and the order of the labels in
the auxiliary problem (11.59) does not change w.r.t. to the order of
labels in the original label set ). That is, when a > ¥, in some node
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u, then a corresponds to the label 1 and y, to 0 and the other way
around:

Proposition 11.31. If the energy FE is submodular, the minimization
problem (11.59) is permuted submodular. It is submodular if the
original order of labels is kept.

However, the a-expansion algorithm can also be used with non-
submodular energies. It is sufficient that each pairwise cost function
defines a metric:

Definition 11.32. For any set L the function f: L x L — R is called
a semi-metric if for all z, 2’ € L it holds that: (i) f(z,2’) > 0; (ii)
f(z,2") =0iff x = 2/; (iii) f(z,2) = f(2/,x).

Definition 11.33. The function f: L x L — R is called a metric if
it is a semi-metric and additionally the triangle inequality holds, i.e.
fl@, ') + f(a,a") > f(x,2"), Vo, 2’ 2" € L.

Proposition 11.34. Let 0y,,(s,t) be a metric. Then the binary op-
timization problem (11.59) is submodular if the label « is lower than
any other label. In other words, the label « is substituted with 0 and
Yy, With 1.

Proof. The submodularity follows from the inequality based on the
metric properties of ,,,:

(91“,(0[, a) + qu(ym yv) — Ouw (yU7 a) - euv(ay yv) <0. (1160)
——
=0 <0
OJ

Example 11.35. It is easy to show that the following pairwise po-
tentials are metrics:

e Potts potentials Oy, (s,t) = [s # t].

e Truncated ¢;-norm: 6,,(s,t) = min{|s —¢|, M }.
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e Truncated fo-norm: 6y,(s,t) = min{(s —t)2, M}.

From Example 11.35 it follows that a metric need not be submod-
ular. Conversely, submodularity does not imply metric properties.
That is, if 6, is metric, then for any constant a the cost function
Ouy + a is not a metric anymore. However, if 6,, is submodular,
Ouv + a is submodular as well. In other words, submodular functions
in general violate the f(z,z) = 0 condition of Definition 11.32.

11.5.2 Optimality guarantees for the a-expansion algorithm

The a-expansion Algorithm 17 does not solve energy minimization
optimally (even submodular) in general. It performs in a certain sense
a “local search”, similar to the ICM algorithm considered in Chapter 8.
The crucial difference between these two methods is in the size of
the “vicinity” of the current labeling, where the search is performed.
This vicinity for the a-expansion algorithm is much larger than the
one for ICM, which explains the typically much better quality of the
approximate solutions obtained by a-expansion.

The following theorem provides the worst-case optimality bound for
Algorithm 17. In practice, however, the algorithm attains significantly
better energy values than it is guaranteed by the bound.

Theorem 11.36 (Multiplicative optimality bound, Boykov, Veksler,
and Zabih [126]). Let 6,, be a metric for all uv € £, y* be an optimal
solution, and 3’ be the labeling obtained by Algorithm 17. Then for

¢ = max o YuF Y un (Yu: ) (11.61)

wveE minyqﬁgyv qu(ym yv)

it holds that:

2 (Z Oulys) + > GuU(yLyi)) > 0ulyl) + D Oun(¥lvh) -

uey uv€eyY uey wveY
(11.62)
In particular, for a Potts model the constant ¢ is equal to 1 and for

truncated linear and pairwise costs it is equal to the truncation value
a, see Example 11.17.
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11.5.3 ap-swap algorithm

The triangle inequality (see Definition 11.33) can still be quite restric-
tive for certain applications. Therefore, we consider another popu-
lar min-cut-based move-making algorithm, applicable to semi-metric
pairwise costs. This algorithm is called af-swap. On each iteration
it considers only two labels of the current labeling: « and 5 and finds
an optimal configuration of those given that the rest are fixed.

Let the label set Y*?(s) be defined as

. s) = {5}’ s € yo\{aaﬁ}
Y*i(s) {{a,ﬁ}, ‘e faf). (11.63)

Algorithm 18 starts with an arbitrary labeling y° and tries to change
to a new labeling with better energy on each iteration. Similarly to
the a-expansion, the algorithm is monotonous, i.e. E(y*!) < E(y!).

Algorithm 18 afS-swap
1: Init: 9%, t =0
2: repeat

3:  // The line below defines (3;0) iterations

4. for (o, 8) € V2 do
5: * = ar min FE
Y gy: Yu y, €Y (yt,) (@)
6: if E(y*) < E(y') then
7. yt-i-l — y*
8: else
9: Yt = ot
10: end if
11: t=t+1

12:  end for N
13: until yt = '~ 20))
14: return 3

Similar to a-expansion, the af-swap algorithm can be applied to
submodular functions, however, it is also applicable to semi-metric,
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as we mentioned above. This follows from the fact, that on each
iteration only labels o and 5 are active. The following submodularity
condition for this restricted problem follows directly from the semi-
metric conditions:

Ouw(ty B) + Oup (B, @) > Oy (v, @) + 0 (5, B) (11.64)
>0 >0 =0 =0

Fach outer iteration of af8-swap has a quadratic complexity with
respect to the number of labels, which is more than the linear com-
plexity of a-expansion. However, since only those nodes participate
in optimization, which have labels « or 3, each min-cut computation
is cheaper than those of a-expansion.

Contrary to a-expansion, af5-swap does not provide any optimality
bound. Moreover, the following example shows that the algorithm can
return arbitrary bad results. However, in practice it often performs
only somewhat worse than a-expansion.

Example 11.37 (Arbitrary bad optimality bound, [126]). Consider a
graphical model consisting of 3 nodes, i.e. V = {u, v, w}, see Fig. 11.11.
The edges connect the nodes u,v and v,w, i.e. € = {{u,v},{v,w}}.
Each node is associated with 3 labels, i.e. Yy = {a,b,c}. The values
of unary costs are given in Fig. 11.11, with v > 2.

Semi-metric pairwise costs are homogeneous (6, = 6y = 6) and
equal to f(a,b) = 6(b,c) = 3 and 0(a, c¢) = 7. It is easy to see that the
configuration (a, b, ¢) is a fixed point for Algorithm 18. Its energy is 7,
while the optimal configuration is (¢, ¢, ¢) and has energy 4. Since 7 is
not bounded from above, the energy of a fixed point of the af-swap
algorithm can be arbitrarily worse than the energy of the optimal
labeling.

Exercise 11.38. Show that the a-expansion Algorithm 17 obtains
the optimal solution when starting in the fixed point of afB-swap in
Example 11.37.
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11 Min-Cut/Max-Flow Based Inference

Figure 11.11: An example illustrating that aB-swap may produce
arbitrarily bad approximate solutions. Unary costs
are given inside nodes, above the corresponding label.
Dense lines correspond to pairwise costs equal to 7,
dashed lines correspond to a cost of 3, and not shown
lines between labels in neighboring nodes have cost 0.
Black labels in each node indicate the optimal solution
with total energy 4. At the same time, the labeling
(a, b, c) with energy ~ is a fixed point of the afS-swap al-
gorithm. Since v is not bounded from above, the energy
of a fixed point of the af-swap algorithm can be arbi-
trarily worse than the energy of the optimal labeling.

11.6 Bibliography and further reading

An overview of combinatorial algorithms for general submodular min-
imization can be found in [127].

The first work formulating the submodular binary energy minimiza-
tion problem as min-cut was probably [128]. The classical paper,
which describes reduction of the binary energy minimization problem
to the min-cut problem is the seminal work [129].

Somewhat different transformations of multi-label problems into the
min-cut problem were proposed independently in [130] and [125] for
convex pairwise potentials (as in Exercise 11.16). Later this result
was generalized in [131] to the submodularity-preserving transforma-
tion of general multi-label problems into binary ones. An algorithm
determining whether a given problem is permuted submodular is due
to [132]. Energies with metric potentials are analyzed in detail in [133].
The a-expansion and a-swap algorithms were proposed and analyzed
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in [126]. Recently some sufficient conditions guaranteeing global op-
timality of the a-expansion algorithm were provided in [134]. Min-
cut-based move-making methods attaining improved multiplicative
bounds for truncated convex potentials were proposed and analyzed
by [135]. Finally, the comparative studies [70] and [71] show how the
considered a-expansion and af-swap algorithms compare to some of
the dual methods considered in the previous chapters.
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12 Relaxed Binary Energy as
Min-st-Cut

In Chapter 11 we have shown an equivalence between min-st-cut and
binary MAP-inference problems. That is, each binary MAP-inference
problem can be reduced to min-st-cut of asymptotically the same size,
and the other way around: Each min-st-cut is reducible to a binary
MAP-inference problem.

In particular, we have shown that submodular MAP-inference prob-
lems correspond to min-cut problems with non-negative edge weights.
Hence, both problems have polynomial complexity and are, moreover,
very efficiently solvable.

However, the non-submodular MAP-inference problems can be re-
duced only to min-cut with some edge weights being negative. This
conforms to the fact that both problems are A’P-hard. Therefore, in
order to deal with this kind of problems, one has to resort to approx-
imate algorithms such as those addressing its LP relaxation.

Interestingly, the local polytope relaxation of the binary MAP-
inference problem can be optimized very efficiently by reducing it to
min-st-cut with non-negative edge weights. This contrasts with the
local polytope relaxation of the multi-label problem, which is known
to be as difficult as general linear programs, see Theorem 4.7. In this
chapter we will provide the above reduction. Additionally, we will
analyze the local polytope corresponding to binary MAP-inference
problems. In particular, we will show that it possesses the so called
persistency or partial optimality property, which often allows us to
reduce the size of the non-relaxed problem, and, therefore, makes it
possible to obtain its exact solution with combinatorial solvers. An-
other important use of this property are primal heuristics similar to
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the a-expansion algorithm (see Chapter 11), however, in this case also
applicable to problems with arbitrary pairwise costs. We address this
type of algorithm in §12.3.2.

12.1 Half-integrality of local polytope

We start with the most important property of the local polytope of
binary MAP-inference problems (we will refer to it as binary local
polytope, although it is not a commonly used term in the literature).
This is the characterization of its vertices, which all turn out to have
half-integer coordinates, i.e. for any vertex p of the binary local poly-
tope it holds that u € {0,1, %}I Recall that 7 indexes all all labels
in all nodes as well as all label pairs in all edges, see Chapter 4.

For the following statement recall the definition of the set L(¢)
from (6.10):

L(¢) ={p € L: pyw(s) =0if2(s) > min 2 (s"), w e VUE, s € Y},

'€V
(12.1)
which is the set of all vectors in the local polytope such that their
non-zero coordinates correspond only to locally minimal entries of the
cost vector.

Theorem 12.1 ([46], [119], [136]). Let (G, Yy, 0) be a binary graphical
model. Let ¢ € R7 be a reparametrization and 6% be the correspond-
ing reparametrized costs such that the corresponding arc-consistency
closure is non-empty, i.e. cl(mi[§?]) # 0. Then L£(¢) N {0, 5,1}* # 0.

In other words, there is a half-integral point in the local polytope,
such that its non-zero coordinates correspond to locally minimal labels
and label pairs of the cost vector 6.

Note that due to Proposition 6.2(5), Theorem 12.1 implies that a
non-empty arc-consistency closure is sufficient for dual optimality in
case of binary problems.

Proof. Consider ¢ = cl(mi[#?]). Denote by n, the number of non-zero
entries in &,, i.e. ny, = &,(0)+&,(1), u € V. Consider the three factors
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Figure 12.1: Possible configurations of the arc-consistency closure £ =

cl(mi[f#?]) up to label flip, see proof of Theorem 12.1.
Black circles for a label s in a node u corresponds to
&u(s) = 1, white circle to &,(s) = 0. Let n, be the
number of black circles in the node u. Both solid and
dashed lines connecting labels s and ¢ in nodes u and
v correspond to &y, (s,t) = 1, otherwise &yuu(s,t) = 0.
Angular brackets () are used for coordinates of primal
solution p. To construct a feasible relaxed primal solution
poassign p,(s) = % if label s corresponds to a black
circle, and p,(s) = 0 if to a white one. Similarly, assign

fun (8, 1) = m, if (s,t) corresponds to a solid line,

otherwise assign fiyy(s,t) = 0.

Eu, Eup and &, for any uv € €. Up to label flipping they can have only
5 possible configurations, depicted in Figure 12.1, where black circles,
solid and dashed lines correspond to coordinates of £ equal to 1 while
the remaining coordinates are 0.

We now construct a half-integer vector p. Assign p,(s) = %

n
for all uw € V. Assign py,(s,t) = % It is straightforward to

check that such p belong to the binary local polytope. It contains
only half-integer coordinates, and its non-zero coordinates correspond
to non-zero coordinates of . Concluding, u € L(¢)N{0, %, 1}%, which
finalizes the proof. O
Corollary 12.2. All vertices of the binary local polytope have half-
integral coordinates.

Proof. Let 6 be a cost vector such that the relaxed problem min,e (6, 1)
has a unique solution. Let also ¢ be an optimal reparametrization,
which implies that cl(mi[§?]) # 0. According to Theorem 12.1 the
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relaxed solution is half-integral. Together with Definition 3.19 this
proves the statement. O

12.2 LP relaxation as min-cut

The goal of this section is to reduce the LP relaxation of the binary
MAP-inference problem to the min-st-cut problem. Such a transfor-
mation would imply existence of a polynomial, practically efficient
algorithm for the LP relaxation.

Separability of the local polytope As noted in §6.1, the local poly-
tope for arbitrary, not only binary problems can be written in the
following compact form, see (6.2):

Ly € AYe, YueV
L=< fiyy € AVer, Yuv € £
Doty Huv(8;1) = pu(s), Yu eV, veNy(u), s € Wy

(12.2)
Let us fix the “unary” vectors p,, for all nodes u € V. Let Loy (tu, i)
be the set of all “pairwise” vectors fu,,, such that the whole vector u
belongs to L, i.e.:

Euv(ﬂuaﬂv) = {Muv € AV Z Muv(sat) = /~Lu(5) Vs € yu} (12-3)
t€Vy

This separable structure implies that given the “unary” vectors p,,
u € V, optimization with respect to the “pairwise” ones decomposes
into |€| small independent optimization problems, one for each pair-
wise factor:

in (6, u) = mi 0 i 6 .
I/flelIﬁl < ’ M> uurEIlAlg}u R < w Mu> * Z Huvegj&u,ﬂv) < “ Muv>
uey  u€V uvel

(12.4)
We will use this fact below to reduce the binary local polytope relax-
ation to the min-st-cut problem.
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Idea of the transformation As follows from §11.3.4, binary energy
can be represented as an oriented form. Submodular pairwise costs 0,
can be turned into diagonal form (see Figure 11.8(b)) equivalent to
a quadratic monomial ¢, ¥,y With non-negative coefficients c,,,
whereas for supermodular costs these coefficients are non-positive. Al-
ternatively, supermodular pairwise costs can be turned into the par-
allel form, as shown in Figure 11.8(c), corresponding to the quadratic
monomial ¢, Yy, Yy, see Figure 11.7(c). Although the coefficient of this
monomial is non-negative for supermodular costs, they cannot be di-
rectly represented as edges of the min-st-cut graph. To do so, we will
introduce an additional binary vector z such that y = z and rewrite
CupYulfp = %cuyvyuiv + %cuyvéuyv. The right-hand side is an oriented
form, and, therefore, can be represented as edges of a min-cut graph.

Binary energy as oriented form with twice the number of variables
In general, we will assume that the binary energy is transformed into a
quadratic pseudo-boolean function with non-negative coefficients. By
adding an additional binary vector z such that y = Z we rewrite each
term of the pseudo-boolean function as a symmetric oriented form
containing both y and z vectors.

e Unary costs are transformed as follows

—CulYu + =CuZu s (12.5)

Zeuzy . (12.6)

1 1
2 2
1 1
2cuyu + B

e Submodular pairwise terms are transformed as follows

1 1
icu,vguyv + icu,vzuzv . (127)

Cu,vguyv —
e Supermodular pairwise terms are transformed as follows

1 B 1 B
— =CupYuiv T ZCupZuly - (128)

CuvYuYv 5, B
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As noted above, we assume all coefficients ¢,, ¢, and ¢, , to be non-
negative.

Let E be an energy and g(y, z) be the oriented form, constructed
according to (12.5)-(12.8). By construction, E(y) = g(y, z), therefore
it holds that:

min ,z2) < min ,2) = min FE(y). 12.9
y,ZG{O,l}V g(y ) y,ze{oll}v g(y ) ye{()’l}v (y) ( )
Z:y

The following theorem relates the first term in (12.9) to the LP relax-
ation of the energy minimization:

Theorem 12.3. Let (G, )y, 60) be a binary MAP-inference problem
and its submodular and supermodular pairwise terms be represented
in the “diagonal” and “parallel” forms respectively. Let g be con-
structed according to (12.5)-(12.8). Then it holds that

i ,z) = min (6, 1) . 12.10
y,zé%&ﬁ}vg(y z) ggg( ) (12.10)

Moreover, a minimizer ' of the right-hand-side can be constructed
from a minimizer (y/, 2’) of the left-hand-side as follows:

/ / I~
Yu» Yy =%
p,() =37 (12.11)
2 Yu, 7é Zu
11,(0) = 1 — pig, (1) (12.12)
Py = arg min (Ous ) (12.13)

MU’UEﬁuv(ﬂfu,}dy)ﬂ{o,l,%}yuv
where L, is defined by (12.3).

Proof. The proof of the theorem is quite straightforward: Except for
one special case noted separately, for each factor w € VU E we will
show that if !, is constructed from arbitrary (y.,, z,,) the relaxed
energy (0y, pil,) is equal to the corresponding term of g(y', 2’).

1. If y,, = Z, the condition above holds by construction.
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2. Unary terms (12.5)-(12.6): If y, # Z, then the corresponding
term of g is equal to %cu, which is equal to (6,, ul,).

3. Submodular terms (12.7): Let y, = Z, and y, # Z.

a) If y, = z, = 1 the corresponding term (12.7) of g turns
into %cu,v(gu + 2y), which is %cuﬂ) (independently of the
values of 7, # z,) and is equal to (fyy, 11.,,) according to
Figure 12.2(a).

b) if y, = z, = 0 the corresponding term (12.7) of g is equal to
0 (independently of the values of y, # z,), which is equal
to (Quw, ), see Figure 12.2(b) for illustration.

4. Supermodular terms (12.8) with y, = z, and vy, # Z, act anal-
ogous to the previous case 3 when changing y, to Z,.

5. Other submodular (12.7) and supermodular (12.8) terms: Let
Yo F# Zp and Y, # Z,. This is the exceptional case mentioned
above. It holds that (0y,, .,,) = 0, see Figure 12.2(c) and 12.2(d)
for illustration. This is the same 0 value the terms (12.7) and (12.8)
have if y, = 2z, = yy = 24 = 0. There are combinations of values
of y, and z, (e.g. y» = 2y = 0 and y, = 2z, = 1 for (12.7)),
corresponding to bigger values of the considered terms, however
they are never optimal. This is due to the fact that as soon
as Yy # Z, the change from y, = 2z, = 1 to y, = 2z, = 0 can
either decrease the value of the corresponding components of
g(x,y) (as in the current case) or leave it unchanged (as in all
other situations described above). This means that considering
Yu = 24 = 0 a soon as y, # z, gives smaller or equal value of g.
Hence, we can conclude that g(y/, 2") = (0, i/).

O]
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Figure 12.2: Optimal primal solutions for pairwise factors, see the
proof of Theorem 12.3. Solid lines correspond to the
value % of the primal variable p, black labels - either
to 1 (in case of a single black label per node) or to 3 (for
two black labels per node). Dashed lines correspond to
the diagonal and parallel forms of the submodular and

supermodular pairwise factors respectively.

12.3 Persistency of the binary local polytope

In this section we get back to the question of how integer coordinates
of a relaxed solution are related to an exact non-relaxed solution. As
shown in Example 4.6, in general, one cannot assume that the integer
coordinates are kept unchanged in some exact non-relaxed solution.
However, for the binary local polytope this property indeed holds, as
we show below.

First, we will give the definition of the considered property and
a sufficient condition for its existence for general graphical models.
Afterwards we concentrate on the binary MAP-inference and show
that the sufficient condition always holds in this case.

Persistency definition and criterion for general graphical models

Definition 12.4 (Persistency of an integer coordinate). Let

p' € argmin (0, ) (12.14)
peL

be a relaxed solution of the MAP-inference problem for a graphical
model (G, Yy, 0). For any u € V its coordinate p.,(s) is called (weakly)
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persistent or (weakly) partially optimal, if (1) pl,(s) € {0,1} and (ii)
there exists an exact integer solution

*ear min 0, 12.15
Wwocarg w {071}I< 1) (12.15)

such that p(s) = pl,(s). It is strongly persistent if this property holds
for all exact integer solutions p*.

A somewhat more general definition of persistency can also be given
without relating it to any relaxation.

Definition 12.5 (Persistency of a partial labeling). A partial labeling
y' € Y4 on a subset A CV is (weakly) partially optimal or (weakly)
persistent if y' = y*| 4 for some y* € argmin, ¢y, (0, 0(y))-

The following proposition formulates a sufficient persistency condi-
tion:

Proposition 12.6 (Persistency criterion [28]). A partial labeling 3/ €
Y4 is persistent, if for all § € JA)\ 4 the following holds

y' € argmin E((y, 7)), (12.16)
SA

where (-,-) stands for the labeling concatenation, i.e.

~ w, u€A,
(y,9) = {g VA (12.17)

Proof. Consider the equation

min E(y) = min min EF((y,y)) . 12.18
min E(y) jiin  min ((,9)) (12.18)

Let § € W)\ 4 be such that it leads to a minimal value on the right
hand side of (12.18). Then g is part of an optimal solution. By the
assumption (12.16), ¢/ is an optimal solution to the inner minimization
problem of (12.18), hence (¥, %) minimizes FE. O
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12.3.1 Persistency of the binary local polytope

Let 7 be the set of indexes associated with possible labels and label
pairs of a binary graphical model, see Chapter 4. For an arbitrary
vector 1 € RT let Int(p) = {u € V: 1, € {0,1}2} be the set of nodes
corresponding to integer coordinates of p.

Theorem 12.7. Let 4/ € argmin,cz (6, 1) be a relaxed solution of a
binary MAP-inference problem. Then p’ It () 18 persistent.

Proof. The proof is illustrated in Figure 12.3. Let A := Int(y'). Let
also ¥/ € X4 be selected such that §(y') = p/|4. The criterion of
Proposition 12.6 is independent of a reparametrization of §. W.l.o.g.
we will assume the latter to be (dual) optimal and such that for all
w € VUE it holds that

min 6,,(s) =0. (12.19)
SEYVw

Let us consider the persistency criterion (12.16). For a fixed § €
M4 it holds that

arg min F((y,y)) = arg min | F + 6 N ,
gyeyA ((y y)) gyeyA A(y) u;: uv(yu yv)
uEAVEV\A

>0
(12.20)
where the energy F 4 is restricted to the induced subgraph of A and
the inequality holds due to (12.19).

Since y' is primal relaxed optimal and 6 is dual optimal, it holds
that E4(y') = 0 due to the strong duality, see Proposition 6.2(4).
Moreover, since the solution p' outside A is non-integer, it holds that
wh(s) > 0 for all s € YV, u € V\A. Therefore, due to the local
polytope constraints, fiy, (Y, yv) > 0 for all u € A, v € V\ A with uv €
& and y, € Y,. Statement 5 of Proposition 6.2 implies 6, (y.,, y») = 0,
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Figure 12.3: Illustration to the proof of Theorem 12.7. Black labels
and solid lines correspond to the non-zero values of the
primal variables of a given relaxed solution p’. An ex-
ample of such values is written in angular brackets ().
These non-zero values correspond to locally optimal la-
bels and label pairs in an optimal reparametrization 6.
We assume these locally optimal labels and label pairs to
have weight 0. Dashed lines correspond to an arbitrary
selected alternative labeling. Since it may contain locally
non-minimal labels and label pairs, it is not minimal in
general.

in particular 0y, (v, %) = 0. Hence, we obtain

EaW)+ > Ouw(liv) | =0. (12.21)

uv€EY 4
ucA

Comparing to (12.20) we obtain y' € argmingey, E((y,y)), which
finalizes the proof. O

Remark 12.8. An important property of 3 follows from the fact that
it minimizes (12.20). It reads

E((yag)) > E((y,a g))? Vy € yInt(/J,) and y € yV\Int(u) ) (1222)

where p is the relaxed solution. This property constitutes a basis for a
powerful class of min-cut-based primal heuristics applicable to general
graphical models, which we consider in §12.3.2.
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12.3.2 Fusion moves

The property (12.22) allows algorithms like a-expansion (or afS-swap)
to work with arbitrary pairwise potentials. Consider the a-expansion
Algorithm 17. Let L(y',a) be the local polytope of the auxiliary
binary problem in line 4 of the algorithm, such that each node u
contains only two labels, a and y!. Let

p* € argmin (0, p) (12.23)
EL(Y @)

be a solution of such a relaxed binary problem. Construct the new
labeling as

* -1
VueV yitti={% puler) =1, (12.24)
Yy, Otherwise.

The property (12.22) implies that E(y'*!) < E(y'), which guaran-
tees monotonicity of the algorithm. Since the new current solution
yt1 is “fused” from the old one y' and the proposal consisting of a
constant labeling «, the modified algorithm is usually referred to as
fusion mowves.

Note several important differences between Algorithm 17 and fusion
moves:

e Fusion moves do not require any metric properties of the initial
multi-label problem to be applicable, since the key computa-
tional step — the relaxed problem (12.23) is efficiently solvable
for any costs.

e Due to the above property there is no need to restrict the pro-
posal labeling to a constant one. The best results are often ob-
tained, when application-specific knowledge is used for proposal
generation. For example, for stereo reconstruction of smooth
surfaces the labelings corresponding to such surfaces can be used
as proposals. The constant proposals in the a-expansion algo-
rithm correspond to the piece-wise constant compactness prior,
more typical for image segmentation problems. Note that if the
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set of proposals becomes infinite, or at least exponentially large,
there is no clear stopping criterion for the fusion moves algo-
rithm anymore, except by prescribing the number of iterations
in advance.

e Similar to af-swap, the fusion moves algorithm does not have
any optimality guarantees in general, which conforms to the
fact that such guarantees can not be obtained by polynomial
algorithms for general graphical models. In particular, there
is no guarantee that the set of nodes with integer coordinates
Int(p*) is non-empty for the solution of any of the auxiliary
problems (12.23).

12.4 Bibliography and further reading

Although there is a fair amount of literature on quadratic pseudo-
boolean optimization and its relation to binary labeling problems and
min-cut, the presentation of the chapter is quite new. Typically the
proof of Theorem 12.3 is done for dual objectives, which is more prac-
tical for applications. The primal exposition, like the one in this mono-
graph, seems to be more illustrative and intuitive. Moreover, it is more
straightforwardly related to persistency. The typical proof for the per-
sistency property is done by reducing the problem to the vertex cover
problem and operating by known results in that domain. It turned
out that this result can easily be proven directly, see Theorem 12.7,
although similar proofs exist in the literature, e.g. [136].

Related works on quadratic pseudo-boolean optimization are [124],
[137], [138]. Extensions and applications of the persistency property
of the binary local polytope are discussed in [24], [139], [140].

In a recent line of research [25]-[32] persistency of multi-label prob-
lems has been studied and efficient polynomial algorithms for its com-
putation were proposed.

The fusion moves were proposed and discussed in [141]-[143].
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