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Abstract

Velkym tspéchem pocitacového vidéni v poslednich letech je objev efektivnich determin-
istickych algoritm® na minimalizaci ¢astecné separabilnich funkci diskrétnich promeén-
nych (coz je zndmo také pod ndzvy ‘minimalizace energie’, max-plus znackovani ¢i
problém splnovani vazenych podminek). Optimalizéni problém v této obecné formé
se ukazal uzitecnym témeér ve vSech oblastech. V pocitacovém vidéni na tento problém
vede tloha max-aposteriorni inference v markovskych nahodnych polich a podminénych
nahodnych polich, kterymi se modeluje mnoho tloh od husté stereo-korespondence a
segmentace obrazll az po detekci a rozpoznavani objekt v obrazech.

Prispévek této prace lze rozdélit do dvou ¢éasti. Prvni prispévek je sjednoceni metod
pro vypocet ¢asti optimalniho feseni. Je-li dana instance tdlohy, tyto metody najdou
hodnoty podmnoziny proménnych, které jsou ¢asti vSech (nebo alespon nékterych) op-
timalnich feseni. Ukazujeme, Zze nékolik Siroce uzivanych avsak diive nesouvisejicich
metod lze ziskat z jedinych pocate¢nich podminek. Diky tomu lze vidét, ze tyto metody
maji nékteré vlastnosti spolecné, napr. zachovavaji feseni standardni LP-relaxace. Tyto
nové sjednocujici postacujici podminky v praci charakterizujeme a navrhujeme sys-
tematické metody na hledani casti optiméalniho feseni vzhledem k témto podminkam.
Konkrétné predkldddme novou netrividlni podtiidu iloh, pro které nalezeni ¢asti opti-
malniho reseni vede na sekvenci loh na minimalni s-t fez v grafu.

Druhy prispévek se tyka tlohy minimalniho s-f fezu v grafu. Mnoho metod na min-
imalizaci energie je zalozeno na redukci puvodniho problému (pfip. jeho restrikce ¢i
relaxované formy) na tlohu minimélniho s-t fezu. Protoze velikost vyslednych instanci
této tlohy je ¢asto obrovska (napf. ve 3-D segmentaci), jsou tfeba efektivni algoritmy na
feseni velkych ridkych tloh miniméalniho s-t fezu. V praci navrhujeme novy distribuo-
vany algoritmus na tuto tlohu. Sekvenéni verze tohoto algoritmu umoznuje fesit velké
instance tlohy na jediném pocitac¢i s omezenou opera¢ni paméti a externi (diskovou)
paméti. Paralelni verze algoritmu umoznuje urychlit vypocet s pomoci vice procesoru
¢i Tesit problém paralelné na nékolika pocitacich posilajicich si zpravy po siti. Dokazu-
jeme, ze horni meze na pocet diskovych operaci resp. poslanych zprav pro nas algoritmus
jsou lepsi nez pro znamé algoritmy. V experimentech s nasi efektivni implementaci al-
goritmu ukazujeme, ze dosahuje srovnatelnych vysledkid jako znamé algoritmy, ovsem
pri vyznamné nizs$im poctu drahych diskovych resp. sifovych operaci.

Klicova slova

kombinatorickd optimalizace; minimalizace energie; max-aposteriorni inference v Marko-
vskych ndhodnych polich; ¢ast optimalniho feseni; persistence; distribuovand tiloha min-
imalniho fezu / maximalniho toku v grafu

iv



Abstract

One of the major advances in computer vision in the past few years is the development
of efficient deterministic algorithms for minimization of a partially separable function
of discrete variables, commonly known as energy minimization, max-sum labeling prob-
lem, or weighted constraint satisfaction. The optimization model of this general form
has proved useful in nearly all areas. In computer vision, it arises in particular as the
maximum a posteriori inference in Markov random fields and conditional random fields,
which are used to model a variety of vision problems ranging from the dense stereo and
image segmentation to the use of pictorial structures for object recognition.

This work brings two contributions. The first contribution is a unified study of
methods for partial optimality. Such methods, given an instance of the problem, output
an assignment for a subset of variables that is guaranteed to be a part of any (or at least
some) global optimum. We show that several widely applied but previously unrelated
partial optimality methods can be obtained from the same unifying sufficient conditions.
It implies that they share several common properties, in particular the property to
preserve solutions of the standard LP relaxation. We prove a characterization of the new
unifying sufficient condition and propose a systematic way to derive partial optimality
guarantees. For several subclasses of problems we derive methods to find the maximum
partial optimality w.r.t. the unifying sufficient condition. This includes one new non-
trivial subclass, for which the maximum partial optimality is found via solving a series
of minimum cut problems.

The second contribution is on the minimum s-¢ cut problem. It turns out that many
energy minimization methods rely on the reduction of the full problem or its restriction
or its relaxed form to the minimum s-f cut. Because some problems are of a very
large scale (e.g., in 3D segmentation), this poses a challenge of solving the minimum
s-t cut problem for large sparse graphs. We develop a novel distributed algorithm for
this problem. The sequential version of the algorithm allows solving large instances on
a single computer using a limited amount of memory and an external (disk) storage.
The parallel version of the algorithm allows to speed-up computations using several
processors or to solve the problem in parallel on several computers exchanging messages
over the network. We prove the worst case bounds on the number of disk operations
and message exchanges between computers, respectively. These bounds are superior to
the ones for previously proposed methods. With a dedicated efficient implementation,
we are able to demonstrate experimentally that the new algorithms achieve the state-
of-the-art performance in terms of used computation time, while significantly lowering
the usage of the costly disk access/message exchange operations.

Keywords

combinatorial optimization; energy minimization; maximum a posteriori inference in
Markov random fields; partial optimality; persistency; distributed min-cut/maxflow
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A short notation can be very handy,
unless you forget what it denotes.

V. Kushnirevich
my teacher of tensor analysis

Notation

R (Ry) the set of (non-negative) real numbers

Ny natural numbers with zero

B ={0,1} set of Booleans

[0, 1] interval of reals

0,1 vector of zeros (resp. ones) of appropriate size
{-..]...} set

(oo ]-.0) ordered list of elements (tuple)

e equality by definition

[expression] equals 1 if expression is true and 0 if it is false
argmin the set of all minimizers

conv convex hull

aff affine hull

null null space (kernel) of a linear map

[Licr Ai Cartesian product of sets A; such that ¢ € I

(+, ) scalar product

G=MW¢&) graph of a pairwise energy function

AU, W subsets of vertices V

G=(V,E,s,t,c) graph (network) of a MINCUT/MAXFLOW problem
(A,B)E (Ax B)NE

fyg, h parameter vector of the energy function

Es, By, By, energy function

T, Y, z labeling

W,V relaxed labeling

T4, €|r restrictions of labeling (function) to a subdomain
L set of labelings, page 7

M marginal polytope, page 9

A local polytope, page 10

Abbreviations

subj. subject to

iff if and only if

LHS, RHS  left-(right-)hand side of an equation

QPBO quadratic pseudo-Boolean optimization method by Boros et al. (1991)
MQPBO multi-label extension of QPBO by (Kohli et al. 2008)

DEE dead end elimination methods

LP linear program

viii



1 Introduction

1.1 Problem Formulation

In this work, we study several techniques for minimization of partially separable func-
tions of discrete variables. This problem is commonly known as energy minimization,
max-sum labeling problem, or weighted constraint satisfaction problem. Mathemati-
cally, it is defined as follows. Given a graph (V,€) and functions fs: L — R for all
seVand fg: Ls x L — R for all st € £, where L, are finite sets of labels, minimize
the energy

Ey(z) = ZfS(xS)+ Z fst(@s, @), (1)

sey ste&

over all assignments z = (zs: V — Ls|s € V). The general energy minimization
problem is NP-hard and even APX-hard, meaning that there is no polynomial-time
approximation scheme.

Goal 1 We study the linear programing (LP) relaxation approach, in which the prob-
lem is formulated as an integer linear programing (ILP) and the integrality constraints
are relaxed. For some classes of problems, this relaxation is tight, and the problem
can be solved to optimality. In addition, it is known that for some 0-1 ILP problems,
their relaxations are persistent: whenever a part of a relaxed solution takes binary
values, there exists an integer optimal solution taking the same values. This allows to
determine optimally an assignment for the part of variables which are integer in the re-
laxation. For energy minimization, one can obtain an ILP reformulation possessing the
persistency property. However, such an approach depends on the particular reduction
applied. There were several methods proposed to find an optimal partial assignment
directly for the energy in the form (1). The first goal of this work is to analyze and
unify these methods.

Goal 2 Many algorithms for energy minimization exploit solvable subproblems in the
form of a minimum s-¢ cut problem (further on called MINCUT), which is formulated as
follows. Given a directed graph (V, E), an edge capacity function ¢: E — R4, and a
source and sink vertices s,t € V, find a partition V' = (S, V'\S) (a cut) that separates
the source and the sink and minimizes the total cost of the cut (of the edges with tail
in S and head in V'\S). Mathematically, this problem is written as

min Z c(u,v). (2)

ScVv

ses (U,U)GE

t¢S  ueS
vgS

There are many algorithms known which solve this problem in polynomial time. Nev-
ertheless, there is still an active ongoing research on algorithms that would be more
efficient for computer vision problems. This includes specialized implementations, de-
velopment of parallel and massively parallel (GPU) implementations. In some settings,



1 Introduction

distributed algorithms are an advantage. Such algorithms divide not only the compu-
tation but also the memory between the computational units. One application of such
algorithms is to solve the problem by loading and processing only a portion of data at
a time. Our second goal was to develop a distributed algorithm for the minimum s-¢
cut problem that would minimize the number of necessary loads of the problem data.
In other words, that would be efficient for solving large problems on a single computer.

1.2 Motivation

Structural Labeling Problems Why to minimize functions of the particular form (1)?
Many problems can be formulated as finding the best assignment to a collection of
discrete variables. These variables describe hidden states or decisions to be made, de-
pending on the context. The variables are not independent but describe a joint complex
structure (consider for example a description needed in text recognition or in hierarchi-
cal image segmentation). In this context one speaks of structural pattern recognition
(or structural labeling problems) to emphasize the distinction from statistical pattern
recognition, where the object of recognition is atomic, e.g., has only several states. The
state (decision) in the structural labeling problem is the full collection of many discrete
variables. The number of different states is combinatorial. The objective function of
interest in structural labeling problems is a function of this joint complex state. It car-
ries the structural information in the sense that it defines which variables are involved
and in which way they are coupled.

The pairwise separable objective function, where only dependencies between pairs of
variables can be expressed, is the simplest yet already a powerful model. In this work,
we restrict to energies of this type, also referred to as energies of the second order. There
have been many works recently arguing for more complex models, which include terms
of a higher order, terms that are functions of separable functions, etc. Nevertheless, the
second order model is of principal importance since 1) it is NP-hard, 2) many higher-
order models can be re-expressed as a second order model using auxiliary variables and
3) respective algorithms for higher-order models are largely based on a generalization
of algorithms for the second order case.

Markov Random Fields and Graphical Models Taking the statistical approach, one
has to choose a family of probability distributions p to define a probabilistic model of
a discrete variables vector x. Which families of such distributions are tractable and
useful in practice? While constructing the model (or a family of models), one can
incorporate conditional independences suggested by the intuition or otherwise split the
model semantically, e.g., into a prior and a conditional parts. Such splitting is often
suggested by the direction of the physical phenomena that are responsible for the image
formation process (the forward problem). In low-level vision problems, it is reasonable
to restrict the model in such a way that if we fix all variables in a certain neighborhood
of a variable zs then it becomes statistically independent of the description of the
rest of the problem (local Markov property). Strictly positive distributions® satisfying
these conditional independence (Markov properties) are called Markov Random Fields
(MRFs).

'The positivity is necessary for several reasons, in particular to allow the existence of all conditional
probabilities. Moreover, the equivalence between Gibbs random fields and Markov random fields
breaks down without this assumption (turns into a one-way implication), and the different types of
conditional independence must be distinguished, Lauritzen (1998).
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Another, more constructive approach, considers distributions that factorize into a
product of factors each depending on a smaller subset of variables. Such distributions
are called Gibbs Random Fields (GRF). All possible conditional independences of a
MRF can be encoded by a single graph G, such that x4 is independent of xp given
xg iff S separates A and B in G. The structure of a GRF in general is captured by
a hypergraph, where a hyperedge is present in correspondence to every factor. These,
and some other models which can be defined by means of a directed or undirected
(hyper)graph, form the family of graphical models (Wainwright and Jordan 2008).

There is the following link between conditional independencies and factorizations. A
famous result, the theorem by Hammersley and Clifford (1971), states that p is an MRF
w.r.t. graph G if and only if it admits factorization over maximal cliques of graph G.
In this way, imposing sufficiently many conditional independencies guarantees that the
distribution p factorizes. However, a finer factorization may be possible for p, which
is not reflected in its conditional independence properties. For example, a distribution
that factorizes over a complete graph will not possess any conditional independencies
in general. For this reason, choosing the structure of factorization is a preferable way
in practice from the point of view of representation of the distribution and meeting the
requirements of the recognition algorithm. In such an approach, conditional indepen-
dencies are no longer a free choice, but are implied by the factorization?.

In Conditional Random Fields (CRF) (Lafferty et al. 2001) one models directly the
posterior distribution p(z |y), where x is the hidden state and y is a vector of obser-
vations and features computed from them. The distribution p(x |y) is then assumed
to possess some conditional independencies and/or factorize in x given y. This form
of model is less intuitive because specifying the dependence of hidden states on the
observations is an inverse problem. It is not described by natural physical processes.
Nevertheless, CRF has proven to be an efficient approach. Indeed, finding the maxi-
mum a posteriori (MAP) assignment of x only requires the posterior p(z |y). There
have been powerful features designed for image analysis. There are machine learning
techniques developed for models of this type, too. More on modeling with Markov
Random Fields can be found in the book by Li (2009), while Lauritzen (1998) gives a
rigorous study of the theoretical properties.

MAP inference in MRF Finding the MAP assignment amounts to maximizing p(z|y)
in . While addressing this problem, the observations y are fixed and may be dropped
from the notation. Without loss of generality, we may write that p(x|y) o exp(—E(x)),
where F is the energy function. Such exponential models arise naturally in statistical
mechanics, e.g., Boltzmann distribution, where E is proportional to the kinetic en-
ergy or a more general one. Clearly, if p factorizes as a product of pairwise factors in
x then E is a pairwise-separable function in z, i.e., of the type we consider. In the
MAP-MRF/CRF approach, the model is usually initially restricted to have the desired
factorization and the most common choice is to require a pairwise factorization. Ar-
guably, finding the (non-unique) MAP assignment may not be the best formulation of
the recognition/classification problem. Indeed, posing the problem as the Bayesian de-
cision task with an appropriate loss function generally leads to a computational problem
of a more complex form. It yields the MAP problem only in the case of the so-called
0-1 loss function, which is unnatural for many (computer vision) applications. Never-

2I have often seen unjustified application of the Hammersley-Clifford theorem in the literature. The
authors tried (often incorrectly) to persuade the reader that the factorization of their choice follows
from some unspecified conditional independencies, emphasizing the “Markovity” of their model in
this way while never actually working with conditional independencies.
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theless, MAP assignment was shown to deliver high quality solutions in many applied
problems.

Applications In computer vision, energy minimization techniques have been success-
fully employed to obtain high-quality results. Among them are
e image, video and volumetric data segmentation (Greig et al. 1989; Boykov and
Jolly 2000; Boykov et al. 2001; Boykov 2003; Ishikawa 2003; Rother et al. 2004;
Kohli and Torr 2005; Boykov and Funka-Lea 2006; Delong and Boykov 2009;
Lempitsky et al. 2011),
e image restoration (Boykov et al. 2001),
e optical flow (Roy and Govindu 2000; Boykov et al. 2001; Lempitsky et al. 2008),
e stereo reconstruction (Boykov et al. 1998; Kolmogorov and Zabih 2001),
e 3D reconstruction (Boykov and Lempitsky 2006; Lempitsky et al. 2006; Lempitsky
and Boykov 2007),
e stitching, cutting and combining images (Kwatra et al. 2003; Kolmogorov 2005;
Rother et al. 2005; Avidan and Shamir 2007),
e visual correspondence (Felzenszwalb and Huttenlocher 2000; Kim et al. 2003),
e multi-model estimation (Delong et al. 2012).
In a wider context, we can mention finding stable states of molecular systems, protein
structure prediction (bioinformatics), analysis of spin glasses (statistical mechanics),
radio frequency assignment, scheduling, optimal decoding of noisy signals, etc.

Algorithms A number of powerful algorithms are present in the literature to deal with
the problem. For certain subclasses of the problem, it is possible to compute the exact
solution in a polynomial time: MRFs of bounded tree-width, e.g. (Lauritzen 1998);
with convex pairwise potentials (Ishikawa 2003); with submodular potentials of bi-
nary (Hammer 1965; Kolmogorov and Zabih 2004) or with multi-label (Schlesinger and
Flach 2000; Kovtun 2004) variables; with permuted submodular potentials (Schlesinger
2007).

A standard approach in optimization for such hard problems is solving a convex
relaxation. A recent study by Kumar et al. (2009) showed that among several convex
relaxations considered in the literature (including second order cone and semidefinite),
the linear relaxation is the tightest one.

Works devoted to solving large scale linear relaxations are discussed in more de-
tail in chapter 2. Other family of methods iteratively improve the current solution
by a restricted local search: expansion and swap move (Boykov et al. 2001), fusion-
move (Lempitsky et al. 2010), multi-label moves (Kumar et al. 2011; Veksler 2012),
tired moves (Vineet et al. 2012). Some of these methods provide approximation ratio
guarantee for (semi-)metric energies (Boykov et al. 2001; Komodakis and Tziritas 2005).
Finally, there are methods which provide optimality guarantees for a partial variable
assignment or variable restriction (partial optimality) for binary (Hammer et al. 1984;
Boros et al. 1991, 2006; Rother et al. 2007) and multi-label (Kovtun 2003, 2004; Kohli
et al. 2008) problems. Dead-end elimination is another related method for identifying
non-optimal assignments based on local sufficient conditions. It was proposed originally
by Desmet et al. (1992) for predicting and designing protein structure.

A big variety of algorithms is being developed for more complicated energy functions,
that include e.gq., higher-order terms and global terms of various forms, attempting to
push the applicability of energy minimization even further.



1.3 Contribution and Outline

MINCUT in Computer Vision MINCUT problems in computer vision can originate
from the energy minimization framework in several ways. Submodular energy mini-
mization problems completely reduce to MINCUT (Ishikawa 2003; Schlesinger and Flach
2006). When the energy minimization is intractable, MINCUT is employed in relaxation
and local search methods. The linear relaxation of pairwise energy minimization with
0-1 variables reduces to MINCUT (Boros et al. 1991; Kolmogorov and Rother 2007) as
well as the relaxation of problems reformulated in 0-1 variables (Kohli et al. 2008).
Expansion-move, swap-move (Boykov et al. 1999) and fusion-move (Lempitsky et al.
2010) algorithms formulate a local improvement step as a MINCUT problem.

Despite of the existence of a number of algorithms for MINCUT with polynomial run-
ning time bounds and good practical performance, there is an active ongoing research
on such algorithm and their specific implementations. Among sequential algorithms,
the augmenting path implementation developed by Boykov and Kolmogorov (2004),
denoted BK, can be considered as a baseline for simple vision problems. Several au-
thors proposed sequential implementations which achieve better practical performance.
Goldberg et al. (2011) proposed an algorithm, similar to BK, but having a strongly
polynomial running time bound and better practical performance on both simple and
hard classes of problems. Jamriska et al. (2012) give a cache-efficient implementation of
BK, specialized to grid-structured graphs and achieving a significant speed-up. Arora
et al. (2010) proposed a variant of preflow-push algorithm achieving better performance
on simple vision problems. Verma and Batra (2012) proposed an extended experimen-
tal comparison of sequential solvers on a wider set of benchmark problems. Several
authors proposed novel parallel implementations (Delong and Boykov 2008; Liu and
Sun 2010; Jamriska et al. 2012) and massive parallel implementations on GPU (Vineet
and Narayanan 2008; Vineet and Narayanan 2010).

1.3 Contribution and Outline

In Chapter 2, we present the pairwise energy minimization and review the theoretical
results that are the most relevant to the subsequent development. Linear programming
relaxation and duality relations form the central approach, which is used for analysis
of the problem and unification of partial optimality methods in Chapter 4. This chap-
ter also gives more details on the problems and subproblems that can be reduced to
MINCUT/MAXFLOW problem.

In Chapters3 and 4, we develop an unified framework to analyze partial optimality
methods. We show that several widely applied but previously unrelated partial opti-
mality methods can be obtained from the same unifying sufficient conditions. These are
the roof dual method (Boros et al. 2006), its multi-label extension (Kohli et al. 2008),
the method of auxiliary submodular problems (Kovtun 2004) and the family of local
methods known as Dead End Elimination (DEE) (Desmet et al. 1992), originally de-
veloped in the context of protein structure design. We show that the different sufficient
conditions proposed by these methods can be unified into a more general class. We
study the common properties of this class, and show the following. All the above men-
tioned methods can be derived as local sufficient conditions in a specially constructed
reparametrization of the problem. All these methods are connected to the standard
LP relaxation. In particular, optimal fixation of the part of variables they provide are
automatically satisfied by all solutions of LP relaxation. We also show that all fixed
points of the expansion move algorithm (with the move step subproblems solved by
roof-dual) are preserved by a subclass of the general method. The new framework sug-
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gests a way how to derive new partial optimality methods. We study the question of
deriving the maximum partial optimality. We prove the solutions providing maximal
partial optimality for several subclasses of problems. This includes one new non-trivial
subclass: we propose an algorithm which given two test labelings y and z for a multi-
label problem, decides whether labels from z can be globally eliminated by replacing
them with labels y. The subset of labels eliminated in this way is the maximum one
that can be obtained from the unified sufficient conditions for this subclass.

The present work generalizes and extends the results of Shekhovtsov and Hlavac
(2011), where unification of a smaller subset of methods was proposed. Optimal-
ity guarantees for the relaxed labellings (restricting the set of optimal relaxed label-
ings without solving the LP) were first proposed for multilabel QPBO method in the
works Shekhovtsov et al. (2008) and Kohli et al. (2008).

In Chapter5, we develop a novel distributed algorithm for MINCUT. Noting that
MINCUT is employed as a subroutine in many places in energy minimization (either
allowing to solve the full problem or its relaxation or to find an improvement), a general
algorithm suitable for solving large-scale sparse problems is required. The sequential
version of the proposed algorithm allows to solve large instances of the mincut/maxflow
problem on a single computer using a disk storage. The parallel version of the algorithm
allows to speed-up computations using several processors or to solve the problem in
parallel on several computers exchanging messages over the network. We prove superior
theoretical properties of both proposed algorithms, develop efficient implementations,
and show that they achieve a competitive performance on large-scale computer vision
instances while greatly improving on the disk operations in the sequential case and
message exchange operations in the parallel case. These results were published in the
article (Shekhovtsov and Hlavac 2012).



2 Background on Energy Minimization

This chapter presents the pairwise energy minimization problem and results which are
relevant to our contribution. Linear programming relaxation and duality relations are
the core of the approach that is used for analysis of the problem and unification of partial
optimality methods in Chapters3 and 4. Duality relations always link quite different
descriptions of the problem, thus we attempt to present them whenever possible. We
pay special attention to the case of binary variables, where results from pseudo-Boolean
optimization apply and review the results which can be obtained via a reduction to
binary variables. In §2.7, the expansion-move algorithm is reviewed, an analysis of the
truncation technique is presented and its relation to linear majorization is examined. In
Chapter 4, guarantees will be proven for fixed points of the expansion move and fusion
move algorithms implied by partial optimality methods.

2.1 Energy Minimization Problem

Many image analysis and interpretation problems can be posed as labeling problems, in
which the solution to a problem is a set of labels assigned to image pizels or features.
Labeling is also a natural representation for the study of MRF’s

(Besag 1974)

Let V be a finite set of pizelsand £ C V x V is the set of pairwise interactions. Notation
st denotes the ordered pair (s,t) for s,t € V. Variable x4 takes its values in a discrete
domain L4 = {0,1,...,L — 1}, called labels at pixel s. The concatenated vector of all
variables z = (x5 | s € V) is called a labeling. Labeling = takes values in £ = [, L, the
Cartesian product of all domains £s'. By x4 we denote the restriction of  to A C V
and by x4 the pair (zs,x;). We consider the energy function of the form

Ef(x) = fo+ Z fs(xs) + Z fst(@st) (3)

sevy ste€

and the associated energy minimization problem

min Ey(z). (4)

We require that st € £ = ts ¢ £ to eliminate the redundancy. Let us denote the set
Ls x Ly as Lg and the pair of labels (i,7) € Lg as ij. The following set of indices is
associated with the graph (V, ) and the set of labelings L:

T={0yU{(s,9)|s€V, i €Ly} U{(st,ij)|steE&, ije Ly}. (5)

!Thus defined, domains £ coincide for all pixels and need not be distinguished. Nevertheless, keeping
the subscript helps to distinguish the association of bound variables like ¢ € L.
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Figure 1 Energy minimization: each discrete domain L, at a pixel s is depicted by a box with
possible labels. A labeling x is shown by black circles and blue solid lines.

A vector f € RT has the components (coordinates)

fo, (constant term)
fs(3) VseV, ie Ly, (unary terms) (6)
fst(i,7) Vst € &, ij € Lot (pairwise terms)

We further define that fis(j,i) = fs(i,7), in order to refer to the same component
irrespectively of the direction of the pair st. The energy function Ey is associated with
vector f as defined by (3). Let us also denote & = £ U {ts | st € £}, the symmetric
closure of £. The neighbors of a pixel s are the vertices in the set N(s) = {t | st € £}.
Summing the contribution from all neighbors of a given pixel s can be easily written
as Y. fst(i,7), which expands as Y.  fa(i,7)+ > fis(4,4) due to the convention

teN (s) t|ste€ t|tse&
fst(i,7) = fis(j, 7). The set of labelings restricted to A(s) will be denoted by Lyr(s) =
[lienr(s) Lt-

The structure of the discrete labeling problem is illustrated in Figurel. Discrete
decision variables xs are depicted with square boxes and their possible labels with the

circles inside. Lines between the discrete variables show the interacting pairs in the
graph G = (V,€).

2.1.1 Equivalent Problems

The representation of the energy function Ef(x) via the component vector f is not
unique. There is a linear subspace of vectors defining the same energy function.

Definition 1. Two vectors f,g € RZ are called equivalent, denoted as f = ¢, if their
energy functions are equal,

(Vee L) Eple)=Eyx). (7)

Clearly, the minimization problems min, F¢(z) and min, E4(x) are equivalent for f = g.
The notion of equivalent transformations appears in (Shlezinger 1976; Wainwright et
al. 2003; Kolmogorov and Wainwright 2005) and is very helpful in the design and
interpretation of algorithms. Because Ey is linear in f, it is f = g iff h = f — g satisfies
(Vx € L) Ep(x) =0, i.e., Ey is a zero function. All zero energies can be parametrized as
follows. Let there be given vectors o, 9 with components (@ (i) € R |st € £,i € Ly),
(s € R|s € V), respectively.
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Statement 1. The energy E} defined by

h0:2¢57

seV

hs(Z) = Z (Pst(i) — s, (8)

teN(s)
hst(i,5) = — st (i) — pis(4)
is the zero function.

Proof. To prove that Ej(x) = 0, we simply substitute its definition,

Zws + Z Z (@st 933 77[)3) + Z ( Qast $s ‘Pts(xt)) : (9)

s€V seEVteN (s) ste&

We can see that all the terms cancel out. O
The reverse statement holds as well.

Theorem 2 (Schlesinger and Flach 2002, Theorem 1). The energy E}, is a zero function
iff it admits representation (8). When the graph (V, &) is connected, any zero energy
function Ej, with hg = 0 can be represented in the form (8) with zero .

Proof. See (Werner 2005, Theorems 12, 13) or (Kolmogorov 2004a, Lemma 6.2). O

Constructing g = f is called an equivalent transformation of f. It is clear now that
the space of equivalent transformations is fully parametrized by vector (p,1). Let us
denote by f¥# the equivalent energy vector constructed by adding a zero energy vector
parametrized in the form (8) with zero 1. It has the components

faP:f07
f(p( + Z @st (10)

teN(s)
at(1:3) = fst(i,5) = @st(i) — s (7) -
We will not need a notation for the degrees of freedom corresponding to v, as these
transformations are simple and can be handled explicitly.

2.2 LP relaxation

In this section, we represent energy minimization as an integer linear program and
obtain a linear relaxation by dropping the integrality constraints. This construction
and its LP dual was considered in the context of computer vision by Shlezinger (1976,
p.128), Chekuri et al. (2001); Wainwright et al. (2003) and by Koster et al. (1998).
We introduce the following representation in order to make explicit that E; is linear
in f.  Let §(x) be a vector with components d(x)g = 1, d(x)s(i) = [zs=i] and
§(x)st(i,7) = [rse=ij]. Let (-,-) denote the scalar product on RZ. Then we can write
the energy as

Ey() = (£,8(x)) (11)

and the energy minimization as
min(f,é(z)) = Me{ég)i?xeﬁ}<f’ﬂ>7 (12a)
= min(f,u). (12b)
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In the last equality we introduced the convex hull of the integer labelings M =
conv(d(L)), called the marginal polytope. Since the objective function is linear and
the set §(£) is not empty, the minimization over the convex hull attains the same mini-
mal value. Generally, both the number of vertices and the number of facets of polytope
M grows exponentially with the problem size. Hence, (12b) is not a tractable LP.
It can be simplified by dropping some inequality constraints as follows. Consider the
minimization problem

min(f, ) (13)

where A = {u € RY >0, Ap =0, Bu=1, py = 1} is called the local marginal
polytope. The equalities Ap = 0 express marginalization constraints

(Vst€&) (Vi€ Ls) > pstli,j') — ps(i) =0,
j'eLy

(Vste &) (VjeLly) Y, pa(i,j)—m(j)=0

'EL

(14)

by means of the m; x |Z| matrix A, where m; = Y ,ce (|Ls] + |£¢]). The equalities
Bpu =1 express normalization constraints

(FseV) Y mli) =1 (15)

1€Ls

by means of mg x |Z| matrix B, where my = |V|. Polytope A is constructed such that its
elements having integer coordinates represent the original labelings. It is easy to verify
that inequalities (14), (15) hold for all integer labelings p = 6(x). And vice-versa, if
p € A has all integer components, there exists a unique labeling  such that d(x) = p.
Therefore, we have A N {0,1}F = {§(x) |» € L}. However, there may be non-integer
(fractional) labelings in A that cannot be obtained by a convex combination of integer
ones, and generally we have M C A and

mindf, u) > min{f, ). (16)
If the equality is achieved in (16) we say that the LP relaxation (13) is tight. It has
long been known to be tight for tree-structured problems (graph (V,€) is a tree) and
submodular problems (Ey is a submodular function on a distributive lattice?). Thap-
per and Zivny (2012) give sufficient conditions describing a wider class of problems in
which the relaxation is tight. This class includes submodular functions on arbitrary
lattices and more. When terms fs; and fs take values in the positive rationals (not
including c0), there is a precise characterization (Thapper and Zivny 2012) and a poly-
nomial verification (Kolmogorov 2012b) of when the relaxation is tight for a given set
of admissible terms fs and fq;.

The polytope A inherits all linear equality constraints of M but keeps only a small
polynomial number of inequality constraints (only the constraints p > 0), therefore it
makes an outer approximation to M (Wainwright et al. 2003). Inequality constraints
1 > 0 are the facets of A. A has fewer facets than M, at the same time A has more
vertices than M (which are both exponential numbers). A vector p € A will be called
a relazed labeling.

2There are also submodular functions on non-distributive lattces

10
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2.2.1 Duality

Looking at the equality constraints of A, we can see that the function of u

(@, Ap) + (¥, Bu) — (1, 1) (17)

vanishes over A for arbitrary ¢ € R™ and ¢ € R™2. This function can be written in
the form of a scalar product as —(h, i), where h = —AT@ — BT 4 (1, 1) - g and e is
the basis vector corresponding to the component gg. By substituting matrices A and B,
we get an expanded component-wise expression for h which coincides identically with
the zero problem definition given by (8). It follows from this expression and Theorem 2
that the space of zero problems is the same for discrete and relaxed labelings. A primal
counterpart of Theorem 2 would be that the affine hull of A coincides with the affine
hull of M (which was intended when constructing the relaxation but it is not directly
apparent). Thus we have that F; = E, iff

(Ype ) (fim) =g, 1. (18)

By construction (17), elements of the vectors ¢, are nothing else but the Lagrange
multipliers for the respective constraints of A. They become the dual variables once we
re-express the linear relaxation problem as follows:

min  (f,Ap) = min  max [{f,u) = (¢, Ap) — (¥, Bu — 1)] (19a)
Ap =0 o =1 @ e R™
Bu =1 w=>0 ¢ eR™
po =1
p =0
= max  min [(f —ATp — BT, pu) + (1, 1)] (19b)

p €R™ po =1
b ER™ 4 >0
= max [(¢,1) + fo] subj. (f — ATy — BTw)I\O >0. (19¢)
peR™
1 € R™

In the inequalities (f — AT — BTQ,Z))I\O > 0 all components except of the constant term
are included. Note, we write equalities in (19) since the primal problem is feasible.
Clearly, it is also bounded since all components of p are in the interval [0, 1]. Using
the notation of equivalent problems, we can write the dual problem as

max _go, (20)
g=Ff

gs >0

gst Z 0

which reads: “find an equivalent representation that maximizes the constant term under
the condition that all other terms are mon-negative”. This representation of the dual
problem is easily identified with the complementation approach in pseudo-Boolean op-
timization (Boros and Hammer 2002) (maximization of the constant term of the posi-
form), equivalent to the roof-dual bound.

In the expanded form, we have the following primal-dual pair (where all constraints

11
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are written on the same line as their respective dual variables):

min<f7 ,U,) = max Zs 1/15 + Zst wst + fO
Zj pst(,5) = s (i) pst(i) ER
> ks(i) =1 Ys €R
i bs(ig) =1 Yst €R (21)
ps(i) =0 Fs (@) + Ltenrs) pst(i) —hs 20
pst (7, ) >0 fst (i, J) — st (i) — QOts( ) — Vst >0
po =1

where we introduced for convenience additional normalization constraints on pairs
(which are implied by other constraints of A) and their corresponding dual variables
1st. The variables 9 in (21) decouple and have the following explicit solution

ws—mln fs )+ Z Pt (i = min f{ (i),
teN(s) ! (22)

st :Hl!]i.n [fst(i,5) — @st(i) — 015 (4)] = H};n 5 (i,7).

Substituting this optimal solutions for ¢ allows us to rewrite the dual problem in the
form of unconstrained maximization of a piecewise linear concave function:

#( dof LB(f? 23
max [gmlnf +stZ€:grr{1n 500.9)] max LB(f?). (23)
Let us define
Z mln fs(i) + Z min fg (i, 7). (24)
sey ste€ wJ
We have for an arbitrary ¢ the chain
> = ) > ®
mi Ey(v) > min(f, ) = max LB(f*) = LB(f*), (25)

that is, LB(f¥) is a lower bound on the energy minimization. Several dedicated al-
gorithms to maximize this and similar lower bounds have been proposed. There are
methods which achieve necessary conditions (described below) of optimality (Koval
and Schlesinger 1976; Wainwright et al. 2005; Kolmogorov 2006), subgradient meth-
ods (Komodakis et al. 2007; Schlesinger and Giginyak 2007; Schlesinger et al. 2011), as
well as some other non-differentiable optimization techniques with better convergence
rates (Savchynskyy et al. 2011; Kappes et al. 2012).

2.2.2 Decompositional Lower Bounds

The lower bound (23) can be alternatively obtained by the following simple consid-
eration. The energy vector f can be decomposed into a sum of “simpler” vectors by

letting
F=>r, (26)

keK

where f*¥ € R for all k € K. We then have an obvious inequality

Ir16121<f, —m1n<2fk >_I§(mel?<f ,0(x > meEfk (27)

12
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In this way, we obtain a lower bound which is a sum of individual subproblems, corre-
sponding to energies Esx. The decomposition is arranged such that the subproblems
(slave problems) are easier to solve than the original problem (the master problem). In
the case of the bound (23), the subproblems are of the form min; f,(¢) and ming; fs (4, 7),
i.e., the function F; is decomposed into a sum of unary and pairwise terms. There may
be many decompositions of the form (26). We want to find among them the one that
maximizes the lower bound, i.e., to maximize

3 min{f*, 5(a)) (28)
k

over all (f* |k € K) subject to constraint (26) and constraints of our choice on the
form of f*. The purpose of the latter constraints is to restrict every f* such that the
respective minimization subproblems are tractable (e.g., when f* are simple unary and
pairwise functions). In the case of the bound (23), some components of f* are forced to
be zero. Since these constraints are linear and the objective of (28) is piece-wise linear
concave, the maximization (28) is going to be equivalent to a linear program.

Theorem 3 (Wainwright et al. 2005). Let (T% |k € K) be a collection of trees, where
each T* is a subgraph of G. Let each f* be allowed to have non-zero unary and pairwise
terms only on tree T%. Then the bound (28) is dual to the LP relaxation (13). O

The duality here is understood in a more general sense than LP duality — it includes
reduction and substitution of variables. The bound (23), which we derived explicitly,
becomes a special case of this theorem when the trees are taken as individual vertices
and edges.

For this approach to be practical, it is necessary that the subproblems min, (f*, 6(z))
are tractable. Besides trees, other proposed tractable decompositions include a de-
composition into sub- and supermodular subproblems (Shekhovtsov 2006) (dual to the
standard LP relaxation of the binarized energy, §2.4), a decomposition into submod-
ular 2-label problems for the Potts model (Shekhovtsov and Hlava¢ 2008; Osokin et
al. 2011) (dual to the standard LP relaxation), decompositions involving higher order
terms (dual to higher order relaxations) (Johnson et al. 2007; Komodakis and Para-
gios 2008; Werner 2008; Sontag 2010). The decomposition approach is equivalent to
splitting the variables in the original (primal) problem and taking the Lagrangian dual
w.r.t. equality constraints of the split (Bertsekas 1995, dual decomposition).

2.2.3 Complementary Slackness

Let w € A, p € R™_ ¢ € R™. The complementary slackness theorem of linear
programing states that p and (p,1)) are optimal to their respective problems iff

(Vs) (Vi) ps(i) =0 or f£(i) = s,

- - - (29)
(Vst) (Vij) pse(i,§) =0 or fG(i,5) = st
As optimal values 9 satisfy (22), conditions (30) are equivalent to
(Vs) (Vi) ps(i) =0 or f£(i) =min f£(i),
z (30)

(st) (Vi) pae(iod) =0 or f5(5.5) = min f5(i.5) .

13
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Often it is more handy to rewrite these conditions as implications to obtain, e.g., that
1 € A and ¢ are optimal iff

(Vs) (Vi) ps(i) >0 = f2(i) = min f2(i),

31
(950) (Vi) i) >0 = F5(53) = min 506 ). o

Therefore, for an optimal (non-unique) primal-dual pair, if ps(¢7) > 0, then it must be
f€(i) = min; f€(i) (we say f¥(i) is locally minimal). And vice-versa, if the component
f#(7) is not locally minimal, then it must be ps(i) = 0. Similarly, we say that f%(i, j) is
locally minimal if (i, 7) = ming; f5(4, 7). For the optimality of 1 and ¢, it is necessary
and sufficient that p is a relaxed labeling assigning non-zero weights only to the locally
minimal components of f¥.

2.2.4 Sufficient Conditions

Pair (s,7) for some ¢ € L5 and s € V will be called a node and a pair of nodes ((s, 1), (¢, j))
for st € £ will be called an are. Let us denote fy(i,7) = [fse(i,7)=min; ; fs(i,7)] and
fs(i) = [fs(i)=min; fs(i)]. The vector f encodes which arcs and nodes of f are locally
minimal. If the following Boolean formula

N Fes@s) A\ FPalas, z) (32)
sey ste€
is satisfiable for some = € £ then it follows that p = d(x) and ¢ satisfy complementary
slackness (30). Hence, they are optimal to their respective problems. At the same
time, we have that E¢(x) = (f,d(x)) = (f, n) = LB(f¥), thus the relaxation (resp. the
bound) is tight and « is a minimizer of Ey.

Suppose ¢ is optimal and f¢ has a unique minimizer for every s. In that case the
expression (32) is clearly satisfiable. The global minimum of E is unique and is found
trivially by minimizing every f¢ independently. The idea of problem trivialization
by Shlezinger (1976) consists in finding an equivalent transformation f¥ such that (32)
is satisfiable, which would allow (in some cases easily) to find an optimal labeling. In
general, however, verifying satisfiability of (32) is the NP-complete constraint satis-
faction problem (CSP). Wainwright et al. (2005) considered a condition (strong tree
agreement) equivalent to (32), derived in the context of problem decomposition into
trees.

2.2.5 Necessary Conditions

Let p and ¢ be a feasible primal-dual pair. It means simply p € A in our case. The
complementary slackness implies the following necessary condition of optimality. For
every node (s, ) such that f#(i) is locally minimal, either u4(7) is zero and, by feasibility,
also (Vt € N(s) Vj) (ust(i,j) =0 or us(i) > 0). In the latter case, again by feasibility,
it must be (Vt € N'(s) 3j) wst(i,7) > 0 and hence f(i,j) is locally minimal.
We say that locally minimal node (s,14) is arc-consistent if
(Vt € N(s) 3j) f4(i,7) is locally minimal. (33)

Similarly, for every arc ((s, ), (t, 7)) such that f7,(i, j) is locally minimal either p (4, j) =
0 or both f#(i) and f/(j) are locally minimal. We say that locally minimal arc
((s,4), (t,7)) is arc-consistent if

f2(i) and f£(j) are locally minimal. (34)

14
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The next theorem, following from the construction, states that complementary slackness
implies that there is a subset of locally minimal arcs and nodes of f¥ which is arc-
consistent.

Theorem 4 (Shlezinger 1976, Theorem 2). For the equivalent f¥ to be dual-optimal
it is necessary that there exists an arc-consistent subset of locally minimal nodes and
arcs of f%. O

The existence of a subset of arc-consistent locally minimal nodes and arcs is equivalent
to the weak tree agreement condition considered by (Kolmogorov 2006) in the context of
tree decompositions. When all locally minimal nodes and arcs of f¥ are arc-consistent,
we say that f¥ is arc-consistent. It is more than necessary for optimality of f¥, however
an equivalent transformation satisfying this requirement always exists.

Theorem 5. For every energy vector f, there exists an arc-consistent equivalent prob-
lem f¥ (called the arc-consistent equivalent).

Proof. Let ¢ be dual-optimal (it exists since the primal problem is feasible and bounded).
Then the necessary conditions of optimality are satisfied. It is easy to find an equivalent
transformation ¢’ such that all nodes and arcs of f #" are arc-consistent, see e.g. (Werner
2007, Theorem 7). O

We will often give proofs of certain properties like optimality guarantees for the arc-
consistent equivalent. By Theorem 5, these properties will hold for the initial problem.
To clarify the relations between different conditions, we can draw the following diagram:

LB(f%) is tight: g sufficient condition:
min, E¢(x) = LB(f¥) ¢ is satisfiable
4 (b) 4 (9
 is optimal: (d) necessary condition:

¢ € argmax, LB(f¥) subset of f¥ is AC

Implications (a), (d) and (b) were considered by Shlezinger (1976, Theorems 4 and 2)
and Schlesinger and Flach (2002, Theorem 2), respectively. Their approach to solve
the energy minimization problem is to maximize LB by linear programming or by an
algorithm which achieves the necessary conditions, and check whether f¥¢ is satisfiable.
This approach is guaranteed to find a solution for all tree-structured and permuted-
submodular problems (Schlesinger and Flach 2000).

One important result in the case of two labels is that arc-consistency is not only
necessary but also sufficient for the optimality (of LP) and that the primal optimal
i can be recovered by assigning its components to 0,1/2,1 locally as appropriate to
satisfy complementary slackness and feasibility.

2.3 Binary Variables

Let £, =B = {0,1} for all w € V. Variables z,, € £, will be called binary or Boolean
throughout this text. The unary and pairwise terms of energy Ey can be expanded as
fuv(an $v) = fuv(17 1)mu$v + fuv(oa 1)(1 - xu)xv (35)

+ fun(1,0)x0 (1 — 24) + fun(0,0)(1 — ) (1 — zy) .
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fm,(l,O) fuv 0 1
fu(1)| @ffueL:1 f £u(1)

RN

fu(O) ./fuv(o,o)\. f”

IS

v

- source

(a) (b) (C)

Figure 2 Equivalent MINCUT representation for energy minimization with binary variables. (a)
Energy terms for pixels u, v and pair uv € £. (b) Equivalent transformation of the energy
allowing to rewrite it in the form (38). (c) Cut-cost representation of the energy function.
The cut shown in red is (A, V\A) with A = {1,u}. It corresponds to the labeling z,, = (1,0)
and has the cost ¢y0 + cup + €14 equivalent (up to a constant) to the respective energy cost.

By expanding braces in (35), the energy Ef(x) takes the form

= Z Gy Ty + Z GupTuTy + ag . (36)
uey wvel

Expression (36) is a quadratic polynomial in binary variables x. Functions of the form
BY — R are known as pseudo-Boolean and their minimization (or maximization) are
the subject of pseudo-Boolean optimization (Boros and Hammer 2002). In this work, we
will discuss several methods which are based on the results developed in pseudo-Boolean
optimization or are generalizing them in a certain way.

2.3.1 Roof Dual (QPBO)

In the case of two labels, the necessary condition of optimality of the LP relaxation,
described in §2.2.5 is also sufficient.

Theorem 6. Let f¥ be an arc-consistent equivalent of energy f with two labels. Then
there is an optimal relaxed labeling with components in {0, %, 1} (half-integral) satisfy-
ing complementary slackness.

This result was observed independently by Hammer et al. (1984); Schlesinger and Flach
(2000); Kolmogorov and Wainwright (2005). See also (Werner 2007, Theorem 8).

In pseudo-Boolean optimization it was shown that several approaches, including the
dual in the form (20), lead to the same lower bound, called the roof dual (Hammer et al.
1984; Boros and Hammer 2002). This dual problem can be converted to MAXFLOW on
a specially constructed graph with a double number of vertices (Boros et al. 1991) and
thus can be solved by efficient MAXFLOW algorithms. It was found to be a powerful
method for quadratic pseudo-Boolean optimization and was also enhanced by probing
(Boros et al. 2006; Rother et al. 2007). Kolmogorov and Rother (2007) and Rother
et al. (2007) proposed a review, an efficient implementations and further improvements.
After them, Quadratic Pseudo-Boolean Optimization, abbreviated as QPBO(-P), refers
to this particular efficient method (resp. with probing). Kolmogorov (2010) gives an
alternative interpretation of this method via a submodular lower bound.

For our purposes, we will assume that QPBO finds the arc-consistent equivalent f%.
Let us introduce a function QPBO(f) = {Os | s € V}, where O, = argmin; f€(7). It will
be proven in §3.2 that any minimizer x of E; satisfies x5 € O, for all s € V.
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2.3 Binary Variables

For multi-label problems, the QPBO method can be used to fuse two given label-
ings (Lempitsky et al. 2010), restricting thus the search space to a binary choice in
every pixel. In §2.7, we review QPBO fusion in the context of the expansion-move
algorithm.

2.3.2 MINCUT/MAXFLOW

Let us first introduce the minimum s-t cut problem (MINCUT). It is defined on a
capacitated directed graph (V, E, ¢) with capacity function ¢: E — R, and two vertices
s,t € V, s #t, called source and sink, respectively. The partition (S, V'\S) of the vertex
set V such that s € S and ¢ ¢ S is called a cut. The cost of the cut (S, V\S) is the sum
of costs of all edges with tail in S and head not in S. The minimum s-t cut problem is
to find a cut of the minimum cost,

min Z Cup - (37)

scv
sgS uwel

t¢S uES, vES

This problem can be solved in polynomial time, it is dual to the MAXFLOW problem.

2.3.3 Reduction to MINCUT

From expansion (35) it is also clear that Ey(x) can be equivalently written in the form

E¢(x) = Z CuTy + Z CurTy (1 — y) + o . (38)
u€y wweé

Let A be the set of variables with label 1, A = {u € V |z, = 1}. The second sum
in (38) sums the costs over edges in € such that the tail of the edge is in A, where
z, = 1, and the head is in A = V\ A, where x, = 0. This is exactly the cost of the cut
(A, A) in the capacitated graph (V, &, ¢).

Figuring out the exact coefficients ¢ takes some effort but one can verify that by
collecting the terms of (35) w.r.t. (1 — x,) and x, the expression (38) is satisfied by
the following coefficients (non-uniquely):

(VU’U S 5) Cyv = fuv(170> + fuv(07 1) - fuv(oao) - fuv(la 1) ’
(V’LL’UE(S) Cou =0,
(VueV) ey = fu(l) = fu(0)

S D) — fun0 D]+ S [fun0,1) = fu(,0], B
wveEl VUEE
co=fo+ D ful0)+ Y fur(0,1)+ D [fur(0,0) = fuu(0,1)] .
uey wvel vuel

To represent the cost of the linear terms of (38) as the cost of the cut, let us introduce
two auxiliary variables with fixed values, x; = 1 (source) and xg = 0 (sink), and
rewrite (38) as

E¢(x) = Z CurTy (1 — Ty) + Ceonst s (40)

uvel’

where & = £ U {(1,u) |u € V} U{(u,0) |u € V} defines the extended graph G' =
(Y U{0,1},&") with extra edges (1,u) and (u,0) having associated costs satisfying
cu0 — C1u = ¢y. Then E(x) is equivalent up to a constant to the cost of a cut (A, .A)
in G’ separating the source (1 € A) and the sink (0 ¢ A) and the energy minimization
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2 Background on Energy Minimization

problem can be equivalently cast as a the (MINCUT) problem, where only the non-
negativity constraints on ¢ are not satisfied. Figure 2 illustrates this construction in a
more detail.

The costs ¢y, and ¢, can always be selected non-negative and simultaneously satisfy
Cou — Cly = Cy. However, the costs ¢y, are non-negative iff f,, is submodular. In
the latter case, all the edge weights in the MINCUT problem are non-negative, and the
problem can be solved in a polynomial time by combinatorial algorithms.

There is one degree of freedom in the MINCUT representation for every edge uv € &,
which corresponds to the equivalent transformations of the MINCUT (taking residual
network w.r.t. a flow, Chapter5). A tighter connection between energy representation
and the MINCUT representation can be established by mapping (a subset of) equivalent
transformations of the energy to feasible flows by e.g., defining the following reverse
mapping

fu(l) = Cy0 fv(l) = Cv0 fuv(lao) = Cuv
fu(o) = Clu, fv(o) = Clv, fuv(oa 1) = Cyu (41)
Jo=rco,

with the rest of the terms of f set to zero. This relation allows us to speak of an
equivalent transformation of the energy corresponding to a flow. For multi-label ener-
gies, the expansion-move algorithm (discussed in §2.7) optimizes in every iteration a
binary labeling crossover problem via a reduction to MINCUT. Applying the maximum
flow transformation of the MINCUT problem to the initial multi-label energy function
induced by the mapping (41) is the dual counter-part of the expansion-move algorithm.
This relation was exploited by Komodakis and Tziritas (2005) to develop a primal-dual
algorithm (FastPD) and prove its approximation guarantees (see also the explanation
of FastPD by Kolmogorov (2007)).

2.4 Reduction to Binary Variables

Many important results for the energy minimization problem (4) follow from the equiv-
alent representation using binary variables. In particular, results from graph theory
and pseudo-Boolean optimization are directly applicable.

In this section, we review the construction (Ishikawa 2003; Kovtun 2004; Schlesinger
and Flach 2006) allowing us to represent the energy minimization problem (4) as an
equivalent problem min, E,(z) with binary variables®. The equivalence is understood
in the sense that there is a one-to-one correspondence between the objective functions,
and hence solving the binary problem will deliver a solution to the initial problem, see
Figure3. Let £, = {0,1,...L — 1} and £, = {0,1,...L — 2} for all s € V. For each
variable x5 € V we introduce a representation with L — 1 binary variables (zs; |7 €
Ls, s € V). The resulting binary labeling is z: V — B, where V = [Ley L, We
establish correspondence between multi-label configurations x and binary configurations
z by defining the mappings

(Vi' € Ls)  zsw(x) = [2s>7], (42a)
zs(z) = Zzsﬂ-/ . (42b)
el

3Ishikawa (2003) and Kovtun (2004, §2.3.2) considered a reduction to the MINCUT, while Schlesinger
and Flach (2006) reduces to the energy minimization with two labels. It can be seen that these
constructions are similar.
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2.4 Reduction to Binary Variables

Figure 3 Transformation of multi-label energy to binary energy. Left: an interaction pair
st € &; a labeling z is shown by black circles; the lowest labels are dashed since all weights
in fst and fS associated with them are 0. Right: binary variables zs ;, z: ;; labeling z(z) is
shown by black circles; dotted lines marked with B correspond to hard constraints ensuring
Zsit1 = Zs,i in the optimum. Bold nodes and arcs visualize unary and pairwise terms that
contribute to E;(x) and E4(z) respectively for the given pair of corresponding labelings.

Mapping (42a) is one-to-one. Mapping (42b) becomes one-to-one if we constrain z to
satisfy zgi41 > 254 for i =0,1,..., L — 3. We will make sure that E4(2') is sufficiently
big for any 2’ that does not satisfy these constraints. Now we construct a binary energy
E, such that Ey(z) = E¢(x) for all z and z satisfying (42). It is achieved as follows.
First, we construct an equivalent problem f = f such that the following properties
hold: R )
(Vst € €) (Vij € Lst) [s¢(0,5) = fa(i,0) =0,
(Vs € V) £5(0) =0

In this representation, the correspondence of Ey and E, can be established easier.
However, because representation (43) is unique, the full equivalence class of f will be
mapped to the same ¢g. In other words, equivalent transformations of f will not be
mapped onto those of the binary problem g. Should such extended mapping be needed,
it can be established directly, or dually by defining the mapping of relaxed labelings
as in §4.2.4, where it is used to analyze corresponding LP relaxations. The equivalent
problem f satisfying (43) is constructed as follows:

(43)

(Vst € &) (Vij € L) Fst(iyd) = fst(iy§) — Fsr(i,0) — fst<o j) + £5(0,0),

(Vs € V) (Vi € L) Fo(i) = fo@) + D0 fali, 00 = £5(0) = > (0,0,
teN(s) teN(s)
f0:f0+2fst 0,0 +Zfs
ste& sey
(44)

It is easy to verify that conditions (43) hold for f and that E 7 = Ey. Note, in the

case of two labels, the non-zero terms of f are only fs(l), fst(l, 1) and fo, thus f is
the polynomial representation (36). For a multi-label problem, representation £ 7 is the
minimal (and hence unique) encoding of the energy function.

We can represent fs as the following cumulative sum

(VieLs) f(i)= > Duf=> [I'<i]Dsf, (45)

0<i/<i i'eLs

where D; fs = fo(i+1) — fs(i) is the discrete derivative (finite difference) of f, at i € L,
(where we adopt that the sum over empty set is zero, i.e., when i = 0).
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2 Background on Energy Minimization

Analogously, the function fst can be represented as

(Vij € Lst)  foa(i§)= > Dujfu= > [I'<ill’<jlDijfor,  (46)
0<#’'<i i'§'€L st
0<y'<y

where Dijfst = fst(i,j) +fst(i+ 1,7+1)— fst(i,j +1)— fst(i—i— 1,7) is the mixed second
difference of fst at (i,7) € L.

It follows from these representations that using variables z;; = [z,>i], the energy
E #(x) can be expressed as a quadratic polynomial in z. We can summarize now the
components of the equivalent binary energy minimization problem:

e Graph (V,E), where E = E' U E2. E' = {((s,i),(t,5)) |st € &,ij € Lg}.

E% = {((s,i),(s,i+ 1)) |s€V,i=0,1,...L —3}.

e Binary configuration z € BY. For a configuration « € £V the corresponding binary

configuration z is defined via mapping z(z) (42a).

e Binary energy function F,(z) is constructed as

go = f07
(Vst € £) (Vij € Lq) 9siye) (L 1) = Dyj for = Dij fur, (47)
(VS € V) (VZ S ES) g(s,z)(l) = Dz’fs,

(VseV) (vie{0,1,...L—3}) Y(s,i)(s,i+1)(0, 1) = B

and the remaining components of g are set to zero. In (47), B is a sufficiently big
number, ensuring that inequality zs; > 2,41, for ¢ = 0,1,... L — 3 holds for any
minimizer of g.

Statement 7. Constructed binary energy is equivalent to the original multi-label en-

ergy: For all x € L it is Ef(x) = E4(2(x)).

Proof. Let z = z(x). From representations of unary and pairwise terms by (45) and (46)
we have that

fO =90,
fS("L‘S) = Z g(s,i’)(ZS,i’) )
el (48)
fst(fzst) = Z g(s,i’)(t,j’)(zs,i/a Zt,j/) .
i'j’el
Therefore E¢(z) = E¢(x) = Ef(x). O

For binary configurations z, for which the constraint terms g ;y(s,i4+1)(0,1) are not
active, it holds zs; > z5 41 for i = 0,1,... L—3 and there holds z(z(z)) = z. Whenever
one of the constraint terms is active, the energy F, gets an increase of B, and by
construction the corresponding configuration is not a minimizer. Therefore, we have a
one-to-one correspondence between minimizers of Ey and Ej.

Other reductions to binary variables are possible. A reduction which is independent
of the order of labels (Shekhovtsov et al. 2008) was shown to have degenerate LP
relaxation. The specific reduction we considered is interconnected with the notion of

submodular multi-label energies.
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2.5 Submodular Energy Minimization

Induced MINCUT Representation By reduction of a multi-label £y to binary £, and
the subsequent reduction to MINCUT we can reduce arbitrary pairwise energy minimiza-
tion to MINCUT where the non-negativity capacity constraint may be violated. Recall-
ing the construction of pairwise costs (47) we see that the capacities in the MINCUT
representation will be non-negative iff g4 ;)5 (1,1) < 0, or, equivalently, D;;fs < 0
Vij € /:'st. This condition coincides with the common characterization of multi-label
submodular (pairwise) energies.

2.5 Submodular Energy Minimization

Let us define the component-wise minimum and maximum of two labellings z,y € L:
(VseV) (zAy)s=min(zs,ys), (49a)
(Vs €V) (zVy)s=max(zs,ys)- (49b)

These two operations on the set of labelings define a distributive lattice* (£, V, A).
Function E: £ — R is called submodular if

(Vz,ye L) E(xVy)+ ExAy) < E(x)+E(y). (50)

Submodular function minimization on a distributive lattice is solvable in a polynomial
time. In the case E' = Ey, it is submodular iff (see e.g. (Werner 2007)) for all st € £

(Vast, yst € Lst)  fst(@at ANyst) + fse(@se V yst) < fot(Tst) + Fse(st) s (51)

that is, all pairwise terms f are submodular functions.
It can be seen (e.g., (Fisher et al. 1978)) that fs satisfies (51) iff

(Vij € Lst) Dijfst <0. (52)

We can see that when E is submodular, the pairwise coefficients of the binary-reduced
energy E, calculated by (47) are non-positive, which is precisely the condition when the
binary energy is submodular and can be minimized by solving the MINCU'T problem.

2.6 Relaxation of Binarized Problem (MQPBO)

Kohli et al. (2008) and Shekhovtsov et al. (2008) proposed reducing the problem to the
binary energy minimization and applying QPBO method to the latter. This method is
abbreviated as MQPBO (M for multi-label). Since LP relaxation of the binary problem
can be solved via MAXFLOW, it is a computationally plausible approach. However, it
was established that LP relaxation of the binarized problem is generally weaker than
the multi-label LP relaxation. Nevertheless, for the following class of problems the two
relaxations coincide:

Theorem 8 (Shekhovtsov et al. 2008, Theorem 1). Let for every st € £ the term fg
be either sub- or supermodular. Then the LP relaxation of the binarized problem is
equivalent to the LP relaxation of the multi-label problem (13). O

It was also shown that the LP relaxation of the binarized problem is dual to the problem
of the tightest decomposition into sub- and supermodular problems (Shekhovtsov et al.
2008, Theorem 3). In §3.3 we will review how the optimal partial assignments derived
by QPBO are transferred to the original multi-label problem for integer as well as
relaxed labelings, simplifying the construction of Shekhovtsov et al. (2008, Theorem 2).

“Distributivity follows from distributivity of min and max, e.g., max(a, min(b,c)) =
min(max(a, b), max(a, c)).
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2 Background on Energy Minimization

2.7 Expansion Move

The expansion move algorithm (Boykov et al. 2001) seeks to improve a current solution
x by considering a mowve that for every s € V either keeps the current label x4 or changes
it to the candidate label y;. While x and y are two labelings in the multi-label problem
Ey, the choice between x and y can be encoded as a binary labeling z. We let 2z = 0
correspond to xs and z, = 1 correspond to y,. The restriction of E¢ to [T,cp{xs, ys}
becomes equivalent to a binary energy. The move energy function E,: BY — R (the
crossover problem) corresponding to this choice is defined as follows:

90 = fo, 95(0) :fs($5)7 gs(l) :fs(y8)7
gst(L,1) = fse(ys, ), gst(1,0) = fse(ys, 71) (53)
gst((); 1) = fst(xsayt) 5 gst(oa 0) = fst(xsth) .

Here, the state 0 or 1 corresponds to choosing x, or y, respectively and E4(z) equals
E; of the corresponding crossover between labelings z and y. The expansion-move al-
gorithm (Algorithm 1) iteratively improves the current labeling x by finding an optimal
crossover with constant proposals y such that (Vs) ys = k.

Algorithm 1: Expansion Move (Boykov et al. 2001)

1 Input: f, x;
2 while not converged in E¢(x) do /*x  x/
3 for k=0...L—-1do
4 Create the crossover problem g using (53) between labelings = and y, where
(Vs) ys = K5
5 Find the optimal switch z = argmin Ey(z);
z

. xs if 2z =0,

6 (Vs € V) as&gnxse{ys o =1,

In the case Ey is a metric energy (Boykov et al. 2001), the move energy E, is sub-
modular for arbitrary x and step 5 reduces to MINCUT.

2.7.1 Truncated Expansion Move

In the case of non-submodular move energy, it can be “truncated” to make it submod-
ular while still preserving the property that the move does not increase Ef(x) (Rother
et al. 2005). We propose here an analysis of the truncation heuristic and show that the
family of useful truncations can be identified with submodular majorants. We are not
aware of such an analysis present in the literature.

Let Agt = g5¢(0,0) 4+ gst(1,1) — gs¢(0,1) — gst(1,0) = Dppgst- The pairwise term g is
submodular iff Ag < 0.

Definition 2. The truncation g*? of g is defined as follows. It is different from g only
in non-submodular pairwise components, which are set as

9%7(0,0) = g51(0,0) — Bl

9%7(0,1) = gs1(0,1) + gt Ay, (54
g?t’ﬁ(l,()) = gst(lv 0) + (1 — Ot — Bst)Ast )

g?tﬁ(l’ 1) = gst(lv 1) s
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2.7 Expansion Move

where ag; and (s are free parameters satisfying ag > 0, Bg > 0, ag + Bst < 1.
Statement 9. Energy function Ega s is submodular and
(Vz€BY)  E4(2) — Eg(0) < Egas(2) — Egas(0). (55)

Inequality (55) says that the decrease of FE is at least as big as the decrease of Eja s
when changing from 0 to z. Assuming Eja.5(2) < Ejes(0), the inequality (55) implies
that Ey(z) < E4(0). Because g is the move energy vector for f, the value of E¢(x) will
decrease after step (6).

Proof. Submodularity of Egs is verified easily as follows. For pairs st, where g is
non-submodular we have: Dgg‘t’ﬁ = 0, therefore these pairs become modular (decou-
pled). Submodular pairs of g are preserved in ¢®?. Let us verify inequality (55). By
construction of g®f, for all st € £ such that Ay > 0,

94:"(0,0) = 955" (0,0) = 0,
gS;B(O, 1) - g;ﬂ(ov 0) = gst(07 1) - gst(oa 0) + (ast + Bst)Ast ) (56)
g;’ﬂ(l, 0) - g(s);fﬂ(ov 0) = gst(L 0) - gst(O, 0) + (1 - ast>Ast )
95" (1,1) = g57(0,0) = gu(1,1) = g.1(0,0) + B,
we see that only positive values are added on RHS. O

Statement 10. The truncation with a and S > 0 is never better than the truncation
with o and 8 = 0:

Egoo(2) = Egao(0) < Eyas(2) — Eyas (0). (57)

Proof. It can be seen that the values which are added in the RHS of (56) increase with
the increase of 5. This implies inequality (57). O

If an improving move z was found for a truncation E .. s it will surely be an improving
move also for truncation Ega,O.

In the construction of auxiliary submodular problem by (Kovtun 2004) reviewed in
§3.5, a truncation of the form ¢%' occurs. Clearly, this truncation is looser than any
other.

Statement 11. The truncation ¢%! is not better than any truncation g®?:

(V2) (Va, B)  Egas(2) = Egas(0) < Egoa(2) — Egoa(0). (58)

Proof. The statement is verified by collecting all summands of inequality (58) on one
side and examining each pairwise component:

0 if Zst — (O, 0) s
a a AS — if st = \YU, )

I8 ) — 80) — 57 ) + 570 = R0l B) =0 g
Ast(l - ﬁ) if Zst — (1, 1) .

It is seen that the RHS is non-negative in all the cases. O



2 Background on Energy Minimization

If z is an improving move for FEg, then it is also an improving move for any other
truncation.

By Statement 10, one degree of freedom is excluded from the construction of trunca-
tions. It can be verified that truncated energies E a0 are submodular majorants of £,
ie.,

Vz  Egeo(z) > Ey(2). (60)

Several algorithms, such as submodular-supermodular procedure of Narasimhan and
Bilmes (2005), can be formulated as constructing a submodular majorant that is exact
at the current solution, and then minimizing this majorant. Clearly, by choosing o
appropriately as 0 or 1 one can make sure that the truncated energy F o0 is eract at
the current solution z (it satisfies Egao(z) = Ey(z)). Therefore, the expansion move
with truncation can be understood as application of the majorize-minimize algorithm to
solve the crossover problem. The truncation is exact at the current labeling 0. Either
an improving move is found and Algorithm 1 proceeds, or z = 0 is a fixed point of
the majorize-minimize for each of the crossover sub-problems. One can verify that the
family of submodular majorants { Eje0| a} is tight and complete for Eg, i.e., it describes
all submodular majorants which are not dominated by other submodular majorants.

2.7.2 Fusion Move

Having two candidate solutions x and y, the fusion move of Lempitsky et al. (2010)
applies the QPBO method to optimize the crossover problem FE; without trunca-
tion. QPBO can be used to find a solution z satisfying Ey(z) < Ey(x), guarantee-
ing monotonous behavior. The algorithm is presented in Algorithm 2. We will show in
Chapter 4 that fixed points of fusion move algorithm with constant proposals (Vk ys = k)
satisfy multi-label partial optimality constraints.

Algorithm 2: Fusion-Move (Lempitsky et al. 2010)

1 Input: f, z, y;
2 Construct the crossover problem g using (53) between labelings x and y;

3 O = QPBO(g); /* all minimizers z of g satisfy z; € Oy */
rs if0€ Oy,

ys otherwise /* improve x */
S .

4 (Vs € V) assign x5 {
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3 Review of Partial Optimality Methods

In this chapter, we review in more detail several methods for optimal partial assignment.
Such methods recover a “part of the optimal labeling” even in the case when finding
the complete optimal labeling is not tractable.

Definition 3. Consider a subset of variables A C V and the assignment of labels over
this subset y = (ys| s € A). The pair (A, y) is called a strong optimal partial assignment
if for any minimizer z* it holds 2% = y. The pair (A, y) is called a weak optimal partial
assignment if there exists a minimizer x* such that % = y.

Two or more strong optimal partial assignments can be combined together because each
of them preserves all optimal solutions. This is not true for weak assignments because
they may not share any globally optimal solutions. However, a weak optimal partial
assignment could be more helpful — the best one assigns all variables. Therefore we are
interested in recovering both: strong and weak partial assignments.

Several fundamental results identifying optimal partial assignments are obtained from
the properties of linear relaxations of some discrete problems. An optimal solution to
the continuous relaxation of a mixed-integer 0-1 programming problem is defined to be
persistent if the set of [0, 1] relaxed variables realizing binary values retains the same
binary values in at least one integer optimum (Adams et al. 1998). A mixed-integer
program is said to be persistent (or possess the persistency property) if every solution to
its continuous relaxation is persistent. Nemhauser and Trotter (1975) proved that the
vertex packing problem is persistent. This result was later generalized to optimization
of quadratic pseudo-Boolean functions by Hammer et al. (1984). Strong persistency
was also proved, stating that if a variable takes the same binary value in all optimal
solutions to the relaxation, then all optimal solutions to the original 0-1 problem take
this value.

Several works considered generalization of persistency to higher-order pseudo-Boolean
functions. Adams et al. (1998) considered a hierarchy of continuous relaxations of 0-
1 polynomial programming problems. Given an optimal relaxed solution, they derive
sufficient conditions on the dual multipliers which ensure that the solution is persistent.
This result generalizes the roof duality approach, coinciding with it in the case of
quadratic polynomials in binary variables.

Kolmogorov (2010, 2012a) showed that bisubmodular relaxations provide a natu-
ral generalization of the roof duality approach to higher-order terms and possess the
persistency property. He also considered submodular relaxations which form a spe-
cial case of bisubmodular and showed the following. The roof duality relaxation for
quadratic pseudo-Boolean functions is a submodular relaxation, and it dominates all
other bisubmodular relaxations. For non-quadratic pseudo-Boolean functions, bisub-
modular relaxations can be tighter than submodular ones. Kahl and Strandmark (2011,
2012) proposed a polynomial time algorithm to find the tightest submodular relaxation
and evaluated it on problems in computer vision.

Lu and Williams (1987), Ishikawa (2011) and Fix et al. (2011) obtained partial op-

timalities via different reductions to quadratic problems and subsequent application of
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3 Review of Partial Optimality Methods

the roof dual. We present here the specific methods which we are going to unify in
Chapter 4. We thus follow two purposes: to formally introduce the respective methods
and to make certain preparations to ease the subsequent unification. The following
methods are considered:

e The family of local methods known as the dead end elimination (DEE), originally
proposed by Desmet et al. (1992). DEE methods were developed in the context
of protein structure design and are not widely known in the machine learning and
computer vision communities. They formulate simple sufficient conditions allowing
to exclude a label in a given pixel based on its unary and adjacent pairwise terms.

e The roof dual method (QPBO). We give a proof of the strong persistency theorem
(§3.2) based on the component-wise inequalities satisfied by the arc-consistent
equivalent. This proof is essentially in the form of the unified sufficient conditions.

e The MQPBO method (Kohli et al. 2008) extends partial optimality properties of
QPBO to multi-label problems via the reduction of the problem to binary variables.

e Auxiliary submodular problems by Kovtun (2004).

In all these methods there is a mapping introduced (implicitly or explicitly) that is
shown to improve (not necessarily strictly) any given labeling.

Definition 4. A mapping p: £ — L is called improving if
(Vz € L)  Ey(p(z)) < Ey(z) (61)
and strictly improving if

(p(z) #2) = Ep(p(z)) < Ef(z). (62)

If every labeling = with z; = « satisfies the strict inequality E;(p(z)) < Ef(x), then
(s,) cannot be a part of any optimal assignment and can be eliminated. The idea of
improving mappings will be generalized in Chapter 4 to improving mappings of relaxed
labelings, i.e., of the from A — A. In QPBO, an improving mapping is defined in terms
of an autarky (Boros et al. 2006). In MQPBO and the method of (Kovtun 2004), an
improving mapping is defined in terms of a generalized autarky, which we introduce as
follows.

Definition 5. A pair (™", 2™%%) is a weak autarky for Ey if the inequality
Ef((x v a™™) A ™) < By(x) (63a)

holds for all x € £. If, in addition, for every z # (z V ™) A 2™ inequality (63a) is
strict, the autarky (z™", 2™8%) is called strong.
It is clear that an autarky (z™® x defines an improving mapping x ~ (z V ™) A
™% We have then for any labeling = that the labeling 2* = (z V 2™) A 2™ is not
worse than x. Moreover, if * # = we have E¢(z*) < Ey(x). Therefore, any optimal

labeling must satisfy z = (z V ™) A ™8 which translate to the inequalities

max)

mmin <zr< pmax. (64)

For a strong (resp. weak) autarky (™™ x™2%) the inequality (64) is satisfied for all
(resp. some) minimizers x, providing an optimal partial assignment in pixels s where
PN = pMaX p the case where ™" < 212X we speak of domain constraints.

Definition 6. Let A C V, let (Vs € A) Ks C Ls. Let K be the Cartesian product of
K, over s € A. We say that a pair (A, K) is a strong (resp. weak) domain constraint
if for all (resp. at least one) minimizer 2* there holds 2% € K.

max
S
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3.1 Dead End Elimination

Figure 4 Singles dead end elimination. If, for any configuration of the neighborhood, there is
a labeling through label 8 in s (blue) that dominates the labeling through a fixed label « in
s (red) then (s, a) can be eliminated as non-optimal.

Obviously, domain constraints include partial assignment as a special case, or can be
veiewd as a partial assignment in some binary encoding of the problem. A weak (resp.
strong) autarky (z™, z™3%) provides weak (resp. strong) domain constraints with
K= {i € Ly |2™n <4 < ghax),

Even in the case of binary variables determining whether a given pair (™", z™ax)
is a strong autarky is NP-hard (Boros et al. 2006). The methods we review can be
viewed as proposing autarkies based on simpler sufficient conditions which are polyno-
mially verifiable. In the special case of submodular energies, autarkies are polynomially
verifiable, and this case is also covered by our unified sufficient condition.

3.1 Dead End Elimination

A series of works related to energy minimization was published in the context of protein
design and protein structure prediction. Several applied problems in this area are for-
mulated as a pairwise energy minimization!. These works try to simplify the problem as
much as possible by removing states that cannot be a part of any optimal configuration.
There is a number of sufficient conditions proposed, which are generally referred to as
dead end elimination (DEE), see (Desmet et al. 1992; Goldstein 1994; Lasters et al.
1995; Pierce et al. 2000; Georgiev et al. 2006) and others. We will review the so-called
singles elimination techniques. The goal is to determine for a fixed s € V and a € L,
whether the condition xs # « is true for any optimal assignment z. In that case, (s, )
can be eliminated without affecting any of the optimal assignments. In the literature
these different but related criteria are proven separately. It will be instructive to start
with the strongest criterion and then gradually relax it, ordering the criteria proposed
by different authors in a chain of inequalities. In this way we will simultaneously prove
the respective criteria and demonstrate how they compare to each other in a concise
way.

'For example, the assignment z, can define a selection and a spatial conformation of side chains of
amino-acids onto residue positions of the protein scaffold and the energy is the sum of self-energy
of residues plus pairwise interaction energies. See e.g. (Looger and Hellinga 2001) and references
therein.
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3 Review of Partial Optimality Methods

The pair (s, «) can be eliminated if

(Vz € Las)) BB) fsla)+ > faloym) > f(B)+ Y. fa(Ba).  (65)
teN (s) teN (s)

For each labeling of the neighbors of s, changing label « to label § in s (not necessarily
the same [ for different x) gives an improved energy. This condition is called bottom
line DEE (Pierce et al. 2000). It is illustrated in Figure4. It is rather of theoretical
interest as it may be computationally too expensive to verify when the neighborhood
of s is large. Let us rewrite it equivalently as

(Vz € L) 38) fola) = fs(B) + Y [fale, o) = fau(Bix)] >0, (66)

teN(s)
:Jcenﬁlj\?(g) Eneaﬁx (fs( ) fs(ﬁ) + te%(s)[fst(av xt) - fst(ﬁ? xt)]) >0. <67)

Next, we represent 3 with a vector of indicator variables (Bi € {0,1} |i € L) such that
>; Bi = 1. In this representation we can rewrite LHS of (67) as

min max (fs(a) _Zfs(z)B(Z)'i_ Z [fst(avxt Zfst Z xt ) DEEL.

TELN (s) Bi{ﬂﬁli‘ls teN (s)

) ) (68)
Because the objective becomes linear in 3, we can allow 3 € [0, 1]** and write DEE1
as

min _max, (fu(@) = 3 f@DB6) + Y [furlaze) = 3 ) D). (69)

zE€L N (s) BE]O, 1] 1N ()

> Bi=1

By switching min and max we obtain the first simplification,

DEEl > max min (fs(a) — Zfs(l)g(z) + Z [fst(ov, ) — Zfst(%%)ﬂ@})

BE[0,1]Fs TEL N (s)

Z 5o teN (s)

:5;[%&1}](& (fs « —Zl:fs(i +t %:( HllIl [fst(a, 2¢) Zfst i,2¢)3 ) (70)
> Bi=1

= DEE2,

where the equality is because minimization over /(s decouples. If for any fe [0, 1]55
such that 3°; 3; = 1, the inner bracket of (70) is positive, then condition (67) is satisfied.
Therefore (s,a) can be eliminated. This sufficient condition is known as Goldstein’s
general DEE (Goldstein 1994). See example in Figure 10(a). The optimal choice of 3,
namely solving the maximization in (70) was addressed by Lasters et al. (1995). It can
be seen that the objective in (70) is a piecewise linear concave function in § and (70)
can be written as a linear program?. We make the next simplifying step by constraining
/3 to be 0-1 again and obtaining

DEE2 > max (fs(a) )+ Z mln [fst(a,zy) — fst(ﬁ,xt)]) =DEE3. (71)
PeLe teN(s) "

2Lasters et al. (1995) applied a cutting-plane method to this problem to gain additional speed-up.
However, their experiments demonstrated that this criterion provided a relatively small improvement
over a simpler singles criterion (71).
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3.2 QPBO

The condition DEE3 > 0 is known as Goldstein’s simple DEE (Goldstein 1994). It is
easily interpreted as

(38) (Vz € Lar(s))  [fs(a) = f5(B) + Z [fst(a, ) — fse(B,2¢)] > 0, (72)
teN(s)

which means that a single improving switch from a to 3 exists for an arbitrary labelling
of the neighbors of s. Thus, it is a very intuitive condition, which can be proposed
directly. Let us continue with the chain of inequalities. Let us choose a fixed 8 € L,
then

DEE3 > fy(a) — fs(8) + Z min fo(a, @) + min (—fu(8,.))] (73)
teN (s

= fs(a) Z mm fst(a,zy) — max fst(8,21)] = DEE4. (74)
teN (s ne

The sufficient condition DEE4 > 0 allowing to eliminate (s,«) is the original DEE
theorem by Desmet et al. (1992). Though it is the weakest one of the above conditions,
it has the lowest computational complexity.

Extensions of the DEE method include sufficient conditions to eliminate pairs of
labels (Desmet et al. 1992), fixing a part of variables and evaluating the sufficient
conditions on the restricted energy (split DEE (Pierce et al. 2000)), incorporating the
DEE method into a branch and bound search (Georgiev et al. 2006) and other.

The unified class of sufficient conditions we analyze will include the general Goldstein
DEE for single labels (equation (70)) and thus also all weaker DEE criteria for single
labels. We will not cover the extensions of DEE, only remark that they could be
potentially related to higher-order relaxations.

3.2 QPBO

In this section we review weak and strong persistency of QPBO. We give a simple proof
of strong persistency relying on the properties of the arc-consistent equivalent.

Theorem 12 (Weak persistency, Hammer et al. 1984). Let p be any optimal relaxed
labeling for binary energy Ey. Let Oy = {i € B | (i) > 0}. Then

(Fz € arggrgnin E¢(z)) (Vse€V) zs € O,. (75)

Clearly, if us is integer then Oy contains only one label and there exists an optimal
labeling taking that label. If, on the other hand, us is not integer, Oy is necessarily
{0,1} and x4 can be any.

The following property, called strong persistency, was also shown for the roof dual
relaxation (Hammer et al. 1984). If a variable takes the same binary value in all
optimal solutions to the relaxation then it realizes that binary value in all optimal
integer solutions. We reformulate this result in terms of the dual optimal solution.

Theorem 13 (Strong persistency, Hammer et al. 1984). Let f¥ be a (non-unique)
arc-consistent equivalent of binary energy Ey. Let Oy = argmin; f(i). Then

(Vz € arg;nin E¢(x)) (Vs €V) s € Os. (76)
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3 Review of Partial Optimality Methods

Proof. Assume for contradiction that z is an optimal labeling and z, ¢ O, for some
p € V. We will show that the labeling y defined by

T if 5 € Oy,
Ys =

. (77)
-z if xg & Oy

attains a strictly lower energy, which contradicts optimality of x. By construction, we
have (Vs) ys € Og, therefore for every unary term of f¥ the inequality holds

[ (ys) < f(s) (78)

and at least one of these inequalities is strict, namely the one for pixel p. Let us
show that similar component-wise inequalities hold for pairwise terms as well. Let
Ost = argminij f&(i, 7). Consider the following cases:
e |Os] =1, |0, = 1. By arc-consistency, there is only one locally minimal arc in
Ost, the arc (ys,yt). Therefore, fi(yst) < f&(xst).
e |Os] =1, |0y = 2. By arc-consistency, both arcs (ys,0) and (ys, 1) are locally
minimal (both belong to Og). Therefore, ys € Og and f&(yst) < fo(zst)-
o |O4] =2, |O¢| = 2. In this case ys = xg and hence f§(yst) = fi(@se)-
Therefore, for every st € £ we have

fayse) < féi(zat) - (79)

Summing unary inequalities (78) over s € V and pairwise inequalities (79) over st € &€
and adding f§ to both sides, we obtain

Ey(y) = Ef?(y) < Ef¥(z) = Ef(z), (80)
which contradicts the optimality of x. O

Clearly, if |Og| = 1, by complementary slackness, it must be that {i | us(i) > 0} = Oq
for any optimal p. On the other hand, a primal solution p can be constructed for ¢ such
that {i|pus(i) > 0} = O,. By this argument, sets Oy in Theorem 13 can be alternatively
defined as Os; = {i | (3n) ps(i) > 0, p is optimal}. It follows that if ps is the same
integer assignment in all optimal relaxed solutions, then this assignment is taken by all
optimal labelings x.

It is easy to see that constraints of the form z, € O, may be expressed as:

Zmin g P S Zmax (81)

by letting (Vu € V) z™" = min O, and 2M* = max O,,. For example, 0 < z, < 1 does
not restrict z,, while 0 < z, < 0 asserts that z, = 0 for any minimizer z. It is also
clear that the explicitly constructed improved labeling (77) can be written in the form
y = (2 V 2M1) A 2™ Thus we in fact proved that the pair (2™, 2™8%) computed by

QPBO is a strong autarky.

3.3 MQPBO

Consider a multi-label energy Ey and its binary reduction E, according to the con-
struction in §2.4. We can obtain partial optimality guarantees for the binary problem
E, via QPBO and reinterpret them for the initial multi-label problem E; (Kohli et al.
2008). The next theorem shows how a strong autarky (2™, 2™2%) for the binary energy
E, is interpreted as a strong autarky (x™in pmaxX) for the original multi-label energy
Ey. This interpretation is illustrated in Figure 5.
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3.4 Autarkies for Submodular Problems
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Figure 5 A strong autarky (2™, 2™3%): if a labeling x (thin dashed) does not satisfy con-
straints ™0 < 7 < 2™ then labeling x* = (z V 2™) A 2™2% (thick dashed) does satisfy
them and it has a lower energy.

Theorem 14. Let E, be the binarized problem for £y and (zMin zmax) g strong autarky
for E,. Let a™® = g(zMin), g™Ma% = z(2™MaX) by the mapping (42b). Then

(Vo # (Vv a™®) A ™) Ep((z V™) A ™) < Ef(z). (82)

Proof. Let x € £ and z = z(x) as defined by mapping (42a). We will show that
(z V™) A g0 = g((z V z™0) A 2™M8%) - The theorem will follow by the equivalence
of Ef and E,. Let us show that for any 2,2’ € BY*£ such that zg(i) > 25,11 and
2g(1) > zg ;41 it is 2(2 V 2') = 2(2) V 2(2). Indeed

2(zV ), = Zmax(zs(i), 2(i)) = Z (li<z(2)] v li<e(z))s]) = max(z(2)s, 2(2))s)
€L €L (83)
Similarly, we can verify that z(z A 2') = z(2) A z(2). O

The MQPBO method finds a strong autarky (z™", 2™%*) using Theorem 14 and the
strong autarky (2™, z™8%) found by QPBO for the binarized problem.

3.4 Autarkies for Submodular Problems

Let E; be submodular and z* be its minimizer. Then we have the following properties:

Ei(xVa®) < Ey(x), (84a)
E¢(x Nx™) < Eg(x). (84b)

These properties easily follow from submodularity, noting that Ef(xVz*) > Ef(2*) and
Ef(xVa*) > Ef(z*). It follows that any pair of optimal solutions (z!*,22*) is a weak
autarky for this problem since Ef((z V 2'*) A 2%*) < Ef(z vV 2*) < Ef(2).

if we choose the lowest and the highest minimizers,

Moreover,

i — /\ argmin Ey(x), (85a)

e = \/ argmin Ey(x), (85b)

then the autarky (z™%, z™2%) is strong. This strong autarky can be determined from
the solution of the corresponding MAXFLOW problem.
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3 Review of Partial Optimality Methods

3.5 Auxiliary Submodular Problems

In the techniques (Kovtun 2003, 2004, 2011), a labeling z* is found such that the
mapping x — xVz* is improving for Ey. Since xVa* > z*, this guarantees the existence
of a minimizer z** satisfying ** > x*. This means that all partial assignments (s, xs)
such that x5 < x} can be eliminated as non-optimal. It can be seen that the improving
mapping x — x V z* is a special case of an autarky, namely the autarky (z*, 2™?*) with
™M set to the maximum labeling.

According to the above §3.4, finding an improving mapping of this form for a submod-
ular function Ej is easy. It is sufficient to calculate a minimizer of E, or the “lowest”
minimizer if we want to obtain strong domain constraints. To find such improving map-
ping for a non-submodular E¢, Kovtun (2003) proposed to construct an auxiliary energy
E, which would be submodular and have the property that its improving mappings are
guaranteed to be improving also for E;.

We will review the general method, constructing an auxiliary problem incrementally
and two special methods, constructing binary auxiliary submodular problems, which
are more useful in practice. For the second special case, we will later derive an optimal
method to compare with.

Definition 7 (Kovtun 2011). Let p denote the mapping x + x V z* for some x*. The
function Ej is called auziliary for E; if and p if

(Vo e L) Ep(p(z)) — Ef(z) < Ey(p(x)) — Ey(2), (86)

that is, the improvement by p in Ey is at least as big as the improvement in £,,.

If p is improving for E, then the RHS is non-positive and so is the LHS. It follows that
p is improving for Ey. However, such z* that p is improving for E; is not known in
advance, at the point of constructing F,. The idea is to require that (86) is satisfied
for a family of mappings {z — = V 2* |z* € K}, where K =[], K; and K, C L, are
some subsets of labels. The condition (86) for all mappings in this family is replaced
by the following simpler component-wise inequalities:

(Vs € V) (Vi € Ls) (Vi' € Ky) (f—g)s(ivi) < (f

< 9)s(1),
(Vst € &) (Vij € Lg) (Vi'j € Kgt)  (f—g)sat(i Vi, iV i) < (f

- g)st(iuj) . (87)
It can be seen that the inequalities (87) imply (86) for arbitrary z* € K. They form a
looser sufficient condition. Having constructed auxiliary problem Eg, it remains to find
x* € K such that the mapping x — x V 2* is improving for F;. As discussed in §3.4, if
x* is a minimizer (resp. the highest minimizer) of E,, then the mapping x — x V z* is
improving (resp. strictly improving) for E,. It remains to make sure that the minimizer

z*is in K.

3.5.1 Iterative Algorithm

The iterative algorithm to construct E, and (K |s € V) proposed by Kovtun (2004,
2011) is shown in Algorithm 3.

In step 3, for each edge st € £ a system of linear inequalities in g5 has to be solved.
While (Kovtun 2004) provides an explicit solution, it will not be necessary for our
consideration. If the condition z* € K is not satisfied, the set K is enlarged. When the
algorithm terminates, x +— x V z* is strictly improving for Ey. It may stop, however,
with 27 = 0 for all s, so that efficiently no constraints are derived. This algorithm runs
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3.5 Auxiliary Submodular Problems

Algorithm 3: Iterative Construction of Auxiliary Problem (Kovtun 2004, 2011)

1 Set Ky :=0,seV;
2 repeat
3 Construct a submodular g satisfying inequalities (87);
4 Find 2* = A argmin Fy(z);
xr
5 if 27 € K, for all s €V then
6 L return z*
7 Ks:= K, U{z¥} VseV;
8 until;

Figure 6 Illustration of the auxiliary one-against-all function g. The chosen label y competes
with all other labels in every pixel. If y wins then it is guaranteed to be a part of any optimal
assignment.

in polynomial time since minimization of E, is polynomial and the algorithm performs
no more than |V| iterations.

3.5.2 One-against-all Auxiliary Subproblem

A simpler non-iterative method proposed by Kovtun (2003) is as follows. Let y be a
fixed proposal labeling. The algorithm attempts to identify pixels s where the label
(s,ys) is a strongly optimal partial assignment. The construction is motivated by the
expansion move algorithm. Let us reorder labels in each pixel such that ys becomes the
highest label.

The problem FEj is constrained to have a form such that all unary and pairwise
costs associated with labels from the set X, := £;\{ys} are equal (see Figure 6). More
precisely, we assume that for all s the weights gs(Xs) = (gs(¢) | i € X;) are equal to the
same value, denoted with some abuse of notation as gs(Xs). Similarly, for the pairwise
terms we assume that

gst(ysa yt) = Qgt
7X =0 y

gst(ys t) st (88)
gst(Xsa yt) = Cst ,
gst(X57Xt) =dg,

where ag, bst, cot,dsy € R. The problem Ej is thus defined by the weights g« (ys),
9s'(Xs), ast, bst, Cst, dst for s’ ranging in V and st in €.

The set K is chosen to be {0,ys}. This corresponds to a family P of mappings p
which either switch to label ys or retain the current label in every pixel. At the same
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time, for E; in the restricted form, it is clear that its lowest minimizer takes either label
0 or label y,. To be an auxiliary function for £y w.r.t. any mapping from P, g has to
satisfy

(Vos #ys)  9s(Xs) = gs(ys) < fo(@s) — folys)
(Vi # yi) bst — ast < fst(ys, ©e) — fot(Ys, Ut)
(Vzs # ys) st — ast < fst (s, yt) — fst(Ys, yt) (89)
(Vs # ys) (Vor # yr) dst — ast < fst(@s,2t) = fst(Ys, Yt) ,
(Vs # ys) (Yo # yt) dst — bst < fot(s, 7¢) — fse(Ys, Tt)
(Vos # ys) (Yo # yt) dst — st < fst(Ts,me) — fot(@s, Y1) -
One of the solutions, enforcing also submodularity of Eg, is the following:
9s(ys) = fs(ys) —min f5(3) ,
1#Ys
ast = fst(Ys,yt),  bse = min fo(ys,5), ¢ = min fsi(4,y1)
J#yt i#Ys (90)

dst = min {bst + Cst — Gst,

_ min [fst(ia.j) +min {bst — fst(Ys, ), st — fot(is yt)}”
1Y, J 7Yt

The constructed auxiliary problem E, has the property that its lowest minimizer i =

A argmin E,(z) is guaranteed to satisfy (Vs € V) 2™ € K. Therefore 2’ — 2V z™in

is improving for £j,.

3.5.3 Many-against-many Auxiliary Subproblem

The general construction proposed by Kovtun (2004, 2011) considers an arbitrary par-
tition of the set of labels L into two subsets X and Yy in each pixel. The labels are
re-ordered such that Y; > X, and y, = minY,. The labeling 2™ is constrained to
Ky = {0,ys} in every pixel. If 2/ +— 2/ V 2™ is improving, all labels (s,4) such that
i € X5 and ™ = g can be eliminated. A binary auxiliary submodular problem is then
constructed satisfying (87). The one-against-all construction is obtained as a special
case by letting Yy = {ys}. That is, the set of potentially eliminated labels X contains
all labels but ys (X5 = L£5\{ys}). We discuss the opposite special case below, when the
set X contains a single candidate elimination label in every pixel s. This second case
is interesting because of the family of mappings it considers. We will be able to derive
the optimal method for this family and hence to show a strict improvement.

3.5.4 All-against-one Auxiliary Subproblem

In this section, we study a special case of the many-against-many construction, not
explicitly considered by Kovtun (2011). The all-against-one auxiliary subproblem at-
tempts to eliminate a single label in every pixel (as opposed to eliminating all but one
labels). The number of nodes which can be eliminated is lower should the method
succeed, however the sufficient conditions used in this case are tighter (there are fewer
inequalities that g must fulfill).

Let y, 2z be fixed labellings and A C V. Let the mapping p4: £L — L be defined
pixel-wise as

ifxs =z2;and s € A, (91)

(pal)), = {y

rs otherwise.
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3.5 Auxiliary Submodular Problems

Figure 7 Illustration of the auxiliary all-against-one function E,. The goal is to find pixels
where the label z can be eliminated by replacing it with label y.

That is, mapping p 4 replaces labels z with labels y for all pixels in A. If p 4 is improving,
we can eliminate all nodes ((s, z5) | s € A, ys # 2z5) as non-optimal. For fixed labellings
y,z, we are interested in finding the largest subset A such that the mapping p4 is
improving. This mapping can be represented in the form z — x V 3 by ordering the
labels such that (Vs) z; < ys = minYs and letting v’ € Ky = {z5, ys}-

Following Kovtun (2011), we will construct an auxiliary problem E; for the family of
mappings {z — x V' |y, € K,, Vs € V}. As before, we restrict E, in such a way that
all labels Ys := L£5\{zs} will have the same associated unary and pairwise costs: costs
(gs(7) |7 € Y5) are equal for each s and costs (gst(i,7)|ij € Yst) are equal for each st. In
this case, E, will be equivalent to a problem with two labels in each pixel s, deciding
between z; and ys.

The auxiliary property of Ey is ensured by the component-wise inequalities (87). We
first consider pairs st, such that ys; # z;. The required inequalities for such pairs are

9s(2s) — gs(ys) < fs(2s) — fs(ys)
Cst — Ast S ?;1&12 (fst(zsaj) - fst(y&j)) = Asta

bst —ast < gilzn (fst(iy2t) — fse(isyr)) = D,
det —ast < fst(ZS> Zt) - fst(ysayt) s
Zsy Rt

dst_bst < fst( ) fst(y57zt)a
dst —cCst < fst(237 Zt) fst(237yt) .

The last three inequalities account for possible mappings p 4 depending on whether
A includes s, t, or both. A solution to these inequalities and submodularity constraints
can be obtained as

9s(2s) = fs(2s) = fs(ys),  gs(ys) =0,
ast =0, bst = gig: (fst(ia zt) - fst(ia yt)) 5 Cst = g?élg (fst(Z87j) - fst(ysaj)) ) (93)

dst = min (bst + Cst, fst(z& 2t) + min {bst - fst(y57 Zt)v Cst — fst(zsv yt)}) .

In the case ys = z, the label of pixel s should be fixed to 0 and hence s can be
excluded from the problem. We have fewer inequalities in this case:

bst — ast < Ay ’

94
dst —Cst < fst(257zt) - fst(257yt) s dst < bst + Cst — st - ( )

35



3 Review of Partial Optimality Methods

And we can choose a solution

93(0)295(1):0, ast =0, cst =0, bot = A¢s s

ds¢ = min(As, fse(2s, 2t) — fse(zs,ut)) = miin (fse(is 2) = foe(isue)) - (95)

Without loss of maximality (as will be defined and proven in §4.4 devoted to max-
imum projections), we can exclude pixel s and add the cost ds to gi(z;). It can be
seen that this construction is equivalent to taking the worst case estimate for pixel s
independently for all its neighbors t € A.

The methods reviewed above were proposed as sufficient conditions by Kovtun (2011).
They do not pretend to be the best in any sense. In the sequel, we will show that
replacing the labeling-wise inequalities (86) with component-wise inequalities (87) can
be done without loss of generality and the submodular truncation is an optimal design
step in the case of all-against-one auxiliary subproblem. However, the other design
steps: 1) requiring that E, is equivalent to a two-label problem and 2) requiring that
E, is auxiliary for Ey for all possible members of the considered family of mappings, are
not optimal, leading to the final sufficient condition being over-constrained. In §4.4.3,
we derive an optimal method for all-against-one problem, overcoming this limitation.
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4 Unified Framework for Partial Optimality

In this chapter, we show that the different sufficient conditions used in the methods
of DEE, (M)QPBO, and auxiliary submodular problems can be unified into a general
class. We study the common properties of the unified class, and show the following. All
the above methods can be derived as local sufficient conditions in a specially constructed
reparametrization of the problem. Furthermore, they can be related to the standard
LP relaxation. It is guaranteed that the found strong partial optimalities retain all
optimal solutions of the LP relaxation, in other words, solutions of the LP relaxation
automatically satisfy the derived partial optimalities. Therefore, LP relaxation cannot
be tightened by these methods. A similar result holds for fixed points of the fusion
move algorithm: they satisfy strong optimalities of a specific subclass.

In §4.1 we introduce our unified tool for reduction of the discrete search space, called
a projection. It is a linear map of the set of relaxed labellings to itself that does not
increase the energy and shrinks the possible selection of the labels. We give examples
of projections corresponding to the individual methods and prove that the considered
methods (DEE, QPBO, M-QPBO and auxiliary submodular problems) are all indeed
special cases of our sufficient condition. We study general properties of projections
and their relation to the LP relaxation. In §4.3, we prove the characterization of the
sufficient condition as a simple local condition up to equivalent transformations. This
reveals the principle of the method and offers a powerful tool for further analysis. In
§4.4, we address the question of what the maximal projections (that provide maxi-
mal partial assignments) for a given problem are. While this is a difficult question in
general, we give polynomial-time algorithms to find maximal projections in restricted
subclasses. Our new algorithm, applicable to general energy functions, similarly to pre-
vious methods provides sufficient conditions for a partial optimal assignment. However,
it is optimal for projections from a certain non-trivial class.

4.1 Projections

We observed in Chapter 3 that the optimality guarantees of the reviewed methods are
obtained through the following mechanism. An improving mapping p of labelings is
constructed. Given an arbitrary labeling x, p provides a labeling that has a better (or
at least not worse) energy. In the case of Desmet’s DEE, such a mapping changes the
label in a single pixel s, replacing label « to label 8 in s. In the case of QPBO and
MQPBO the mapping is of the form x + (z V ™) A 2™8%, In the case of auxiliary
submodular problems, after a certain reordering of the labels, the mapping is of the form
z +— z V™", As soon as mapping p is improving in the sense that E¢(p(z)) < Ef(z),
we know for sure that there exists an optimal labeling in p(£). The considered mappings
are such that p(L) is expressed as pixel-wise domain constraints, eliminating part of
the labels in each pixel. The following considerations lead us to a linearization of this
construction and considering improving mappings of relazed labelings instead.

The improving mappings of (M)QPBO and auxiliary problems may change labels
of many pixels at a time and hence they are more general than the pixel-wise simple
DEE mapping. At the same time, we note that general Goldstein’s DEE condition is
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more general in a different sense. It is based on a mapping of a label a to a convex
combination of other labels rather than to a single label. This suggests the idea of
considering improving mappings that map labelings onto the marginal polytope.

Even if a discrete mapping p is given, verification of the improving property is gen-
erally NP-hard. Thus we need a simpler sufficient condition to prove the improving
property. For (M)QPBO and auxiliary problems we have seen that the sufficient condi-
tions employed are in the form of component-wise inequalities on the energy vector f or
its arc-consistent equivalent f¥. These sufficient conditions ensure that p is improving
for every unary and every pairwise term separately, which is easy to verify. We propose
to extend the mapping p to relaxed labelings and demand the improving property on
the local polytope A. By doing so, on the one hand we introduce a polynomially verifi-
able sufficient condition, and on the other hand we are able to show that this condition
includes sufficient conditions of (M)QPBO, auxiliary problem and general Goldstein’s
DEE as special cases. Furthermore, we prove the following characterization: the map-
ping is A-improving iff there exists an equivalent transformation of the problem such
that the simple component-wise sufficient conditions hold.

With such a linearized mapping we can establish a relation to the LP relaxation and
the fusion move algorithm. Knowing that verification of the A-improving property is
polynomially solvable (via LP), we pose the question how we can find such mappings
that are maximal in the sense that they would allow to eliminate the maximal number
of labels. There are two challenges. Firstly, even solving the verification LP is com-
putationally expensive, so we would like to restrict ourselves to a family of mappings
where this verification is even easier. Secondly, the A-improving property is considered
now as a constraint and we wish to optimize over such mappings. In this challenging
direction we analyze several restricted families of mappings.

At the beginning we are going to be more general and consider arbitrary mappings of
A to itself and then we restrict ourselves to pixel-wise mappings which can be construc-
tively defined. As we discussed, given a discrete improving mapping p, the search for
the minimizer can be performed over x € p(£). The mappings of (M)QPBO, auxiliary
problems and DEE are idempotent (satisfy p(p(z)) = p(z)). This is a natural property
to keep in the generalization. It means that whenever a labeling was improved, the
resulting labeling p(x) cannot be improved further by p. On vector spaces, idempotent
mappings are known as projections, so we borrow this term. There is a technical prob-
lem in that aff(A) is an affine space and not a vector space. We therefore define a linear
map of R” to itself and then consider its restriction to A.

Definition 8. A linear map P: RT — RZ is called a projection if

P =P, (96a)
P(M)C M, (96b)
P(A) CA. (96¢)

The first condition is the usual property of geometrical projections, idempotency of the
map p — Ppu. The second condition requires that the marginal polytope M is closed
under P. In particular, integer labellings have to be mapped to a convex combination
of integer labellings at most. The third condition requires that A is also closed under
P, i.e., relaxed labelings are mapped to relaxed labelings.

Definition 9. A projection P is M-improving for E; if

(Yue M) (f,Pu) <(f,u), (97)
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and strictly M-improving if the inequality is strict for any u € M such that Pu # pu.

Note, the condition (97) is equivalent to (f, Pd(z)) < (f,d(z)) for all z € L or to
Epr¢(x) < Ey(x) for all € L. Improving projections allow us to simplify the energy
minimization problem as follows.

Theorem 15. Let

O = argmin(f, ), O' = argmin(f, ) . (98)
peM peP(M)
If P is M-improving, then
1. O' C O;
2. O'=P(0).

If P is strictly M-improving then O" = O = P(O).

Proof. From the M-improving property we have (f, Pu) < (f, Pu) and P(M) C M.
Therefore, claim 1 follows and there holds equality of the minima of the two problems

;Igeli%f, ) = uenlgi(%(f, 1) - (99)

Let us show 2. It is easy to verify that P(O) C O’. Indeed, let p € P(O), then
p is optimal and pu € P(M), therefore p € O'. In the other direction, let u € O,
i.e., i € P(M) and is optimal. Assume for contradiction that p ¢ P(O). Then
p € PIM)\P(O) = P(M\O), where the set equality is implied by linearity. This
contradicts the optimality of u. Therefore, it must be O’ C P(O).

Now, consider a strictly M-improving projection and assume p € O and p ¢ P(M).
Since Pu € P(M), we must have Pu # pu. Then the strict inequality holds (f, Pu) <
(f, ) and states that u is not optimal, which is a contradiction. Therefore, for strictly
M-improving projection, the set P(M) retains all optimal marginal labelings, i.e.,

O =0. O

Note, since integer labelings are represented as a subset of M and the projection is a
linear map, a strictly M-improving projection preserves all optimal integer labelings,
i.e., we can write

argmin(f, §(z)) = argmin(PT £, §(z)) . (100)
el zel

Example 1. Consider the energy minimization problem with 2 labels shown in Fig-
ure 8(a). Let us define i = (p1(1), ua(1), p12(1,1), 1) as a minimal representation of
the marginal vector (all other components are linearly dependent due to the constraints
of M). Let P be defined via the following linear map of this minimal representation:

0.5 —0.5 0.5 0.5

— [ -05 050505
P = FR S T (101)

0 0 0 1

This map projects (non-orthogonally) to a facet of the marginal polytope as shown
in Figure 8(b). Assume optimal integer solutions are the two labelings (0,1) and (1,0).
In that case, the projection P is strictly M-improving. Another projection

P’ — (8 8 82 8?) (102)
=10 (1)

maps M to a single line (bold green in Figure 8(b)). It is M-improving, as it retains
one optimal point from M, the point (0.5,0.5,0,1), which is a convex combination of
the two optimal integer solutions. However, P’ it is not strictly M-improving.
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pa2(1,1)

m@ [ VT k)

(a)

Figure 8 TIllustration of the marginal polytope and a projection. (a) An energy minimiza-
tion problem with two labels. The marginal vector p is an element of R?, however, due to
marginalization and normalization constraints there are only 3 linearly independent coordi-
nates, e.g., the ones shown in the figure. (b) Marginal polytope M (cyan) in the space of
p1(1), pa(1) and py12(1,1). Possible labelings are marked as bold dots in this space. Suppose
labelings (1,0) and (0, 1) are optimal. Using strictly M-improving projection P (example 1),
the search space shrinks to P(M) (the red hashed facet). Using M-improving projection P’,
the search space shrinks to the bold green line, not containing any optimal integer solutions
but containing their convex combination.

Now, we have seen that M-improving projections simplify the problem while pre-
serving optimal solutions. How do we find a projection that is M-improving or at
least verify whether a given projection is M-improving? Verifying the M-improving
property (97) is equivalent to solving

min (f — P f,u) >0, 103
win (f ~ P/ p) > (103)
which can be as hard as the original energy minimization problem. However, we can
get a simpler sufficient condition by ensuring the inequality over a larger polytope A

and verify

min(f ~ PTf,1) > 0. (104)

This condition, in contrast to (103), is polynomially verifiable.

Definition 10. A projection P is called A-improving for E; if it satisfies

(Yue ) (f,Pu) <(f,p), (105)

and strictly A-improving if the inequality is strict for all g € A such that Pu # pu.

It will be shown that sufficient conditions in the reviewed partial optimality methods
(QPBO, multi-label QPBO, auxiliary submodular problems and DEE singleton criteria)
are special cases of A-improving projections. Hence, the properties that hold for A-
improving projections, will be common to all of the mentioned methods. Not less
importantly, we can design algorithms that are inbetween of the existing methods in
certain sense or more general ones.

4.1.1 Pixel-wise Projections

While the above theoretical results are more general, in practice we restrict ourselves to
projections of a simpler form that can be defined constructively. We consider projections
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4.1 Projections

P such that (Pu)s depends only on ps and (Pu)s depends only on pg. To make sure
that marginalization constraints are satisfied, the mapping for pairwise terms is induced
by the mappings of unary terms. Such projections will be called pizel-wise.
Let us define for each s € V a matrix P, € R%*£s satisfying
(VZZ/ € Ly X [,S) Ps,z‘i’ S [0, 1],
1P, =1, (106)
P,P; = P;.

The pixel-wise projection P: A — A is defined as follows,

(Pr)s(i) = (Psps)( Z Py iir s(7')
'eLs
. (107)
(PM)st(’LaJ) (P ,ustP Z Z Py m/Ptj] :ust( (Y] ) .
'eLs j' €Ly

Theorem 16. The mapping P defined by (107) is a projection.

Proof. Idempotency follows from idempotency of individual matrices Ps. We have to
show that P(A) C A and P(M) C M.

Let us first show P(A) C A. To verify that Ppu satisfies the normalization con-
straints (15), check that

(VS € V) Z Z Z Ps zz’ﬂs Z ,us = 1. (108)

€L 1€Ls i/ ELs i'eLs

The marginalization constraints (14) are verified as follows:
(Vst € &) 17 (Pp)st = iy PsustPt = 1TlustPt = M Pt (P,U«);r- (109)

Let us now prove P(M) C M. Because P is linear and M is the convex hull of integer
labellings, it is sufficient to show that for any integer relaxed labeling u € M there
holds v := Pu € M. By construction, we have

v>0,
1My, =1,
1Ty = I/;r, (110)
Vgt = VSVtT.

Let us choose a vertex s such that v, is not integer. We can expand v as

v=> v(i)?, (111)

€L
where (9 € A is defined as

[i=i] ifs =s,

vs' eV v =
( ) o () vy (i) otherwise, (112)

(Vst € €) v = D N

8

This construction is illustrated in Figure 9. It can be verified that v satisfies the same
constraints as v. Expansion (111) is straightforward to verify for singletons and pairs

41
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Figure 9 Illustration of the recursive construction to disassemble a relaxed labeling v = Ppu
(wave line) into a convex combination of integer labelings in order to prove P(M) C M. We
expand v as a combination of || relaxed labelings (v |i € L) that are integer at s. Here,
v is shown by solid lines around s.

s't' such that s’ # s and t’' # s. To verify it for pairs st € £, check that

Z Vs(i)yg) = IJSI(I/t(i))T = v = vy (113)
1€Ls

By construction, v is a convex combination of #(9 and all v are integral at vertex s.
Applying this construction recursively to all vertices, we can represent v as a convex
combination of integral labelings, which proves that v € M. O

4.1.2 Examples

The following examples illustrate how different methods for partial optimality are in-
terpreted as projections. The exact proofs that the projections constructed by these
methods are A-improving will be given later.

Example 2 (a-domination). Let us have 3 labels in £, and let Ps project everything
on a single label, e.g., « = 2. Then

P= (31, i

For any vector ps representing a relaxed labeling, e.g., (0.50 0.5 )T, the resulting projec-
tion Psus = (010 )T. Let P; be identity for all t # s. If P is strictly A-improving, then
optimal labeling in s must be «. In this case, the projection alters only pixel s and its
improving property can be verified locally as in DEE. However, when the projection
Py is not identity for multiple pixels s’ but has the form (114), the verification of the
A-improving property is no longer local. Methods of Kovtun (2004) build projections
of this type.

Example 3 (a-f domination). Let us have 3 labels in £, and let Ps project label o =
1 onto label g = 3.

= (1) e

This is the type of projection constructed by simple DEE. Clearly, we have (Pspus)(1) =0
for any ps. If P is A-improving then label 1 in s can be eliminated.

Example 4 (a-elimination). Let
000
7= (3248) (16)

This projection corresponds to a general Goldstein’s DEE with a fixed convex combi-
nation. If P is A-improving, label a =1 can be eliminated. See Figure 10(a).
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Figure 10 (a) Example of an energy in which label a = 3 is not dominated by any other single
label but can be eliminated by a convex combination of labels 1 and 2 by projection (116).
The labeling (a,2) has cost 2 which is smaller than the cost of labeling (1,2), so a cannot
be improved by switch to label 1. On the other hand, labeling («, 1) has a smaller cost than
labeling (2, 1), therefore o cannot be improved by switching to label 2 either. (b) Example
of an energy in which label o cannot be eliminated by singles criterion in either s or ¢, but
can be eliminated by simultaneous projection in both s and ¢.

Example 5 (multi-label QPBO). This method provides interval constraints on the
possible optimal labels in each pixel. It will be shown that it constructs an A-improving
projection of the following form: for a pixel with 4 labels interval constraint 2 < z} <3
will correspond to a projection

0000
P=(§400). ()
0000

maX will correspond to all the interval projections simul-

The constraint ™ < z* < z
taneously in all pixels.

4.1.3 Properties of Improving Projections

By design we have that A-improving property implies M-improving and likewise in the
strict case. However, the reverse implications do not hold. Example 6 illustrates an
M-improving projection that is not A-improving.

e

g

i
al

81\

VT

Figure 11 Example of an energy in which the projection onto labeling (1,1,1) (bold) is M-
improving but not A-improving. The thin edges have the cost 1 while bold edges have the
cost 2 and all the remaining edges have a large (c0) cost.

Example 6. Consider the energy shown in Figure 11. Consider a projection that maps
any labeling to the labeling (1,1,1), having cost 6. Because it is the optimal labeling,
the projection is an M-improving projection. On the other hand, there is a relaxed
labeling with cost 3, which, however, does not belong to M. When the projection is
applied to this relaxed labeling, the energy increases.
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Theorem 17. A A-improving projection preserves optimal solutions of the LP relax-
ations. Let

O = argmin(f,p), O' = argmin(f, ). (118)
peA pEP(A)

Then O' = P(O) C O if P is A-improving and O = P(O) = O in the strict case.

Proof. Similar to Theorem 15, substituting polytope A.

This theorem implies that any of the partial optimality methods (DEE, MQPBO, auxil-
iary submodular problems) cannot be used to tighten the LP relaxation. They may only
simplify it by reducing the number of variables, but preserving some (or all, depending
on the specific method) initial optimal relaxed solutions.

Theorem 18. The projection preserves equivalence: f = ¢ implies PTf = PTg.

Proof.
(YueA) (PTf,u)=(f,Pu) =g, Pp)=(PTg,u). (119)
The equality (f, Pu) = (g, Pu) holds since f = g and Pu € A. O

Theorem 19 (Linearity). Let P be a (strictly) A-improving projection for E¢ and
A-improving for E4. Then P is (strictly) A-improving for Ey + E,.

Proof. We have

(Ve d) (f+g,Pu)=(f,Pu)+ g, Pp) <{f;p) +(g,m) = (f+g,p)  (120)
and the inequality is strict if p € A\P(A).

Theorem 20. Let a projection P satisfy component-wise inequalities for f:
(VseV) (Vie L) (PTfs(i) < fuld), (121a)
(Vst € €) (Yig € L)  (PTsuli§) < Fr(irg) - (121b)
Then P is A-improving for E.

Proof. Let u € A. By multiplying (121a) by us(i) and summing over s and i and
multiplying (121b) by s (i, 7) and summing over st and ij we get

(PTfp) < (f.m), (122)
which is equivalent to (97). O

Theorem 20 is very simple. It corresponds to the sufficient condition used in the method
of auxiliary submodular problems (Kovtun 2004) reviewed in §3.5. A major result that
we prove in §4.3 is that any A-improving projection for E'y does satisfy these component-
wise inequalities for a specific equivalent transformation of E.

4.1.4 Relation to Fusion-Move Algorithm

We already observed that A-improving projections preserve the set of optimal solutions
of LP relaxation. This property naturally follows from the definition. We will show next
that a similar property holds for a special class of improving projections and the set of
fixed points of the fusion move algorithm. It generalizes a weaker result in (Shekhovtsov
and Hlavac¢ 2011) obtained for specific algorithms.
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Theorem 21. Let P be a strictly A-improving projection for E; of the pixel-wise form
such that

P, =1 or P,; = [i=q]. (123)
Let x be a fixed point of the fusion move Algorithm 2. Then

Pé(z) =4(x). (124)

Proof. Consider the fusion move for labelings x and y = «. The move energy is the
restriction of f to the set of labels Ky = {zs, a} in every pixel. The linear relaxation for
the move energy (solved by QPBO) can be viewed as the constrained linear relaxation

for f,

min(f, 1 (125)
where A" = AN{p|us(i) =0 Vi€ L\{zs,a} Vs € V}. Projection P maps A’ to itself
and {§(2') |2, € K Vs € V} to itself. By definition we also have that (f, Pu) < (f, u)
on A D A’ and the inequality is strict in the case Py # p. Therefore P is improving on
A

Assume for contradiction that Pdo(z) # d(x). There exists s € V such that x5 # «
and (Pd(x))s(i) = [i=a]. In that case optimal solutions of the relaxation (125) cannot
have pi5 ., > 0 and hence the fusion move from = to o will necessarily switch z, to «,
which contradicts the assumption of x being a fixed point. O

Suppose that the energy E satisfies metric condition (Boykov et al. 2001), so that pure
expansion-move Algorithm 1 applies. In this case, QPBO provides the exact solution of
the move subproblem and our proof above holds for the expansion move Algorithm 1.
Therefore, if x is a fixed point of the expansion move, it satisfies Pd(x) = (z).

The one-against-all algorithm of Kovtun (2003) reviewed in §3.5 can be related to
the truncated expansion move algorithm. In (Shekhovtsov and Hlava¢ 2011) we showed
that fixed points of the expansion move with any truncation rule are preserved by the
one-against-all method of Kovtun (2003). This result holds since the one-against-all
method uses the weakest truncation in the sense discussed in §2.7.1.

4.2 Unification

In this section, we show how the optimality properties of different individual methods
reviewed in Chapter 3 can be derived via improving projections introduced in §4.1.
Despite of that, the methods are still different and deliver different partial optimality
guarantees. The unification via improving projections reveals common properties of
these methods, allows us to relate them to the LP relaxation and to the expansion
move algorithm, and suggests a systematic study.

4.2.1 DEE as Improving Projection

We have already noticed in Examples 3 and 4 that the DEE conditions can be expressed
via projection. We now give a formal proof of the improving property of this projection.

Statement 22. The projection constructed by Goldstein’s general DEE is improving.
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Proof. Let Goldstein’s general DEE condition hold for a pair (s, a) for some coefficients
g >0, %, 5(i) = 1. The condition reads

min (f(@) =D LOB@ + X Ualove) =3 fulia)B(0)]) 20, (126)

TELN(s) teN(s)
We introduce the mapping Ps such that

1 if i=1i+#a,
Psyii/ = B(Z) if Z7é «, il = a, (127)

0 otherwise .

Let k be an arbitrary label such that k # « and let us be the indicator of this label,
ws(i) = [i=k]. It holds that Psus = us. For the indicator of label o with components
ps(i) = [i=a], we have Pyus = 8. With such a projection, we can rewrite the constraint
as

min(f — PTf,6(z)) > 0. (128)

€L
Indeed, for x5 # « the objective becomes (f — f,d(x)) > 0, which holds trivially. For
Zs = «, the objective becomes that of (126). Additionally, we extended the minimiza-
tion to include all variables € £, not just the neighbors of s. This can be done because
in the energy f — PT f only the pairwise terms adjacent to s are non-zero. By the same
argument, the resulting minimization problem has a star-structure, so we can relax the
minimization to the local polytope without loosing tightness, writing (128) as

min(f —PTf,p) >0 &  (Yped) (f—Pfu) >0, (129)
e
which is the improving property of P. O

4.2.2 Autarky as Improving Projection

Roof dual, MQPBO and auxiliary submodular problems methods derive domain con-
straints in the form of autarkies (see Definition 5). General autarkies cannot be shown
to be a special case of our sufficient condition as they are not polynomially verifiable.
However, autarkies can be represented by an M-improving projection and in the case
of QPBO, MQPBO and submodular functions all autarkies are also A-improving. The
case of submodular functions can then be used to show that the general sufficient con-
dition formulated by Kovtun (2004) is a special case of A-improving projection as well.

Definition 11. The linear extension of mapping p: L — L is the linear mapping
P: A — A satisfying
(Vz e L) Pd(x) =d(p(x)). (130)

Relation (130) means that the two mappings coincide on all integer vectors from A.
Since aff A = aff M = aff §(£), it can be verified that the linear extension exists and
its restriction to A is unique.

Statement 23. The linear extension is unique on A.

Proof. Let P and P’ both be linear extensions of p. They coincide on §(£) and conse-
quently on aff §(£). Since A C aff A = aff §(L£), they coincide on A. O
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Statement 24. Let P and @) be linear extension of p and g, respectively. Then, PQ
is the linear extension of the composition of p and gq.

Proof.
(Ve e £) PQi(z) = P(Qi(x)) = Pi(q(x)) = é(p(q(x))) - (131)

It follows that the linear extension of an idempotent mapping is idempotent.

Theorem 25. Let p be idempotent and pixel-wise: p(z)s = ps(xs). The linear exten-
sion P in this case is given by the pixel-wise projection (107) with the matrices

Ps,iz" = [[ps(zl):z]] . (132)
Proof. We first verify that P is the linear extension of p.

(Vz € L) (Pé(m))s(z‘) = 3" Pyiws=i]
(133)
= 3 Ip(@)=il las=i] = [p(e)=i] = (3(p(x))) ().

S

The equality for the pairwise components is verified similarly.
Matrices (132) satisfy the conditions Ps ;7 € [0, 1] and Y, Ps ;7 = 1. The property
P(M) c M follows by Theorem 16. Idempotency follows by Statement 24. O

Definition 12. Let (z,y) be a pair of labelings such that x < y. Let us define the
following mappings:

PY, the extension of 2’ — (' Vax)Avy,

P,, the extension of 2’ + 2’V z, (134)

PY. the extension of 2’ +— 2’ Ay.

By Theorem 25, these mappings are projections. It is easy to see that the mapping PY
is given by the following matrices (see Example 5)

li=zs] ifd < s,
(Pé’/)s il [[i:i/]] if x, < i < Ys s (135)
li=ys] if i > ys.

Mappings P, (resp. PY) are special cases of PY when ys; = |Ls| — 1 (resp. zs = 0) for
all s. It also can be verified that Py = PYP, = P, PY for all x <.

Statement 26. Let (z™1", 2™%) be an autarky for E;. Then pixel-wise projection

P = Pl is M-improving for Ey.
Proof. We have

(Vo€ L) (f, Pd(z)) = (f,8((z v a™™) A a™))

. (136)
= Ep((z V&™) A 2™ < Ey(z).

Therefore, P is M-improving. O
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The A-improving property does not follow in general. However, it can be shown for
all the specific methods of our consideration. We first show that the submodularity

property
(Vo,y € L) Ep(w)+ Ef(y) > Eg(xVy) + Ep(x Ay) (137)

can be extended to A. Instead of a labeling x we consider a relaxed labeling p and
replace E¢(z) with (f, ), Ef(xzVy) with (f, Pyu) and Ef(xz Ay) with E(PYp) and will
prove the inequality

(Vued) (Vyel) (fiw)+Ef(y) = (f, Pyp) + (f, Pp). (138)

Inequality (138) will include (137) in the special case p = ().
To simplify further derivations, we give the following expression for P, pu:

(Pyp)s(i) = Z s (i [[Z—?JS]] + Z [i=i ]]:“s )

i <ys 12Ys 139
= [i=ys] AZ 115 (") + [i>ys] s (0) - )
Similarly,
(PYp)s(i) = [i=ys] Y ps(i') + [i<ys]ps (@) - (140)
i>ys

By extending the properties of autarkies of submodular problems to relaxed la-
bellings, as presented next, we can show that P, and PY are A-improving projections
and so is their composition.

Statement 27. If E; is submodular then

(Vued) (Vyel) (fip)+{f,0(y) = (f Pyp)+{f,P/u). (141)

Proof. We can rewrite (141) equivalently as
(Vped) (vyel) (fip+d(y)—Pyp—Pu)=0. (142)

This scalar product is a sum of unary terms and pairwise terms. We first show that
the unary terms vanish:

s (D) + D=yl = [i=ysl 32 ps(@) = [i2siss (i) — L=l Z ps (') — [i<ys]ps (i)
= ps(0)(1 = ([1=ys] + [i<ys])) + [i=ys](1 - Zﬂs,z") =0
l (143)

Now consider the submodularity constraints:

(Vst € ) (Vij € L) (Yyst € Lt)

Jst(3,5) + fst(yse) > fse((3,5) Ayst) + Fse((8,5) V yse) - (144)

Multiplying this inequality by us (i, ) and summing over ij, we obtain on the LHS

Zﬂst Z ])fst(Z ] +fst yst Zﬂst { J fst { J + Z[[ i ] yst]]fst(yst) (145)

]
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and on the RHS

Z:uSt(ivj) [£st((63) A yst) + fot((0,5) V yst)] =
" (146)
Z [(Pyﬂ)st(iaj) + (Pyﬂ)st(iy.j)]fst(iaj) y
ij
where the equality is verified as follows:
> st (iy §) fot (i, 5) Ayse) =
]

Z pst(, 5) fse (4, J) + Z pst (i, ) fst(ys, J) + Z pst (4, ) fst (4, ) + Z prst (4, 5) fot(Yst)

1<ys 12>y 1<ys 12Ys
J<yt J<yt JZyt J>yt

= S (Pl ) fli )
7 (147)

The term with V is rewritten similarly. By summing inequalities (145) > (146) over
st € £ we get the result. O

Theorem 28. Let E; be submodular and y € argmin Ef(x). Then P, and PY are
x

improving for Ef:

(fom) (148a)

(Ve ) (f,Pyu) <(f,
(f, ) (148b)

<
(VueA) (f,PVu) <

Proof. Let us show (148a). The LP relaxation is tight for submodular problems. Thus
for any p/ € A, there holds (f, 1') > E¢(y) = (f,d(y)). In particular, for p/ = PYu we
have (f, PYu) > (f,0(y)), which combined with (141) implies the statement. O

We thus have shown that an autarky (z,y) for a submodular problem is always a
A-improving projection PY.

4.2.3 Roof dual as Improving Projection

The optimality guarantees of QPBO are in the form of an autarky (z,y). We are
going to show that this autarky is specific such that the corresponding projection PY
is A-improving.

Statement 29. Let O = QPBO(g), s = min Oy, ys = max Os. Then the projection PY
is strictly A-improving for Ej.

Proof. Recall the proof of partial optimality for QPBO (see page 30). It was shown
that for an arc-consistent equivalent § of g component-wise inequalities

(\V/’L]) (VSt) gst(((la]) \ -Tst) N yst> < gst(ivj) )
(Vs) (Vi) gs((iV s5) Ays) < Gs(4)
are satisfied and inequalities for unary terms are strict for ¢ ¢ O, or, equivalently, for

(1 Vxs) ANys # i. Thus sufficient conditions (121) are satisfied for PY, hence PY is
A-improving for Ej and so is for Ej,. O

(149)
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4 Unified Framework for Partial Optimality

4.2.4 MQPBO as Improving Projection

n (Shekhovtsov et al. 2008, Theorem 2) it was shown that partial optimalities of
MQPBO method extend to relaxed labelings and preserve solutions of the LP relaxation.
We now recollect this result from the perspective of our unified framework and give a
shorter proof.

In the construction of the binarized problem we introduced the mapping z +— z (42a)
of multi-valued to binary labelings. Let us extend it to mapping II of multi-label relaxed
labelings 1 to binary relaxed labelings v. For index i € £, = {0,1,...,L — 1} define
the following sets of labels:

Ly(i,0)={0,...,i}, Ly(i,1)={i+1,...,L—1}.

Then we can define vector v = Ilu as

sz) Z MS( )a V(s,i)(t, Z ,ust( 7])

/€L (i) i'€Ls(i,a)
J'€L(4,8)

where i and j range in £, = £; = {0,1,...,L — 2}. It can be verified that mapping II
is consistent with the mapping z;;(z) = [xs>i] in the sense that IIé(x) = §(z(x)).

Theorem 30. Let f be a multi-label problem and g the equivalent binary energy

minimization problem via reduction in §2.4. Let O = QPB0(g), 2™ = min O, 21 =

max Oy, 2™ = p(zMi0) pMaX = g(2M3%) according to the mapping z + z (42b). Then
the projection Pj,:liix is strictly A-improving for Fy.

Proof. Using mapping II, the equivalence of multi-label and binary problems Vx € L
E¢(x) = Ey(z(x)) extends as

(Vue ) (fiu) = (g,1y). (150)

Let g be the arc-consistent equivalent of g, for which it is known that component-wise
inequalities (149) hold. By equivalence (150), we have

(VpeA)  {(fu) = (g, 1) = (g, Tlp) = (7, 1) = (F, 1), (151)

from which we conclude that f = f. Because the mapping IIT is component-wise, we
have from f =1I"T§

s) = Zg(s,i’)(z&i/)

2 3 (i 1) A2 (152)

= fs((:z:s Vo) A gaxy)

S

Similarly, for pairwise terms:

fst xst Zg(sz ,j/)(z(sz)(tj/)>

i’y

> Z (o) (2.3 ((Z(S,i,)(t,j,) VAR ) A zgf;f;’f)(t,j,)) (153)

= fst((fpst Vv xmi )st A x;rtlax) .
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4.2 Unification

Therefore, component-wise inequalities hold for f. By the sufficient condition (121),
we conclude that

(Ve A)  {f, P 1) < (Fop)s (154)

therefore P;;‘;X is A-improving for F 7 and so also for Ey. O

4.2.5 Auxiliary Problem as Improving Projection

In this section, we show that the sufficient conditions used by (Kovtun 2003) are also a
special case of A-improving projection. First, we generalize the definition of an auxiliary
problem given by equation (86) to arbitrary projections.

Definition 13 (Kovtun 2011, extended). Function Ej is called auxiliary for Ey and P
if
(V2)  Epr(x) — By(x) < Epryl) — Ey(a), (155)

i.e., the improvement under projection P in Ey is at least as big as improvement in
E,. Clearly, if P is M-improving for E, then RHS is not positive and so is the LHS.
In that case P is M-improving for Ey. It is also clear that condition (155) is identical
to the statement “P is M-improving for f — g”. Clearly, (155) is equivalent to (86) in
the case of projection Pmin.
Now consider a stricter sufficient condition by requiring the inequality on the local
polytope:
(Yped) (PTf—fu)<(PTg—g,n), (156)

which reads “P is A-improving for f — g”.
Let us be even stricter and require component-wise inequalities

(PT—I)(f—g) <0. (157)

On the one hand, inequalities (157) imply (156) via Theorem 20. On the other hand,
inequalities (157) coincide with component-wise sufficient conditions (87) by (Kovtun
2004). We thus have the following theorem.

Theorem 31. Let E; be submodular and 2™ be its minimizers. Let component-wise
inequalities (157) hold with P = P min. Then Pymin is A-improving for Ey.

Proof. By Theorem 20 we have that Pymin is A-improving for f — g. Since g is sub-
modular, by Theorem 28 P,min is A-improving for g. By linearity Theorem 19, Pymin is
A-improving for Ey. O

By Theorem 4.2.5, the methods reviewed in §3.5, which are all based on component-wise
sufficient conditions and submodular auxiliary functions, find a A-improving projection.
The approach of (Kovtun 2003) can be generalized to arbitrary projections as follows:

e I'ind a submodular E, which is auxiliary for E; and a class of projections P.

e Iind the “best” projection P € P that is improving for F,.

e Then P is improving for Ey.

In the next section, we will show that the component-wise inequalities (157) necessar-
ily hold for a certain equivalent of f for an arbitrary improving projection. Therefore,
the simplification of conditions from (156) to (157) is without loss of generality as soon
as the final method is invariant to equivalent transformations of g.
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4 Unified Framework for Partial Optimality

4.3 Characterization of Improving Projections

We introduced the notion of an improving projection and showed that many domain
constraints proposed in the literature are in fact improving projections. Notice that
while proving this statement for different methods, we always considered a special
reparametrization of the problem such that the local sufficient conditions of Theorem 20
were satisfied. There was such a reparametrization of the problem in each case that the
constructed projection improved independently all unary and all pairwise terms. We
are going to show now that it is not a coincidence: all A-improving projections of the
pixel-wise form (106) can be obtained in this way.

Theorem 32. Let P be a projection of the pixel-wise form (106). Then P is A-
improving for E; iff there exists g = f such that local inequalities hold:

(PTg)s < s,

(158)
(PTg)st S gst -

The conditions (158) are, up to an equivalent transformation, necessary and sufficient
for P to be A-improving. The “if” part follows trivially by Theorem 20. Prior to the
proof of the “only if” part, let us give some clarification of this result. Note that
conditions (158) can be shortly written as g — PTg > 0, where the inequalities are for
all components, including the trivial inequality go — gg > 0.

Let P be A-improving for f, then by definition

min(f — PTf, 1) >0, (159)
HEA

which is equivalent (for a connected graph) to
(Fp) (f=PTf)—ATp>0, (160)

i.e., some similar component-wise inequalities hold for a problem equivalent to f —PT f.
However, this is not the desired result. Let the equivalent problem g be parametrized as
f—ATy'. We need to show that there exists ¢’ such that (f—AT¢)—PT(f—AT¢') > 0.
The theorem claims that ¢ satisfying (160) exists such that it additionally satisfies
ATp = (I-PT)ATy for some ¢, which means that ¢ must be found from a constrained
linear subspace.

Proof (of the “only if” part). First, we note that the following inequality holds for any
projection P:
min(f, (I — P)u) <0. (161)
HEA
It can be verified as follows. Let us show that there exists a point y feasible to (161)
such that the objective is zero. Pick arbitrary p € A and choose ' = Pu € A. We have
(I — P)y' = (P— PP)u = 0. Therefore, the value of the minimization problem (161) is
not positive. From this property, it follows that P is A-improving iff

min (1 = P)p, ) = 0. (162)

We will prove that ¢ can be restricted in the dual maximization problem (as discussed
above) by relaxing the primal problem. The key steps of the proof are given by the
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4.3 Characterization of Improving Projections

following chain:

(a) (b)

0= min(f— PTf ) = apip (- PTf, )
(>0 A(I—P)p=0
#z0 (163)
©  min (f —PTf 1) 9@ max 0.
Lsp =0 (I-PT)(f-ATg)20

Equality (a) is implied by the A-improving property (162) as follows. We know that
> holds in (a) because we dropped one constraint compared to (162). Assume for
contradiction that there exists u such that Ay =0, 4 > 0and (f — PTf, u) < 0. Let us
first consider the case when the graph (V, ) is connected. Selecting p' = 1/ 3 ;e p. p1s(7)
for some s ensures that By’ = 1 (due to marginalization constraints). Therefore ¢/ € A
and (f — PTf,u') < 0, which contradicts (162). In the case that graph (V, &) consists
of several connected components, it can be shown that (162) holds for each component
and so does (163a).

Equality (b) is verified as follows. Inequality < holds because Ay — APu = 0 and
APpu = 0 implies Au = 0. On the other hand, P preserves marginalization constraints:
Ap=0= APu=0.

Equality (c) is the key step. We removed one constraint, therefore > trivially holds.
Let us prove <. Let u be feasible to RHS of equality (c¢). Let u = pj + p2 such that
p1 € null(Z — P) and pe € null(P). Let us construct u) as follows:

v = max |Ls|(p01)st(7,7) ,
st,1]

(Mll)st =/|Lst, (164)
(Ull)s = 7/‘53’ .

By construction,
(1) = and Apy =0. (165)

Let pf = Puf. Because P > 0, we have
pi = Puy > Ppy = pa . (166)

It also follows that APu{ = APPuy = APu}y =0 and (I — P)uf = (I — P)Pu}y = 0.
Let pu* = uf + pa. It preserves the objective,

(f =PTfu") = (f, (I = P)(uy + p2)) = (f,(I = P)p2) = (f,(I = P)u).  (167)
We also have that

p =] 4 pe >y e =0 >0,
A(I = P)p" = A(I = P)uz = A(I = P)u =0, (168)
APp* = APy} =0.

Therefore, p* satisfies all constraints of the LHS of equality (c).
Equality (d) is the duality relation that asserts that the maximization problem on
the RHS is feasible, which is the case iff

Gg=f) (I-PTg>0. (169)
0
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Let us also note that the following simplified characterization of improving projection
was obtained in the course of the proof.

Corollary 33. Pixel-wise projection P is A-improving iff

min  (f —PTf u)=0. (170)
A(I—P)p=0
u>0

Compared to the Definition 10 of A-improving projection, this problem has relaxed
constraints. The constraints Ay = 0 and By = 1 of A are relaxed to the constraint
A(I — P)pp = 0 in (170). This problem can be unbounded. In that case the equality
does not hold and P is not A-improving. This form will be used later to simplify the
problem of verification of the improving property. Relaxed constraints will allow us in
some cases to decouple and eliminate part of the variables p. This provides an algebraic
approach to constructing partial optimality methods: select a subclass of projections
and simplify the characterization problem starting from the form (170).

4.4 Maximum Projections

We say that projection P dominates @) if

Pu=p = Qu=p. (171)

For a given problem f, we would like to find the improving projection which dominates
all other projections. This projection, if it exists, is referred to as mazimum. Our
goal is to find a projection that eliminates as many labels as possible. The maximum
projection is optimal in this respect. In this section, we study classes of projections in
which the maximum projection exists and can be found efficiently.

We say that two projections P and @ commute if PQ = QP.

Definition 14. A subset P of projections is a commutative class if
(VP,QeP) PQ=QP and PQecP. (172)

Let P be a commutative class of projections. The product operation is idempotent,
because PP = P, commutative and associative. Therefore P with product is a join-
semilattice. If QP # P then QP dominates both P and @ (has a larger null-space).
We can therefore speak of the mazimum projection in the class P, which is the product
of all projections in P and has the largest null-space.

We will consider several special classes of projections and study the problem of finding
the maximum one in a class. As can be noticed, there are two requirements on the
class: 1) it must be closed under the product and 2) the product must be commutative
within the class. In general, even strictly improving pixel-wise projections of a single
pixel may not commute. Regarding the closedness requirement, we have the following
helpfull result.

Statement 34. Let P be a class of (strictly or not) A-improving projections for Ej.
Then (VP,Q € P) PQ € P.

Proof. For A-improving projections, the statement follows trivially by

(VueA) Ef(PQu) < Ef(Qu) < Ep(p). (173)
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In the case of strictly A-improving projections, let PQu # p. Then either PQu # Qu or
Qu # p. It follows that one of the inequalities in (173) is strict and hence Ef(PQpu) <
Ey(). .

We will now consider special cases.

4.4.1 Mappings z — (zVy) Az

Consider the class P of strictly A-improving projections P;, where y,z € £, y < z.
That is, the class induced by all strong autarkies for Ey.

Statement 35. P is a commutative class.

Proof. Let (z!,22) and (y!,4?) be strong autarkies for f. The composition of mappings
z (zVyl) Ay? andx+—> (x\/:r: ) A 22 is the mapping

= ([(xvah) Az?] vyl) Ay?. (174)

The product of projections Py g Y s given by the extension of this mapping to A. We
need to show closedness and commutativity of P.
Let = be an optimal labeling for E;. By properties of strong autarkies, there holds

1 2

v (175)
y' <z <y’
It follows that
zt <. (176)
Furthermore, since 2! < 22, for any z we have (x V 2') A 22 = (z A 2?) V 2!, Using

these relations we can rewrite the composition of autarkies in (174) as follows
([(xva)yAz?] vy ) Ay? = ([x A2?] v [zt viyl]) Ay?
— [e A @ ARV (@ VYY) (77)
=[xV (@' V)] A @2 Ay?).

Therefore,
y2 w2 :c2/\y2 xQ y2
Pyl xl == Pfl'l\/yl - ZEl Py1 . (178)
By Statement 34, it is a strictly A-improving projection. O

It follows that there exists the maximum strong autarky. In the case of binary energies,
the maximum strictly A-improving projection (linear extension of the maximum strong
autarky) is found by QPBO. Strictly A-improving projections preserve all optimal solu-
tions of the LP relaxation. On the other hand, there exists an optimal relaxed labeling
assigning non-zero weights to all nodes which are not eliminated by QPBO. Therefore,
no more nodes can be eliminated by a strictly A-improving projection. Formally, this
is detailed as follows.

Statement 36. Let f be binary and (2!, 2?) the autarky computed by QPBO. Then
P = P;ff is the maximum in P.
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Proof. Clearly, P € P. By the properties of the LP relaxation for binary problems,
there exists an optimal relaxed solution wu such that

(VseV) (z! <i<a?) = ps(i)>0. (179)

2
Assume for contradiction that P is not the maximum. Then there exists () = P;’l eP

such that QP # P. It implies that there exists s € V such that y! > x! or y? <
22, Without loss of generality, assume it is the first case. We have ps(zl) > 0 but
(Qu)s(i) = 0, therefore Qu # p and it must be E;(Qu) < E¢(u), which contradicts

optimality of u. O

This was an expected result. The question of finding the maximum strong autarky for
a multi-label problem is not resolved. The strong autarky found by MQPBO is not
maximum since optimal solutions to the relaxation of the binarized problem may not
be optimal to the relaxation of the multi-label problem (as we mentioned earlier, there
is a gap between these two relaxations). However, in the case when the two relaxations
coincide MQPBO does find the maximum strong autarky.

Statement 37. Let f be such that for each st € £ f5 is either submodular or super-
modular. Let (z!,2?) be the strong autarky computed by MQPBO. Then Pxxf is the
maximum in P.

Proof. In (Shekhovtsov et al. 2008) we showed that under conditions of this statement
there exists an optimal relaxed labeling to the multi-label problem that is half-integral
and assigns pus(zl) = ps(2?) = 1/2if 2! < 22 and 1 if 2! = 22. Similarly to Theorem 36,
it follows that P;f is maximum.

Since the class of weak autarkies is not commutative, the maximum weak autarky
does not exist (is not defined). In the following sections we restrict ourselves to “one-
sided” autarkies (z™7,y) with ys = max L;. From the review in Chapter3 we have
seen that such autarkies are utilized by several methods. They form a commutative
class and both maximum strong and maximum weak autarkies of this type exist. We
will derive polynomial methods to determine these maximum elements under various
further restrictions.

4.4.2 Mappings = — (z V y)

Let P be the class of projections of the form P, (extending the map x — zVy). Clearly,
such projections commute and the result belongs to P, since P P, = P, = P, P,.

Submodular Energies

Statement 38. Let f be submodular. Then the maximum M-improving projection
P« is given by the highest minimizer

¥ = \/ arg;nin E¢(z); (180)

and the maximum strictly M-improving projection P,, is given by the lowest minimizer

Ze = /\argminEf(:U). (181)
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Proof. Let P, be an M-improving projection for E¢ for some y. On the one hand,
E¢(Pyz*) = Ef(y V z*) < E¢(2*), therefore y vV 2* is an optimal labeling for E;. By
construction, z* > y V z* and hence z* > y. On the other hand, PP, = Py, = P,«.
Hence P,+ is maximum.

Let us consider the strictly improving case. Let P, be strictly M-improving for f and
some y. Assume for contradiction that z, Vy > z,. In that case E¢(z Vy) < E¢(24),
which contradicts optimality of z,. O

Statement 39. Let P,« be the maximum M-improving projection for submodular f.
Then P,« is the maximum A-improving.

Proof. Because f is submodular, for its arc-consistent equivalent f¥ there exists a label-
ing taking only locally minimal nodes and arcs. Since z* is optimal to Ey, it also must
take only locally minimal nodes and arcs. By the local sufficient conditions of Theo-
rem 20, P, is A-improving. Maximality follows from the fact that any A-improving
projection is M-improving. O

Let us also consider the following constrained case. Let W C V and let P be the
class of projections P, such that ys = 0 for all s ¢ W. This case arises when we
want to restrict our consideration to a local window W of the full problem and also
in the context of elimination move algorithm developed below. It is easy to see that
P,P, = PP, = P, belongs to the class if both P, and P, do. Therefore, the maximum
projection is well-defined.

The maximum M-improving projection P, is given by the highest constrained min-
imizer of Ey, i.e.,

z" = \/argmin E¢(x). (182)
x
zy\w=0

In addition, P,~ is A-improving. The proof is similar to the unconstrained case.

General Binary Energies We will reduce the maximum A-improving projection prob-
lem for general binary energies to submodular ones. We will show that the construction
of submodular auxiliary problem by truncation in (Kovtun 2011) is optimal for binary
auxiliary problems considered there.

Let g be a truncation of f such that

gst(oa 0) = fst(oa 0) - Ast ) (183)

where Ay = max {0, fs¢(0,0) + for(1,1) — fs:(1,0) — f5¢(0,1)} > 0 and all other com-
ponents of g coincide with those of f. By construction, Ay = 0 if fg is submodular,
and otherwise Ay is positive. In the later case, gs; becomes modular. Therefore, g is
submodular.

Theorem 40. P, is A-improving for Ey iff it is A-improving for its submodular trun-

cation E, (183).

Proof. First, we show the “if” part. By construction, the unary components of f and g
are equal. For any = and any st we have

At it xy = Yst = (O, 0) ,
0 otherwise, (184)
< fst(l‘st) - gst(xst) .

fst(xst \ yst> - gst@fst \ yst) = {
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By Theorem 20, projection P, is A-improving for f — g. By linearity (Theorem19),
P, is A-improving for f. The “if” part is proven. Note that inequalities (184) imply
E¢(xVy) — Ey(xVy) < Ef(x) — Eg(x), which means that g is an auziliary function
for f and projection P,.

Let us now show the “only if” part. Let P, be A-improving for £y. By Theorem 32,
an equivalent f’ = f — AT exists such that component-wise inequalities hold,

f;(xs Vys) < f;(xé‘) ) f;t(xst Vyst) < fs:t(alst) . (185)

Let  =g—ATp=f—A—ATp = f' — A, the same reparametrization applied to g.
We are going to prove component-wise inequalities for ¢/,

9;(538 Vys) < gé(xS) ) g;t(wst Vyst) < ggt(xst) . (186)

Let us consider an edge st. If fg is submodular, ¢, = f!, and (186) holds. Let us
consider the case when fs is not submodular. Denote a = Ef;t(l, 1), b = f1,(1,0),
c= f1,(0,1), d = f5,(0,0), d = ¢,,(0,0) =d— Ay =d—(a+d—b—¢c)=b+c—a.
Consider the following cases for yg;:
e Case ys = (0,0). Trivial, since xg V yst = xg.
e Case yst = (1,1). We have a < d,b,c. It follows that d =b+c¢—a > 2a —a = a.
Therefore, a < d', b, ¢, which are the required component inequalities for ¢’.
e Case yst = (1,0). We have b < d and a < ¢. It follows that d = b+c—a >
b+a—a=". Therefore, b < d and a < c.
e Case ys = (0,1) is similar to the above.
Since ¢’ satisfies component-wise inequalities (186), we have that P, is A-improving for
E,. O

We therefore have that the maximum A-improving projection for F, coincides with
the maximum A-improving for E¢. Note also that for submodular functions the classes
of M-improving and A-improving coincide.

In contrast to verification of A-improving property, verifying whether P, is M-
improving for a binary problem is equivalent to checking global optimality of ¢, which
is NP-hard.

The “if” part of the theorem extends to multi-label problems but the “only if” part
does not. Of course, one can still use it in one direction and construct a sufficient
condition using a submodular problem, similarly to the construction by Kovtun (2011),
reviewed in §3.5. Alternatively, the theorem can be applied to the transformation of
the multi-label energy to a binary one. The question of the maximum A-improving
projection in the class {P, |y € L} remains open.

4.4.3 Mappings z — (z V'), v € {y, 2}
Let y, z be some fixed labelings and let p: £ — £ be defined pixel-wise as

rs otherwise.

ys if xg = zg,
ps(ws) = { (187)

The mapping p switches labels z; to labels y, in the pixels where z5 # ys. If p is
improving we can eliminate labels z; in the set W = {ys # zs}. It can be seen
that this mapping is of the same form as in the all-against-one construction (§3.5.4),
illustrated in Figure 7. Let us assume ys # z5 for all s and let the labels be reordered
such that z; < ys = min{L;\ys}. Using this ordering, mapping (187) takes the form
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Algorithm 4: Eliminate(f,y,2)

vi=—-12:=0;y :=y; X :=V;

while v < 0 do

Construct binary energy ¢ from f and 3/, z by (188);

x := /\ argmin Fy(x); /* lowest minimum cut */
v = Ey(x); /* cost of the minimum cut */
for s € X such that rs =1 do

Ly;::'zs§
8 X =XN{seV]|zs =1}

N O ok W N

x +— x V y, corresponding to the projection P,. The ordering is needed purely for
convenience of notation and does not influence the result. Let us consider the class
P ={Py |y, € {ys, z:}}. Depending on the choice of ¢/, the projection can select pixels
in which to eliminate zg by replacing it with y;.
We have the following results in this case:
e For a given P € P, verification of the A-improving property can be reduced to
MAXFLOW.
e Finding the maximum A-improving projection in P can be reduced to a series of
MAXFLOW problems.

The algorithm for determining the maximum A-improving projection P € P is given
in Algorithm4. The algorithm iteratively shrinks the set of vertices by those which
cannot be a part of any A-improving projection of the considered type. An auxiliary
binary energy § in the algorithm is constructed as follows.

Ag = ?;éi;}(fst(z&j) - fst(ysaj)) ’
Ats = ?;izn(fst(L Zt) - fst(iayt)) )

gs(l) = fS(Zs) - fs(ys> + Z Agt,

t|ste€

G (1,1) = min {0, far (26, ) = Fot(or 1) = Aatpis) = Ass }

(188)

and the other components of § are set to zero. Correctness and optimality of this
algorithm is proven in §4.4.4. The output of the algorithm is a subset of vertices X
(possibly empty), in which the label z can be eliminated. The set of vertices X is
the maximal one for a given pair (y,z). In every iteration of the algorithm the set of
potentially eliminatable vertices X shrinks at least by one so that it terminates in at
most |V| iterations. Interestingly, this algorithm has a similar structure as the ad-hock
iterative algorithm of Kovtun (2004), described in§3.5.1. In the actual implementations,
the minimization problem in step 4 can be solved via MAXFLOW and warm-started from
the previous iteration.

This algorithm was verified experimentally on random and stereo vision problems.
Preliminary results indicate that partial optimalities it can determine are complemen-
tary to the ones found by one-against-all method of (Kovtun 2004) and DEE. This sug-
gests applying different methods sequentially, gradually reducing the problem. Each
method, in turn, can potentially eliminate more labels, if the problem is already re-
duced. However, for our algorithm, there is an open choice of the test labelings y and
z. We experimented with several heuristics but did not came to a definite conclusion.
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It is possible to show that when y and z are equal respectively to label o and 3 every-
where and we run the algorithm repeatedly for all pairs o and 3, it will then subsume
the simple Goldstein’s DEE method. We feel these ideas need further investigation and
thorough experimental validation.

4.4.4 Optimality of the Elimination Algorithm

We first show how the verification of A-improving property of P can be reduced to
the MAXFLOW. It is obtained by substituting the form of projection into the simplified
characterization (170) given by Theorem 32 and a subsequent reduction. The charac-
terization (170) constitutes verifying whether the minimization problem

min  (f, (I — P)u) (189)
A(I-P)u=0
n>0

is bounded and attains value 0.
For the unary components of (I — P)u, we have:

(b — Pp)s(i) = ps(2s) ([i=2] — [i=y]) - (190)

Minimization problem (170) will therefore only involve variables ps ., and not ,(7) for
any i # zs and any ys. The pairwise components of (I — P)u can be written as follows:

(= Pp)se(i, 3) = pst(2s, 3) ([i=2s]) — [i=ys]) + pse (i, 20) ([7=2] — [i=p:])

. . . . : . . . (191)
+ pst(zs, 20) (li=ys, J=2] + li=2s, =] — li=zs, j=2z] — [i=ys, j=u]) -
Reduced marginalization constraints A(I — P)u = 0 simplifies to
Hys#zsﬂ (:us Zs Zﬂst 25, ] ) =0 Vstel,
(192)

[yt#2] (,Ut 2t) Z,ust 1, 24 ) =0 Vstef.

There are at most two constraint equations per edge st depending whether y; # zg
and y; # z;. The contribution to the objective of (170) from the singleton s expresses
simply as
Z((I = P)u)s(2) fs(i) = ps(2s)(fs(zs) — fs(ys)) - (193)
i
The contribution from a pair st expresses as follows,
Z((I - P)M)St(z7])fst(27]) =
tj
= Z,ust (25, 5) (fst(2s,5) — fst(ys, J)) + ZHst(%%)(fst(@%) — fat(isye))  (194)
i
+ Mst(zs, Zt)(_fst(Z87 Zt) - fst(ysa yt) + fst(y37 Zt) + fst(ZS7 yt)) :

We can then eliminate variables (ust(zs,j) | 7 # 2¢) from the characterization (189) by
solving the subminimization problem where they are involved, explicitly as follows:

(qu(ZEEI)n‘]7£Zf) ];t MSt(zs’j)(fSt(Zs’ j) o fSt(ysaj))
1 195
subj. {ﬂys#zsﬂ (1s(25) — 5 st (200 3)) = 0, (195)
©>0
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0 if Ys=2Zs ,
= (s(zs) = pst(2s, 26)) Dt (ys) i ps(2s) > pse(2s, 26) N ys # 2,
00 otherwise (196)
_ (s (2s) — pst(2s, 2¢)) Ast(ys)  if [[ysi‘é%ﬂ (MS(ZS) — st (Zs, zt)) >0,
00 otherwise .
where _ . .
Ast(ys) = min(far(2s,5) = fat(ys: 7)) - (197)

We can now write down the reduced characterization (189) as the linear program

min Y jisgs + Y fistGst
" seV ste&
=0 (198)
subj. { fis > st Vst € E|ys # zs,
Zﬂst VStES‘yS#ZS7

where we denoted 15 = ps(2s), fist = tst(zs, 2¢) and

gs(ys) = fs(zs) - fs(ys) + Z Ast(ys)a

t|ste€
gst(yst) = fst(ZSa Zt) - fst(ysa yt) - Ast(ys) - Ats(yt) 5 (199)
Ays(ye) = Eizn(f‘gt(i’ 2t) — fst(,yt)) -

The dependence of g on y is made explicit since we are going to optimize in y. Because
we have gs(ys) = 0 for ys=z5, we can safely extend the constraints of the problem to
all edges, independently of the set W. Moreover, if g > 0 setting jis; to 0 does not
lead to an increase of the objective. We therefore can exclude all such pairs from the
problem by replacing gs; with

gst = min(0, gst) - (200)

After this simplification we claim the following.

Statement 41. Problem (198) attains 0 if and only if

min (Z Jss + Z gstafsxt> =0, (201)

v
ze{0,1} seV ste€

where we introduced §s; = g5 for consistency of notation.

Proof. Tt can be verified that any solution of (201) yields a feasible solution to (198) by
assigning jis = x5 and figg = xsx¢. We have to show that a feasible solution to (198) of
a negative cost allows to construct a 0—1 solution of negative cost. Let i1 be feasible
to (198) and has negative cost. Clearly yi for any v > 0 is also feasible and has
negative cost. We therefore can assume i < 1. With this constraint, and non-positivity
of g5 we recognize that the problem is the linear relaxation of submodular quadratic
pseudo-Boolean function minimization, which is tight. O

It will be convenient to consider the objective of (201) as a set function. Let Eg(.A, Y)
denote the objective of (201) for A= {s € V |xs = 1}. It can be expanded as

Ey(A,y) = Z 9s(ys) + Z st (Yst) - (202)

seA ste(AA)e
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4 Unified Framework for Partial Optimality

As noted above, this function is submodular in the first argument. Consider the in-
tersection of all minimizers (the minimal element) A = (argmin 4 E'g (A,y). Suppose
Eg(/l,y) < 0 which means that the projection is not improving. It is easy to show
that it must be ys # z; for s from the minimal A. Our goal now is to show that for
labelings ¥’ which are modifications of y keeping the label or switching to z in any pixel,
P cannot be improving unless y/; = z4. That is, pixels in .A may not be eliminated by
any projection of this form. By following this way, we can discard sequentially all the
pixels which cannot be eliminated by any projection of the form until there left only
those which can.

Let U denote the set of pixels, where the labelings ' coincide with y. If only YNA # 0
the projection corresponding to 1’ will not be improving, as proven next.

Theorem 42. Let A = Margmin 4 Ey(A,y). Let U C V such that U N A # 0. Let
yh=ysif s€U and y, = 25 if s ¢ U.
Then E,(A,y') < 0.

Proof. Assume for contradiction that E’Q(A, y) > 0. We know that E'g (@,y) = 0. From
the minimality of A (it is the intersection of all minimizers), it must be that E (A, y) = 0
and A C ). This contradicts to U N.A # (). We therefore have E,(A,y) < 0.

If A CU we have E’g(w, y') = Eg(x, y) < 0 and the theorem is proven. Otherwise we
have A\U C A.

Since A is minimizer it must be E,(A\U,y) > E,(\A,y). Because AU C A, an
equality would contradict to minimality of A. We have theretofore EQ(A\M y) >

EQ(\A7 y)

To prove the theorem we will show that the following inequality holds:
Eq(Ay) < Eg(A,y) — Eg(A\U.y). (203)

Because the RHS is < 0 it would imply the desired result. Let us expand all summands
of the inequality as follows

Ey(Ay) — Eg(A\U,y) — Eg(A,y/)

= Z gs(y) + Z gst(y) - Z gs(y) - Z gst(y) - Z gs(yl) - Z gst(y/)

seA ste(AA) ¢ se A\U ste(A\U,A\U) e seA ste(AA)e

=S @)+ > (i) - ax@)]

se A\U ste(A,A\U) e

@S ) - 4]
ste(A,A\U) e
(204)

Where equality (a) follows from that for s € A\U, we have y. = z; and from
Ast(ys) = géizrtl(fst(z&j) — fst(2s,7)) =0,

§S(y;) = fs(zs) — fs(zs) + Z Ast(yg) =0.

steE

(205)

It remains to verify that for every st€(A, A\U)g there holds

min(O,gst(y;t)) < min(0, gst(yst)) - (206)

We will consider the following cases:
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4.4 Maximum Projections

e Case y.;, = (zs,2t). We have gq(y.,) = 0. The inequality (206) follows from that

min(0, gst(yst)) < 0.
e Case y., = (ys,2¢). Let us verify that the following inequality holds:

gst(y/) S gst(y) . (207)

Because function min(0, -) is non-decreasing, it would imply (206). Expanding g,
we obtain

gst(y/) - gst(y)
( t(zg,zt) fst(ys-;zt) (ys> 0)
= (forlzo20) = ForWo 1) = Dat) — Des(n)) (208)

(
= Ats(yt) (fst(y57zt) fst(y57 t))
= (fst(z Zt) fst<z7yt ) (fst( S;Zt) fst(y57yt)) 0,

which holds true.
e Case y., = (zs,y:) is expanded similarly to the above.
By backtracking the chain of implications, we obtain that E4(A,y’) < 0. O]

By this theorem, any y’, which does not coincide with z on the subset A, corresponds
to a projection that is not A-improving. We therefore arrive at the Algorithm 4.
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5 Distributed Mincut/Maxflow Algorithms

Minimum s-t cut (MINCUT) is a classical combinatorial problem with applications in
many areas of science and engineering. In this chapter, we develop a novel distributed
algorithm for the MINCUT problem. Motivated by applications like volumetric segmen-
tation in computer vision, we aim at solving large sparse problems. When the problem
does not fully fit in the memory, we need to either process it by parts, looking at one
part at a time, or distribute across several computers. Many MINCUT/MAXFLOW algo-
rithms are designed for the shared memory architecture and do not scale to the setting,
when the memory has to be divided among the computation units. We start by a more
detailed overview of models and optimization techniques in computer vision, where the
MINCUT problem is employed, and give examples of our test problems.

MINCUT in Computer Vision In some cases, an applied problem is formulated di-
rectly as a MINCUT. More often, however, MINCUT problems in computer vision originate
from the Energy minimization framework (maximum a posteriori solution in a Markov
random field model). Submodular Energy minimization problems completely reduce to
MINCUT (Ishikawa 2003; Schlesinger and Flach 2006). When the energy minimization
is intractable, MINCUT is employed in relaxation and local search methods. The linear
relaxation of pairwise Energy minimization with 0-1 variables reduces to MINCUT (Boros
et al. 1991; Kolmogorov and Rother 2007) as well as the relaxation of problems refor-
mulated in 0-1 variables (Kohli et al. 2008). Expansion-move, swap-move (Boykov et al.
1999) and fusion-move (Lempitsky et al. 2010) algorithms formulate a local improve-
ment step as a MINCUT problem. Many applications of MINCUT in computer vision
use graphs of a regular structure, with vertices arranged into an N-D grid and edges
uniformly repeated, e.g., 3D segmentation models illustrated in Figure 12(c), 3D recon-
struction models, Figure 12(b). Because of such regular structure, the graph itself need
not be stored in the memory. Only the edge capacities need to be stored, allowing rel-
atively large instances to be solved by a specialized implementation. However, in many
cases, it is advantageous to have a non-regular structure, e.g., in stereo with occlusions
in Figure 12(a), in 3D reconstruction with adaptive tetrahedral volume (Labatut et al.
2009; Jancosek and Pajdla 2011). Such applications would benefit from a large-scale
generic MINCUT solver.

Distributed Computation The previous research mostly focused on speeding up MIN-
CUT by parallel computation in the shared memory model. We consider a distributed
memory model, which assumes that the computation units have their own separate
memory and exchanging the information between them is expensive. A distributed
algorithm has therefore to divide the computation and the problem data between the
units and keep the communication rate low.
We will consider distributed algorithms, operating in the following two practical usage
modes:
e Sequential (or streaming) mode, which uses a single computer with a limited mem-
ory and a disk storage, reading, processing and writing back a portion of data at
a time.
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e Parallel mode, in which the units are thought as computers in a network.

We propose new algorithms for both cases, prove their correctness and termination
guarantees. In the assessment of complexity, we focus on the costly operations such
as load-unload of the data in the streaming mode or message exchanges in the parallel
mode. More specifically, we call a sweep the event when all units of a distributed
algorithm recalculate their data once. Sweeps in our algorithms correspond to outer
iterations and their number is roughly proportional to the amount of communication in
the parallel mode or disk operations in the streaming mode. While there are algorithms
with better bounds in terms of elementary operations, our algorithms achieve lower
communication rates.

Previous Work A variant of path augmentation algorithm was shown by Boykov and
Kolmogorov (2004) to have the best performance on computer vision problems among
sequential solvers. There were several proposals how to parallelize it. Partially dis-
tributed implementation (Liu and Sun 2010) augments paths within disjoint regions
first and then merges regions hierarchically. In the end, it still requires finding aug-
menting paths in the whole problem. Therefore, it cannot be used to solve a large
problem by distributing it over several computers or by using a limited memory and a
disk storage. For the shared memory model Liu and Sun (2010) reported a near-linear
speed-up with up to 4 CPUs for 2D and 3D segmentation problems.

Strandmark and Kahl (2010) obtained a distributed algorithm using a dual decom-
position approach. The subproblems are MINCUT instances on the parts of the graph
(regions) and the master problem is solved using the subgradient method. This ap-
proach requires solving MINCUT subproblems with real valued capacities and does not
have a polynomial bound on the number of iterations. The integer algorithm proposed
by Strandmark and Kahl (2010) is not guaranteed to terminate. Our experiments
(§5.6.3) showed that it did not terminate on some of the instances in 1000 sweeps. In
§5.9, we relate dual variables in this method to flows.

The push-relabel algorithm (Goldberg and Tarjan 1988) performs many local atomic
operations, which makes it a good choice for a parallel or distributed implementation.
A distributed version (Goldberg 1991) runs in O(n?) time using O(n) processors and
O(n?/m) messages, where n is the number of vertices and m is the number of edges
in the problem. However, for a good practical performance it is crucial to implement
the gap relabel and the global relabel heuristics (Cherkassky and Goldberg 1994). The
global relabel heuristic can be parallelized (Anderson and Setubal 1995), but it is dif-
ficult to distribute. We should note, however, that the global relabel heuristic was not
essential in the experiments with computer vision problems we made (§5.6.2). Delong
and Boykov (2008) proposed a coarser granulation of push-relabel operations, associ-
ating a subset of vertices (a region) to each processor. Push and relabel operations
inside a region are decoupled from the rest of the graph. This allows to process several
non-interacting regions in parallel or run in a limited memory, processing few regions
at a time. The gap and relabel heuristics, restricted to the regions (Delong and Boykov
2008) are powerful and distributed at the same time. Our work was largely motivated
by Delong and Boykov (2008) and the remark that their approach might be extendible
to augmenting path algorithms. However, our first attempt to prioritize augmentation
to the boundary vertices by the shortest distance to the sink did not lead to a correct
algorithm.
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Figure 12 Examples of labeling problems in computer vision solved via MAXFLOW. (a) Stereo
and stereo with occlusions (Boykov et al. 1998), (Kolmogorov and Zabih 2001). (b) 3D recon-
struction (Boykov and Lempitsky 2006; Lempitsky et al. 2006) and surface fitting (Lempitsky
and Boykov 2007). (c) 3D segmentation (Boykov and Jolly 2001; Boykov 2003; Boykov and
Funka-Lea 2006). The instances are published at the University of Western Ontario web
pages (2008) for benchmarking MAXFLOW implementations.

Other Related Work The following works do not consider a distributed implemen-
tation but are relevant to our design. The Partial Augment-Relabel algorithm (PAR)
by Goldberg (2008) augments a path of length k in each step. It may be viewed as
a lazy variant of push-relabel, where actual pushes are delayed until it is known that
a sequence of k pushes can be executed. The algorithm by Goldberg and Rao (1998)
incorporates the notion of a length function and a valid labeling w.r.t. this length. It
can be seen that the labeling maintained by our algorithm corresponds to the length
function assigning 1 to boundary edges and 0 to intra-region edges. Goldberg and Rao
(1998) used such generalized labeling in the context of the blocking flow algorithm but
not within the push-relabel.

Outline We first revisit the algorithm of Delong and Boykov (2008) for the case of a
fixed partition into regions (§5.2). We study a sequential variant and a novel parallel
variant of their algorithm, which allows running computations concurrently on neigh-
boring interacting regions using a conflict resolution similar to the asynchronous parallel
push-relabel (Goldberg 1991). We prove that both variants have a tight O(n?) bound
on the number of sweeps. The new algorithm, we construct (§5.3), works with the same
partition of the graph into regions but is guided by a different distance function than
the push-relabel one.

Given a fixed partition into regions, we introduce a distance function, which counts
the number of region boundaries crossed by a path to the sink. Intuitively, it corre-
sponds to the amount of costly operations — network communications or loads-unloads
of the regions in the streaming mode. The algorithm maintains a labeling, which is a
lower bound on the distance function. Within a region, we first augment paths to the
sink and then paths to the boundary vertices prioritized by the lowest label. Thus the
flow is pushed out of the region in the direction given by the distance estimate. We
present a sequential and parallel versions of the algorithm, which terminate in O(|B|?)
sweeps, where B is the set of all boundary vertices (incident to inter-region edges).

We describe additional heuristics and an efficient implementation of both push-relabel
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and augmented-path based distributed algorithms in §5.4. The proposed algorithms are
evaluated on instances of MINCUT problems collected and published by the Computer
Vision Research Group at the University of Western Ontario (illustrated in Figure 12).
The results are compared against the state-of-the-art sequential and parallel solvers
(§5.6). We also studied the behavior of the algorithms w.r.t. problem size, granularity
of the partition, etc. In §5.7, we study the question to which extend the exchange of
information between parts is necessary. It turns out, that for simple problems (e.g.,
stereo) a large part of the optimal solution can be recovered from the individual parts,
while for more complicated problems (3D segmentation) this is no longer the case. The
interactions between regions are really necessary. In §5.8, we construct an example of
MINCUT, on which the push-relabel discharge achieves its worst case bound on the
number of sweeps, while the new algorithm terminates in a constant number of sweeps.
In §5.9, we show how the dual decomposition approach for min-cut by (Strandmark
and Kahl 2010) can be formulated in terms of flows and reveal the relation to our
partitioning scheme.

5.1 MINCUT and Push-Relabel

“Needless to say, their version not only has its own real beauty,
but is somewhat “sexy” running depth first search on the layered
network constructed by (extended) breadth first search’.

Y. Dinitz,
about Even and Itai’s version of the maximum flow algorithm.

We solve MINCUT problem by finding a maximum preflow!. In this section, we give
basic definitions and introduce the push-relabel framework of Goldberg and Tarjan
(1988). While we assume the reader is familiar with mincut/maxflow, we explain some
known results using the notation adjusted for the needs of this chapter.

In the classical framework of minimum cut and maximum flow, the flow augmenta-
tion transforms a minimum cut problem into an equivalent one on the residual network
(preserving costs of all cuts up to a constant). However, there is no equivalent mini-
mum cut problem corresponding to the augmentation of a preflow. In the push-relabel
approach of Goldberg and Tarjan (1988), this is not essential, as only single residual
arcs need to be considered and algorithms can be formulated as working with a pair
of a network and a preflow. In this work, we need to deal with residual paths and the
reachability in the residual network. We therefore use the extended definition of the
minimum cut problem, which includes a flow excess (or supply) in every vertex. After
this extension, the family of equivalent min-cut problems becomes closed under preflow
augmentations. This allows us to formulate algorithms more conveniently as working
with the current residual network and constructing a preflow increment. This point is
illustrated in Figure 13.

By a network we call the tuple G = (V, E,s,t,c,e), where V is a set of vertices;
E C V xV is the set of edges, thus (V| F) is a directed graph; s,t € V, s # t, are source
and sink, respectively; ¢: E — Ny is a capacity function; and e: V. — {0,1,..., 00},
e(t) =0, e(s) = oo is an excess function. We also denote n = |V| and m = |E|.

!A maximum preflow can be completed to a maximum flow using the flow decomposition, in
O(mlogm) time. Because we are primarily interested in the minimum cut, we do not consider
this step or whether it can be distributed.
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(b)

Figure 13 (a) Example of a network with indicated edge capacity function. (b) Augmenting
path approach: send flow from the source to the sink along a path. The residual network
defines an equivalent min-cut problem. (c) Push-relabel approach: the preflow is pushed over
arcs in all directions, prioritized by the shortest distance to the sink. The equivalent min-cut
problem is defined by a network with excess.

For any sets X, Y C V we denote (X,Y)p = (X xY)NE. For C C V such that
s € C,t ¢ C, the set of edges (C,C) g, with C = V\C is called an s-t cut. The MINCUT
problem is
min{ Z c(u,v)+Ze(v)‘CCV,SEC,tEC’}. (209)
(u,0)e(C,C)E veC

The objective is called the cost of the cut. Note, that excess in this problem can be
equivalently represented as additional edges from the source, but we prefer the explicit
form. Without the loss of generality, we assume that F is symmetric. If not, the missing
edges are added and assigned a zero capacity.

A preflow in G is the function f: F — 7Z satisfying the following constraints:

flu,v) <c(u,v) V(u,v)€E, (210a)

(capacity constraint)

flu,v) = —=f(v,u) Y(u,v) € FE, (210b)

(antisymmetry)

e(v) + Z flu,v) >0 YoveV. (210c¢)
u | (u,v)EE

( preflow constraint)

The constraint (210b) removes the redundancy in the otherwise independent flow values
on (u,v) and (v, u) (positive flows should naturally cancel each other) and shortens the
equations at the same time.

A residual network w.r.t. preflow f is a network Gy = (V, E,s,t,cf,er) with the
capacity and excess functions given by

cp=c—f, (211a)
er(v) =e(v) + Z flu,v), YveV\{s,t}. (211b)

u|(u,v)EE

By constraints (210), it is ¢y > 0and ey > 0. The costs of all s- cuts differ in G and G

by a constant called the flow value, |f| = > f(u,t). This can be easily verified
ul(ut)eR

by substituting ¢y and ey into (209) and expanding. Network G is thus equivalent to

network G up to the constant |f|. Since all cuts in Gy are non-negative, | f| is a lower
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bound on the cost of a cut in G. The problem of maximizing this lower bound, i.e.
finding a maximum preflow:

m}ix\f| subj. constraints (210) (212)

is dual to MINCUT. The value of a (non-unique) maximum preflow equals to the cost of
a (non-unique) minimum cut. The solutions are related as explained below.

We say that w € V' is reachable from v € V in the network Gy if there is a path
(possibly of length 0) from v to w composed of edges with strictly positive residual
capacities ¢y (a residual path). This relation is denoted by v — w.

Let us consider a residual path from v to w such ef(v) > 0. Augmentation increases
the flow by A > 0 on all forward edges of the path, and decreases it on all reverse edges,
where A does not exceed the residual capacities of the forward arcs or ef(v). In the
result, the excess ef(v) is decreased and excess ef(w) is increased. Augmenting paths to
the sink increases the flow value. In the augmenting path approach, the problem (212)
is solved by repeatedly augmenting residual paths from vertices having excess (e.g.,
source) to the sink.

If w is not reachable from v in Gy we write v - w. For any X,Y C V, we write
X — Y if there exist x € X, y € Y such that x — y. Otherwise we write X —-» Y.

A preflow f is maximum iff there is no residual path to the sink which can be
augmented. This can be written as {v |ef(v) > 0} = ¢ in Gy. In this case, the cut
(T,T)g with T = {v € V |v — t in G} has the value 0 in G;. Because all cuts are
non-negative, it is a minimum cut.

General Push-relabel A Distance function d*: V' — {0,1,...,n} in Gy assigns to
v € V the length of the shortest residual path from v to t, or n if no such path exists.
The (non-unique) shortest path cannot have loops, thus its length is not greater than
n — 1. Let us denote d*° = n.

A labeling d: V — {0,1,...,d>*} is valid in Gy if d(t) = 0 and d(u) < d(v) + 1 for all
(u,v) € E such that c¢(u,v) > 0. Any valid labeling is a lower bound on the distance
d* in Gy, however not every lower bound is a valid labeling.

A vertex v is called active w.r.t. (f,d) if ef(v) > 0 and d(v) < d*°.

The definitions of reachability and validity are given w.r.t. the residual network Gy,
however expressions like “0 — w in G” or “d is valid in G” are also correct, and will
be needed later on. In particular, we will consider algorithms making some large steps,
where a preflow increment f is computed and then applied to the initial network by
assigning G := Gy. After that, the algorithm continues with G' and resets f.

To ensure that residual paths do not go through the source (and for reasons of
efficiency) we make all edges from the source saturated during the following Init pro-
cedure, common to all algorithms in this chapter.

Procedure Init

/* saturate source edges */
1 f(s,v) :=c(s,v) VY(s,v) € F;
2 G:=Gy; f:=0; /* apply preflow */
3 d:=0,d(s) :=d>; /* initialize labels */

69



5 Distributed Mincut/Maxflow Algorithms

The generic push-relabel algorithm by Goldberg and Tarjan (1988) maintains a preflow
f and a valid labeling d. It starts with Init and applies the following Push and Relabel
operations while possible:

e Push(u,v): applicable if u is active and c¢(u,v) > 0 and d(u) = d(v) + 1.
The operation increases f(u,v) by A and decreases f(v,u) by A, where A =
min(es(u),cr(u,v)).

e Relabel(u): applicable if u is active and (Vv| (u,v) € E, c¢f(u,v) > 0) d(u) < d(v).
It sets d(u) := min (d°°, min{d(v) + 1| (u,v) € E, ¢s(u,v) > 0}).

If u is active then either Push or Relabel operation is applicable to u. The algorithm
preserves validity of the labeling and stops when there are no active vertices. For any
u such that ef(u) > 0, we have d(u) = d>°. Therefore d*(u) = d> and u - t in Gy, so
f is a (non-unique) maximum preflow.

5.2 Region Discharge Revisited

We now review the approach of Delong and Boykov (2008) and reformulate it for the
case of a fixed graph partition. We introduce generic sequential and parallel algorithms,
which will be applied with both push-relabel and augmenting path approaches.

Delong and Boykov (2008) introduced the following operation. The discharge of a
region R C V\{s,t} applies Push and Relabel to v € R until there are no active vertices
left in R. This localizes computations to R and its boundary, defined as

BE ={w|3ueR (u,w) € BE,w¢ R, w#s,t}. (213)

When a Push is applied to an edge (v,w) € (R, BY), the flow is sent out of the region.
We say that two regions Ry, Ry C V\{s,t} interact if Ry N Ry # 0 or Ry N Bf2 +# .
That is, when they share vertices or they are connected by an edge. Because Push and
Relabel operations work on the individual edges, discharges of non-interacting regions
can be performed in parallel. The algorithm proposed by Delong and Boykov (2008)
repeats the following steps until there are no active vertices in V:
1. Select several non-interacting regions, containing active vertices.
2. Discharge the selected regions in parallel, applying region-gap and region-relabel
heuristics.
3. Apply the global gap heuristic.
All heuristics (global-gap, region-gap, region-relabel) serve to improve the distance
estimate. They are very important in practice, but do not affect the theoretical prop-
erties and will be discussed in §5.4 devoted to the implementation.

5.2.1 Region Network

We now take a different perspective on the algorithm. We consider each region discharge
as a proper subproblem to be solved. Given the states of the boundary edges on the
input (labels and excess), the region discharge of region R returns a flow and a labeling.
To define it formally, we first single out the subnetwork, on which region discharge will
work.

Region network G = (VI EF s t cf ) has set of vertices VF = RUBRU{s, t}; set
of edges Eff = (RU {s,t},RU {s,t})p U (R, BR)g U (B, RR)g; capacities ¢/ (u,v) =
c(u,v) if (u,v) € EF\(B®, R)g and 0 otherwise; and excess e® = e|rugs,y (the re-
striction of function e to its subdomain R U {s,t}). This subnetwork is illustrated in
Figure 14(b). Note that the capacities of edges coming from the boundary, (Bf, R)g,
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5.2 Region Discharge Revisited

Figure 14 (a) Partition of a network into 4 regions and the boundary set B depicted by stars.
(b) The region network corresponding to the highlighted region in (a).

are set to zero. Indeed, these edges belong to a neighboring region network. The region
discharge operation of Delong and Boykov (2008), which we refer to as Push-relabel
Region Discharge (PRD), can now be defined as shown in Procedure PRD.

Procedure (f,d) = PRD(G",d)

/* assume d: VE — {0,...,d*} valid in G% */
1 while Jv € R active do
2 apply Push or Relabel to v; /* changes f and d */
3 apply region gap heuristic (§5.4); /* optional */

5.2.2 Generic Region Discharging Algorithms

While Delong and Boykov (2008) selected the regions dynamically, trying to divide the
work evenly between CPUs in each iteration and cover the most of the active vertices,
we restrict ourselves to a fixed collection of regions (R” )sz1 forming a partition (disjoint
union) of V'\{s,t}. With respect to this partition, we will use shortened notations B¥,
Gk, VE, E* ¢* ek to denote the corresponding region boundary B region network
G and the respective compounds of region network G, We also define the boundary
B = {J, B*, which is the set of all vertices incident to inter-region edges (Figure 14(a)).

We now define generic sequential and parallel algorithms which use a black-box
Discharge function as a subroutine. The sequential algorithm (Algorithm5) takes
regions from the partition one-by-one and applies the Discharge operation to them
until there are no active vertices in either region left. The parallel algorithm (Algo-
rithm 6) calls Discharge for all regions concurrently and then resolves conflicts in the
flow similarly to the asynchronous parallel push-relabel of Goldberg and Tarjan (1988).
A conflict occurs if two interacting regions increase their labels on the vertices of a
boundary edge (u,v) simultaneously and try pushing flow over it (in their respective
region networks). In such a case, we accept the labels, but do not allow the flow to
cross the boundary in one of the directions by the following construction. In step 5 of
Algorithm 6, boundary edges, where the validity condition is potentially violated, are
assigned @ = 0. The flow fusion in step 6 disables the flow on such edges (the flow
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Algorithm 5: Sequential Discharging

1 Init;

2 while there are active vertices do /* a sweep */
3 for k=1,...K do

4 Construct G* from G;

5 (f',d') := Discharge(G*, d|y);

6 G =Gy, /* apply [ to G */
7 d|gr = d'| gr; /* update labels */
8 apply global gap heuristic (§5.4); /* optional */

Compute the reachability v — ¢ in G, Vv (§5.4.2);

©

Algorithm 6: Parallel Discharging

1 Init;
2 while there are active vertices do /* a sweep */
/* discharge all regions in parallel x/
3 (ft,d},) := Discharge(G*, d|y+) Vk;
d| g = di| gr VEk; /* fuse labels */
/* determine valid pairs x/
5 a(u,v) = [d'(u) < d(v) +1] Y(u,v) € (B,B);
/* fuse flows */
. ) = {a(v,u)f,’g(u,v) + a(u,v) fj(u,v) %f (u,v) € (R*, RY),
f1.(u, v) if (u,v) € (RF, RF);
G =Gy /* apply [ to G */
d:=d’; /* update labels */
global gap heuristic (§ 5.4); /* optional */

10 Compute the reachability v — t in G, Vv (§5.4.2);

going “upwards”). As will be proven later, this correction restores the validity. The
actual implementation does not maintain the full network G, only the separate region
networks. This is in contrast to Delong and Boykov (2008), who perform all operations
in the global network G.

In the case when the abstract Discharge procedure is implemented by PRD, the
sequential and parallel algorithms correspond to the push-relabel approach and will be
referred to as S-PRD and P-PRD respectively. S-PRD is a sequential variant of Delong
and Boykov (2008) and P-PRD is a novel parallel variant. As was mentioned above,
the original algorithm by Delong and Boykov (2008) allows to discharge only non-
interacting regions in parallel (in this case there are no conflicts). To discharge all
regions, this approach would require sequentially selecting subsets of non-interacting
regions for processing.? Our parallel algorithm applies ideas of Goldberg and Tarjan
(1988) to remove this limitation and process all regions in parallel.

We prove below that both S-PRD and P-PRD terminate with a valid labeling in at
most 2n? sweeps. Parallel variants of push-relabel (Goldberg 1987) have the same bound
on the number of sweeps. However, they perform much simpler sweeps, processing every

2The number of sequential phases required is equal to the minimal coloring of the region interaction
graph in a general case, i.e. 2 for bipartite graph, and so on.
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vertex only once, compared to S/P-PRD. A natural question is whether O(n?) bound
cannot be tightened for S/P-PRD. In §5.8, we give the example of a graph, its partition
into two regions and a valid sequence of Push and Relabel operations, implementing
S/P-PRD which takes (n?) sweeps to terminate.? The number of inter-region edges in
this example is constant, which shows that a better bound in terms of this characteristic
is not possible.

5.2.3 Complexity of Sequential Push-relabel Region Discharging

Our proof follows the main idea of the similar result for parallel push-relabel by Gold-
berg (1987). The main difference is that we try to keep Discharge operation as abstract
as possible. Indeed, it will be seen that proofs of termination of other variants follow
the same pattern, using several important properties of the Discharge operation, ab-
stracted from the respective algorithm. Unfortunately, to this end we do not have a
unified proof, so we will analyze all cases separately.

Statement 43 (Properties of PRD).
Let (f',d') = PRD(GF, d), then

1. there are no active vertices in R w.r.t. (f/,d’), (optimality)
2. d >d, d|gr =d|pr, (labeling monotony)
3. d' is valid in GJ}?,, (labeling validity)
4. f'(u,v) > 0= d'(u) > d(v), ¥(u,v) € BEE. (flow direction)

Proof. 1. Optimality. This is the stopping condition of PRD.

2,3. Labeling validity and monotony: labels are never decreased and the Push operation
preserves labeling validity (Goldberg and Tarjan 1988). Labels not in R* are not
modified.

4. Flow direction: let f’(u,v) > 0, then there was a push operation from u to v in some
step. Let d be the labeling in this step. We have d(u) = d(v) + 1. Because labels never
decrease, d'(u) > d(u) > d(v) > d(v). O

These properties are sufficient to prove correctness and the complexity bound of S-PRD.
They are abstract from the actual sequence of Push and Relabel operation performed
by PRD and for a given pair (f’,d’) they are easy to verify. For correctness of S-PRD,
we need to verify that it maintains a labeling that is valid globally.

Statement 44. Let d be a valid labeling in G. Let f’ be a preflow in GF and d' be
a labeling satisfying properties 2 and 3 of Statement 43. Extend f’ to E by letting
f'lp\gr = 0 and extend d' to V' by letting d'|y/\yr = d|y\yr. Then d’ is valid in Gy

Proof. We have that d’ is valid in GJI?,. For edges outside the region network, (u,v) €
(VAR,V\R)g, it is f'(u,v) = 0 and d’ coincides with d on V\R. It remains to verify
the validity on the boundary edges (v,u) € (Bf, R)g in the case cﬁ’(v,u) = 0 and
cf(v,u) > 0. These are the incoming boundary edges, which are zeroed in the network
G®. Because 0 = c?(v,u) = cf(v,u) — f(v,u) = —f(v,u), we have cy(v,u) = c(v,u).
Since d was valid in G, d(v) < d(u) + 1. The new labeling d’ satisfies d’'(u) > d(u) and
d'(v) = d(v). Tt follows that d’'(v) = d(v) < d(u) +1 < d'(u) + 1. Hence d’ is valid in
Gf/. D

3 An algorithm is said to be Q(f(n)) if for some numbers ¢’ and no and all n >= no, the algorithm
takes at least ¢’ f(n) time on some problem instance. Here we measure complexity in sweeps.
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Similar to Goldberg (1987), we introduce the potential function
® = max{d(v) |v € V, v is active in G}. (214)

This value may increase and decrease during the algorithm run, but the total number
of times it can change is bounded. We first show that its increase is bounded for a
region discharge on R by the total increase of the labeling.

Statement 45. Let (f’,d’) satisfy properties 2-4 of Statement 43. Let f’ be extended
to I by setting f’| g\ pr = 0 and d’ be extended to V' by setting d'|y\yr = d|y\yr. Let
G' = Gy and @' be the new potential computed for the network G’ and labeling d'.
Then
' — <> [d(v) —d(v)]. (215)
vER

Proof. Let the maximum in the definition of ® be attained at a vertex v, so ' = d'(v).
Then either v ¢ VE, in which case ® < ® (because the label and the excess of v in
G and G’ are the same), or v € VI and there exists a path (v, v1,...v;), vy = v,
v0,...v—1 € R, such that f’(vi—1,v;) > 0,7 =1...1 and vy is active in G. We have
® > d(vp), therefore

l
¥ — @ < d'(v) —d(vo) = Y _[d'(vi) — d'(vi-1)] + [d'(v0) — d(vp)]
=1

@) l / () / (©) /
<Y (v) —dw)] < Y [d(v) = d(v)] = Y [d(v) = d(v)],
=0

i vERUBR vER

(216)

—

)

where inequality (a) is due to the flow direction property (Statement 43.4) which implies
d'(vi—1) > d(v;). The inequality (b) is due to monotony property (Statement 43.2) and
due to v; C RU B. The equality (c) is due to d'|gr = d|gr. O

We can now state the termination.

Theorem 46. S-PRD terminates in at most 2n? sweeps.

Proof. Labeling d does not exceed n for every vertex. Because there are n vertices, d
can be increased n? times at most.

From Statement 45 it follows that the increase of ® after the discharge of region R¥
is bounded by the total increase of d|zx. Since regions are disjoint, the total increase
of ® after a sweep of S-PRD is bounded by the total increase of d.

If d has not increased during a sweep (d’ = d) then ® decreases at least by 1. Indeed,
let us consider the set of vertices having the label greater or equal to the label of the
highest active vertex, H = {v|d(v) > ®}. These vertices do not receive flow during all
discharge operations due to the flow direction property. After discharging R, there are
no active vertices in R¥ N H (Statement 43.1). Therefore, there are no active vertices
in H after the full sweep.

In the worst case, ® can increase by one n? times and decrease by one n? times.
Therefore, there are no active vertices in G in at most 2n? sweeps and the algorithm
terminates. O

When the algorithm terminates, it outputs a network G, equivalent to the initial one,
a labeling d valid in G and guarantees that there are no active vertices w.r.t. d. This
implies that in the current network G there are no paths from the vertices having
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positive excess to the sink and the cut (T, T)g, with T = {v |v — t in G} is one of the
minimum cuts. The issue, how to compute the reachability v — ¢ in G in a distributed
fashion, utilizing d, rather than by breadth-first search in G is discussed in §5.4.2. This
is the purpose of the last step in both of the algorithms.

5.2.4 Complexity of Parallel Push-relabel Region Discharging

We will now prove the validity and termination of the parallel algorithm using the
results of previous section. Properties similar to Statement 43 will be proven for the
fused flow and labeling (constructed at step 6 of Algorithm6). The bound on the
increase of the potential will follow for the whole network as if it was a single region.

Statement 47. Let d be a valid labeling in the beginning of a sweep of P-PRD. Then
the pair of the fused flow and the labeling, (f/,d'), satisfies:

1. d >d; (labeling monotony)

2. d is valid in G; (labeling validity)

3. fl(u,v) >0=d'(u) >d(v) Y(u,v) € E. (flow direction)
Proof.

1. We have d'|pr > d|p» for all k.

2. We have to prove the validity for the boundary edges, where the flow and the labeling
are fused from different regions. It is sufficient to study the two regions case. Denote
the regions R! and R?. The situation is completely symmetric w.r.t. orientation of
a boundary edge (u,v). Let u € R and v € R% Let only d'(v) < d'(u) + 1 be
satisfied and not d'(u) < d'(v) + 1. By the construction in step 6 of Algorithm 6, flow
f2 is canceled and f'(u,v) = fi(u,v) > 0. Suppose ¢y (u,v) > 0, then we have that
dj(u) < dj(v)+1, because d} is valid in Gli. It follows that d'(u) = dj(u) < dj(v)+1 =
d(v)+1 < dy(v)+1 = d'(v)+1, where we also used labeling monotonicity property. The
inequality d'(u) < d'(v) + 1 is a contradiction, therefore it must be that c¢ (u,v) = 0.
The labeling d’ is valid on (u,v) in this case. Note that inequalities d’'(v) < d'(u) + 1
and d'(u) < d’'(v) + 1 cannot be violated simultaneously. In the remaining case, when
both inequalities are satisfied, the labeling is valid for arbitrary flow on (u,v), so no
flow is canceled in the flow fusion step.

3. If f'(u,v) > 0 then f/(u,v) > 0 and there was a push operation from u to v in
the discharge of region R* 5 u. Let dj be the labeling in G on this step. We have
d'(u) > dig(u) = di(v) +1 > d(v) +1 > d(v). O

Theorem 48. P-PRD terminates in 2n? sweeps at most.

Proof. As before, the total increase of d is at most n?. As shown above, the labeling
monotony, labeling validity and flow direction are satisfied for the fused flow and labeling
(f',d") on the region R = V\{s,t}. Applying Statement45, we get that the total
increase of the potential is bounded from above by the total increase of d during a
sweep.

If d has not increased during a sweep (d’ = d) then a(u,v) = 1 for all (u,v) € (B,B)g
(all boundary pairs are valid). The flow direction property implies that the flow goes
only “downwards” the labeling. So no flow is canceled in the fusion step. Let H =
{v|d(v) > ®}. These vertices are above any active vertices, so they cannot receive
flow. After the sweep, all active vertices that were in H, are discharged and must
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Figure 15 (a) Illustration of the region distance. (b) Hlustration of Lemma 51: augmentation
on paths from x to u or from v to y preserves X - Y, but not the augmentation on the red
path.

become inactive. Because there is no active vertices with label ® or above left, it is
@’ < ®. It follows that the algorithm will terminate in 2n? sweeps at most. O

5.3 Augmented path Region Discharge

In this section, we introduce the core of our new algorithm, which combines path
augmentation and push-relabel approaches. We will give a new definition to the distance
function, the validity of a labeling and introduce the new Discharge operation to be
used within the generic sequential and parallel algorithms (Algorithms5 and 6). With
these modifications the algorithms will be proven correct and will fulfill a tighter bound
on the number of sweeps.

5.3.1 A New Distance Function

Consider the fixed partition (R*)X_|. Let us introduce the distance function that counts
only inter-region edges and not inner edges. The region distance d*B(u) in G is the
minimal number of inter-region edges contained in a path from u to ¢, or |B] if no such
path exists:
0B () = L =i BB e L (217)
|B| ifu-»t.

This distance corresponds well to the number of region discharge operations required
to transfer the excess to the sink (see Figure 15(a)).

Statement 49. If u — ¢ then d*5(u) < |B.
Proof. Let P be a path from u to t given as a sequence of edges. If P contains a loop
then it can be removed from P and |P N (B,B)g| will not increase. A path without

loops goes through each vertex once at most. For B C V, there are |B| — 1 edges in the
path at most that have both endpoints in B. O

We now let d* = |B| and redefine a valid labeling w.r.t. the new distance. A labeling
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Procedure ARD(GF,d)

/* assume d: VE — {0,...,d®°} valid in G% */
1 fori=0,1,...,d>* do /* stage i */
2 L T; = {t} U {v e BE|d(v) < i};
3 Augment (R, T;);
/* Region-relabel */
min{i|u — T;} if we€ R, u— Ty,
4 d(u) :==d>® if ueR, u-—» Ty,
d(u) if uwe BE.

Procedure Augment(X,Y)

1 while there exist a path (vo,v1,...,v;) such that

2 cf(vi—1,v;) >0, ef(vg) >0, v9 € X, v €Y do

3 t augment A = min(ef(vp), min cf(v;—1,v;)) units along the path.
(2

d:V —{0,...,d>} is valid in G if d(t) = 0 and for all (u,v) € E such that cs(u,v) > 0:

dlv)+1 if (u,v) € (B,B)g,
d(v) if (u,v) ¢ (B,B)g . (218)

Statement 50. A valid labeling d is a lower bound on the region distance d*5.

Proof. If u - t then d(u) < d*B. Otherwise, let P = ((u,v1),..., (v;,t)) be one of the
shortest paths w.r.t. &5, i.e. d*B(u) = |PN (B, B)g|. Applying the validity property to
each edge in this path, we have d(u) < d(t) + |P N (B, B)g| = d*B(u). O

5.3.2 A New Region Discharge

RE N4

In this subsection, reachability relations “—”, “-", residual paths, and labeling validity
will be understood in the region network G¥ or its residual G]]?.

The new Discharge operation, called Augmented path Region Discharge (ARD),
works as follows. It first pushes the excess to the sink along augmenting paths inside
the network G. When it is no longer possible, it continues to augment paths to
vertices in the region boundary B in the order of their increasing labels. This is
represented by the sequence of nested sets Ty = {t}, Ty = {t} U {v € Bf |d(v) < 1},
ooy Tyo = {t} U {v € B |d(v) < d®}. Set T; is the destination of augmentations
in stage 7. As we prove below, in stage ¢ > 0 residual paths may exist only to the set
T\Ti—1 ={v|d(v) =i—1}.

The labels on the boundary d|gr remain fixed during ARD and the labels d| g inside
the region do not participate in augmentations and therefore are updated only at the
end.

We claim that ARD terminates with no active vertices inside the region, preserves
validity and monotonicity of the labeling, and pushes flow from higher labels to lower
labels w.r.t. the new labeling. These properties will be required to prove finite termi-
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Figure 16 (a) Reachability relations in the network G? at the end of stage 1 of ARD:
{v]es(v) > 0} = Ti; Tyeo\T1 - R. (b) Example of a path in the network G? for which by
Corollary 54 it must be d(v) < d(w). Note, such a path is not possible at the beginning of
ARD, but in the middle it may exist since residual capacities of edges (B¥, R)g may become
Non-zero.

nation and correctness of S-ARD. Before we prove them (Statement 57) we need the
following intermediate results:
e Properties of the network G? maintained by ARD (Statement 52, Corollaries 53
and 54).
e Properties of valid labellings in the network GJI? (Statement 55).
e Properties of the labeling constructed by region-relabel (line 4 of ARD) in the
network G? (Statement 56).

Lemma 51. Let X, Y c VE, XNY =0, X » Y. Then X Y is preserved after i)
augmenting a path (z,...,v) with 2 € X and v € V%, ii) augmenting a path (v,...,y)
with y € Y and v € VE,

Proof. (See Figure15(b)). Let X be the set of vertices reachable from X. Let ) be
the set of vertices from which Y is reachable. Clearly X N') = (), otherwise X —
Y. Therefore, the cut (X, X )E separates X and Y and has all edge capacities equal
zero. Any residual path starting in X or ending in Y cannot cross the cut and its

augmentation cannot change the edges of the cut. Hence, X and Y will stay separated.
O

Statement 52. Let v € VI and v - T, in G in the beginning of stage iy of ARD,
where a,iy € {0,1,...d*°}. Then v - T, holds until the end of ARD, i.e., during all
stages 1 > 19.

Proof. We need to show that v -» T, is not affected by augmentations performed by
ARD. If iy < a, we first prove v -» T, holds during stages igp < i < a. Consider
augmentation of a path (ug,u1,...,u;), up € R, w € T; C Tg, ef(ug) > 0. Assume
v - T, before augmentation. By Lemma 1 with X = {v}, Y =T, (noting that X » Y
and the augmenting path ends in Y'), after the augmentation v - T,. By induction, it
holds till the end of stage a and hence in the beginning of stage a + 1.

We can assume now that igp > a. Let A = {u € R|es(u) > 0}. At the end of stage
190 — 1, we have A - T;,_1 D Ty by construction. Consider augmentation in stage ip on
a path (ug,u1...,u), uo € R, w; € Tj, ef(ug) > 0. By construction, ug € A. Assume
{v} U A - T, before augmentation. Apply Lemma 51 with X = {v} UA, Y =T, (we
have X - Y and up € A C X). After augmentation it is X - T,. By induction,
X - Ty till the end of stage ig. By induction on stages, v - T, until the end of the
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ARD procedure. O

Corollary 53. If w € B® then w - Tj(w) throughout the ARD procedure.

Proof. At initialization, it is fulfilled by construction of G* due to c¢*((B®, R)g) = 0.
It holds then during ARD by Statement 52. O

In particular, we have Bf - t during ARD.

Corollary 54. Let (u,v;...v;,w) be a residual path in GJI? from u € R to w € BE
and let v, € B for some r. Then d(v,) < d(w).

Proof. We have v, -+ Ty, ). Suppose d(w) < d(v;), then w € Ty,, ) and because v, — w
it is v, — Tj(,,) which is a contradiction. O

The properties of the network G}% established by Statement 52 and Corollary 54 are
illustrated in Figure 16.

Statement 55. Let d be a valid labeling, d(u) > 1, u € R. Then u - Ty,

Proof. Suppose u — Ty. There exist a residual path (u,v;...v;,t), v; € R (by Corol-
lary 53 it cannot happen that v; € Bf). By validity of d we have d(u) < d(v;) < --- <
d(v;) < d(t) =0, which is a contradiction.

Suppose d(u) > 1 and u — Ty)—1. Because u + Tp, it must be that u — w,
w € BF and d(w) < d(u) — 1. Let (vg...v;) be a residual path with vg = u and
v; = w. Let 7 be the minimal number such that v, € Bf. By validity of d we have
d(u) <d(v) <--- <d(vy—1) < d(vy)+1. By Corollary 54 we have d(v,) < d(w), hence
d(u) < d(w) 4 1, which is a contradiction. O

Statement 56. For d computed on line 4 of Procedure ARD and any u € R it holds:
1. d is valid;
2. u»T, < du) >a+1.

Proof.
1. Let (u,v) € Ef and c(u,v) > 0. Clearly u — v. Consider four cases:

e case u € R, v € Bf: Then u — Ty,+1, hence d(u) < d(v) + 1.

e case u € R, v € R: If v » Ty then d(v) = d* and d(u) < d(v). If v = Tyeo,
then d(v) = min{i |v — T;}. Let i = d(v), then v — T; and u — T;, therefore
d(u) <i=d(v).

e case u € BE v € R: By Corollary 53, u - Ty()- Because u — v, it is v = Ty,
therefore d(v) > d(u) + 1 and d(u) < d(v) — 1 < d(v) + 1.

e case when u =t or v = ¢ is trivial.

2. The “«<” direction follows by Statement 55 applied to d, which is a valid labeling.
The “=7” direction: we have u - T, and d(u) > min{i |u — T;} = min{i > a |u —
T} > a+1. d

Statement 57 (Properties of ARD). Let d be a valid labeling in G. The output
(f',d") of ARD satisfies:

1. There are no active vertices in R w.r.t. (f',d'); (optimality)
2. d >d,d|gr =d|gr; (labeling monotonicity)
3. d' is valid in G]I?,; (labeling validity)
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4. f’ is a sum of path flows, where each path is from a vertex u € R to a vertex
ve {t}uBf and it is d'(u) > d(v) if v € BE. (flow direction)

Proof.

1. In the last stage, the ARD procedure augments all paths to Ty. After this aug-
mentation a vertex u € R either has excess 0 or there is no residual path to Tz~ and
hence d'(u) = d* by construction.

2. For d(u) = 0, we trivially have d’(u) > d(u). Let d(u) = a+1 > 0. By Statement 55,
u - T, in G and it holds also in G?, by Statement 52. From Statement 56.2, we
conclude that d’'(u) > a + 1 = d(u). The equality d'|zr = d|gr is by construction.

3. Proven by Statement 56.1.

4. Consider a path from u to v € B, augmented in stage i > 0. It follows that
i = d(v) + 1. At the beginning of stage i, it is u - T;_;. By Statement 52, this is
preserved till the end of ARD. By Statement 56.2, d'(u) > i = d(v) + 1 > d(v). O

Algorithms 5 and 6 for Discharge being ARD will be referred to as S-ARD and P-ARD,
respectively.

5.3.3 Complexity of Sequential Augmented path Region Discharging
Statement 44 holds for S-ARD as well, so SSARD maintains a valid labeling.
Theorem 58. S-ARD terminates in 2|B|? + 1 sweeps at most.

Proof. The value of d(v) does not exceed |B| and d is non-decreasing. The total increase
of d|p during the algorithm is at most |B]?.

After the first sweep, active vertices are only in B. Indeed, discharging region RF
makes all vertices v € R¥ inactive and only vertices in B may become active. So by the
end of the sweep, all vertices V\B are inactive.

Therefore, after the first sweep, the potential can be equivalently written as

® = max{d(v) |v € B, v is active in G}. (219)

We will prove the following two cases for each sweep but the first one:

1. If d|p is increased then the increase in ® is no more than total increase in d|g.

Consider discharge of R*. Let ® be the value before ARD on R* and ®’ the value
after. Let ® = d’(v). It must be that v is active in G'. If v ¢ V¥, then d(v) = d'(v)
and e(v) = ep(v) so @ > d(v) = P'.
Let v € V*. After the discharge, vertices in RF are inactive, so v € B* and
it is d'(v) = d(v). If v was active in G then ® > d(v) and we have & — & <
d'(v) —d(v) = 0. If v was not active in G, there must exist an augmenting path
from a vertex vy to v such that vy € R¥NB was active in G. For this path, the flow
direction property implies d'(vg) > d(v). We now have & — & < d'(v) — d(vg) =
d(v) — d(vo) < d(vg) — d(vo) <Y perrnnld (v) — d(v)]. Summing over all regions,
we get the result.

2. If d|p is not increased then ® is decreased at least by 1. We have d’ = d. Let us
consider the set of vertices having the highest active label or above, H = {v|d(v) >
®}. These vertices do not receive the flow during all discharge operations due to
the flow direction property. After the discharge of RF, there are no active vertices
left in R¥ N H (Statement 57.1). After the full sweep, there are no active vertices
in H.
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In the worst case, starting from sweep 2, ® can increase by one |B|? times and decrease
by one |B2| times. There are no active vertices left in at most 2|B|? + 1 sweeps. O

On termination, we have that the labeling is valid and there are no active vertices in
G. Therefore, the accumulated preflow is maximal and a minimum cut can be found by
analyzing the reachability in G (see discussion for S-PRD §5.2.3 and implementation
details §5.4.2).

5.3.4 Complexity of Parallel Augmented Path Region Discharging

Statement 59 (Properties of Parallel ARD). Let d be a valid labeling at the beginning
of a sweep of P-ARD. The pair of fused flow and labeling (f’,d’) satisfies:

1. Vertices in V\B are not active in Gf/; (optimality)

2. d >d; (labeling monotony)

3. d' is valid; (labeling validity)

4. f"is the sum of path flows, where each path is from a vertex u € V to a vertex

v € B, satisfying d'(u) > d(v). (weak flow direction)
Proof.

1. For each k there are no active vertices in R¥ w.r.t. (f},d}). The fused flow f’ may
differ from f; only on the boundary edges (u,v) € (B,B)g. So there are no active
vertices in V\B w.r.t. (f/,d').

2. By construction.

3. Same as in P-PRD.

4. Consider the augmentation of a path from u € R to v € B* during ARD on G* and
canceling of the flow on the last edge of the path during the flow fusion step. Let the last
edge of the path be (w,v). We need to prove that d’(u) > d(w). Let d be the labeling in
G* right before augmentation, as if it was computed by region-relabel. Because d is valid
it must be that d(w) < d(v) + 1. We have d},(u) > d(v) = d(v) > d(w) — 1 > d(w) — 1.
So d'(u) > d(w). O

Theorem 60. P-ARD terminates in 2|B|? + 1 sweeps.

Proof. As before, total increase of d|s is at most |B|2.
After the first sweep, active vertices are only in B by Statement 59.1.
For each sweep after the first one:
e If d|p is increased then increase in ® is no more than the total increase of d|p. Let
@’ be the value of the potential in the network G’ = G. Let ® = d'(v). It must
be that v is active in G’ and v € B.
If v was active in G then ® > d(v) and we have &' — & < d'(v) — d(v).
If v was not active in G then there must exist a path flow in f’ from a vertex vy to v
such that vy € B was active in G. For this path, the weak flow direction property
implies d’(vg) > d(v). We have &' —® < d'(v)—d(vp) = d'(v) —d(v)+d(v)—d(vg) <
&(v) — d(v) + d'(v0) — d{vo) < Xyesld (v) — d(v)]
e If d|g is not increased then ® is decreased at least by 1. In this case, f’ satisfies
the strong flow direction property and the proof of Theorem 58 applies.
After total of 2|B|? + 1 sweeps, there are no active vertices left. O
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5.4 Implementation

In this section, we first discuss heuristics for improving the distance labeling (making it
closer to the true distance at a cheap cost) commonly used in the push-relabel frame-
work. They are essential for the practical performance of the algorithms. We then
describe our base implementations of S-ARD/S-PRD and the solvers they rely on. In
the next section, we describe an efficient implementation of ARD, which is more so-
phisticated but has a much better practical performance. All of the labeling heuristics
can only increase the labels and preserve validity of the labeling. Therefore, they do
not break theoretical properties of the respective algorithms.

5.4.1 Heuristics

Region-relabel heuristic. This heuristic computes labels d|r of the region vertices,
given the distance estimate on the boundary, d|gr. There is a slight difference be-
tween PRD and ARD variants (using distance d* and d*B, resp.), displayed by the
corresponding “if” conditions.

Procedure d|p = Region-relabel(G%,d|zr)

/* init */
1 d(t) :=0; O :={t}; d|g :=d>*; d° := 0;
2 if ARD then d|gr :=d|gr + 1; /* (for ARD) x/
/* O is a list of open vertices, having the current label d° */
3 d™ = max{d(w) |w € B, d(w) < d*};
4 while O # () or d° < d™* do
/* if O is empty raise d° to the next seed x/
5 if O = () then d° := min{d(w) |w € BE, d(w) > d¢, d(w) < d*};
/* add seeds to the open set x/
6 O :=0U{w € BR|d(w) = d°};
/* find all unlabeled vertices from which O can be reached */
O:={ue€R|(u,v) € ER veO,c(u,v) >0,du)=d*};
if PRD then d° <+ d° + 1; /* (for PRD) */
dlo = dS; /* label the new open vertices */
10 if ARD then d|gr :=d|gr — 1; /* (for ARD) */

In the implementation, the set of boundary vertices is sorted in advance, so that
Region-relabel runs in O(|E®| 4 |[VE| 4 |BE|log|B%|) time and uses O(|V#|) space.
The resulting labeling d’ is valid and satisfies d’ > d for arbitrary valid d.

Global gap heuristic. Let us briefly explain the global gap heuristic (Cherkassky
and Goldberg 1994). It is a sufficient condition to identify that the sink is unreachable
from a set of vertices. Let there be no vertices with label g > 0: Yv € V d(v) # g, and let
d(u) > g. For a valid labeling d, it follows that there is no vertex v for which ¢(u,v) > 0
and d(v) < g. Assuming there is such a vertex, we will have d(u) < d(v) +1 < g, which
is a contradiction. Therefore the sink is unreachable from all vertices {u | d(u) > g}
and their labels may be set to d*°.

Region gap heuristic of Delong and Boykov (2008) detects if there are no vertices
inside region R having label g > 0. Such vertices can be connected to the sink in the
whole network only through one of the boundary vertices, so they may be relabeled up
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to the closest boundary label. Here is the algorithm?:

Procedure d|r = Region-gap(G%.d|z 57, 9)

/* Input: region network G, labeling d, */
/* gap g such that Yo € R d(v) #g. */
1 d"*' .= min{d(w) |w € BE d(w) > g.};
2 for v € R such that g < d(v) < d"** do
3 L d(v) := d"**'41;

If no boundary vertex is above the gap, then d"** = d* in step 1 and all vertices
above the gap are disconnected from the sink in the network G. Interestingly, this
sufficient condition does not imply a global gap. In our implementation of PRD, we
detect the region-gap efficiently after every vertex relabel operation by discovering an
empty bucket (see the implementation of S/P-PRD in §5.4.5).

5.4.2 Reachability/Exact distance Computation

At the termination of our algorithms (S/P-PRD, S/P-ARD), we have found a maximum
preflow and we know that (T, T)g, defined by T = {v|v — ¢ in G}, is a minimum cut.
However, we only know the lower bound d on the true distance d* (resp. d*5). Therefore
the reachability relation v — ¢ is not fully known at this point. When d(v) = d*°, we
are sure that v - ¢t in G and hence v must be in the source set of a minimum cut,
but if d(v) < d*, it is still possible that v - ¢ in G. Therefore, we need to do some
extra work to make d the exact distance and in this way to find the minimum cut. For
this purpose we execute several extra sweeps, performing only region-relabel and gap
heuristics until labels stop changing. We claim that at most d*° such extra sweeps are
needed. We give a proof for the case of push-relabel distance.

Proof. Let us call labels d(v) loose if d(v) < d*(v) and exact if d(v) = d*(v). Consider
the lowest loose label, L = min{d(v) | d(v) < d*(v)} and the set of loose vertices having
this label, £ = {v| L = d(v) < d*(v)}. Let us show that after a sweep of region-relabel,
the value of L increases at least by 1. Let v € L, (v,w) € E and c(v,w) > 0. If
d(w) is loose, we have d(w) > L by construction. Assume that d(w) is exact. Since
d(v) < d*(v) and d*(v) < d*(w)+ 1, we have d(w) > d(v) = L. Therefore, all neighbors
of v have label L or above. After the elementary Relabel of v or Region-relabel of the
region including v, its label will increase at least by 1 (recall that Relabel of v performs
d(v) := min,{d(w) | (v,w) € E, ¢(v,w) > 0} + 1). Because this holds for all vertices
from L, the value L will increase at least by 1 after elementary Relabel of all vertices
or a sweep of Region-relabel. Because L is bounded above by d*°, after at most d*°
sweeps, d will be the exact distance. O

This proof can be suitably modified for the case of region distance (used in ARD) by
replacing the pair (v, w) with a path from v to a boundary vertex w. In this case, we have
the bound d* = |B| sweeps. In the experiments, we observed that in order to compute
the exact distance, only a few extra sweeps were necessary (from 0 to 2) for S/P-ARD
and somewhat more for S/P-PRD. Note, to compute the final reachability relation in
S/P-PRD, the region distance and ARD Region-relabel could be employed. However,

4Region-gap-relabel (Delong and Boykov 2008, fig. 10) seems to contain an error: only vertices above
the gap should be processed in step 3.
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we did not implement this improvement. In §5.5, we describe how ARD Region-relabel
is replaced by a dynamic data structure (search trees), allowing for quick recomputation
during the sweeps.

5.4.3 Referenced Implementations

Boykov-Kolmogorov (BK) The reference augmenting path implementation by Boykov
and Kolmogorov (2004) (v3.0, http://www.cs.adastral.ucl.ac.uk/~vnk/software.
html). We will also use the possibility of dynamic updates in this code due to Kohli
and Torr (2005). There is only a trivial O(mn?|C|) complexity bound known for this
algorithm®, where C' is the cost of a minimum cut.

Highest level Push-Relabel (HIPR) The reference push-relabel implementation by
Cherkassky and Goldberg (1994) (v3.6, http://www.avglab.com/andrew/soft.html).
This implementation has two stages: finding the maximum preflow / minimum cut and
upgrading the maximum preflow to a maximum flow. Only the first stage was executed
and benchmarked. We tested two variants with frequency of the global relabel heuristic
(the frequency parameter roughly corresponds to the proportion of time spent on global
updates versus push/relabel) equal to 0.5 (the default value in HIPR v3.6) and equal to
0. These variants will be denoted HIPRO0.5 and HIPRO, respectively. HIPRO executes
only one global update at the beginning. Global updates are essential for difficult
problems. However, HIPRO was always faster than HIPR0.5 in our experiments with
real test instances®. The worst case complexity is O(n?\/m).

5.4.4 S/P-ARD Implementation

The basic implementation of ARD simply invokes BK solver as follows. On stage 0,
we compute the maximum flow in the network GF by BK, augmenting paths from
source to the sink. On the stage ¢, infinite capacities are added from the boundary
vertices having label ¢ — 1 to the sink, using the possibility of dynamic changes in BK.
The flow augmentation to the sink is then continued, reusing the search trees. The
Region-relabel procedure is implemented as described earlier in this section. In the
beginning of next discharge, we clear the infinite link from the boundary to the sink
and repeat the above. Some parts of the sink search tree, linked through the boundary
vertices, get destroyed, but the larger part of it and the source search tree are reused.
A more efficient implementation is described in §5.5. It includes additional heuristics
and maintenance of separate boundary search trees.

S-ARD. In the streaming mode, we keep only one region in the memory at a time.
After a region is processed by ARD, all the internal data structures have to be saved
to the disk and cleared from the memory until the region is discharged next time. We
manage this by allocating all the region’s data into a fixed page in the memory, which
can be saved and loaded preserving the pointers. By doing the load/unload manually
(rather than relying on the system swapping mechanism), we can accurately measure
the pure time needed for computation (CPU) and the amount of disk I/O. We also can
use 32bit pointers with larger problems.

5The worst-case complexity of the breadth-first search shortest path augmentation algorithm is just
O(m|C|). The tree adaptation step, introduced by Boykov and Kolmogorov (2004) to speed-up the
search, does not have a good bound and introduces an additional n? factor.

SThere is a discrepancy with Delong and Boykov (2008, Figure 4) regarding the results for the basic
push-relabel. The main implementation difference is in the order of processing (HIPR versus FILO).
It is also possible that their plot is illustrative, showing results without the gap heuristic.
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5.4 Implementation

A region with no active vertices is skipped. The global gap heuristic is executed after
each region discharge. Because this heuristic is based on labels of boundary vertices
only, it is sufficient to maintain a label histogram with |B| bins to implement it. S-ARD
uses O(|B|+ (B, B)g|) “shared” memory and O(|[VF + E®|) “region” memory, to which
regions are loaded one at a time.

To solve large problems that do not fit in the memory, we have to create region
graphs without ever loading the full problem. We implemented a tool called splitter,
which reads the problem from a file and writes edges corresponding to the same region
to the region’s separate “part” file. Only the boundary edges (linking different regions)
are withheld to the memory.

P-ARD. We implemented this algorithm for a shared-memory system using OpenMP
language extension. All regions are kept in the memory, the discharges are executed
concurrently in separate threads, while the gap heuristic and messages exchange are
executed synchronously by the master thread.

5.4.5 S/P-PRD Implementation

To solve region discharge subproblems in PRD in the highest label first fashion, we
designed a special reimplementation of HIPR, which will be denoted HPR.. We intended
to use the original HIPR implementation to make sure that PRD relies on the state-
of-the art core solver. It was not possible directly. A subproblem in PRD is given by
a region network with fixed distance labels on the boundary (let us call them seeds).
Distance labels in PRD may go up to n in the worst case. The same applies to region
subproblems as well. Therefore, keeping an array of buckets corresponding to possible
labels (like in HIPR), would not be efficient. It would require O(|V|) memory and an
increased complexity. However, because a region has only |V ?| vertices, there are no
more than |V | distinct labels at any time. This allows to keep buckets as a doubly-
linked list with at most |V | entries. The highest label selection rule and the region-
gap heuristic can then be implemented efficiently with just a small overhead. We tried
to keep other details similar to HIPR (current arc data structure, etc.). HPR with

arbitrary seeds has the worst case complexity O(|V®|?\/|EE|) and uses O(|VE| + |[VE|)
space. When the whole problem is taken as a single region, HPR should be equivalent
to HIPRO. Though the running time on the real instances can be somewhat different.

S-PRD This is our reimplementation of the algorithm by Delong and Boykov (2008)
for an arbitrary graph and a fixed partition, using HPR as a core solver. It uses the
same memory model, paging mechanism and the splitter tool as S-ARD. The region
discharge is always warm-started. We found it inefficient to run the region-relabel after
every discharge. In the current experiments, motivated by performance of HIPRO, we
run it once at the beginning and then only when a global gap is discovered. To detect
a global gap, we keep a histogram of all labels, O(n) memory, and update it after each
region discharge (in O(|[V!|) time). In practice, this O(n) memory is not a serious
limitation — labels are usually well below n. If they are not then we should consider
a weaker gap heuristic with a smaller number of bins. Applying the gap (raising the
corresponding vertices to d*°) for all regions is delayed until they are loaded. So we keep
the track of the best global gap detected for every region. Similar to how the sequential
Algorithm 5 represents both S-ARD and S-PRD, it constitutes a piece of generic code
in our implementation, where the respective discharge procedure and gap heuristics are

plugged.
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P-PRD This is our implementation of parallel PRD for shared-memory system with
OpenMP.

5.5 Efficient ARD Implementation

The basic implementation of S-ARD, as described in the previous section, worked rea-
sonably fast (comparable to BK) on simple problems like 2D stereo and 2D random
segmentation (§5.6.1). However, the performance was unexpectedly bad on some 3D
problems. For example, to solve LBO7-bunny-1rg instance (§5.6.2) the basic imple-
mentation required 32 minutes of CPU time. In this section, we describe an efficient
implementation which is more robust and is comparable in speed with BK on all tested
instances. In particular, to solve LBO7-bunny-1rg it takes only 15 seconds of CPU time.
The problem, why the basic implementation is so slow, is in the nature of the algorithm:
sometimes it has to augment the flow to the boundary, without knowing of whether it
is a useful work or not. If the particular boundary was selected wrongly, the work is
wasted. This happens in LBO7-bunny-1rg instance, where the data seeds are sparse.
A huge work is performed to push the flow around in the first few iterations, before a
reasonable labeling is established. We introduce two heuristics how to overcome this
problem: the boundary-relabel heuristic and partial discharges. An additional speed-up
is obtained by dynamically maintaining boundary search trees and the current labeling.

5.5.1 Boundary Relabel Heuristic

We would like to have a better distance estimate, but we cannot run a global relabel
because implementing it in a distributed fashion would take several full sweeps, which
would be too wasteful. Instead, we go for the following cheaper lower bound. Our
implementation keeps all the boundary edges (including their flow and distance labels
of the adjacent vertices) in the shared memory. Figure 17(a) illustrates this boundary
information. We want to improve the labels by analyzing only this boundary part of
the graph, not looking inside the regions. Since we do not know how the vertices are
connected inside the regions, we have to assume that every boundary vertex might be
connected to any other one within the region, except of the following case. If u and v
are in the same region R and d(u) > d(v) then we know for sure that u - v in Gf. It
follows from the validity of labeling d (as defined for ARD in §5.3). We can calculate
now a lower bound on the distance d*8 in G assuming that all the rest of the vertices
are potentially connected within the regions.

We will now construct an auxiliary directed graph G with arcs having length 0 or 1
and show that the distance in this graph (according to the arc lengths) lower bounds
d*B. 1f d(v) = d(u) we have to assume that v — u and u — v in GF, therefore the new
lower bound for v and v will coincide. Hence we group vertices having the same label
within a region together as shown in Figure 17(b). In the case d(v) < d(u), we know
that u - v but have to assume v — u in R. We thus add a directed arc of length zero
from the group of v to the group of u (Figure17(b)). Let d; < d2 < d3 be labels of
groups within one region. There is no need to create an arc from d; to d3, because two
arcs from d; to do and from do to ds of length zero are an equivalent representation.
Therefore it is sufficient to connect only groups having consecutive labels. We then add
all residual edges (u,v) between the regions to G with length 1. We can calculate the
distance to vertices with label 0 in G by running Dijkstra’s algorithm. Let this distance
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Figure 17 Boundary relabel heuristic: (a) Boundary vertices of the network and a valid label-
ing. Directed arcs correspond to non-zero residual capacities. Vertices without numbers have
label d> and do not participate in the construction. (b) Vertices having the same label are
grouped together within each region and arcs of zero length (of red color) are added from
a group to the next label’s group. It is guaranteed that e.g., vertices with label 1 are not
reachable from vertices with label 2 within the region, hence there is no arc 2—1. Black arcs
have the unit length. (¢) The distance in the auxiliary graph is a valid labeling and a lower
bound on the distance in the original network.

be denoted d’. We then update the labels as
d(u) = max{d(u),d (u)} . (220)

We have to prove the following two points:
1. d’ is a valid labeling;
2. If d and d' are valid labellings, then max(d, d’) is valid.

Proof. 1. Let ¢(u,v) > 0. Let w and v be in the same region. It must be that
d(u) < d(v). Therefore either u and v are in the same group or there is an arc of
length zero from group of u to group of v. It must be d'(u) < d'(v) in any case.
If u and v are in different regions, there is an arc of length 1 from group of u to
group of v and therefore d’'(u) < d'(v) + 1.

2. Let I(u,v) =1 if (u,v) € (B,B) and I(u,v) = 0 otherwise. We have to prove that
if ¢(u,v) > 0 then

max{d(u),d (u)} < max{d(v),d (v)} + I(u,v). (221)

Let max{d(u),d (u)} = d(u). From validity of d we have d(u) < d(v) + l(u,v). If
d(v) > d'(v), then max{d(v),d'(v)} = d(v) and (221) holds. If d(v) < d'(v) then
d(u) < d(v) +(u,v) < d(v)+ l(u,v) and (221) holds again.

The complexity of the boundary relabel heuristic is O(|(B, B)|). It is relatively inexpen-
sive and can be run after each sweep. It does not affect the correctness and the worst
case bound on the number of sweeps of S/P-ARD.

5.5.2 Partial Discharge

Another heuristic, which proved very efficient, was simply to postpone path augmen-
tations to higher boundary vertices to further sweeps. This allows to save a lot of
unnecessary work, especially when used in combination with boundary-relabel. More
precisely, the ARD procedure is allowed to execute only stages up to s on sweep s. This
way, in sweep 0, only paths to the sink are augmented and not any path to the bound-
ary. Vertices which cannot reach the sink (but can potentially reach the boundary) get
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label 1. These initial labels may already be improved by boundary-relabel. In sweep 1,
paths to the boundary with label 0 are allowed to be augmented and so on.

Note that this heuristic does not affect the worst case complexity of S/P-ARD. Be-
cause labels can grow only up to |B|, after at most |B| sweeps the heuristic turns into
full discharge. Therefore, the worst case bound of O(|B?|) sweeps remains valid. In
practice, we found that it increases the number of sweeps slightly, while significantly
reduces the total computation time. Similarly, in the case of push-relabel, it would
make sense to perform several sweeps of Region-relabel before doing any pushes to get
a better estimate of the distance.

5.5.3 Boundary Search Trees
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1 o« 0+—0 le ¢ le 3 @
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o ° 0
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Figure 18 Search trees. (a) A region with some residual arcs. The region has only 3 boundary
vertices, for simplicity, the numbers correspond to the labels. (b) Search trees of the sink
and boundary vertices: when a vertex can be reached by several trees, it choses the one with
the lowest label of the root. The sink is assigned a special label —1. The source search tree
is empty in this example. (c¢) Labels of the inner vertices are determined as their tree’s root
label+1.

We now redesign the implementation of ARD such that not only the sink and source
search trees are maintained but also the search trees of boundary vertices. This allows to
save computation when the labeling of many boundary vertices remains constant during
the consequent sweeps, with only a small fraction changing. Additionally, knowing the
search tree for each inner vertex of the region determines its actual label, so the region-
relabel procedure becomes obsolete. The design of the search tree data structures, their
updates and other detail are the same as proposed by Kolmogorov (2004b), only few
changes to the implementation are necessary. For each vertex v € R, we introduce
a mark J(v) which corresponds to the root label of its tree or is set to a special free
mark if v is not in any tree. For each tree, we keep a list of open vertices (called active
by Kolmogorov (2004b)). A vertex is open if it is not blocked by the vertices of the
trees with the same or lower root label (more precisely, v is open if it is not free and
there is a residual edge (u,v) such that u is free or its root label is higher than that of
v). The trees may grow only at the open vertices.

Figure 18 shows the correspondence between search trees and the labels. The sink
search tree is assigned label —1. In the stage 0 of ARD, we grow the sink tree and
augment all found paths if the sink tree touches the source search tree. Vertices that
are added to the sink tree are marked with label d = —1. In stage i + 1 of ARD, we grow
trees with root at a boundary vertices w with label d(w) = 14, all vertices added to the
tree are marked with d = i. When the tree touches the source search tree, the found
path is augmented. If the tree touches a vertex u with label J(u) < 4, it means that u
is already in the search tree with a lower root and no action is taken. It cannot happen
that a vertex is reached with label d > i during growth of a search tree with root label
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1, this would contradict to the properties of ARD. The actual label of a vertex v at any
time is determined as d(v) + 1 if v € R and d(v) if v € BE,

Let us now consider the situation in which region R has built some search trees and
the label of a boundary vertex w is risen from d(w) to d'(w) (as a result of update
from the neighboring region or one of the heuristics). All the vertices in the search
tree starting from w were previously marked with d(w) and have to be declared as free
vertices or adopted to any other valid tree with root label d(w). The adaptation is
performed by the same mechanism as in BK. The situation when a preflow is injected
from the neighboring region and (a part of) a search tree becomes disconnected is also
handled by the orphan adaptation mechanism.

The combination of the above improvements allows S-ARD to run in about the same
time as BK on all tested vision instance (§5.6.2), sometimes being even significantly
faster (154sec. vs. 245sec. on BLO6-gargoyle-1rg).

5.6 Experiments

All experiments were conducted on a system with Intel Core 2 Quad CPU@2.66Hz, 4GB
memory, Windows XP 32bit and Microsoft Visual C++ compiler. Our implementation
and instructions needed to reproduce the experiments can be found at http://cmp.
felk.cvut.cz/~shekhovt/d_maxflow. We conducted 3 series of experiments:

e Synthetic experiments, in which we observe general dependencies of the algorithms,
with some statistical significance, i.e. not being biased to a particular problem
instance. It also serves as an empirical validation, as thousands of instances are
solved. Here, the basic implementation of S-ARD was used.

e Sequential competition. We study sequential versions of the algorithms, running
them on real vision instances (University of Western Ontario web pages 2008).
Only a single core of the CPU is utilized. We fix the region partition and study
how much disk I/O it would take to solve each problem when only one region can
be loaded in the memory at a time. In this and the next experiment, we used the
efficient implementation of ARD. Note, in the preceeding publication (Shekhovtsov
and Hlavac 2011) we reported worse results with the earlier implementation.

e Parallel competition. Parallel algorithms are tested on the instances which can
fully fit in 2GB of memory. All 4 cores of the CPU are allowed to be used. We
compare our algorithms with two other state-of-the-art distributed implementa-
tions.

5.6.1 General Dependences: Synthetic Problems

We generated simple synthetic problems to validate the algorithms. The network is
constructed as a 2D grid with a regular connectivity structure. Figure 19(a) shows an
example of such a network. The edges are added to the vertices at the following relative
displacements (0,1), (1,0), (1,2), (2,1), (1,3), (3,1), (2,3), (3,2), (0,2), (2,0), (2,2), (3,3),
(3,4), (4,2). By connectivity we mean the number of edges incident to a vertex far
enough from the boundary. Adding pairs (0,1), (1,0) results in connectivity 4 and so
on. Each vertex is given an integer excess/deficit distributed uniformly in the interval
[—500 500]. A positive number means a source link and a negative number a sink link.
All edges in the graph are assigned a constant capacity, called strength. The network is
partitioned into regions by slicing it in s equal parts in both dimensions. Thus we have
4 parameters: the number of vertices, the connectivity, the strength and the number of
regions. We generate 100 instances for each value of the parameters.
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Figure 19 (a) Example of a synthetic problem: a network of the size 6x6, connectivity 8,
partitioned into 4 regions. The source and sink are not shown. (b) Dependence on the
interaction strength, for size 1000x1000, connectivity 8 and 4 regions. Plots show mean
values and intervals containing 70% of the samples.
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Figure 20 Dependence on the number of regions, for size 1000x 1000, connectivity 8, strength
150.

Let us first look at the dependence on the strength shown in Figure 19(b). Problems
with small strength are easy, because they are very local — long augmentation paths do
not occur. On the other hand, long paths needs to be augmented for problems with large
strength. However, finding them is easy because bottlenecks are unlikely. Therefore BK
and S-ARD have a maximum in the computation time somewhere in the middle. It is
more difficult to transfer the flow over long distances for push-relabel algorithms. This
happens when the global relabel heuristic becomes efficient and HIPRO0.5 outperforms
HIPRO. The region-relabel heuristic of S-PRD allows it to outperform other push-
relabel variants.

We consider all such random 2D networks are too easy in general. Nevertheless, they
are useful and instructive to show basic dependences. We now select the “difficult”
point for BK with the strength 150 and study other dependencies:

e The number of regions (Figure 20). For this problem family, both the number of
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Figure 21 Dependence on the problem size, for connectivity 8, strength 150, 4 regions.
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Figure 22  Dependence on the connectivity, for size 1000x1000, strength = (150 -
8)/connectivity, 4 regions.

sweeps and the computation time grows slowly with the number of regions.

e The problem size (Figure21). Computation efforts of all algorithms grow propor-
tionally. However, the number of sweeps shows different asymptotes. It is almost
constant for S-ARD but grows significantly for S-PRD.

e Connectivity (Figure 22). Connectivity is not independent of the strength. Roughly,
4 edges with capacity 100 can transmit as much flow as 8 edges with capacity 50.
Therefore while increasing the connectivity we also decrease the strength as 150-8
divided by connectivity in this plot.

e Workload (Figure5.6.1). This plot shows how much time each of the algorithms
spends performing different parts of computation. Note that the problems are
solved on a single computer with all regions kept in memory, therefore the time on
sending messages should be understood as updates of dynamic data structure of the
region w.r.t. the new labeling and flow on the boundary. For S-PRD more sweeps
are needed, so the total time spent in messages and gap heuristic is increased.
Additionally, the gap heuristic has to take into account all vertices, unlike only
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the boundary vertices in S-ARD.
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Figure 23 Workload distribution, for size 1000x 1000, connectivity 8, 4 regions, strength 150.
msg — passing the messages (updating flow and labels on the boundary), discharge — work
done by the core solver (BK for S-ARD and HPR for S-PRD), relabel — the region-relabel
operation, gap — the global gap heuristic.

5.6.2 Sequential Competition

We tested our algorithms on the MAXFLOW problem instances in computer vision ob-
tained from University of Western Ontario web pages (2008). The data consist of typical
max-flow problems in computer vision, graphics, and biomedical image analysis. Stereo
instances are sequences of subproblems (arising in the expansion move algorithm) for
which the total time should be reported. There are two models: BVZ (Boykov et al.
1998), in which the graph is a 4-connected 2D grid, and KZ2 (Kolmogorov and Zabih
2001), in which there are additional long-range links. Multiview 3D reconstruction mod-
els LB06 (Lempitsky et al. 2006) and BL06 (Boykov and Lempitsky 2006). Graphs of
these problems are cellular complexes subdividing the space into 3D cubes and each
cube into 24 smaller cells. Surface fitting instances LBO7 (Lempitsky and Boykov 2007)
are 6-connected 3D grid graphs. And finally, there is a collection of volumetric segmen-
tation instances BJO1 (Boykov and Jolly 2001), BF06 (Boykov and Funka-Lea 2006),
BKO03 (Boykov 2003) with 6-connected and 26-connected 3D grid graphs.

To test our streaming algorithms, we used the regulargrid hint available in the
definition of the problems to select the regions by slicing the problem into 4 parts
in each dimension — into 16 regions for 2D BVZ grids and into 64 regions for 3D
segmentation instances. Problems KZ2 do not have such a hint (they are not regular
grids), so we sliced them into 16 pieces just by the vertex number. We did the same
for the multiview LBO06 instances. Though they have a size hint, we failed to interpret
the vertex layout correctly (the separator set 5 was unexpectedly large when trying to
slice along the dimensions). So we sliced them purely by the vertex number.

One of the problems we faced is the pairing of arcs that are reverse of each other.
While in stereo, surface and multiview problems, the reverse arcs are consequent in
the files, and can be easily paired, in 3D segmentation they are not. For a generic
algorithm, not being aware of the problem’s regularity structure, it is actually a non-
trivial problem requiring at least the memory to read all of the arcs first. Because our
goal is a relative comparison, we did not pair the arcs in 3D segmentation. This means
we kept twice as many arcs than necessary for those problems. This is seen in Table 1,
e.g., for babyface.n26c¢100, which is 26-connected, but we construct a multigraph (has
parallel arcs) with average vertex degree of 49. For some other instances, however, this
is not visible, because there could be many zero arcs, e.g., liver.n26c10 which is a
26-connected grid too, but has the average vertex degree of 10.4 with unpaired arcs.
The comparison among different methods is correct, since all of them are given exactly
the same multigraph.

The results are presented in Table 1. We measured the real time of disk I/O. However,
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it depends on the hard drive performance, other concurrently running processes as well
as on the system file caching (which has effect for small problems). We therefore report
total bytes written/loaded and give an estimate of the full running time for the disk
speed of 100MB/s (see Table 2). Note that disk I/O is not proportional to the number
of sweeps, because some regions may be inactive during a sweep and thus skipped. We
did not monitor the memory usage for HIPR. It is slightly higher than that of HPR,
because of keeping initial arc capacities.

For verification of solvers, we compared the flow values to the ground truth solution
provided in the dataset. Additionally, we saved the cut output from each solver and
checked its cost independently. Verifying the cost of the cut is relatively easy: the
cut can be kept in memory and the edges can be processed form the DIMACS problem
definition file on-line. An independent check of (pre-)flow feasibility would be necessary
for full verification of a solver. However, it would require storing the full graph in the
memory and was not implemented.

Table 1. Sequential Competition. CPU — the time spent purely on computation, excluding
the time for parsing, construction and disk I/O. The total time to solve the problem is not
shown. K — number of regions. RAM — memory taken by the solver; for BK in the case it
exceeds 2GB limit, the expected required memory; for streaming solvers the sum of shared and
region memory. I/0O — total bytes read or written to the disk.

problem BK |HIPRO|HIPR 0.5 HPR S-ARD S-PRD
name n(106) 2 | CPU | CPU | CPU CPU CPU sweeps K CPU sweeps K
size RAM | RAM | RAM | RAM RAM 1/0 RAM I/0
stereo
BVZ- 0.2 4.0| 0.68s | 3.0s 7.7s 3.8s 0.63s 6 16 3.7s 32 16
sawtooth(20)
434x380 14MB 17MB | 0.3+0.9MB 114MB|0.8+1.1MB 0.7GB
BVZ- 0.1 4.0| 0.36s | 1.9s 4.9s 2.6s 0.35s 5 16 2.1s 29 16
tsukuba(16)
384 %288 9.7MB 11MB | 0.24-0.6MB 71MB |0.5+0.8MB 373MB
BVZ-venus(22) 0.2 4.0| 1.2s | 5.7s 15s 6.2s 1.1s 6 16 6.6s 36 16
434383 15MB 17MB | 0.3+0.9MB 119MB|0.84+1.1MB 0.9GB
KZ2- 0.3 5.8| 1.8s 7.1s 22s 6.1s 2.2s 6 16 7.4s 23 16
sawtooth(20)
38MB 33MB 36MB | 1.2+2.0MB 280MB|1.8+2.5MB 1.2GB
KZ2- 0.2 59| 1.1s 5.3s 20s 4.4s 1.4s 6 16 5.9s 18 16
tsukuba(16)
26MB 23MB 25MB | 1.14+1.4MB 186MB|1.44+1.7MB 0.7GB
KZ2-venus(22) 0.3 5.8| 2.8s 13s 39s 10s 3.4s 8 16 14s 36 16
38MB 34MB 37MB | 1.242.1MB 330MB|1.9+2.5MB 1.8GB
multiview
BLO6-camel-Irg 18.9 4.0 | 81s 63s 11 16 308s 418 16
100x75x105x24 1.6GB 194+103MB 28GB |86+122MB 0.6TB
BLO06-camel- 9.7 4.0]| 25s 29s T7s 59s 20s 12 16 118s 227 16
med
80x60x84x24 0.8GB 1.0GB | 31+53MB 16GB | 46+63MB 225GB
BLO06-camel- 1.2 4.0 0.98s | 1.5s 6.3s 1.8s 0.96s 9 16 4.2s 47 16
sml
40%x30x42x24 106MB 124MB| 8.04+-7.0MB 1.4GB [6.9+8.2MB 9.1GB
BLO6-gargoyle- 17.2 4.0 | 245s 91s 154s 21 16 318s 354 16
Irg
80x112x80x24 1.5GB 1.7GB | 234+95MB 35GB |82+112MB 0.8TB
BLO06-gargoyle- 8.8 4.0 | 115s 17s 58s 37s 73s 16 16 143s 340 16
med
64x90x64x24 0.8GB 0.9GB | 374+-50MB 14GB | 44+58MB 235GB
BLO6-gargoyle- 1.1 4.0| 6.1s 1.2s 3.0s 1.7s 3.9s 10 16 4.4s 55 16
sml
32x45x32x24 97MB 114MB| 9.3+6.6MB 1.3GB [6.9+7.7TMB 9.4GB
surface

Continued on next page
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Table 1 — continued from previous page

LBO7-bunny- 49.5 6.0 15s 6 64 416s 43 64
Irg
401x396x312 5.7GB 130+87MB 49GB |226+99MB 276GB
LBO07-bunny- 6.3 6.0| 1.6s 20s 41s 26s 2.1s 10 64 16s 27 64
med
202x199x 157 0.7GB 0.8GB| 33+12MB 6.5GB [43+-863MB 0.0MB
LBO07-bunny- 0.8 5.9 0.17s | 0.80s 1.8s 1.1s 0.32s 9 64 0.86s 19 64
sml
102x100x 79 95MB 101MB| 8.2+1.6MB 0.8GB |7.94+1.9MB 2.0GB
segm
liver.n26¢10 4.2 10.4| 6.4s 18s 18s 34s 14s 13 64 39s 157 64
170x170x144 0.8GB 0.7GB| 36+12MB 13GB | 30+13MB 82GB
liver.n26¢100 4.2 11.1| 12s 26s 28s 39s 24s 15 64 35s 98 64
170x170x 144 0.8GB 0.7GB | 38+13MB 16GB | 30+14MB 66GB
liver.n6¢10 42 98| 7.2s 17s 25s 40s 14s 16 64 36s 151 64
170x170x144 0.7GB 0.7GB| 33+12MB 15GB | 28413MB 79GB
liver.n6¢100 4.2 10.5| 15s 30s 34s 44s 19s 17 64 32s 94 64
170x170x144 0.8GB 0.7GB | 35+12MB 14GB | 29+13MB 70GB
babyface 5.1 47.3 179s 38 64 222s 169 64
.n26¢10
25025081 3.7GB 156+56MB 102GB|1734+-58MB 0.6TB
babyface 5.1 49.0 231s 44 64 262s 116 64
.n26¢100
250%x250%x 81 3.8GB 156+56MB 115GB |180+57MB 0.6TB
babyface 5.1 11.1] 6.8s 38s 51s 68s 20s 17 64 100s 275 64
.n6¢10
250%x250x 81 1.0GB 0.9GB| 224+16MB 19GB | 37+17MB 261GB
babyface 5.1 11.5| 13s T1s 65s 87s 24s 19 64 T4s 191 64
.n6¢100
250%x250x 81 1.0GB 0.9GB | 22+16MB 18GB | 37+17MB 189GB
adhead.n26c10 12.6 31.5 128s 17 64 224s 109 64
256x256x192 6.2GB 153+83MB 84GB |195+86MB 0.8TB
adhead.n26¢100 12.6 31.6 174s 21 64 269s 129 64
256 xX256x 192 2.5GB 34+36MB 36GB | 77+39MB 354GB
bone.n26¢10 7.8 32.3 258 12 64 96s 148 64
256x256x119 4.0GB 122+61MB 35GB |147+63MB 470GB
bone.n26¢100 7.8 32.4 29s 14 64 68s 124 64
256x256x119 4.0GB 122+61MB 39GB |147+63MB 321GB
bone.n6¢10 7.8 11.5| 7.7s 5.7s 17s 12s 7.2s 9 64 37s 195 64
256x256x119 1.5GB 1.4GB | 62+23MB 13GB | 52+-25MB 188GB
bone.n6¢100 7.8 11.6| 9.1s 9.1s 22s 14s 8.7s 10 64 23s 65 64
256x256x119 1.6GB 1.5GB | 62+23MB 13GB | 52+-25MB 104GB
bone subx 3.9 11.8| 7.1s 6.3s 12s 6.4s 5.5s 12 64 9.4s 42 64
.n6¢100
128x256x 119 0.8GB 0.7GB| 39+12MB 7.1GB | 29+13MB 42GB
bone__subxy 1.9 32.2| 5.9s 3.9s 6.1s 4.6s 7.3s 13 64 8.7s 33 64
.n26¢100
128x128%x119 1.0GB 0.8GB | 92+13MB 10GB | 50+16MB 39GB
abdomen 144.4 11.8 179s 11 > 35
_long.n6c10
512x512x551 29GB 4104+403MB 196GB >1TB
abdomen 144.4 11.8 82s 11
_ short.n6¢10
512x512x551 29GB 410+403MB 138GB

Our new algorithms computed flow values for all problems matching those provided
in the dataset, except for the following cases:
e LBO7-bunny-1rg: no ground truth solution available (we found flow/cut of cost
15537565).

e babyfacen26c10 and babyfacen26c100: we found higher flow values than those
which were provided in the dataset (we found flow/cut of cost 180946 and 1990729

resp.).

The latter problems appear to be the most difficult for S-ARD in terms of both time
and number of sweeps. Despite this, S-ARD requires much fewer sweeps, and conse-
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problem S-ARD S-PRD
mem, MB | time mem, MB | time
BVZ-sawtooth 1.1 1.7s 1.9 11s
BLO06-camel-Irg 122 6min 208 1.8h
BLO0O6-gargoyle-lrg 118 8.5min 194 2.4h
LBO7-bunny-Irg 217 8.6min 325 54min
babyface.n26¢10 212 20min 231 1.9h
adhead.n26¢10 236 16min 281 2.3h
adhead.n26¢100 70 9min 116 1h
bone.n26¢10 183 6.3min 210 1.4h
abdomen long.n6¢10 813 36min ~800 >3h

Table 2 Estimated running time for the algorithms in the streaming mode, including the time
for Disk I/O. The estimate is computed for a disk speed of 100MB/s and does not include
initial problem splitting. The table also gives the total amount of memory used by the solver.

quently much less disk I/O operations than the push-relabel variant. This means that
in the streaming mode, where read and write operations take a lot of time, S-ARD is
clearly superior. Additionally, we observe that the time it spends for computation is
comparable to that of BK, sometimes even significantly smaller.

Next, we studied the dependency of computation time and number of sweeps on the
number of regions in the partition. We selected 3 representative instances of different
problems and varied the number of regions in the partition. The results are presented
in the Figure 24. The instance BLO6-gargoyle-sml was partitioned by the vertex index
and the remaining two problems were partitioned according to their 3D vertex layout
using variable number of slices in each dimension. The results demonstrate that the
computation time required to solve these problems is stable over a large range of par-
titions and the number of sweeps required does not grow rapidly. Therefore, for the
best practical performance the partition for S-ARD can be selected to meet other re-
quirements: memory consumption, number of computation units, etc. We should note
however, that with refining the partition the amount of shared memory grows propor-
tionally to the number of boundary edges. In the limit of single-vertex regions, the
algorithm will turn into a very inefficient implementation of pure push-relabel.

5.6.3 Parallel Competition

In this section, we test parallel versions of our algorithms and compare them with
two state-of-the-art methods. The experiments are conducted on the same machine as
above (Intel Core 2 Quad CPUQ@2.66Hz) but allowing the use of all 4 CPUs. The goal
is to see how the distributed algorithms perform in the simplified setting when they
are run not in the network but on a single machine. For P-ARD/PRD we expect that
the total required work would increase compared to the sequential versions because
the discharges are executed concurrently. The relative speed-up therefore would be
sublinear even if we managed to distribute the work between CPUs evenly. The tests
are conducted on small and medium size problems (taking under 2GB of memory). For
P-ARD and P-PRD we use the same partition into regions as in Table 1. For other
solvers, discussed next, we tried to meet better their requirements.
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Figure 24 Dependence on the number of regions for the representative instances of multiview,
stereo and segmentation. Top: CPU time used. Bottom: number of sweeps.

DD The integer dual decomposition algorithm by Strandmark and Kahl (2010)7 uses
adaptive vertex-wise step rule and randomization. With or without randomization,
this algorithm is not guaranteed to terminate in polynomial time. Without the ran-
domization, there exist a simple example with 4 vertices such that the algorithm never
terminates. With the randomization, there is always a chance that it terminates, how-
ever, there is no reasonable bound on the number of iterations. Interestingly, in all of
the stereo problems the algorithm terminated in a small number of iterations. However,
on larger problems partitioned into 4 regions it exceeded the internal iterations bound
(1000) in many cases and returned without the optimal flow/cut. In such a case, it
provides only an approximate solution to the problem. Whether such a solution is of
practical value is beyond us. We tested it with partitions into 2 and 4 regions (denoted
DDx2 and DDx4 resp.). Naturally, with 2 regions the algorithm can utilize only 2
CPUs. When the number of regions is increased, the random event of termination is
expected to happen less likely, which is confirmed by our experiments.

RPR The implementation of Region Push Relabel (Delong and Boykov 2008) by
Sameh Khamis (v1.01, http://vision.csd.uwo.ca/code/) was published shortly be-
fore this work.

For RPR we constructed partition of the problem into smaller blocks. Because re-
gions in RPR are composed dynamically out of blocks (default is 8 blocks per re-

"Multi-threaded maxflow library http://www.maths.lth.se/matematiklth/personal/petter/
cppmaxflow.php
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gion) we partitioned 2D problems into 64 = 82 blocks and 3D problems into 512 = 83
blocks. This partition was also empirically faster than a coarser one. The parameter
DischargesPerBlock was set by recommendation of authors to 500 for small prob-
lems (stereo) and to 15000 for big problems. The implementation is specialized for
regular grids, therefore multiview and KZ2 problems which do not have regulargrid
hint cannot be solved by this method. Because of the fixed graph layout in RPR, arcs
which are reverse of each other are automatically grouped together, so RPR computes
on a reduced graph compared to other methods. Let us also note that because of the

dynamic regions, RPR is not fully suitable to run in a distributed system.

The method of Liu and Sun (2010) (parallel, but not distributed) would probably
be the fastest one in this competition (as could be estimated from the results reported
by Liu and Sun (2010)), however the implementation is not publicly available.

Table 3. Parallel Competition. The mark X denotes that the method returned only an
approximate solution due to limited iterations.

problem BK DDx2 | DDx4 [ PPARD | P-PRD | RPR
time time, sweeps
stereo
BVZ-sawtooth(20) 0.68s | 0.52s 7 | 0.37s 11 | 0.30s 7 | 2.4s 31 | 4.8 274
BVZ-tsukuba(16) 0.36s | 0.28s 6 | 0.20s 8 | 0.17s 5| 1.5s 33 | 2.1s 197
BVZ-venus(22) 1.2s | 0.84s 7 | 0.59s 9 | 0.50s 7 | 4.9s 36 | 8.0s 466
KZ2-sawtooth(20) 1.8s | 1.2s 11 | 0.91s 16 | 0.96s 6 | 4.9s 23
KZ2-tsukuba(16) 1.1s | 0.67s 7 | 0.52s 11 | 0.70s 8 | 4.9s 22
KZ2-venus(22) 2.8s | 1.9s 7| 1.3s 12 | 1.5s 10 | 10s 39
multiview
BLO06-camel-med 25s 18s 221 | 13s 260 | 8.7s 14 | 81s 322
BL06-camel-sml 0.98s | 0.63s 11 | 0.49s 27 | 0.49s 10 | 2.5s 70
BLO06-gargoyle-lrg 245s | 120s 517 | mem 58s 23 | mem
BL06-gargoyle-med 115s | 59s 20 | 38s 50 | 27s 21 | 79s 219
BLO06-gargoyle-sml 6.1s | 3.0s 19 | 1.9s 19 | 1.6s 10 | 2.4s 52
surface
LBO07-bunny-med 1.6s | 1.3s 11 | 1.1s 11 | 1.3s 13 | 12s 35 | 37s 349
LBO07-bunny-sml 0.17s | 0.12s 11 | 0.12s 11 | 0.21s 8 | 0.58s 21 | 3.5s 99
segm
liver.n6c¢10 7.2s | X 7.6s 1000 | X 22s 1000 | 8.9s 23 | 23s 164 | 5.1s 1298
liver.n6¢100 15s 17s 31 | X 21s 1000 | 12s 17 | 23s 102 | 7.3s 1722
babyface.n6¢10 6.8s | 8.8s 61 | X 24s 1000 | 12s 22 | 61s 135 | 17s 4399
babyface.n6¢100 13s | 16s 338 | X 20s 1000 | 17s 23 | 61s 179 | 22s 4833
bone.n6c10 7.7s | 5.2s 22 | X 82s 1000 | 4.9s 17 | 16s 182 | 6.3s 918
bone.n6¢100 9.1s | 5.3s 12 | 4.1s 17 | 6.2s 13 | 14s 70 | 7.9s 1070
bone__subx.n6¢100 7.1s | 6.3s 24 | 5.2s 34 | 3.9s 17 | 5.8s 48 | 1.5s 747
bone_ subxy.n26¢100 5.9s 3.4s 11 | 3.2s 12 | 5.8s 16 | 6.0s 37 | hang

Results The results are summarized in Table 3. The time reported is the wall clock
time passed in the calculation phase, not including any time for graph construction. The
number of sweeps for DD has the same meaning as for P-ARD/PRD, it is the number of
times all regions are synchronously processed. RPR however is asynchronous and uses
dynamic regions. For it, we define sweeps = block_discharges/number_of_blocks.

Comparing to Table 1, we see that P-ARD on 4 CPUs is about 1.5 — 2.5 times faster
than S-ARD. The speed-up over BK varies from 0.8 on 1livern6c10 to more than 4 on
gargoyle.

We see that DD gets lucky some times and solves the problem really quickly, but
often it fails to terminate. We also observe that our variant of P-PRD (based on
highest first selections rule) is a relatively slow, but robust distributed method. RPR,
which is based on LIFO selection rule, is competitive on the 3D segmentation problems
but is slow on other problems, despite its compile-time optimization for the particular
graph structure. It also uses a relatively higher number of blocks. The version we
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problem regions| MEM |1CPU |8CPUs
—e— BLO06-gargoyle-Irg| 16 |1.6GB|137.4s|38.82s
BLO06-camel-Irg 16 [1.8GB|67.14s| 16.00s
—&- LB07-bunny-Irg 64 12GB [12.94s| 7.11s
—e— liver.n6¢100 64 |0.9GB|18.41s| 12.21s

Figure 25 Speedup of P-ARD with the number of CPUs used. The extended legend shows the
time to solve each problem with 1 and 8CPUs (does not include initialization). Dashed lines
correspond to the speedup in the ideal case (Amdahl’s law) when the parallel portion of the
computation is 90% and 95%.

tested always returned the correct flow value but often a wrong (non-optimal) cut.
Additionally, for 26 connected bone_subxy.n26c100 it failed to terminated within 1
hour.

5.6.4 Scalability with Processors

We performed additional tests of P-ARD in the shared memory mode using 1-8 CPUs.
This experiment was conducted on a system with Intel(R) Core(TM)i7 CPU 870@2.9GHz,
16GB memory, linux 64bit and gcc compiler. The plot in Figure 25 shows the speedup
of solving the problem (excluding initialization) using multiple CPUs over the time
needed by a single CPU. For this test, we selected medium and large size problems
of different kind that can fully fit in 16GB of memory. The two problems which were
taking longer in the serial implementation scaled relatively well. On the other side, the
largest LBO7-bunny problem did not scale well. We believe that the limiting factor here
is the memory bandwidth. We inspected that the sequential part of the computation
(boundary relabel heuristic, synchronous message exchange) occupy less than 10% of
the total time for all four problems. The fully parallel part should exhibit a linear
speed-up in the ideal case of even load. The load for LBO7-bunny should be relatively
even, since we have enough regions (64) to be processed with 8 CPUs. Still, there is
no speed-up observed in the parallel part of the first sweep (where most of the work is
done) when scaling from 4 to 8 CPUs.

It is most probable that reducing memory requirements (e.g., by having dedicated
graph implementation for regular grids) would also lead to a speed-up of the parallel
solver. We also observed that the 32 bit compilation (pointers take 32 bits) runs faster
than the 64 bit compilation. It is likely that our implementation can be optimized
further for the best parallel performance. We should however consider that preparing
the data for the problem and splitting it into regions is another time-consuming part,
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which needs to be parallelized.

5.7 Region Reduction

In this section, we attempt to reduce the region network as much as possible by identify-
ing and eliminating vertices which can be decided optimally regardless of the reminder
of the full network outside of the region. If it was possible to decide about many vertices
globally optimally inside a region network, the whole problem would simplify a lot. It
would require less memory and could be potentially solved without distributing and
or partitioned again into larger regions. We propose an improved algorithm for such
a reduction and its experimental verification. This preprocessing is studied separately
and was not applied in the tests of distributed algorithms above. Experiments with
vision problems (Table 4) showed that while 2D problems can be significantly reduced,
many of the higher-dimension problems do not allow a substantial reduction.

Some vertices become disconnected from the sink in the course of the studied algo-
rithms (S/P-ARD, S/P-PRD). If they are still reachable from the source, they must
belong to the source set of any optimal cut. Such vertices do not participate in further
computations and the problem can be reduced by excluding them. Unfortunately, the
opposite case, when a vertex must be strictly in the sink set is not discovered until the
very end of the algorithms.

The following algorithm attempts to identify as many vertices as possible for a given
region. It is based on the following simple consideration: if a vertex is disconnected
from the sink in G® as well as from the region boundary, B, then it is disconnected
from the sink in G; if a vertex is not reachable from the source in G as well as from
B then it is not reachable from the source in G.

Let us say that a vertex v is a strong source vertex (resp. a strong sink vertez) if for
any optimal cut (C,C), v € C (resp. v € C). Similarly, v will be called a weak source
vertex (resp. weak sink vertex), if there exists an optimal cut (C,C) such that v € C
(resp. v € C).

Kovtun (2004) suggested to solve two auxiliary problems, modifying network G® by
adding infinite capacity links from the boundary vertices to the sink and in the second
problem adding infinite capacity links from the source to the boundary vertices. In the
first case, if v is a strong source vertex in the modified network G, it is also a strong
source vertex in GG. Similarly, the second auxiliary problem allows to identify strong
sink vertices in G. It requires solving a MAXFLOW problem on G twice. We improve

this construction by reformulating it as the following algorithm finding a single flow in
GE.

Statement 61. Sets B and BT constructed in step 2 are disjoint.

Proof. We have s — t after step 1, hence there cannot exist simultaneously a path
from s to v and a path from v to . O

After step 1, the network G is split into two disconnected networks: with vertices
reachable from s and vertices from which ¢ is reachable. Therefore, any augmentations
occurring in steps 4 and 5 act on their respective subnetworks and can be carried
independently of each other. On the output of Algorithm 7, we have: s + Bf U {t}
and BR U {s} - t. The classification of vertices is shown in Figure 26.

Augmenting on (s,t) in step 1 and on (s, B°) in the step 4 is the same work as
done in ARD (where (s, BY) paths are augmented in the order of labels of B*). This is
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Algorithm 7: Region Reduction (G, B¥)

/* Input: network G, boundary BR. */
Augment(s, t);
BY:={v|ve B s— v} /* source boundary set */
BT .= {v|v € BE v —t}; /* sink boundary set */
Augnment(s, BY);
Augment (BT t);
foreach v € R do
if s — v then v is strong source vertex;
if v — ¢ then v is strong sink vertex;
otherwise
if v - BT then v is weak source vertex;
L if B - v’ then v is weak sink vertex;

SR

weak source weak sink

,\‘/ R = \

(a) (b)

Figure 26 Classification of vertices in V% build by Algorithm 7. Vertices reachable from s
are strong source vertices. Vertices from which ¢ is reachable are strong sink vertices. The
remaining vertices can be classified as weak source vertices (a) if they cannot reach boundary,
or as weak sink vertices (b) if they are not reachable from the boundary. Some vertices are
both: weak source and weak sink, this means they can be on both sides of a (non-unique)
optimal cut (but not independently).
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not a coincidence, these algorithms are very much related. However, the augmentation
on (BT,t) in step 5 cannot be executed during ARD. It would destroy validity of the
labeling. We therefore consider Algorithm 7 as a separate general preprocessing.

If v is a weak source vertex, it follows that it is not a strong sink vertex. In the
preflow pushing algorithms, we find the cut (7', T'), where T is the set of all strong sink
vertices in G. We consider that v is decided if it is a strong sink or a weak source vertex.

Table 4 gives the percentage of how many vertices are decided (and hence can be
excluded from the problem) by Algorithm 7 for computer vision problems. It is seen
that in stereo problems, a large percent of vertices is decided. These problems are
rather local and potentially can be fully solved by applying Algorithm 7 on several
overlapping windows. In contrast, only a small fraction can be decided locally for many
other problems.

5.8 Tightness of O(n?) bound for PRD

In this section, we give an example of a network, its partition into regions and a sequence
of valid push and relabel operations, implementing PRD, such that S/P-PRD runs in
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5.8 Tightness of O(n?) bound for PRD

BVZ-sawtooth(20) 80.0% | LBO7-bunny-sml 15.6%
BVZ-tsukuba(16) 72.8% |liver.n26¢10 7.1%
BVZ-venus(22) 70.2% | liver.n26¢100 5.3%
KZ2-sawtooth(20) 85.0% | liver.n6¢10 7.2%
KZ2-tsukuba(16) 69.9% | liver.n6¢100 5.3%
KZ2-venus(22) 75.8% | babyface.n26¢10 29.3%
BLO06-camel-Irg 2.0% |babyface.n26c¢100 30.9%
BL06-camel-med 2.3% |babyface.n6¢10 35.4%
BL06-camel-sml 4.6% |babyface.n6c100 33.7%
BLO06-gargoyle-lrg 6.0% |adhead.n26¢10 0.3%
BLO06-gargoyle-med 2.4% |adhead.n26¢100 0.3%
BL06-gargoyle-sml 9.8% |adhead.n6c10 0.2%
LBO7-bunny-Irg 11.4% |adhead.n6¢100 0.1%
LBO07-bunny-med 13.1% | bone.n26c10 8.7%
bone.n26¢100 6.9% |bone_ subxyz.n6c¢100 6.6%
bone.n6¢10 8.8% |bone_ subxyz_ subx.n26c10 7.9%
bone.n6¢100 7.0% |bone_ subxyz_ subx.n26c¢100 6.6%
bone subx.n26c10 6.6% |bone_subxyz_subx.n6c10 8.2%
bone_ subx.n26¢100 6.6% |bone_subxyz_subx.n6¢100 6.6%
bone subx.n6c10 6.3% |bone_subxyz_subxy.n26c10 11.3%
bone__subx.n6¢100 6.3% |bone_subxyz_ subxy.n26c100 9.5%
bone__subxy.n26¢10 6.6% |bone_subxyz subxy.n6cl0  12.7%
bone_ subxy.n26c100 6.6% |bone_subxyz_ subxy.n6c100 9.3%
bone_ subxy.n6c10 6.4% |abdomen_ long.n6c10 1.7%
bone__subxy.n6¢100 6.3% |abdomen_short.n6¢10 6.3%
bone_ subxyz.n26c10 6.6% |bone_subxyz.n6c10 6.6%
bone_ subxyz.n26c¢100 6.6%

Table 4 Percentage of vertices which can be decided by preprocessing. The problems are
partitioned into regions the same way as in Table 1. The average number over subproblems
is shown for stereo problems.

Q(n?) sweeps.

We start by an auxiliary example, in which the preflow is transferred from a vertex to
a boundary vertex with a higher label. In this example, some inner vertices of a region
are relabeled, but not any of the boundary vertices. It will imply that the total number
of sweeps cannot be bounded by the number of relabellings of boundary vertices alone.

Example 7. Consider a network of 6 regular vertices in Figure27. Assume all edges
have infinite capacity, so only non-saturating pushes occur. There are two regions
Ry =1{1,2,3,4,5} and Ry = {6}. Figure 27 shows a sequence of valid push and relabel
operations. We see that some vertices get risen due to relabel, but the net effect is that
flow excess from vertex 1 is transferred to vertex 6, which had a higher label initially.
Moreover, none of the boundary vertices (vertices 5,6) are relabeled.

Example 8. Consider the network in Figure28. The first step corresponds to a se-
quence of push and relabel operations (same as in Figure27) applied to the chain
(1,2a,3a,4a,5,6). Each next step starts with the excess at vertex 1. Chains are se-
lected in turn in the order a, b, c. It can be verified from Figure 28 that each step is a
valid possible outcome of PRD applied first to Ry and then to Ro. The last configu-
ration repeats the first one with all labels raised by 6. The same loop exactly may be
repeated many times.

It is seen that vertices 1,5, 6 are relabeled only during pushes in the chains a and b
and never during pushes in chain c¢. If there were more chains like chain ¢, it would take
many iterations (= number of region discharge operations) before boundary vertices are
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AT VAV AT

(d) (¢) (f)

Ry Ry

Figure 27 Steps of Example 1. The height of a vertex corresponds to its label. The black box
shows the vertex with excess in each step. The source and the think vertices are not shown.
(a)-(b) flow excess is pushed to vertex 2; (c) vertex 2 is relabeled, so that two pushes are
available and excess is pushed to vertex 3; (d-f) similar.

Figure 28 Steps of Example 2. Top left: a network with several chains of vertices like in
Example 1. Vertices 1, 5, 6 are common for all chains but there are separate copies of vertices
2, 3, 4 denoted by letters. In addition, there is a reverse arc from vertex 6 to vertex 1. From
left to right, top to bottom: one step of transferring a flow from vertex 1 to vertex 6 using
one of the chains and then pushing it through the arc (6,1), relabeling 6 when necessary. The
label of the first vertex is increased three times by 2.

risen. Let there be k additional chains in the graph (denoted d, e,...) handled exactly
the same way as chain ¢. The total number of vertices in the graph is n = 3k + const.
Therefore, it will take Q(n) region discharges to complete each loop raising all vertices
by a constant value. The number of discharges needed in order that vertex 1 reaches
label D, is Q(nD). To make the example complete, we add a chain of vertices initially
having labels 1,2,3,..., D to the graph such that there is a path from vertex 1 to the
sink through a vertex with label D. Clearly, we can arrange that D = Q(n). The
algorithm needs Q(n?) discharges on this example.
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Figure 29 Interpretation of the dual decomposition. (a) Example of a network with denoted
capacities. Terminal capacities are shown in circles, where “4” denotes s-link and “—” denotes
t-link. M N N is a separator set. (b) The network is decomposed into two networks holding
copies of the separator set. The associated capacities are divided (not necessarily evenly)
between two copies. The variable )\; is the Lagrangian multiplier of the constraint z, = y,.
(¢) Introducing edges of infinite capacity enforces the same constraint, that v’ and v” are
necessarily in the same cut set of any optimal cut. (d) A maximum flow in the network (c),
the flow value on the red edges corresponds to the optimal value of the dual variables .

Because there is only one active vertex at any time, the example is independent of
the rule used to select the active vertex (highest label, FIFO, etc.). By the same reason,
it also applies to parallel PRD. Because the number of regions is constant, the number
of sweeps required is also Q(n?).

For a comparison, noting that the number of boundary vertices is 3, we see that
S-ARD algorithm will terminate in a constant number of sweeps for arbitrary k in this
example.

5.9 Relation to the Dual Decomposition

In our approach, we partition the set of vertices into regions and couple the regions
by sending the flow through the inter-region edges. In the dual decomposition for
MINCUT (Strandmark and Kahl 2010) detailed below, a separator set of the graph is
selected and each subproblem gets a copy of the separator set. The coupling is achieved
via the constraint that the cut of the separator set must be consistent across the copies.
We show now how the dual variables of Strandmark and Kahl (2010) can be interpreted
as a flow, thus relating their approach to ours. While they solve the same MINCUT
problem as we do, the network they construct is slightly different, in that it has extra
vertices connected by infinite capacity edges.

Decomposition of the MINCUT problem into two parts is formulated by Strandmark
and Kahl (2010) as follows. Let M, N C V are such that M UN =V, {s,t} C M NN
and there are no edges in E from M\N to N\M and vice-versa. Let z: M — {0,1}
and y: N — {0, 1} be the indicator variables of the cut set, where 0 corresponds to the
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source set. Then the MINCUT problem without excess can be reformulated as:

min €V () + O (1)

Ts =Ys =0, (222)
SUbj' xt:ytzla

r,=y; VYie MNN,

where
cMa)y= > M)A -z,

(i,5)eEM

223
Ny = > NN -y, 22
(i,5)eEN
M (irj) + ¢ (i, ) = (i, j),
M@, j)=0 Vi,je€N\M, (224)
N, j)=0 Vi,je M\N,

EM = (M x M)NE and EN = (N x N)N E. The minimization over x and y decouples
once the constraint x; = y; is absent. The dual decomposition approach is to solve the
dual problem:

max [ml;n (CM )+ Z Ai(1— a:s)x,) —|—m1n (CN Z Ai(1—ys y,)} , (225)
A ws=g) i€ MNN ys =0 ieMNN
Tt= yr=1

where the dual variable A is multiplied by the extra terms (1 — z5) = (1 —ys) = 1 to
show explicitly that the inner minimization problems are instances of the minimum cut
problem.

We observe that dual variables A correspond to the flow on the artificial edges of
infinite capacity between the copies of the vertices of the separator set as illustrated
by Figure29. Indeed, consider a vertex v in the separator set. The dual variable A,
contributes to the increase of the terminal link (v/,¢) in the subproblem M and to the
decrease of the terminal link (v”t) in the subproblem N. This can be equivalently
represented as an augmentation of flow of A, on the cycle v/,#,v” in the network
Figure 29(c). The optimal flow in the network Figure 29(c) on the constraint edges will
therefore correspond to the optimal A. This construction could be easily extended to the
case when a vertex v from the separator set is shared by more than two subproblems.

There exist an optimal integer flow for a problem with integer capacities. This
observation provides an alternative proof of the theorem (Strandmark and Kahl 2010,
Theorem 2)3, stating that there exist an integer optimal A. Despite the existence of an
integer solution, the integer subgradient algorithm (Strandmark and Kahl 2010) is not
guaranteed to find it.

The algorithms we introduced can be applied to such a decomposition by running
them on the extended graph Figure 29(c), where vertices of the separator set are du-
plicated and linked by additional edges of infinite capacity. Our algorithms are guar-
anteed to terminate and find the minimum cut and the optimal dual variables \. It

8Strandmark and Kahl (2010) stated their theorem for even integer costs in the case of two-subproblem
separator sets. They remarked that a multiple of 4, resp., 8 is needed in the cases of decompositions
for 2D and 3D grids. However, this multiplication is unnecessary if we choose to split the cost
unevenly but preserving the integrality (like we did in the example).
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could be observed, however, that this construction does not allow to reduce the number
of boundary vertices or the number of inter-region edges, while the size of the regions
increases. Therefore, it is more beneficial to use the plain graph partition scheme with
our algorithms, not using duplicated vertices.
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6 Conclusion

Partial Optimality We presented a new sufficient condition for deriving partial optimal
assignment in a multi-label energy minimization. Our framework allows for unified
analysis of the methods previously proposed in the literature (Desmet et al. 1992;
Kovtun 2003, 2004; Boros et al. 2006; Kohli et al. 2008). The proposed sufficient
condition include the conditions used by the methods in the literature as special cases.
At the same time, it is a polynomially verifiable one. The verification is expressed via
a special LP relaxation. A main unifying property for partial optimality methods in
this form is that they preserve all solutions of the LP relaxation, i.e., LP relaxation
cannot be tightened by these methods. Theorem 32 proves existence of an equivalent
transformation of the problem such that the sufficient condition is expressed in local
inequalities. This allows to derive a simplified LP for verification of the condition.
Theorem 21 proves for a subclass of partial optimality methods (including methods
of Kovtun (2003)) that the fixed points of the fusion move algorithm satisfy the derived
partial optimality guarantees. We studied subclasses, in which the maximum improving
projections can be found efficiently. Theorem 40 proves that submodular truncation
for binary variables preserves all projections of the form x — z V y, allowing to find
maximum improving projection of this type by reduction to a submodular problem.
Algorithm 4 finds in polynomial time the maximum improving projection of the type
“eliminate z by switching to y” for multilabel problems.

Interestingly, DEE and auxiliary submodular problems are not connected with lower
bounds. They are nevertheless unified now with (M)QPBO methods, which are derived
via lower bounds. In methods of Kovtun (2003), to obtain partial optimalities several
sufficient conditions have to be satisfied simultaneously. QPBO method and approaches
with submodular lower bounds (Kahl and Strandmark 2011; Kolmogorov 2012a) max-
imize a lower bound and obtain optimality guarantees as a by-product. Our approach
is more direct: we formalize the maximality of optimal partial solutions in a given class
and derive methods achieving it.

We believe that a large part of the approach (including the characterization) is ex-
tendible to higher-order models and higher-order relaxations. However, there is still a
number of open questions arising from our approach in the pairwise case. We did not
fully characterize strictly improving projections and consequently some of the theorems
in section 4.4 are lacking the strict counterpart. We proposed that the projection may
have non-integer weights, but considered only integer projections (except for showing
DEE). The set of improving projections for a given function is represented by inequal-
ities which are linear in the projection itself (except for the idempotency, which can
be omitted). Hence, in principle, we can optimize some criterion over this convex set.
In practice, we are lacking a low-dimensional convex parametric family of projections
that would be flexible enough. An ideal criterion would be to maximize the dimen-
sionality of the null space of the projection (equivalent to rank minimization), however
even a simpler approximate criterion can provide exact guarantees to the initial energy
minimization problem.
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Distributed Mincut We developed a new algorithm for MINCUT problem on sparse
graphs, which combines augmenting paths and push-relabel approaches. We proved
the worst case complexity guarantee of O(|B|?) sweeps for the sequential and parallel
variants of the algorithm (S/P-ARD). There are many algorithms in the literature with
complexities in terms of elementary arithmetic operations better than we can prove.
Nevertheless, we showed that our algorithms are fast and competitive in practice, even
in the shared memory model.

We proposed an improved algorithm for the local problem reduction (§5.7) and de-
termined that most of our test instances are difficult enough in the sense that very few
vertices can be decided optimally by looking at individual regions. The result that S/P-
ARD solves test problems in few tens of sweeps is thus non-trivial. We also gave a novel
parallel version of the region push-relabel algorithm of Delong and Boykov (2008). We
provided a number of auxiliary results to relate our approach to the state-of-the-art.

Both in theory and practice (randomized test), S-ARD has a better asymptote in the
number of sweeps than the push-relabel variant. Experiments on real instances showed
that when run on a single CPU and the whole problem fits into the memory S-ARD
is comparable in speed with the non-distributed MAXFLOW implementation by Boykov
and Kolmogorov (2004), and is even significantly faster in some cases. When only a
single region is loaded into memory at a time, S-ARD uses much fewer disk I/O than
S-PRD. We also demonstrated that the running time and the number of sweeps are
very stable with respect to the partition of the problem into up to 64 regions. In the
parallel mode, using 4 CPUs, P-ARD achieves a relative speedup of about 1.5 — 2.5
times over S-ARD and uses just slightly larger number of sweeps. P-ARD compares
favorably to other parallel algorithms, being a robust method suitable for a use in a
distributed system.

Our algorithms are implemented for generic graphs. Clearly, it is possible to specialize
the implementation for grid graphs. It would reduce the memory consumption and
might reduce the computation time as well.

A practically useful mode could be actually a combination of a parallel and sequen-
tial processing, when several regions are loaded into the memory at once and processed
in parallel. There are several particularly interesting combinations of algorithm par-
allelization and hardware, which may be exploited: 1) parallel on several CPUs, 2)
parallel on several network computers, 3) sequential, using Solid State Drive, 4) se-
quential, using GPU for solving region discharge.

There is the following simple way how to allow region overlaps in our framework.
Consider a sequential algorithm that is allowed to keep 2 regions in memory at a time.
It can then load pairs of regions (1,2), (2,3), (3,4)..., and alternate between the
regions in a pair until both are discharged. With PRD, this is efficiently equivalent
to discharging twice larger regions with a 1/2 overlap and may significantly decrease
the number of sweeps required. In the case of a 3D grid, it would take 8 times more
regions to allow overlaps in all dimensions. However, to meet the same memory limit,
the regions have to be 8 times smaller. It has to be verified experimentally whether it
is beneficial. In fact, the Region Push-Relabel implementation of Delong and Boykov
(2008) uses exactly this strategy: a dynamic region is composed out of a number of
smaller blocks and blocks are discharged until the whole region is not discharged. It is
likely that with this approach we could further reduce the disk I/O in the case of the
streaming solver.
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