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Abstract

Semi-metric labeling is a special case of energy minimization for pairwise Markov random fields.
The energy function consists of arbitrary unary potentials, and pairwise potentials that are propor-
tional to a given semi-metric distance function over the label set. Popular methods for solving
semi-metric labeling include (i) move-making algorithms, which iteratively solve a minimum st-cut
problem; and (ii) the linear programming (LP) relaxation based approach. In order to convert the frac-
tional solution of the LP relaxation to an integer solution, several randomized rounding procedures
have been developed in the literature. We consider a large class of parallel rounding procedures,
and design move-making algorithms that closely mimic them. We prove that the multiplicative
bound of a move-making algorithm exactly matches the approximation factor of the corresponding
rounding procedure for any arbitrary distance function. Our analysis includes all known results for
move-making algorithms as special cases.

Keywords: semi-metric labeling, move-making algorithms, linear programming relaxation, multi-
plicative bounds

1. Introduction

A Markov random field (MRF) is a graph whose vertices are random variables, and whose edges
specify a neighborhood over the random variables. Each random variable can be assigned a value
from a set of labels, resulting in a labeling of the MRF. The putative labelings of an MRF are
quantitatively distinguished from each other by an energy function, which is the sum of potential
functions that depend on the cliques of the graph. An important optimization problem associate with
the MRF framework is energy minimization, that is, finding a labeling with the minimum energy.
Semi-metric labeling is a special case of energy minimization, which models several useful
low-level vision tasks (Boykov et al., 1998 1999; Szeliski et al.l 2008)). It is characterized by a finite,
discrete label set and a semi-metric distance function over the labels. The energy function in semi-

(©2016 M. Pawan Kumar and Puneet Dokania.



KUMAR AND DOKANIA

metric labeling consists of arbitrary unary potentials and pairwise potentials that are proportional
to the distance between the labels assigned to them. The problem is known to be NP-hard (Veksler,
1999). Two popular approaches for semi-metric labeling are: (i) move-making algorithms (Boykov
et al., [1999; |Gupta and Tardos|, 2000; Kumar and Koller, 2009; Kumar and Torr, [2008; Veksler,
2007), which iteratively improve the labeling by solving a minimum st¢-cut problem; and (ii) linear
programming (LP) relaxation (Chekuri et al.,| 2001} Koster et al.,|1998}; Schlesinger, 1976}, Wainwright
et al.| [2005)), which is obtained by dropping the integral constraints in the corresponding integer
programming formulation. Move-making algorithms are very efficient due to the availability of fast
minimum s¢-cut solvers (Boykov and Kolmogorov, 2004) and are very popular in the computer vision
community. In contrast, the LP relaxation is significantly slower, despite the development of several
specialized solvers (Globerson and Jaakkolal 2007; |[Hazan and Shashua, [2008; Kolmogorov, [2006;
Komodakis et al.,|2007; |Ravikumar et al., 2008]; Tarlow et al., [201 1} [Wainwright et al., 2005} [Weiss
et al., 2007} [Werner, 2007, [2010). However, when used in conjunction with randomized rounding
algorithms, the LP relaxation provides the best known polynomial-time theoretical guarantees for
semi-metric labeling (Archer et al., 2004} |(Chekuri et al., 2001; Kleinberg and Tardos, [1999).

At first sight, the difference between move-making algorithms and the LP relaxation appears
to be the standard accuracy vs. speed trade-off. However, we prove that, for any arbitrary semi-
metric distance function, it is possible to design move-making algorithms that match the theoretical
guarantees of a large class of randomized rounding procedures, which we call parallel rounding.
Our proofs are constructive, which allows us to test the rounding-based move-making algorithms
empirically. Our experimental results confirm that rounding-based moves provide similar accuracy
to the LP relaxation while being significantly faster.

2. Related Work

As our work is concerned with only semi-metric labeling, we will focus on the related work for
this special case of energy minimization. For a more general survey, we refer the reader to (Wang
et al.l 2013)), and for a thorough empirical comparison of the various algorithms we refer the reader
to (Kappes et al., [2015; Szeliski et al., 2008)).

The earliest known theoretical guarantee of a move-making algorithm was provided by |Veksler
(1999), who presented an analysis of the popular expansion move-making algorithm. The analysis
showed that the expansion algorithm and the parallel rounding procedure of |Kleinberg and Tardos
(1999) provide matching guarantees for the uniform distance function. [Komodakis et al.| (2008)
also proposed a move-making algorithm based on the primal-dual scheme of optimizing the LP
relaxation. The resulting algorithm is similar to the expansion algorithm in terms of its theoretical
guarantees, but provides a principled formulation for improving its efficiency in dynamic settings.
Despite the existing analysis of expansion-like algorithms, parallel rounding procedures (Chekuri
et al., 2001} |[Kleinberg and Tardos,, [1999) are known to perform better for several distance functions of
interest such as the truncated linear distance, the truncated quadratic distance, and the hierarchically
well-separated tree (HST) metric.

Kumar and Torr| (2008) proposed the range expansion move-making algorithm that matches the
guarantees of the rounding procedure of |(Chekuri et al.| (2001) for the truncated linear and quadratic
distance. [Kumar and Koller| (2009) proposed a hierarchical move-making algorithm that matches the
guarantees of the rounding procedure of Kleinberg and Tardos| (1999) for the HST metric. However,
their analysis is restricted to special cases of semi-metric labeling, whereas our work does not make
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any assumptions on the form of the semi-metric distance function. We note that, recently, a more
general algorithm has also been proposed for non-convex priors (Ajanthan et al., | 2014). However,
this generalized algorithm does not provide any strong theoretical gurantees on the quality of the
solution, which is the key focus of our work.

While our analysis focuses on parallel rounding, it is also worth noting that|Archer et al.| (2004))
have proposed a serial rounding procedure for metric labeling (which is a special case of semi-metric
labeling where the distance function also satisfies the triangular inequality property). The theoretical
guarantee of serial rounding depends on the tree decomposibility of a distance function. Given an
MRF with n random variables, the tree decomposibility for any metric distance function is guaranteed
to be less than or equal to O(log n). This worst-case theoretical guarantee of O(logn) over all metric
distance functions can be matched by a mixture-of-tree algorithm that can be derived form the work
of /Andrew et al.|(2011)). Specifically, /Andrew et al.|(2011) describe an approximate algorithm for
capacitated metric labeling that builds on the cut-based decomposition method of Racke| (2008).
Ignoring the capacity constraints, which are not present in the standard metric labeling problem,
results in an approximation of the original MRF using an O(m log n) mixture of tree-structured MRFs.
Here, m is the number of edges in the MRF, and n is the number of random variables. Solving the
metric labeling problem over each tree-structured MRF optimally using belief propagation (Pearl,
1998), and choosing the best labeling in terms of the original problem, provides the O(logn)
guarantee. We refer the reader to (Andrew et al.,|[2011) for details.

Note that while the mixture-of-tree algorithm provides matching worst-case guarantees to serial
rounding, it does not provide a matching guarantee for a given distance function. In other words,
the guarantee of the mixture-of-tree algorithm does not depend on the tree decomposibility of the
distance function. The existence or the impossibility of a matching combinatorial algorithm for serial
rounding remains an open question.

3. Our Contributions

Our paper can be thought of as a generalization of (Kumar and Koller, [2009; Kumar and Torr, 2008
Veksler, [1999)). Indeed, the move-making algorithms proposed in this paper are simple extensions of
the expansion, the range expansion and the hierarchical move-making algorithms. The novelty of our
work lies in our analysis, which improves on the state of the art in two significant aspects. First, we do
not place any assumptions on the form of the distance function except that it is a semi-metric distance.
This is in contrast to previous works that only focus on special cases such as the uniform metric, the
truncated convex models or the HST metric. Second, we show that the matching guarantees provided
by our move-making algorithms and the parallel rounding procedures are tight, that is, they cannot
be improved through a more careful analysis.

A preliminary version of this article has appeared as (Kumar, [2014)). There are two significant
differences between the preliminary version and the current paper. First, we provide detailed proofs
of all the theorems, which were omitted from the preliminary version due to a lack of space. Second,
we provide an experimental comparison of the rounding-based move-making algorithms with the
state of the art methods for semi-metric labeling, including those that are directly related to the
LP relaxation such as TRW-S (Kolmogorov, 2006)), and those that are indirectly related to the LP
relaxation such as (Andrew et al., |2011)).

Finally, we note that since the publication of the preliminary version, we have also extended
rounding-based move-making algorithms to special cases of high-order potentials. This includes the
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interval move-making algorithm for truncated max-of-convex potentials (Pansari and Kumar, 2015)
and the hierarchical move-making algorithm for parsimonious labeling (Dokania and Kumar, [2015).

4. Preliminaries
4.1 Semi-metric Labeling

The problem of semi-metric labeling is defined over an undirected graph G = (X, E). The vertices
X = {X1, Xo,---, X, } are random variables, and the edges E specify a neighborhood relationship
over the random variables. Each random variable can be assigned a value from the label set
L = {l1,l2,--- ,lr}. We assume that we are also provided with a semi-metric distance function
d: L x L — R over the labels. Recall that a semi-metric distance function satisfies the following
properties: d(l;,1;) > 0 for all ;,1; € L, and d(l;,/;) = 0 if and only if ¢ = j. Furthermore,
a distance function is said to be metric if, in addition to the above condition, it also satisfies the
triangular inequality, that is, d(l;,1;) + d(1;, 1) > d(l;, 1) for all ;, 1,1, € L.

We refer to an assignment of values to all the random variables as a labeling. In other words, a
labeling is a vector x € L", which specifies the label z, assigned to each random variable X,,. The
h™ different labelings are quantitatively distinguished from each other by an energy function Q(x),
which is defined as follows:

Q(X) = Z Ha(xa) + Z wabd(.’l?a,.’,lj'b).

Xq€X (Xa,Xp)EE

Here, the unary potentials 6, (-) are arbitrary, and the edge weights w,;, are non-negative. Semi-metric
labeling requires us to find a labeling with the minimum energy. It is known to be NP-hard.

4.2 Multiplicative Bound

As semi-metric labeling plays a central role in low-level vision, several approximate algorithms
have been proposed in the literature. A common theoretical measure of accuracy for an approximate
algorithm is the multiplicative bound. In this work, we are interested in the multiplicative bound of an
algorithm with respect to a distance function. Formally, given a distance function d, the multiplicative
bound of an algorithm is said to be B if the following condition is satisfied for all possible values of
unary potentials 6, (-) and non-negative edge weights wp:

Y ba(ia)+ > wad@edy) < Y bu@)+B Y wad@h, ). (1)

XqeX (Xa,Xp)EE XqeX (Xa,Xp)EE

Here, % is the labeling estimated by the algorithm for the given values of unary potentials and edge
weights, and x* is an optimal labeling. Multiplicative bounds are greater than or equal to 1, and are
invariant to reparameterizations of the unary potentials. A multiplicative bound B is said to be tight
if the above inequality holds as an equality for some value of unary potentials and edge weights.

4.3 Linear Programming Relaxation

An overcomplete representation of a labeling can be specified using the following variables: (i) unary
variables y, (i) € {0,1} forall X, € X and /; € L such that y, (i) = 1 if and only if X, is assigned
the label /;; and (ii) pairwise variables yq (4, j) € {0, 1} for all (X,, X};) € E and [;,1; € L such
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that y4p (¢, ) = 1 if and only if X, and X are assigned labels /; and [; respectively. This allows us
to formulate semi-metric labeling as follows:

Hlyin Z Zea(li)ya(i) + Z Z wabd(l’ialj)yab(iaj)y

Xq.€X L;EL (Xa,X3)€E 1;,l;€EL
s.t. > wali) =1,YX, € X,
l;€L
> Yablis §) = ya(i),¥(Xa, X3) € E, I; € L,
leL
Z yab(iaj) = yb(j)av(X(MXb) S E7 l] S L7
l;€L

ya(z’) € {0, 1},yab(z’,j) S {O, 1},VX,1 e X, (Xa,Xb) S E,li,lj € L.

The first set of constraints ensures that each random variables is assigned exactly one label. The
second and third sets of constraints ensure that, for binary optimization variables, yu;(i,j) =
Ya(?)yp(j). By relaxing the final set of constraints such that the optimization variables can take any
value between 0 and 1 inclusive, we obtain a linear program (LP). The computational complexity of
solving the LP relaxation is polynomial in the size of the problem.

4.4 Rounding Procedure

In order to prove theoretical guarantees of the LP relaxation, it is common to use a rounding procedure
that can covert a feasible fractional solution y of the LP relaxation to a feasible integer solution y
of the integer linear program. Several rounding procedures have been proposed in the literature.
In this work, we focus on the randomized parallel rounding procedures proposed by |Chekuri et al.
(2001) and |Kleinberg and Tardos|(1999). These procedures have the property that, given a fractional
solution y, the probability of assigning a label /; € L to a random variable X, € X is equal to y,(7),
that is,

Pr(@a(i) = 1) = ya(i)' ()
We will describe the various rounding procedures in detail in Sections For now, we would like
to note that our reason for focusing on the parallel rounding of |Chekuri et al.|(2001) and Kleinberg
and Tardos| (1999)) is that they provide the best known polynomial-time theoretical guarantees for
semi-metric labeling. Specifically, we are interested in their approximation factor, which is defined
next.

4.5 Approximation Factor

Given a distance function d, the approximation factor for a rounding procedure is said to be F'if the
following condition is satisfied for all feasible fractional solutions y:

E| Y dlli1)da@ie() | <F Y dlil)yali,j)- 3)

li,leL li,ljeL

Here, y refers to the integer solution, and the expectation is taken with respect to the randomized
rounding procedure applied to the feasible solution y.
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Given a rounding procedure with an approximation factor of /', an optimal fractional solution y*
of the LP relaxation can be rounded to a labeling y that satisfies the following condition:

El > Y 6uia+ D > wad(li l)ia(i)in(s)

XX ;€L (Xa,Xb)EEli,leL
< N S 0w+ F YD wad(l 1)y i ).
Xq.€X ;€L (Xa,Xp)EEl;,l;€L

The above inequality follows directly from properties (2) and (3). Similar to multiplicative bounds,
approximation factors are always greater than or equal to 1, and are invariant to reparameterizations
of the unary potentials. An approximation factor F' is said to be tight if the above inequality holds as
an equality for some value of unary potentials and edge weights.

Approximation factors are closely linked to the integrality gap of the LP relaxation (roughly
speaking, the ratio of the optimal value of the integer linear program to the optimal value of the
relaxation), which in turn is related to the computational hardness of the semi-metric labeling
problem (Manokaran et al., 2008)). However, establishing the integrality gap of the LP relaxation
for a given distance function is beyond the scope of this work. We are only interested in designing
move-making algorithms whose multiplicative bounds match the approximation factors of the parallel
rounding procedures.

4.6 Submodular Energy Function

We will use the following important fact throughout this paper. Given an energy function defined
using arbitrary unary potentials, non-negative edge weights and a submodular distance function, an
optimal labeling can be computed in polynomial time by solving an equivalent minimum st-cut
problem (Flach and Schlesinger, 2006). Recall that a submodular distance function d’ over a label
set L = {l1,l2,--- 5} satisfies the following properties: (i) d'(l;,1;) > 0 for all ;,1; € L, and
d'(1;,1;) = 0 if and only if ¢ = j; and (il) d'(I;, ;) + d'(lig1, L) < d' (L, lj41) + d'(liga, ;) for
all l;,1; € L\{l,} (where \ refers to set difference).

5. Complete Rounding and Complete Move

We start with a simple rounding scheme, which we call complete rounding. While complete rounding
is not very accurate, it would help illustrate the flavor of our results. We will subsequently consider
its generalizations, which have been useful in obtaining the best-known approximation factors for
various special cases of semi-metric labeling.

The complete rounding procedure consists of a single stage where we use the set of all unary
variables to obtain a labeling (as opposed to other rounding procedures discussed subsequently).
Algorithmdescribes its main steps. Intuitively, it treats the value of the unary variable y,(7) as the
probability of assigning the label /; to the random variable X,. It obtains a labeling by sampling from
all the distributions y, = [ya(?), Vl; € L] simultaneously using the same random number r € [0, 1].

It can be shown that using a different random number to sample the distributions y, and y; of
two neighboring random variables (X,, X;) € E results in an infinite approximation factor. For
example, let §,(i) = 7, (i) = 1/h for all I; € L, where h is the number of labels. The pairwise
variables ¥, that minimize the energy function are y,;,(4,7) = 1/h and 5, (¢, 7) = 0 when i # j.
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For the above feasible solution of the LP relaxation, the RHS of inequality (3) is O for any finite F,
while the LHS of inequality (3)) is strictly greater than O if » > 1. However, we will shortly show that
using the same random number 7 for all random variables provides a finite approximation factor.

Algorithm 1 The complete rounding procedure.
input A feasible solution y of the LP relaxation.
1: Pick a real number r uniformly from [0, 1].
2: forall X, € X do
3:  Define Y,(0) = 0 and Y, (i) = Z] 1Ya(j) forall l; € L.
4:  Assign the label /; € L to the random variable X, if Y, (i — 1) < r < Y, (7).
5: end for

We now turn our attention to designing a move-making algorithm whose multiplicative bound
matches the approximation factor of the complete rounding procedure. To this end, we modify
the range expansion algorithm proposed by Kumar and Torr| (2008)) for truncated convex pairwise
potentials to a general semi-metric distance function. Our method, which we refer to as the complete
move-making algorithm, considers all putative labels of all random variables, and provides an
approximate solution in a single iteration. Algorithm [2| describes its two main steps. First, it
computes a submodular overestimation of the given semi-metric distance function by solving the
following optimization problem:

d=  argmint 4)
d/
s.t. d'(l;,1;) < td(l;,1),V0,1; € L,
d'(1;,1;) > d(l;,1;),V1;,1; € L,
d'(li, 1) + d' (i1, 1) < d'(liy Liga) + d (L, 1), Vi, 1 € T\{I}.

The above problem minimizes the maximum ratio of the estimated distance to the original distance
over all pairs of labels, that is,

max LAURY) .

i#£j d (lz, l j)
We will refer to the optimal value of problem () as the submodular distortion of the distance
function d. Second, it replaces the original distance function by the submodular overestimation and
computes an approximate solution to the original semi-metric labeling problem by solving a single
minimum st-cut problem. Note that, unlike the range expansion algorithm (Kumar and Torr, [2008))
that uses the readily available submodular overestimation of a truncated convex distance (namely,
the corresponding convex distance function), our approach estimates the submodular overestimation
via the LP (@). Since the LP () can be solved for any arbitrary distance function, it makes complete
move-making more generally applicable.

The following theorem establishes the theoretical guarantees of the complete move-making

algorithm and the complete rounding procedure.

Theorem 1 The tight multiplicative bound of the complete move-making algorithm is equal to the
submodular distortion of the distance function. Furthermore, the tight approximation factor of the
complete rounding procedure is also equal to the submodular distortion of the distance function.
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Algorithm 2 The complete move-making algorithm.

input Unary potentials 6,(-), edge weights w, distance function d.
1: Compute a submodular overestimation of d by solving problem (@).
2: Using the approach of |[Flach and Schlesinger| (2006), solve the following problem via an
equivalent minimum s¢-cut problem:

X = argmin Z Ou(xa) + Z Wapd(Ta, Tp)-

n
x€L™ x.ex (Xa,Xp)CE

The proof of Theorem [I|is given in Appendix A. The following corollary of the above theorem was
previously stated by |Chekuri et al.| (2001)) without a formal proof.

Corollary 2 The complete rounding procedure is tight for submodular distance functions, that is, its
approximation factor is equal to 1.

In terms of computational complexities, complete move-making is significantly faster than
solving the LP relaxation. Specifically, given an MRF with n random variables and m edges, and
a label set with h labels, the LP relaxation requires at least O(m3h3 log(m?2h?)) time, since it
consists of O(mh?) optimization variables and O(mh) constraints. In contrast, complete move-
making requires O(nmh?log(m)) time, since the graph constructed using the method of [Flach and
Schlesinger (2006) consists of O(nh) nodes and O(mh?) arcs. Note that complete move-making
also requires us to solve the linear program (). However, since problem () is independent of the
unary potentials and the edge weights, it only needs to be solved once beforehand in order to compute
the approximate solution for any semi-metric labeling problem defined using the distance function d.

6. Interval Rounding and Interval Moves

Theorem [I]implies that the approximation factor of the complete rounding procedure is very large
for distance functions that are highly non-submodular. For example, consider the truncated linear
distance function defined as follows over a label set L = {l1,l2, -+ , 3 }:

d(llvlj) = mln{|l _]|7M}

Here, M is a user specified parameter that determines the maximum distance. The tightest submodular
overestimation of the above distance function is the linear distance function, that is, d(l;, ;) = |i — j|.
This implies that the submodular distortion of the truncated linear metric is (h — 1) /M, and therefore,
the approximation factor for the complete rounding procedure is also (h — 1) /M. In order to avoid
this large approximation factor, Chekuri et al.| (2001) proposed an interval rounding procedure, which
captures the intuition that it is beneficial to assign similar labels to as many random variables as
possible.

Algorithm [3| provides a description of interval rounding. The rounding procedure chooses an
interval of at most ¢ consecutive labels (step 2). It generates a random number 7 (step 3), and uses it
to attempt to assign labels to previously unlabeled random variables from the selected interval (steps
4-7). It can be shown that the overall procedure converges in a polynomial number of iterations
with a probability of 1 (Chekuri et al., |2001). Note that if we fix ¢ = h and z = 1, interval
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rounding becomes equivalent to complete rounding. However, the analyses of |(Chekuri et al.| (2001)
and |[Kleinberg and Tardos|(1999) shows that other values of g provide better approximation factors
for various special cases.

Algorithm 3 The interval rounding procedure.
input A feasible solution y of the LP relaxation.
1: repeat
2:  Pick an integer z uniformly from [—q + 2, h]. Define an interval of labels I = {l,,--- ,l.},
where s = max{z, 1} is the start index and e = min{z + ¢ — 1, h} is the end index.

end for
until All random variables have been assigned a label.

3:  Pick a real number r uniformly from [0, 1].

4:  for all Unlabeled random variables X, do

5: Define Y,(0) = 0 and Y, (i) = Y521y, (j) forall i € {1,--- ;e — s + 1}.
6: Assign the label [5;1 € Ttothe X, if Y, (i — 1) < r < Y, (4).

7:

8:

Our goal is to design a move-making algorithm whose multiplicative bound matches the ap-
proximation factor of interval rounding for any choice of ¢. To this end, we propose the interval
move-making algorithm that generalizes the range expansion algorithm (Kumar and Torr, 2008)),
originally proposed for truncated convex distances, to arbitrary distance functions. Algorithm [4]
provides its main steps. The central idea of the method is to improve a given labeling % by allowing
each random variable X, to either retain its current label Z,, or to choose a new label from an interval
of consecutive labels. In more detail, let I = {i,,--- ,l.} C L be an interval of labels of length at
most ¢ (step 4). For the sake of simplicity, let us assume that &, ¢ I for any random variable X,.
We define I, = I|J{Z,} (step 5). For each pair of neighboring random variables (X,, X;) € E,
we compute a submodular distance function dz, z, : I, x I, — R by solving the following linear
program (step 6):

ds, &, = argdr/nint ®)
s.t. d'(li, ;) < td(l;,1;),Vl; € 1,15 € T,
d'(li,1;) > d(l;,1),V1; € 1a,1; € I,
d/(lulj) +d (Lig1, ]+1) <d (lwlj-H) + d/(lz+lvl ) Vi, lj € I\{l},
d' (i, 1) + d' (liv1, %) < d'(Liy @) + d' (lig1,1e), VI € T\{l.},
d'(le, 1) + d'(Zq, lj+1) < d'(le, 1) + d'(Za, 1),V € T\{l},
d'(le,le) + d(2q,2p) < d'(le, 3p) + d'(Zq, Le).

Similar to problem (4)), the above problem minimizes the maximum ratio of the estimated distance
to the original distance. However, instead of introducing constraints for all pairs of labels, it only
considers pairs of labels /; and [; where I; € I, and [; € I;. Furthermore, it does not modify the
distance between the current labels &, and &3 (as can be seen in the last constraint of problem ).

Given the submodular distance functions dz, z,, we can compute a new labeling X by solving
the following optimization problem via minimum st-cut using the method of |Flach and Schlesinger
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(2006) (step 7):
X = argmin Z Oo(xa) + Z Wapdz, 2, (Tas Tp)
X X,eX (Xa,X,)EE
S.t. xe €I,,VX, € X. (6)

If the energy of the new labeling X is less than that of the current labeling X, then we update our
labeling to X (steps 8-10). Otherwise, we retain the current estimate of the labeling and consider
another interval. The algorithm converges when the energy does not decrease for any interval of
length at most q. Note that, once again, the main difference between interval move-making and the
range expansion algorithm is the use of an appropriate optimization problem, namely the LP (5), to
obtain a submodular overestimation of the given distance function. This allows us to use the interval
move-making algorithm for the general semi-metric labeling problem, instead of focusing on only
truncated convex models.

Algorithm 4 The interval move-making algorithm.

input Unary potentials 6,(-), edge weights w,s, distance function d, initial labeling x°.

1: Set current labeling to initial labeling, that is, X = x°.

2: repeat
32 forallz € [-¢+2,h] do
4: Define an interval of labels I = {ls,--- ,l.}, where s = max{z, 1} is the start index and

e = min{z + ¢ — 1, h} is the end index.

Define I, = I|J{Z,} for all random variables X, € X.

Obtain submodular overestimates d;, 7, for each pair of neighboring random variables
(Xa, Xp) € E by solving problem (3).

7: Obtain a new labeling X by solving problem (6).
8: if Energy of X is less than energy of % then
9: Update x = X.

10: end if

11:  end for
12: until Energy cannot be decreased further.

The following theorem establishes the theoretical guarantees of the interval move-making algo-
rithm and the interval rounding procedure.

Theorem 3 The tight multiplicative bound of the interval move-making algorithm is equal to the
tight approximation factor of the interval rounding procedure.

The proof of Theorem[3]is given in Appendix B. While Algorithms[3|andduse intervals of consecutive
labels, they can easily be modified to use subsets of (potentially non-consecutive) labels. Our analysis
could be extended to show that the multiplicative bound of the resulting subset move-making
algorithm matches the approximation factor of the subset rounding procedure. However, our reason
for focusing on intervals of consecutive labels is that several special cases of Theorem [3| have
previously been considered separately in the literature (Gupta and Tardos|, |2000; Kumar and Koller,
2009; | Kumar and Torr, [2008; |Veksler, [1999). Specifically, the following known results are corollaries
of the above theorem. Note that, while the following corollaries have been previously proved in the
literature, our work is the first to establish the tightness of the theoretical guarantees.

10
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Corollary 4 When q = 1, the multiplicative bound of the interval move-making algorithm (which is
equivalent to the expansion algorithm) for the uniform metric distance is 2.

The above corollary follows from the approximation factor of the interval rounding procedure proved
by [Kleinberg and Tardos| (1999), but it was independently proved by Veksler| (1999).

Corollary 5 When q = M, the multiplicative bound of the interval move-making algorithm for the
truncated linear distance function is 4.

The above corollary follows from the approximation factor of the interval rounding procedure proved
by [Chekuri et al.| (2001), but it was independently proved by |Gupta and Tardos|(2000).

Corollary 6 When q = \/2M, the multiplicative bound of the interval move-making algorithm for
the truncated linear distance function is 2 + V2.

The above corollary follows from the approximation factor of the interval rounding procedure proved
by [Chekuri et al.| (2001]), but it was independently proved by Kumar and Torr| (2008). Finally, since
our analysis does not use the triangular inequality of metric distance functions, we can also state the
following corollary for the truncated quadratic distance.

Corollary 7 When q = v/ M, the multiplicative bound of the interval move-making algorithm for
the truncated quadratic distance function is O(v/ M).

The above corollary follows from the approximation factor of the interval rounding procedure proved
by [Chekuri et al.| (2001)), but it was independently proved by Kumar and Torr] (2008]).

An interval move-making algorithm that uses an interval length of ¢ runs for at most O(h/q) iter-
ations. This follows from a simple modification of the result by |Gupta and Tardos|(2000) (specifically,
theorem 3.7). Hence, the total time complexity of interval move-making is O(nmhq? log(m)), since
each iteration solves a minimum st-cut problem of a graph with O(nq) nodes and O(mq?) arcs. In
other words, interval move-making is at most as computationally complex as complete move-making,
which in turn is significantly less complex than solving the LP relaxation. Note that problem (5),
which is required for interval move-making, is independent of the unary potentials and the edge
weights. Hence, it only needs to be solved once beforehand for all pairs of labels (Z4, ) € L x L in
order to obtain a solution for any semi-metric labeling problem defined using the distance function d.

7. Hierarchical Rounding and Hierarchical Moves

We now consider the most general form of parallel rounding that has been proposed in the literature,
namely the hierarchical rounding procedure (Kleinberg and Tardos| [1999)). The rounding relies on a
hierarchical clustering of the labels. Formally, we denote a hierarchical clustering of m levels for the
label set L by C = {C(i),i = 1,--- ,m}. At each level i, the clustering C(i) = {C(i,j) C L,j =
1,---,h'} is mutually exclusive and collectively exhaustive, that is,

UC(Z7]) = L7C(Zvj) OC(%]I) = @,V‘] 7é.7/
J

Furthermore, for each cluster C(i, j) at the level 7 > 2, there exists a unique cluster C(i — 1, ;') in
the level 7 — 1 such that C(i,5) C C(i — 1,5’). We call the cluster C(i — 1, j') the parent of the

11
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Algorithm 5 The hierarchical rounding procedure.
input A feasible solution y of the LP relaxation.
1: Define f} =1 forall X, € X.
2: foralli € {2,--- ,m} do
3: forall X, € Xdo

4: Define 2% (j) forall j € {1,--- , h'} as follows:
Zi (]) — Zk S.t. lkGC(iJ) ya(k) lfp(laj) = féilv
“ 0 otherwise.
5: Define % (j) forall j € {1,--- , h'} as follows:
i 219,
Yo(J) = haiz/
Zj’:l LAV
end for
Using a rounding procedure (complete or interval) on y* = [y(j),VX, € X,j €
{1,---, h'}], obtain an integer solution y.
8: forall X, € Xdo
9: Letk, € {1,---,h'} such that §(k,) = 1. Define f! = k,.
10:  end for
11: end for

12: for all X, € X do
13:  Let [}, be the unique label present in the cluster C(m, f2"). Assign [y to X,.
14: end for

12
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cluster C(4, j) and define p(i,j) = j'. Similarly, we call C(4, j) a child of C(i — 1, j"). Without
loss of generality, we assume that there exists a single cluster at level 1 that contains all the labels,
and that each cluster at level m contains a single label.

Algorithm [5|describes the hierarchical rounding procedure. Given a clustering C, it proceeds in
a top-down fashion through the hierarchy while assigning each random variable to a cluster in the
current level. Let f¢ be the index of the cluster assigned to the random variable X,, in the level i. In
the first step, the rounding procedure assigns all the random variables to the unique cluster C(1, 1)
(step 1). At each step 7, it assigns each random variable to a unique cluster in the level 7 by computing
a conditional probability distribution as follows. The conditional probability 3¢ (j) of assigning the
random variable X, to the cluster C(3, j) is proportional to 3, c(; ;) Ya(k) if p(é,j) = fi=1 (steps
3-6). The conditional probability % (j) = 0if p(i, j) # f.~1, that is, a random variable cannot be
assigned to a cluster C(i, j) if it wasn’t assigned to its parent in the previous step. Using a rounding
procedure (complete or interval) for y*, we obtain an assignment of random variables to the clusters
at level i (step 7). Once such an assignment is obtained, the values f? are computed for all random
variables X, (steps 8-10). At the end of step m, hierarchical rounding would have assigned each
random variable to a unique cluster in the level m. Since each cluster at level m consists of a single
label, this provides us with a labeling of the MRF (steps 12-14).

Algorithm 6 The hierarchical move-making algorithm.

input Unary potentials 6,(-), edge weights w, distance function d.
1: forallj € {1,--- ,h} do

2. Letl}, be the unique label in the cluster C(m, j). Define z"/ = I, for all X,, € X.

3: end for

4: foralli € {2,--- ,m} do

5: foralljc {1,--- Am i1} do

6:  Define Ly = (a7 p(m —i+2,5) = j,j' € {1,--- , AmTH2)Y,

7 Using a move-making algorithm (complete or interval), compute the labeling x~+1J
under the constraint xznf”l’j c Lgl*”l,j.

8:  end for

9: end for

10: The final solution is x1.

Our goal is to design a move-making algorithm whose multiplicative bound matches the approxi-
mation factor of the hierarchical rounding procedure for any choice of hierarchical clustering C. To
this end, we propose the hierarchical move-making algorithm, which extends the hierarchical graph
cuts approach for hierarchically well-separated tree (HST) metrics proposed by [Kumar and Koller
(2009). Algorithm [6|provides its main steps. In contrast to hierarchical rounding, the move-making
algorithm traverses the hierarchy in a bottom-up fashion while computing a labeling for each cluster
in the current level. Let x*/ be the labeling corresponding to the cluster C(i, 5). At the first step,
when considering the level m of the clustering, all the random variables are assigned the same
label. Specifically, x,"’ is equal to the unique label contained in the cluster C(m, j) (steps 1-3). At
step 14, it computes the labeling x™~*+1J for each cluster C(m — i + 1,5) by using the labelings
computed in the previous step. Specifically, it restricts the label assigned to a random variable X, in
the labeling x™~*1J to the subset of labels that were assigned to it by the labelings corresponding
to the children of C(m — i + 1, j) (step 6). Under this restriction, the labeling x™~**1 is computed
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by approximately minimizing the energy using a move-making algorithm (step 7). Implicit in our
description is the assumption that that we will use a move-making algorithm (complete or interval) in
step 7 of Algorithm [p] whose multiplicative bound matches the approximation factor of the rounding
procedure (complete or interval) used in step 7 of Algorithm[5] Note that, unlike the hierarchical
graph cuts approach (Kumar and Koller, 2009), the hierarchical move-making algorithm can be used
for any arbitrary clustering and not just the one specified by an HST metric.

The following theorem establishes the theoretical guarantees of the hierarchical move-making
algorithm and the hierarchical rounding procedure.

Theorem 8 The tight multiplicative bound of the hierarchical move-making algorithm is equal to
the tight approximation factor of the hierarchical rounding procedure.

The proof of the above theorem is given in Appendix C. The following known result is its corollary.

Corollary 9 The multiplicative bound of the hierarchical move-making algorithm is O(1) for an
HST metric distance.

The above corollary follows from the approximation factor of the hierarchical rounding procedure
proved by [Kleinberg and Tardos| (1999), but it was independently proved by [Kumar and Koller
(2009). It is worth noting that the above result was also used to obtain an approximation factor of
O(log h) for the general metric labeling problem by Kleinberg and Tardos|(1999) and a matching
multiplicative bound of O(log ) by Kumar and Koller| (2009).

The time complexity of the hierarchical move-making algorithm depends on two factors: (i)
the hierarchy, which defines the subproblems; and (ii) whether we use a complete or an interval
move-making algorithm to solve the subproblems. In what follows, we analyze its worst case time
complexity over all possible hierarchies. Clearly, since complete move-making is more expensive
than interval move-making, the worst case complexity of hierarchical move-making will be achieved
when we use complete move-making to solve each subproblem. We begin by noting that each
problem is defined using a smaller label set. For simplicitly, let us assume that the clusters of the
hierarchy are balanced, and that each subproblem is solved over b’ < h labels. It follows that the
total number of subproblems that we would be required to solve is O((h/h/)(108(n)/log(W))=1) Next,
observe that the complexity of the complete move-making algorithms is cubic in the number of labels.
Thus, it follows that in order to maximize the total time complexity of hierarchical move-making, we
need to set A’ = h. In other words, hierarchical move-making algorithm is at most as computationally
complex as the complete move-making algorithm. Recall that the complete move-making complexity
is O(nmh3log(m)). Hence, hierarchical move-making is significantly faster than solving the LP
relaxation.

8. Experiments
We demonstrate the efficacy of rounding-based moves by comparing them to several state of the art

methods using both synthetic and real data.

8.1 Synthetic Experiments
8.1.1 DATA

We generated two synthetic data sets to conduct our experiments. The first data set consists of random
grid MRFs of size 100 x 100, where each random variable can take one of 10 labels. The unary
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potentials were sampled from a uniform distribution over [0, 10]. The edge weights were sampled
from a uniform distribution over [0, 3]. We considered four types of pairwise potentials: (i) truncated
linear metric, where the truncation is sampled from a uniform distribution over [1, 5]; (ii) truncated
quadratic semi-metric, where the truncation is sampled from a uniform distribution over [1, 25]; (iii)
random metrics, generated by computing the shortest path on graphs whose vertices correspond to
the labels and whose edge lengths are uniformly distributed over [1, 10]; (iv) random semi-metrics,
where the distance between two labels is sampled from a uniform distribution over [1, 10]. For each
type of pairwise potentials, we generated 500 different MRFs.

The second data set is similar to the first one, except that it is defined on a smaller grid of size
20 x 20. The smaller grid size allows us to test the mixture-of-tree algorithm (Andrew et al.,[2011)
that is closely related to the serial rounding procedure of |Archer et al.| (2004). We generated 5
different grids by sampling their edge weights from a uniform distribution over [5, 100]. For each
set of edge weights, we use the cut-based decomposition method of [Racke| (2008)) to approximate
the original grid graph using a mixture of tree-structured graphs. We generated three types of unary
potentials by uniformly sampling from the range [0, 100], [100, 1000] and [1000, 10000] respectively.
Similar to the first data set, we considered four types of pairwise potentials. For each pair of unary
potential type and pairwise potential type, we generated 100 different MRFs. This provided us with
1200 MRFs for each set of edge weights, and a total of 6000 MRFs to perform our experiments.

8.1.2 METHODS

We report results obtained by the following state of the art methods using the first data set: (i) belief
propagation (BP) (Pearl, [1998)); (ii) sequential tree-reweighted message passing (TRW) (Kolmogorov,
2006)), which optimizes the dual of the LP relaxation, and provides comparable results to other LP
relaxation based approaches; (iii) expansion algorithm (EXP) (Boykov et al., [1999)); and (iv) swap
algorithm (SWAP) (Boykov et al.,{1998). We compare the above methods to a hierarchy move-making
algorithm (HIER), where a set of hierarchies is obtained by approximating a given semi-metric as a
mixture of r-HST metrics using the method proposed by [Fakcharoenphol et al.[(2003). We refer the
reader to (Fakcharoenphol et al.,|2003} [Kumar and Koller, 2009) for details. Each subproblem of the
hierarchical move-making algorithm is solved by interval move-making with interval length ¢ = 1
(which corresponds to the expansion algorithm). In addition, for the truncated linear and truncated
quadratic cases, we present results of interval move-making (INT) using the optimal interval length
reported by [Kumar and Torr| (2008).

For the second data set, we report the results for all the above methods, as well as the mixture-
of-tree (MOT) algorithm. The smaller size of the grid in the second data set allows us to obtain a
mixture of tree-structured MRFs using the method of Racke| (2008), which was not possible for the
larger 100 x 100 grid used in the first data set.

8.1.3 RESULTS

Figure [T| shows the results for the first data set. In terms of the energy, TRW is the most accurate.
However, it is slow as it optimizes the dual of the LP relaxation. The labelings obtained by BP
have high energy values. The standard move-making algorithms, EXP and SWAP, are fast due to
the use of efficient minimum st-cut solvers. However, they are not as accurate as TRW. For the
truncated linear and quadratic pairwise potentials, INT provides labelings with comparable energy to
those of TRW, and is also computationally efficient. However, for general metrics and semi-metrics,
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Figure 1: Results for the first synthetic data set. The x-axis shows the time in seconds, while the
y-axis shows the energy value. The dashed line shows the value of the dual of the LP
obtained by TRW. Best viewed in color.

it is not obvious how to obtain the optimal interval length. The HIER method is more generally
applicable as there exist standard methods to approximate a semi-metric with a mixture of r-HST
metrics (Fakcharoenphol et al., 2003)). It provides very accurate labelings (comparable to TRW),
and is efficient in practice as it relies on solving each subproblem using an iterative move-making
algorithm.

Figure [2| shows the results for the second data set. The results of all the methods are similar to
the first data set. However, the additional MOT algorithm performs very poorly compared to all other
methods. This may be explained by the fact that, while MOT provides the same worst-case guarantees
as serial rounding over all possible metric distance functions, it does not match the accuracy of serial
rounding for a given distance function.
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Figure 2: Results for the second synthetic data set. The x-axis shows the time in seconds, while
the y-axis shows the energy value. The dashed line shows the value of the dual of the LP

obtained by TRW. Best viewed in color.
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8.2 Dense Stereo Correspondence
8.2.1 DATA

Given two epipolar rectified images of the same scene, the problem of dense stereo correspondence
requires us to obtain a correspondence between the pixels of the images. This problem can be
modeled as semi-metric labeling, where the random variables represent the pixels of one of the
images, and the labels represent the disparity values. A disparity label I/; for a random variable
X, representing a pixel (ug, v,) of an image indicates that its corresponding pixel lies in location
(ug + i, v4). For the above problem, we use the unary potentials and edge weights that are specified
by |Szeliski et al. (2008)). We use two types of pairwise potentials: (i) truncated linear with the
truncation set at 4; and (ii) truncated quadratic with the truncation set at 16.

8.2.2 METHODS

We report results on all the baseline methods that were used in the synthetic experiments, namely, BP,
TRW, EXP, and SWAP. Since the pairwise potentials are either truncated linear or truncated quadratic,
we report results for the interval move-making algorithm INT, which uses the optimal value of the
interval length. We also show the results obtained by the hierarchical move-making algorithm (HIER),
where once again the hierarchies are obtained by approximating the semi-metric as a mixture of
r-HST metrics.

8.2.3 RESULTS

Figure [3}Figure [§] shows the results for various standard pairs of images. Note that, similar to
the synthetic experiments, TRW is the most accurate in terms of energy, but it is computationally
inefficient. The results obtained by BP are not accurate. The standard move-making algorithms, EXP
and SWAP, are fast but not as accurate as TRW. Among the rounding-based move-making algorithms
INT is slower as it solves a minimum st-cut problem on a large graph at each iteration. In contrast,
HIER uses an interval length of 1 for each subproblem and is therefore more efficient. The energy
obtained by HIER is comparable to TRW.

9. Discussion

For any general distance function that can be used to specify the semi-metric labeling problem, we
proved that the approximation factor of a large family of parallel rounding procedures is matched by
the multiplicative bound of move-making algorithms. This generalizes previously known results on
the guarantees of move-making algorithms in two ways: (i) in contrast to previous results (Kumar
and Koller, [2009; Kumar and Torr, [2008}; Veksler, [1999)) that focused on special cases of distance
functions, our results are applicable to arbitrary semi-metric distance functions; and (ii) the guarantees
provided by our theorems are tight. Our experiments confirm that the rounding-based move-making
algorithms provide similar accuracy to the LP relaxation, while being significantly faster due to the
use of efficient minimum s¢-cut solvers.

Several natural questions arise. What is the exact characterization of the rounding procedures for
which it is possible to design matching move-making algorithms? Can we design rounding-based
move-making algorithms for other combinatorial optimization problems? Answering these questions
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Image 2 Ground Truth

TRW

Time=55.8s, Energy=654128

INT

BP
Time=9.1s, Energy=686350

SWAP
Time=4.4s, Energy=668031

EXP HIER

Time=3.3s, Energy=657005 Time=87.2s, Energy=656945 Time=34.6s, Energy=654557

Figure 3: Results for the ‘tsukuba’ image pair with truncated linear pairwise potentials.
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Ground Truth

BP TRW SWAP
Time=29.9s, Energy=1586856 Time=115.9s, Energy=1415343 Time=7.1s, Energy=1562459

EXP INT HIER
Time=5.1s, Energy=1546777 Time=275.6s, Energy=1533114 Time=40.7s, Energy=1499134

Figure 4: Results for the ‘tsukuba’ image pair with truncated quadratic pairwise potentials.
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Ground Truth

BP TRW SWAP
Time=16.4s, Energy=3003629 Time=105.2s, Energy=2943481 Time=7.7s, Energy=2954819

EXP INT HIER
Time=11.5s, Energy=2953157 Time=273.1s, Energy=2959133 Time=105.7s, Energy=2946177

Figure 5: Results for the ‘venus’ image pair with truncated linear pairwise potentials.
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Ground Truth

BP TRW SWAP
Time=54.3s, Energy=4183829 Time=223.0s, Energy=3080619 Time=22.8s, Energy=3240891

EXP INT

HIER
Time=30.3s, Energy=3326685 Time=522.3s, Energy=3216829 Time=113s, Energy=3210882

Figure 6: Results for the ‘venus’ image pair with truncated quadratic pairwise potentials.
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Ground Truth

BP TRW SWAP
Time=47.5s, Energy=1771965 Time=317.7s, Energy=1605057 Time=35.2s, Energy=1606891

EXP INT HIER
Time=26.5s, Energy=1603057 Time=878.5s, Energy=1606558 Time=313.7s, Energy=1596279

Figure 7: Results for the ‘teddy’ image pair with truncated linear pairwise potentials.
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Ground Truth

BP TRW SWAP
Time=178.6s, Energy=4595612 Time=512.0s, Energy=1851648 Time=48.5s, Energy=1914655

EXP INT HIER
Time=41.9s, Energy=1911774 Time=2108.6s, Energy=1890418  Time=363.2s, Energy=1873082

Figure 8: Results for the ‘teddy’ image pair with truncated quadratic pairwise potentials.

24



ROUNDING-BASED MOVES FOR SEMI-METRIC LABELING

will not only expand our theoretical understanding, but also result in the development of efficient and
accurate algorithms.
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Appendix A. Proof of Theorem|]

We first establish the theoretical property of the complete move-making algorithm using the following
lemma.

Lemma 10 The tight multiplicative bound of the complete move-making algorithm is equal to the
submodular distortion of the distance function.

Proof The submodular distortion of a distance function d is obtained by computing its tightest
submodular overestimation as follows:

d= argmin ¢ @)
d/
S.t. d/(l l; ) < td(li,lj),Vli,lj eL,
&1, 15) > d(li, 1), ¥, 1 € L,
A1) + d (g, ) < & lyen) + & (g, 1), Vi € T\,

In order to prove the theorem, it is important to note that the definition of submodular distance
function implies the following:

d(li, ) +d(ly, L) < d(li, L) + d(L, 1), Vi > 0,5 > 5.

A simple proof for the above claim can be found in (Flach and Schlesinger, 2006).
We denote the submodular distortion of d by B. By definition, it follows that

d(li,1;) < d(l;,1;) < Bd(l;,15),V1;,1; € L. (8)
We denote an optimal labeling of the original semi-metric labeling problem as x*, that is,

x* = argmin Z Oa(q) Z Wapd(T g, Tp). 9)

x€Ll™ v ex (Xa,Xb)eE

As the semi-metric labeling problem is NP-hard, an optimal labeling x* cannot be computed efficiently
using any known algorithm. In order to obtain an approximate solution X, the complete move-making
algorithm replaces the original distance function d by its submodular overestimation d, that is,

= argmin Z Ou(4) Z Wapd (T4, Tp). (10)

X€L™  y ex (Xa,Xb)eE
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Since the pairwise potentials in the above problem are submodular, the approximate solution X can
be obtained by solving a single minimum s¢-cut problem using the method of [Flach and Schlesinger
(2006). Using inequality (8), it follows that

> Oa(ia) + Y

wabd(‘%av ib)

Xq.eX (Xa,Xp)EE

S Z ga(j;a) + Z wabg(i'aa jb)
XX (Xa,Xp)EE

<D b+ Y wade), @)
Xq.eX (Xa,Xp)EE

< ) @) +B Y wad), ).
Xq.eX (Xa,Xp)EE

The above inequality proves that the multiplicative bound of the complete move-making algorithm is
at most B. In order to prove that it is exactly equal to B, we need to construct an example for which
the bound is tight. To this end, let [}, and [;/ be two labels in the set L such that & < k&’ and

d(lg, lkr)

= B.
d(lg, lkr)

Since B is the minimum possible value of the maximum ratio of the estimated distance d to the
original distance d, such a pair of labels must exist (otherwise, the submodular distortion can be
reduced further). Let us assume that there exists an [; € L such that j < k. Other cases (where
j > k' ork < j < k') can be handled similarly. Note that since d is submodular, it follows that

d(lg, 1) + d(lj, ) > d(l, U ). (11)

We define a semi-metric labeling problem over two random variables X, and X} connected by an
edge with weight w,, = 1. The unary potentials are defined as follows:

0, ifi =k,

ali) = { Mo U L)=Usdy) 5
00 otherwise,
0, ifi = &/,

By (i) = d(lk,lkl)—d(lg:lj)+d(ljvlk’)’ ifi = 4,
00 otherwise.

For the above semi-metric labeling problem, it can be verified that an optimal solution x* of

problem (9)

is the following: x; = I and x; = [}s. Furthermore, using inequality , it can be

shown that the following is an optimal solution of problem (I0): &, = I; and Z}, = I;. In other words,
X is a valid approximate labeling provided by the complete move-making algorithm. The labelings

x* and % satisfy the following equality:

PR ACHEIEY

Xa€X (Xa,Xp)EE XeeX
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Therefore, the tight multiplicative bound of the complete move-making algorithm is exactly equal to
the submodular distortion of the distance function d. |

We now turn our attention to the complete rounding procedure for the LP relaxation. Before we
can establish its tight approximation factor, we need to compute the expected distance between the
labels assigned to a pair of neighboring random variables. Recall that, in our notation, we denote a
feasible solution of the LP relaxation by y. For any feasible solution y, we define y, as the vector
whose elements are the unary variables of y for the random variable X, € X, that is,

Ya = [Ya(7), Vl; € L]. (12)

Similarly, we define y,; as the vector whose elements are the pairwise variables of y for the
neighboring random variables (X,, X3) € E, that is,

yab = [yab(zv-])uvl“lj E L} (13)

Furthermore, using y,, we define Y, as

= Z ya(j)
j=1

In other words, if y, is interpreted as the probability distribution over the labels of X, then Y is
the corresponding cumulative distribution.

Given a feasible solution y, we denote the integer solution obtained using the complete rounding
procedure as y. The distance between the two labels encoded by vectors y, and ¥, will be denoted
by al(ya7 V). In other words, if fa and fb are the indices of the labels assigned to X, and X}, (that is,
Ja(fa) = 1 and gy(fo) = 1), then d(§a,95) = (I, 1},)-

The following shorthand notation would be useful for our analysis.

Dy (i) =

Ds(i, j) =

(L, ) +d(li, 1n) — d(ligr, 1) — d(liga,lp)) , Vi e {1,--- ,h — 1}, (14)

l\.’)\r—t

(d
1 .
3 (d(lislj+1) + d(liva, 1) — d(li, 1) — d(lia, lj41)) , Vi, 5 € {1,--- ,h = 1}

Using the above notation, we can state the following lemma on the expected distance of the
rounded solution for two neighboring random variables.

Lemma 11 Lety be a feasible solution of the LP relaxation, Y , and Yy, be cumulative distributions
of yq and yp, and y be the integer solution obtained by the complete rounding procedure for'y. Then,
the following equation holds true:

h—1 h—1h—1
E(d(§a,53)) = > _ Ya(i)D ZYb )D1(7) + YN Yali )|Dali, §).
=1 =1 j=1
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Proof We define fa and fb to be the indices of the labels assigned to X, and X3 by the rounded
integer solution y. In other words, gj,(i) = 1 if and only if i = f, and §(j) = 1 if and only if
j = fp. We define binary variables z,(7) and z;(j) as follows:

N[ 1 ifi < fa, L[ 1 ifj < S,
za(i) _{ 0 otherwise, 2(7) _{ 0 otherwise.
For complete rounding, it can be verified that
E(Za(i)) = Ya(i)' (15)

Furthermore, we also define binary variables zab (1, 7) that indicate whether 7 and j are contained
within the interval defined by fo and fp. Formally,

canlin ) = 1 if min{4, 5} > min{f,, f»} and max{i,j} < max{fa, fo},
bt J) = 0 otherwise.

For complete rounding, it can be verified that
E(zab(i, 7)) = [Ya(i) — Y5(j)|- (16)
Using the result of |[Flach and Schlesinger| (2006)), we know that

. h—1 h—1 h—1h-—1
A($a:36) = Y 2a(i)Dr(0) + Y () D1(5) + DD zav (i, 5)Dali, ).
=1 7j=1 =1 j=1

The proof of the lemma follows by taking the expectation of the LHS and the RHS of the above
equation and simplifying the RHS using the linearity of expectation and equations (I3)) and (T6). W

In order to state the next lemma, we require the definition of uncrossing pairwise variables. Given
unary variables y, and yy, the pairwise variable vector y’, is called uncrossing with respect to y,
and yy, if it satisfies the following properties:

Zyabz] —ya()V’LG{l,Q, 7h}a

Zy;b@j) =y (i),V5 € {1,2,-- ,h},

y;b(i7j) > 07V7;7j € {1727 7h}7
min{y;b(i7j/)7y(/zb(i/7j)} = 07Vi7j7 ilaj/ € {]-7 27 e 7h}7i < il)j < j/' (17)

The following lemma establishes a connection between the expected distance between the labels
assigned by complete rounding and the pairwise cost specified by uncrossing pairwise variables.

Lemma 12 Let y be a feasible solution of the LP relaxation, and y be the integer solution obtained
by the complete rounding procedure fory. Furthermore, let y', be uncrossing pairwise variables
with respect to 'y, and yy. Then, the following equation holds true:

chya,yb ZZCZZ“Z yablj)

=1 j=1
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Proof We define Y, and Y} to be the cumulative distributions corresponding to y, and y;, respec-
tively. We claim that the uncrossing property implies the following condition:

i j/
SN Y (,4) = mindYa(@), Yo(5)} Vil 5 € {1, -+ ). (18)

i=1 j=1

To prove this claim, assume that Y, (') < Y;(j’). The other cases can be handled similarly. Since
y’, satisfies the constraints of the LP relaxation, it follows that:

ho g
D ullind) =Ya(i),
i=1 j=1

,L'/

h
DO (i d) = Yal(@). (19)
j=1

i=1 j=

Since the LHS of equality (I8) is less than or equal to the LHS of both the above equations, it follows
that

i’ g
DN yl(ing) < min{Ya(i), Y(5')}- (20)
i=1 j=1

Therefore, there must exist a & > i’ and k' < j’ such that y/,(k, k") # 0. Otherwise, the LHS
in the above inequality will be exactly equal to Y3(j"), which would result in a contradiction. By
the uncrossing property (17), we know that min{y, (i, j),y.,(k, k')} = 0if i < ' and j > j'.
Therefore, v/, (i, j) = 0 for all i< and j > j', which proves the claim.

Combining equations (19) and (20), we get the following:

i h h 7’
SOyl i)+ D) (i) = Ya(i) = Yo(5)|, Vi, 5 € {1, R}

i=1 j=j'+1 i=i'+1 j=1

By solving for y’, using the above equations, we get

h h h—1 h—1h—1
ZZ (Lis 1) yop (i, §) = ZYa +2Yb )D1(j +ZZ\Y 3)ID2(i, 7).
=1 j=1 =1 =1 j=1

Using the previous lemma, this proves that

h h

E(d(Sa§) = > > d(li, 1)y (i, 5)-

i=1 j=1

Our next lemma establishes that uncrossing pairwise variables are optimal for submodular
distance functions.
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Lemma 13 Let v, be the uncrossing pairwise variables with respect to the unary variables y, and
vy Let d : L x L — RT be a submodular distance function. Then the following condition holds
true:

h h
y;b = argminz ZE(Z7])yab(Zaj)7 (21)
h
s, > Tap(i5) = ya(i), Vi € {1,--+ b},
7j=1

h
> TP 5) = w(5), Vi € {1+, h},
=1

yab<i7j) > O,Vl,j = {17 ’h}

Proof We prove the lemma by contradiction. Suppose that the optimal solution to the above problem
is y”,, which is not uncrossing. Let

min{ygy (4, 5), yap (i’ 5)} = A # 0,
where i < i’ and j < j'. Since d is submodular, it implies that
d(ls, 1) + d(ly, 1) < d(li, L) + d(ly, ).
Therefore the objective function of problem can be reduced further by the following modification:

ytlzlb(ihj/) — yt/l/b(i7j/) - )\7y:7{b(i/7j) <« y(/]{b(ilhj) - )‘7
ygb(i)j) A y;/b(laj) + )‘7 y;/b(i/hj/) «— y:z/b(i/aj/) + A

The resulting contradiction proves our claim that the uncrossing pairwise variables y’,, are an optimal
solution of problem (21). |

Using the above lemmas, we will now obtain the tight approximation factor of the complete
rounding procedure.

Lemma 14 The tight approximation factor of the complete rounding procedure is equal to the
submodular distortion of the distance function.

Proof We denote a feasible fractional solution of the LP relaxation by y and the rounded solution by
y. Consider a pair of neighboring random variables (X, X;) € X. We define uncrossing pairwise
variables y!, with respect to y, and y;. Using Lemmas|12|and |13} the approximation factor of the
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complete rounding procedure can be shown to be at most B as follows:
E(d(a,95) = > d(li 1)y (i, §)

d(ls, 1)y (i, 5)

IA IA
(]~ 1]
=17
al
v
&
<

<

Sy
(]~
=
U
—
S
\'N
SN—
<
i)
=
—~~
o~
<
~

In order to prove that the approximation factor of the complete rounding is exactly B, we need an
example where the above inequality holds as an equality. The key to obtaining a tight example lies in
the Lagrangian dual of problem (7). In order to specify its dual, we need three types of dual variables.
The first type, denoted by «(4, j), corresponds to the constraint

d'(li, ;) < td(l;,15).
The second type, denoted by /3(4, j), corresponds to the constraint
d'(l;,1;) > d(l;, ).
The third type, denoted by (4, j), corresponds to the constraint
d'(li, 1) + d'(lis1, 1) < d'(Lislisr) + d (L, ).

Using the above variables, the dual of problem (7)) is given by

max

h
Z (1i,1)B8(i, ) (22)

s.t. d(l;, 1) =1,

||Mm \\Ma
V?M: i

( ( ) 7(Z>j_1)_’Y(i_17.7.)—’_7(2._17]'_1)—’_7(7;7].)7
VZ,je{l,"‘, }7
a(i,j) > 0,6(i,7) > 0,v(i,j) > 0,Vi,j € {1,--- ,h}.

We claim that the above dual problem has an optimal solution (a*, 8%, v*) that satisfies the following
property:

mln{ﬁ*(’t7j/)7 B*(Zluy)} = 07Vi7 il?j?j/ € {17 Ty h}u i < ilv.j < j/' (23)
We refer to the optimal dual solution 3* that satisfies the above property as uncrossing dual variables

as it is analogous to uncrossing pairwise variables. The above claim, namely, the existence of an
uncrossing optimal dual solution, can be proved by contradiction as follows. Suppose there exists no
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optimal solution that satisfies the above property. Then consider the following problem, which is the
dual of the problem of finding the tightest submodular overestimate of the submodular function d:

h h

max Zzal“l (4,7) (24)
L

s.t. ZZEM ) =1,
i) — (53) <900 1) =2 1) 4306 17 1) (00
Vi, j € {1l,---,h},
a(i,j) >0,6(i,7) > 0,v(i,5) > 0,Vi,j € {1,--- ,h}.

By strong duality, problem has an optimal value of 1. However, the optimal solution of
problem (22)), which is also a feasible solution for problem (24), provides a value strictly greater than
1. This results in a contradiction that proves our claim.

The optimal dual variables that satisfy property allow us to construct an example that proves
that the approximation factor B of the complete rounding procedure is tight. Specifically, we define

o* (i, )
h h x(5l 1
D=1 Zj’:l a* (i, j')

h
@a(i) = Zgab(ivj)7Vi € {17 e 7h}7
7j=1

gab(iﬂj): ,\V/’i,jE{l,"',h},

h
3= Fali), Vi€ {1, A}
=1

Note that the pairwise variables ¥ ,;, must minimize the pairwise potential corresponding to the unary
variables y, and yyp, that is,

Vb = argmin Z d(li, 15)Yan (i, 5) (25)
Yab li,l'GL
s.t. ZyabZ] _ya()\V/ZEL
l;€L
Z yab(iaj) = yb(])7vlj eL
l;€L

Yan(i,7) > 0,V1;,1; € L.

If the above statement was not true, then the value of the dual problem (22) could be increased
further.
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We also define the following pairwise variables:
B (i, 5)
i1 X B0 )

h
= Zy;b(iaj)7Vi € {L"' >h}7

J=1

h
(]) = Zy;b(lvj)av] € {17 7h}
i=1

y;b(ivj) = VZ,] € {17 7h’}7

It can be verified that

yé(l) = ya(i)vyg)(j) :yb(j)7Vi7j € {17' o 7h}'

The above condition follows from the constraints of problem (22). Due to the uncrossing property of
B*, the pairwise variables y_., are uncrossing with respect to y, and ¥;,. By Lemma this implies

that
E(d(Ya, b)) ZZdzz,z Ve (s 9,

=1 j=1

where y, and y; are integer solutions obtained by the complete rounding procedure. By strong
duality, it follows that

E(d(Ya,31)) BZZd Lis 1j)Fan (i J)- (26)

=1 j=1

The existence of an example that satisfies properties (25) and (26) implies that the tight approximation
factor of the complete rounding procedure is B. |

Lemmas [10] and [T4] together prove Theorem I]

Appendix B. Proof of Theorem

We begin by establishing the theoretical properties of the interval-move making algorithm. Recall
that, given an interval of labels I = {l,--- ,l.} of at most ¢ consecutive labels and a labeling %X, we
define I, = TU {%,} for all random variables X, € X. In order to use the interval move-making
algorithm, we compute a submodular distance function Eja@b : I, x I, — R for all pairs of
neighboring random variables (X,, X;) € E as follows:

dg, 2y = arg;/nint 27)
s.t. d'(li, 1) <td(l;,1;),Vl; € 1,15 € T,
d'(li,1;) > d(l;,1),V; € 1o, 1; € I,
Ui ly) + d Ui, L) < A dn) + d (s, 1), Vi L € TV,
d (i, 1e) + d' (liv1, %) < d'(liy @) + d' (lix1, le), VI € T\{l.},
d'(le, 1) + d'(Za, Lj+1) < d'(le, 1) + d'(Za, 1),V € T\{l},
(e le) + d(Fay35) < d'(lg 3) + ' (Fas o).
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For any interval I and labeling x, we define the following sets:

V(x,I) = {X,| X, € X, 2, €I},

A(x,I) = {(Xa, Xp)|(Xa, Xp) € B,z € I3y, € T},
Bi(x,1I) = {(Xa, Xp)[(Xa, Xp) € E 2y € Ly, ¢ 1},
Bo(x,I) = {(Xa, Xp)|(Xa, Xp) € E 2, ¢ Lz, € 1},
B(x,I) = B;(x) UBa(x).

In other words, V(x,I) is the set of all random variables whose label belongs to the interval I.
Similarly, A (x, I) is the set of all neighboring random variables such that the labels assigned to both
the random variables belong to the interval I. The set B(x, I) contains the set of all neighboring
random variables such that only one of the two labels assigned to the two random variables belongs
to the interval I. Given the set of all intervals Z and a labeling %X, we define the following for all
ZTg,xp € L

D(za, Tp; Ta, Tp) = > i iy (Tas Tb)
1eZ,A(x,1)3(Xq,Xp)

+ > iy i (Tas T)

1€Z,B1 (x,1)3(Xa,X3)
+ Z di“a,ib (i'm xb)'

1€Z,B, (X,I)E(Xa,Xb)

Using the above notation, we are ready to state the following lemma on the theoretical guarantee
of the interval move-making algorithm.

Lemma 15 The tight multiplicative bound of the interval move-making algorithm is equal to

1 D(xaaxb;i'avi'b)
— _max
q Ta,Th,%a, 2o €L, TaF Ty d(JUa, JUb)

Proof We denote an optimal labeling by x* and the estimated labeling by x. Let ¢ € [1,q] be
a uniformly distributed random integer. Using ¢, we define the following set of non-overlapping
intervals:

It = {[17t]7[t+1at+(ﬂv"' a['vh]}'

For each interval I € 7;, we define a labeling x! as follows:

a

I z; ifz} el
T, =< .
T, otherwise.

Since X is the labeling obtained after the interval move-making algorithm converges, it follows that

37 0ulia) + Y. wardigy(Fande) < Y Oalah) + Y wapds,z, (0, 7h).

X.€X (Xa,X3)€E Xq€X (Xa,Xp)€EE
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By canceling out the common terms, we can simplify the above inequality as

> falda)
X,V (x*,I)
+ > Wabdi, 3y (Las To)
(Xa,Xp)EA (x*,I)
+ Z Wapds, 3, (Zas Tp)
(Xa,Xp)€B1 (x*,I)
+ Z Wapdzy 2y (Zas Tp)
(XmXb)EBQ (X*vI)
> falx))
Xa€V(x*,I)
+ Z wabaﬂ?aﬁ?b (xzv x;)
(Xa,Xp)EA (x*,I)
+ Z Wabdi, 2, (Ts, Tb)
(XmXb)EBl(X*vI)
+ Z wabaia@b (“%a’ I‘Z)
(Xa,Xp)EB2(x*,I)

IN

We now sum the above inequality over all the intervals I € Z;. Note that the resulting LHS is at
least equal to the energy of the labeling x when the distance function between the random variables
(X4, Xp) is ds, 4, This implies that

Z ea(ia) + Z wabaia,ib (i’aa i’b)

XqoeX (Xa,Xp)EE

+y > Wab s, 2, (Tq> Tp)
I€T; (Xo,Xp)EA (x*,1)

+ Z Z Wapdz, 2, (Th, Tp)

1€Z: (Xa,Xp)eB (x*,I)

+ Z Z Wapdsy i, (Ea, 7).

I€Z: (Xa,Xp)€Ba(x*,I)

Taking the expectation on both sides of the above inequality with respect to the uniformly distributed
random integer ¢ € [1, g] proves that the multiplicative bound of the interval move-making algorithm
is at most equal to

1 D(xq, xp; Ta, Tp)

- _max
q Ta,Th,%a, 2o €L, TaF Ty d(JUa, JUb)

A tight example with two random variables X, and X} with w,, = 1 can be constructed similar to
the one shown in Lemmal[I0l [ ]
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We now turn our attention to the interval rounding procedure. Let y be a feasible solution of the
LP relaxation, and § be the integer solution obtained using interval rounding. Once again, we define
the unary variable vector y, and the pairwise variable vector y, as specified in equations (I2)) and
(13) respectively. Similar to the previous appendix, we denote the expected distance between y, and
yb as d(§a, 9).

Given an interval I = {I,,--- ,l.} of at most ¢ consecutive labels, we define a vector Y} for
each random variable X, as follows:

s+i—1
YaI(2> = Z ya(j),VZ € {17 7€_S+1}'

j=s

In other words, Y,Il is the cumulative distribution of y, within the interval I. Furthermore, for each
pair of neighboring random variables (X,, X;) € E we define

ZY = max{Yl(e—s5+1), Y} (e—s+1)} —min{V} (e - s+ 1),V (e —s+1)},
Zi) = min{Y} (i), Y (e — s + 1)}, Vi€ {1,--- ;e — s+ 1},
Zg(]) = min{YE)I(j)vYaI(e — s+ 1)},Vj € {17 T, e— 8+ 1}

The following shorthand notation would be useful to concisely specify the exact form of d (Yas Vo)

DI = d li7 l . ,
0 liJjJ{%{i?ﬁI\:l ( ])
. 1 .
D{(l) = 5 (d(lsyi-1,1s) + d(lsyiz1,1le) — d(lstisls) — d(lstisle)) , Vi € {1,--+ ;e — s},
.. 1
D%(Zaj) = 5 (d(ls-l—i—l; ls—i-j) + d(l5+7;, ls—i—j—l) —_ d(l8+i—17 ls+j—1) o d(ls—i-i; ls+j)) ,

Vi,je{l,---,e— s}

In other words, D(I] is the maximum distance between two labels such that only one of the two labels
lies in the interval I. The terms D{ and D% are analogous to the terms defined in equation .
Using the above notation, we can state the following lemma on the expected distance of the rounded
solution for two neighboring random variables.

Lemma 16 Lety be a feasible solution of the LP relaxation, and y be the integer solution obtained
by the interval rounding procedure for'y using the set of intervals I. Then, the following inequality
holds true:

o A 1 e—S . ' e—S . .
E(d(Ya,¥0) < — > ZLWDy+ > Zi()Di() + Y | ZE(G) D)+
I={ls,,lc.}€T i=1 j=1
> D 12860 - ZEG) D5 5)
i=1 j=1

Proof We begin the proof by establishing the probability of a random variable X, being assigned
a label in an iteration of the interval rounding procedure. The total number of intervals in the set
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T is h + g — 1. Out of all the intervals, each label [; is present in ¢ intervals. Thus, the probability
of choosing an interval that contains the label /; is ¢/(h + ¢ — 1). Once an interval containing /; is
chosen, the probability of assigning the label I; to X, is y, (7). Thus, the probability of assigning a
label I; to X, is yq(7)g/(h + ¢ — 1). Summing over all labels /;, we observe that the probability of
assigning a label to X, in an iteration of the interval rounding procedure is ¢/(h + ¢ — 1).

Now we consider two neighboring random variables (X,, X;) € E. In the current iteration of
interval rounding, given an interval I, the probability of exactly one of the two random variables
getting assigned a label in I is exactly equal to Z(fb. In this case, we have to assume that the expected
distance between the two variables will be the maximum possible, that is, Dg. If both the variables
are assigned a label in I, then a slight modification of Lemma [IT] gives us the expected distance as

€e—S e—S

ZZI ) D1 (i) ZZ,, (7)+ > D 1Za(i) = Z, ()| D3 (i, ).

=1 j=1

Thus, the expected distance between the labels of X, and X}, conditioned on at least one of the two
random variables getting assigned in an iteration is equal to

(h+iz—1) > ZIbD0+ZZI ) D1 (i +Zzb

I={ls, - le}€T i=1
e—s e—s
YD 1Za0) = Z3(7)ID3(i. ) |
i=1 j=1

where the term 1/(h + ¢ — 1) corresponds to the probability of choosing an interval from the set Z.
In order to compute d (Ya,¥b), we need to divide the above term with the probability of at least one
of the two random variables getting assigned a label in the current iteration. Since the two cumulative
distributions Y} and YlI, can be arbitrarily close to each other without being exactly equal, we can
only lower bound the probability of at least one of X, and X being assigned a label at the current
iteration by the probability of X, being assigned a label in the current iteration. Since the probability
of X, being assigned a label is ¢/(h + ¢ — 1), it follows that

L 1
E(d(§a,90) < = > ZII,DOJFE:ZI )DY(i) ZZ,, )DY(;
U\ i aorer i=1
ZZ |ZX(i) — Z}(7)| D53, 5)
=1 j=1

Using the above lemma, we can now establish the theoretical property of the interval rounding
procedure.

Lemma 17 The tight approximation factor of the interval rounding procedure is equal to
1 D(l’a,xb;i'a,i'b)

— R H}aX
q Za,Zy,2a,BpEL,TaF Ty d(xaa .',Ub)
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Proof Similar to Lemma|[I4] the key to proving the above lemma lies in the dual of problem (27).
Given the current labels z, and Z; of the random variables X, and X} respectively, as well as an
interval I = {l,,--- ,l.}, problem computes the tightest submodular overestimation dz, z, :
I, xI, - RT where I, = TU{%,} and I, = T U {#;}. Similar to problem , the dual of
problem consists of three types of dual variables. The first type, denoted by «/(i, j; &4, Zp, I)
corresponds to the constraint

d'(li, 1) < td(l;,15).
The second type, denoted by (1, j; &, Zp, I), corresponds to the constraint
d'(li,1;) > d(l;, ).
The third type, denoted by (i, j; Z4, T3, I), corresponds to the constraint
d' (L, 1) + d (liv1, i) < d' (L L) + d (L, 1),
Let (a*(&q, 2p, 1), B*(Za, T, I), ¥*(Zq, Tp, I)) denote an optimal solution of the dual. A modifica-

tion of Lemmacan be used to show that there must exist an optimal solution such that 3% (&, &, I)
is uncrossing.

We consider the values of z, and % for which we obtain the tight multiplicative bound of the
interval move-making algorithm. For these values of z, and %}, we define

i 21z @ (4, J5 Za,s Zp, ) o
Y s Js T T == — — V c 1’ h
yab('L ]axaaxb) ZZ’/J/ ZIGI a*(2/7]/;xa,xb71)’ Z;j { 9 },

h

ga(i;'ﬁaa-ﬁb) = Zgab(i7j;jaajb)aVi € {17 te 7h}7
7j=1
h

yb(j;‘%aa‘%b) = Zyab(aj;i‘aai‘b)avj S {17 e )h}7

i=1
y/ (Z ]-% -%b) — ZIGIﬁ*(iﬂj;i‘a7i‘baI)
ab\t JsLa, Zi’,j’ ZIGI B*(i/aj/§ ja» jbv I)

,Vi,j € {17 ’h}a

h

y;(i;i‘aaib) = Zy;b(i’j;i‘aa‘%b)uV/i S {]-a te )h}7
j=1
h

(s Bas @) = > Yhp(is Ji Zar ),V € {1, -+, h}.
=1

The constraints of the dual of problem ensure that

- oA A~

ya(z;xaaxb) = y;(i;iaaib)7Vi S {]-7 e 7h’}7
gb(j;iaaib) = yl/)(j7£a7j:b)7vj S {]—7 T 7h}

38



ROUNDING-BASED MOVES FOR SEMI-METRIC LABELING

Given the distributions y, (Z4, Z5) and ¥, (Z4, 3 ), we claim that the pairwise variables ¥ ;,(Z 4, Zp)
must minimize the pairwise potentials corresponding to these distributions, that is,

Yar(Ea, @) = argmin > d(ls,1;)yan(i, )
Yab 1€l
St Y Yapli, 5) = Pa (5 £a, ), VI, € L
leL
> vab(i, 4) = Ty (J; £a, ),V € L
A

Yab(i,7) > 0,V1;,1; € L.

If the above claim was not true, then we could further increase the value of at least one of the duals of
problem (27) corresponding to some interval I. Furthermore, since y', (&4, &3) is constructed using
B*(Zq, Ty, I), which is uncrossing, a modification of Lemma|[I2|can be used to show that

Ci(ya(jaa:%b)ayb(i‘avi‘b)): Z d(llvl])yzlzb(za.]’i%a?:%b)
li,l;€L

Here y, (&4, p) and yy (&4, 2p) are the rounded solutions obtained by the interval rounding procedure
applied (0 Y, (&, 44) and ¥ (i, ).
By duality, it follows that
>t et A )Yy (3, 5 Bay Bp)
>t yer Wiy 1)Yap (0, 55 oy )

D(Ia, $b; :ilan :i‘b)

1
< - _max
q Ta,Th,Ea,TpEL,TaFTh d(.’Ea, .’Eb)

Strong duality implies that there must exist a set of variables for which the above inequality holds as
an equality. This proves the lemma. |

Lemmas [15]and [T7]together prove Theorem 3]

Appendix C. Proof of Theorem

Proof The proof of the above theorem proceeds in a similar fashion to the previous two theorems,
namely, by computing the dual of the problems that are used to obtain the tightest submodular
overestimation of the given distance function. In what follows, we provide a brief sketch of the proof
and omit the details.

We start with the hierarchical move-making algorithm. Recall that this algorithm computes a
labeling x* for each cluster C(i, j) C L, where C(i, ) denotes the j-th cluster at the i-th level.
In order to obtain a labeling x*/ it makes use of the labelings computed at the (i + 1)-th level.
Specifically, let L’ = {xflﬂ’jl,p(i +1,5) = 4,5 € {1,---, hi*1}}. In other words, L%’ is the set
of labels that were assigned to the random variable X, by the labelings corresponding to the children
of the current cluster C(i, j). In order to compute the labeling x%J the algorithm has to choose one
label from the set L;’. This is achieved either using the complete move-making algorithm or the
interval move-making algorithm. The algorithm is initialized by define ag? =k forall X, € X
where k is the unique label in the cluster C(m, j) The algorithm terminates by computing x!-!,
which is the final labeling.
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Let the multiplicative bound corresponding to the computation of x*/ be denoted by B*/. From
the arguments of Theorems|1]and[3] it follows that there must exist dual variables (ac* (4, 5), 3% (¢, 1), ¥* (4, 7))
that provide an approximation factor that is exactly equal to B%J and 3*(i, j) is uncrossing. For each
cluster C(4, j), we define variables d,(k; i, j) for k € Lg” as follows:

Sa(ksi, ) Zwery o (B, K3, J)
a\R35 1, = ;1)
j ZZGL(ZI,J Zl/ELZJ a*(ZJ l/; Z?])

Using the above variables we define unary variables y,(k; 1, j) for each k € L7 as follows:

Ya(k;1,1) = 6a(k; 1, 1),
ya(k;iyj) = ya(fiil’p(i’j);i - 1,p(i,j))5a(k; Z’])

Similarly, we define variables 0, (k’; 4, j) for each &’ € LZ’j as follows:

@, o kvk,;ivj
051, ) = i COID)
Dienii Zpepnis o (1134, 7)

Using the above variables, we define unary variables y;,(k’; 4, j) for each £’ € LZ’j as follows:
yp(K'51,1) = (K51, 1),
(K5 ,9) = ya(ey P00 —1,p(0, )8R, 5).
Since each cluster in the m-th level contains a single unique label, it follows that
Yo = [ya(xg%j;mvj)avj = 17 e 7h']7
Yo = [yb(wzn’]; m,j),VJ = 17 T 7h]7

are valid unary variables for the LP relaxation. It can be shown that applying the hierarchical rounding
procedure on the variables y, and y; provides an approximation factor that is exactly equal to the
multiplicative bound of the hierarchical move-making algorithm. |
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