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Abstract

Recent advances in shape matching have shown that jointly optimizing the maps among the shapes
in a collection can lead to significant improvements when compared to estimating maps between pairs
of shapes in isolation. These methods typically invoke a cycle-consistency criterion — the fact that
compositions of maps along a cycle of shapes should approximate the identity map. This condition
regularizes the network and allows for the correction of errors and imperfections in individual maps. In
particular, it encourages the estimation of maps between dissimilar shapes by compositions of maps along
a path of more similar shapes.

In this paper, we introduce a novel approach for obtaining consistent shape maps in a collection
that formulates the cycle-consistency constraint as the solution to a semidefinite program (SDP). The
proposed approach is based on the observation that, if the ground truth maps between the shapes
are cycle-consistent, then the matrix that stores all pair-wise maps in blocks is low-rank and positive
semidefinite. Motivated by recent advances in techniques for low-rank matrix recovery via semidefinite
programming, we formulate the problem of estimating cycle-consistent maps as finding the closest positive
semidefinite matrix to an input matrix that stores all the initial maps. By analyzing the Karush-Kuhn-
Tucker (KKT) optimality condition of this program, we derive theoretical guarantees for the proposed
algorithm, ensuring the correctness of the recovery when the errors in the inputs maps do not exceed
certain thresholds. Besides this theoretical guarantee, experimental results on benchmark datasets show
that the proposed approach outperforms state-of-the-art multiple shape matching methods.

1 Introduction

Recently, there has been growing interest in jointly matching many shapes [NBCW*11[KLM*12/[HZG*12],
via approaches which aim at aggregating information from multiple shapes to improve the maps computed
between pairs of shapes in isolation — for brevity we will refer to this class of problems as “multiple shape
matching.”. Existing approaches typically view the shape collection as a graph whose nodes are the shapes
and whose edges are decorated with maps between the shapes. If the maps express a consistent understanding
of “what is the same” across the collection, then a cycle-consistency criterion must be met, i.e., compositions
of maps along cycles of shapes in the graph should approximate the identity map. This allows us, for example,
to replace incorrect maps between pairs of dissimilar shapes by compositions of correct maps along paths
of more similar shapes, or to fix partial map errors. Although these methods have shown great potential
in practice, they typically lack theoretical guarantees — it is not known under what conditions the ground
truth maps can be recovered.

In this paper, we introduce a novel approach with both practical applicability and theoretical justification.
We consider the problem setting where the input consists of a collection of shapes, represented as discrete
metric spaces (i.e., points with pair-wise distances), and a collection of maps computed between (a connected
subset of the) pairs of shapes. The output consists of new maps between all pairs of shapes that are (i)
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cycle-consistent and (ii) close to the original input maps. The key idea of the proposed approach is to first
formulate the multiple shape matching problem in a constrained optimization framework, and then to find an
effective convex optimization relaxation for its solution. Computationally, we solve this convex optimization
relaxation to obtain an approximate solution, which is then rounded into a feasible solution to the original
problem. Theoretically, we analyze the optimality condition of the relaxed convex problem to obtain exact
recovery conditions. In a broader picture, the proposed approach follows the general methodologies of
compressive sensing [CT05] and low-rank matrix recovery [CROCLMWTI], which analyze and solve difficult

optimization problems using their convex relaxations.

It is quite challenging to convert the multiple shape matching problem into a constrained optimization
program, which also admits a tight convex relaxation. The proposed approach is based on establishing the
equivalence between cycle-consistent maps and the semidefiniteness of a binary matrix that stores all pairs
of maps in blocks. This allows us to convert the multiple shape matching problem into a binary semidefinite
program, which can be effectively solved via its convex relaxation (i.e., binary variables are relaxed into
real variables between 0 and 1). We analyze the Karush-Kuhn-Tucker (KKT) optimality condition of this
program, and derive upper bounds on the percentage of incorrect correspondences in the input maps so that
the ground truth maps are recovered by solving the convex relaxation.

We also evaluate the proposed approach on benchmark datasets TOSCA |[BBKO§|, SCAPE [ASK*05|
and SHRECO07 [GBPOT|[KLF11]. Experimental results show that the new method outperforms state-of-art
multiple shape matching approaches [NBCW*1T[KLM*12|[HZG*12] on these datasets.

1.1 Related work

The problem of multiple shape matching appears as a crucial step in many scientific problems including
fusing partially overlapping range scans [Hub(2], assembling fractured surfaces [HFG*06] and structure from
motion [ZKPI0]. As it is beyond the scope of this paper to review all existing works, we only discuss
approaches that can be applied to 3D shapes. To facilitate the discussion, we employ the terminology
of a model graph [Hub02], whose vertices and edges represent shapes and maps between pairs of shapes,
respectively.

Almost all existing approaches follow the general methodology of applying the cycle-consistency criterion
to improve maps computed between pairs of shapes in isolation. Depending on how the cycle-consistency
criterion is applied, existing approaches fall into three categories. The first category of methods [Hub02,
[HFG06] utilizes the fact that a collection of cycle-consistent maps can be generated from maps associated
with a spanning tree in the model graph. However, as the number of spanning trees in a graph is usually
exponential in the number of vertices, these approaches only optimize the spanning trees greedily and/or
locally, often resulting in sub-optimal solutions.

The second category of approaches [ZKPI0NBCW*T11] applies constrained optimization to select cycle-
consistent maps. These approaches are typically formulated so that the objective functions encode the
score of selected maps, and the constraints enforce the consistency of selected maps along cycles, i.e., if
the composite map along a cycle deviates from the identity map, then at least one map along this cycle is
incorrect. Once bad maps are identified, they can be replaced by compositions of other maps. The major
advantage of these methods is that the correct maps are determined globally, leading to better performance
than the first category of approaches. However, their success relies on the assumption that correct maps
are dominant in the model graph so that the small number of bad maps can be identified through their
participation in many bad cycles. In addition, as there are exponential number of cycles, how to effectively
sample cycles remains an open question.

Besides the limitations described above, a shared limitation of the first two categories of approaches is
that the resulting maps are generated by composing input maps. In other words, these approaches require the
full correctness of (a subset of) input maps, and would certainly fail if all input maps are partially incorrect
but the majority correspondences in each map are correct. The third category of methods [KLM*12|[HZG*12]
addresses this limitation by composing correspondences to generate maps. These approaches encode maps
between pairs of shapes using a big correspondence matrix, and apply spectral techniques to improve the
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Figure 1: Basic structure of the output maps. (Left) When the sample distributions are consistent, e.g., the
input shapes are similar, or samples are given by common shape extremals, the proposed approach outputs
one-to-one maps between all the samples. (Right) Otherwise, the approach selects samples and outputs
one-to-one maps between the selected samples.

map consistency. Although producing good performance in practice, they are limited in the fact there is no
theoretical guarantee, i.e., it is not known under what conditions these approaches can recover the ground
truth maps. In contrast, the proposed approach admits precise theoretical guarantees. Experimentally, it

also modestly outperforms [KLM*12] and [HZG*12] on benchmark datasets.

In independent work [WS12|, Wang and Singer analyzed a semidefinite programming formulation to the
problem of recovering consistent rotational transforms between rigid shapes. Their approach also recognizes
the fact that the matrix that stores pair-wise rotational transforms in blocks is semidefinite. However, we
consider a different problem in this paper, i.e., that of computing point-based maps, where the both the
formulation of the problem and the analysis of the proposed algorithm are drastically different.

We remark that although the matrix we try to recover is low-rank, it is also sparse, reflecting the
1-1 nature of shape correspondences. This means standard low-rank matrix recovery techniques [CR09L
[CLMWTI] do not apply well in our setting because they only work for dense matrices. The proposed
approach is made possible because we utilize special structures present in the matrix — that the diagonal
blocks are identity matrices and that off-diagonal blocks are doubly stochastic matrices.

2 Problem Statement and Overview

2.1 Terminology

Shape. Without loss of generality, we assume shapes are represented as discrete metric spaces, i.e., a shape
S is given by a set of m samples and a distance matrix dg(-, ) that describes all pair-wise distances between
these samples. Given a triangular mesh M, we generate such a representation using the procedure described
in [LFQ09], which first detects extremals of Gaussian curvatures, and then applies furthest point sampling to
add the remaining samples . The distance matrix dg(-,-) stores geodesic distances on M.

Map. A point-to-point map ¢ : S — S’ from a source shape S to a target shape S’ is equivalent to a set of
correspondences of the form {s, ¢(s))|s € S;}, where each point on the source shape appears in exactly one
correspondence. This map is one-to-one if in addition each point from the target shape appears in exactly
one correspondence.

Cycle-consistency. Cycle-consistency refers to the fact that composite maps along cycles in the model
graph are identity maps. As we compute maps between all pairs of shapes (complete graph), it is sufficient
to only consider 1-cycles, 2-cycles and 3-cycles [NBCW*11]:

Definition 1. Given a shape collection S = {S1,---,Sn} of n shapes where each shape consists of the same
number of samples, we say a map collection ® = {¢;; : S; — Sj|1 < i,5 < n} of maps between all pairs of



shapes is cycle consistent if and only if the following equalities are satisfied:

¢ii =ids;, 1<i1<mn, (1-cycle)
¢J’L o ¢lj - idsiv 1 S 1 < ] S n, (2—CyC1€)
Ori © Pk © Pij = idg,, 1<i<j<k<n, (3-cycle) (1)

where idg, denotes the identity self-map on S;.

2.2 Input and output

The input is given by a model graph G = (S,€), where S = {S1,---,S,} encodes the input shapes, and
& specifies a collection of point-to-point input maps ®* = {(;5;1; 2 S — S| (i,7) € €}. Without loss of
generality, we assume £ is symmetric, i.e., if (,7) € £, then (j,7) € £. As above, each shape is represented

by a discrete metric space of m samples.

For the output, we would like to obtain cycle consistent one-to-one maps between all pairs of shapes.
Based on how samples are distributed on different shapes, we consider a basic setting and a generalized
setting (See Figure [I)).

Basic setting. The basic setting addresses the case where sample distributions are consistent across shapes,
e.g., when input shapes are quite similar to each other (e.g., TOSCA and SCAPE). Alternatively, this setting
is also relevant when we focus on maps between extremal points which can be obtained consistently across
the shapes (c.f., [SOG09]). In this case, the output consists of cycle-consistent maps between the input
shapes ®°" = {¢;; : S; — ;|1 <i<j<n}.

Generalized setting. The generalized setting is used in the case, where input shapes exhibit larger vari-
ability (e.g., SHRECO07), i.e., it is unlikely to obtain consistent sample distributions across all the shapes.
In this case, the output consists of (i) a reduced shape S! C S; of my < m samples from each input shape
and (ii) a set of cycle-consistent one-to-one maps ®°"* = {¢;; : S; — Si|1 < i < j < n} between these
reduced shapes. For all the experiments, we set moy = m/4. A theoretical analysis that supports this choice
is provided in the supplemental material. To avoid selecting samples that unduly aggregate on certain areas
of the the input shapes, we assume the selected samples on S; are given by its first mg samples, which are
distributed uniformly on S; due to the natural of furthest point sampling.

Note that when analyzing the algorithm, we mainly focus on the basic setting. This helps us to separate
the effect of having incorrect input maps, the major focus of this paper, from the uncertainty introduced by
having inconsistent sample distributions on the shapes.

2.3 Paper organization

The remainder of this paper is organized as follows. In Section Bl we establish the important relation between
cycle-consistency and semidefiniteness. In Section ] we present the constrained optimization formulation in
the basic setting, and describe an optimization strategy using convex relaxation. In Section Bl we analyze
this convex relaxation and provide conditions on the exact recovery of the ground truth maps. We extend
the basic setting to the generalized setting in Section [6l In Section [7, we evaluate the performance of the
proposed approach on benchmark datasets. Finally, we conclude the paper and discuss future directions in
Section

3 Cycle-Consistency and Semidefiniteness

The formulation of the proposed approach is rooted in the connection between cycle-consistent maps and
the semidefinitess of the binary matrix that stores these maps in blocks. In the following, we first introduce
the matrix representation of maps. Then we describe the connection.
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Figure 2: The equivalence between cycle-consistent maps and positive semidefiniteness of the big map
collection matrix, storing these maps in blocks.

Matrix representation of maps. We present a point-to-point map ¢;; : S; — S; from shape S; to S; as
a binary matrix X;; € {0,1}™*™, where X;;(s,s’) = 1 if and only if (s,s") € ¢;;. It is clear that each row
of X;; has exactly one entry equal to 1. In particular, if ¢;; is a one-to-one map, then X;; is a permutation
matrix. It is well known that a permutation matrix X;; is characterized by

X;1=1, X]1=1,

where 1 represents the vector whose elements are 1. Note that in the matrix representation of maps, map
composition becomes matrix multiplication:

Ojk 0 Gij = Oi & XX = Xy

Consider a shape collection § = {57, -+, S, }, where each shape consists of m samples. Given a complete
collection of one-to-one maps & = {¢;;,1 < i < j < n}, we use a big binary matrix X € {0, 1}"™*™™ to
store these maps in blocks:

I, X Xin

X1, In
X = : L, X (n-1ym
X1,  X[lin I,
Note that the diagonal blocks of X are identity matrices, representing identity self-maps. Each block

Xji,j > i is given by the transpose of X;, representing the inverse map of ¢;;. In other words, X is
symmetric. In the following, we will call X the map collection matriz of map collection ®.

Connection. We now describe the connection between the cycle-consistency of ® and the low-rank and
semidefinite property of X (See Figure[2)). Following a standard convention, we write X = 0 to denote that
X is positive semidefinite.

Proposition 1. The following three statements are equivalent:

1. @ is cycle-consistent, i.e., it satisfies ().

2. The rank of X is m, and it can be factorized as X = YiTYl- for onei € {1,--- ,n}, whereY; is the
matrixz that stores all the maps from S; in a row: Y; = (X1, , Xin)-

3. X s positive semidefinite: X > 0.

Proof: 1 < 2: 1= 2 is straightforward due to the the matrix expression of cycle consistency. Suppose 2 is
true. Without losing generality, we assume X = Y{Yl. Then we have

P11 = ids,, p1i0s1 =ids;,, 1<i<n,
¢ij = d150¢n, 1<i<j<n.



It follows that V1 < i < j <n,
¢ij © ¢ji = ¢1j 0 ¢i1 0 ¢150 ¢j1 = idgj,

and V1 <1< j<k<n,
ki © Pjk © Pij = P1:iPE1P1LPj101Pi1 = ids, .

2 & 3: 2 = 3 is also straightforward as vz € R™™,

2’ Xz =2"Y! Y,z =|Yz|%>0.

To prove 3 = 2, we require the following lemma

Lemma 1. Suppose z € R, then

1 1 1
Agg(I): 1 1 =z 0 & x=1.
1 = 1

Proof: The three eigenvalues of As3(x) are given by Ay = 1 — z, A2, A3
yields z = 1. O

Let D = Diag(I,,, X 12, , X15) € R"X"™ denote the block diagonal matrix that collects I, X 12, -+ , X1n
in diagonal blocks. As X = 0, we have

= % Voits Setting A; > 0

I, 1, I,
T
X/:DXDT: Im XliXinlj =0
DXy XEXT :
I, I,

Note that any principal submatrix of a positive semidefintie matrix are positive semidefinite. It follows
that the 3 x 3 principal submatrix of both row and column indices (s,im+ s, jm+ s) is positive semidefinite:

1

A33(Xz{j(878)) = X{j(S,S) = 0.

— =

X! (s,8)

]

Using Lemma [I} we have X/;(s,s) = 1. Thus, X'Z-j = I,;,, which means X;; = XF{Z-XU. This completes
the proof. O

Proposition [l provides a simple representation of cycle-consistent maps, i.e., as a positive semidefinite
matrix X € R™*""  whose diagonal blocks are identity matrices, and whose off-diagonal blocks are per-
mutation matrices. If we further relax the permutation matrix constraint so that each off-diagonal block is
only a doubly stochastic matrix, i.e., each element of X;; may take real values between 0 and 1, and rows
and columns of each block of X sum to 1, then the cycle-consistency constraint becomes in fact convex.
Note that this relaxation is considered optimal since the space of doubly stochastic matrices is the smallest
convex set containing all permutation matrices.

Although Proposition [l does not hold after this relaxation, we show in the following sections that when
enforcing the relaxed constraints to optimize the L1 distance between X and X (i.e, the matrix that
encodes the input maps), then there exist weak conditions under which we are able to recover the ground
truth maps, which are cycle-consistent. This is partially due to the optimality of this relaxation.



4 Constrained Optimization and Convex Relaxation

In this section, we describe our constrained optimization formulation in the basic setting, i.e., the input is
given by maps ®" = {¢;‘7‘ : S; = S;,(i,7) € £}, and output consists of cycle-consistent maps ®°%* = {¢;; :
S; = 85,1 <i < j <n} between the input shapes. We first present the formulation in Section LIl Then
we describe how to solve it via its convex relaxation in Section

4.1 Formulation

Variable parametrization and constraints. We use a map collection matrix X € {0, 1}"™*"™™ to encode
®°ut Applying Proposition [[l we write down the following constraints that specify the cycle-consistency of
(I)out:

X e{o,1}rmxnm X =0

Xii = I, 1<:<n

X;1=1, X/1=1, 1<i<j<n (2)

Objective function. Following low-rank matrix recovery techniques [CRO9[CLMWT1], which evaluate the
Ll-norm between the input matrix and the recovered matrix, we define our objective function so that it
sums the L1-norm between the output maps and input maps:

faign = > 11X — X5, (3)
(i.5)€€
where || - ||1 denotes the elementwise L1-norm. As X ZL are binary matrices, it turns out whenever the the

elements of X ;; are between 0 and 1 (i.e., when they are relaxed), we can rewrite falign as a linear function
over X:

fain = Y, (Y. Xijls,8)+ Y (1= Xy(s,9))
(i,)€E X;‘;(s,s’):o X;‘;(s,s'):1
:m|5|+<eeT—2Xf?,Xij>, (4)
where m is the number of sample points per shape, and (A, B) = Tr(AT B) denotes matrix inner product.
Constrained optimization. Combining (2 and Equation (), we formulate the following constrained

optimization problem to recover cycle-consistent maps as:

min Z (eeT —2X!" X ;)

i

X (i,5)€€
s.t. (5)
X € {0,1}mmxmm X - ()
Xy =1L, 1<i<n
Xi;1=1, X1=1, 1<i<j<n (6)
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Figure 3: Comparison between the input maps and the optimized maps from a source shape to selected
target shapes from the SCAPE dataset. Only correspondences of the first 16 samples are shown, for clarity.

4.2 Optimization via convex relaxation

Convex relaxation. We solve (@) by solving its convex relaxation, where we allow elements of X to take
real values between 0 and 1:

. T in
H}éﬂ Z (ee _2Xij7Xij>

(i,7)€€
st. X >0, X >0,
Xii = I, 1<i<n
X;1=1, X/1=1, 1<i<j<n (7)

Note that the constraint X < 1 is removed since it can be derived from the fact that X > 0 and X;;1 =
1.1 <i<j<n.

Numerical optimization. For numerical optimization, we employ the alternating direction method of
multipliers technique (ADMM) [BPC*11]. Our current implementation applies the ADMM method described
in [WGYT0| for solving semidefinite programs. Due to space constraint, we defer the explicit expressions
Appendix Bl

Rounding strategy. As X can take real values in (), it is possible that the optimal solution takes real
values (the conditions that it returns integer solutions will be discussed in the next section). In this case,
we propose to use a simple greedy rounding procedure to round real value solutions into integer solutions.
Specifically, we solve a linear assignment problem to round each X; into a permutation matrix X ‘f;t The
linear programming formulation [Sch86] is given by

%}IH <X111;t,].—X1i>
1i

st Xt =1 xin'y g xint > (8)
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After obtaining X}*,2 < i < n, the map from shape S; to shape S; is given by X ‘f;tX " Figure Bl shows
some representative results of our approach on the SCAPE dataset.

5 Convex Relaxation Analysis
In this section, we present conditions on X Zl, (i,j) € & so that the underlying ground truth maps are
recovered by solving ([]). We first present an exact recovery theorem that is derived from analyzing the KKT
optimality conditions. Then we show how to apply it to obtain more transparent exact recovery conditions.
Without loss of generality, we assume that the samples on each shape are numbered/ordered in a way such
that the map collection matrix X" of the underlying ground truth maps are given simply by

X9 = ee’ @ I, (9)

where ® denotes the kronecker product.

5.1 Exact recovery theorem

We derive an exact recovery theorem by following a two-step procedure used in analyzing the exact conditions
of low-rank matrix recovery techniques [CRO9,[CLMWTI]. Specifically, we first apply the KKT conditions
to derive an exact recovery condition formulated as the existence of certain dual variables. We then choose
appropriate dual certificates to obtain an explicit exact recovery condition, which is summarized as the major
theorem. As the derivation procedure is rather technically involved, we leave the details to the supplemental
material.

Our exact recovery condition will be expressed as the positive definiteness of a set of matrices that capture
the structure of the incorrect correspondences in the input maps X ZL Specifically, we introduce m weighted
graphs G/ols¢ = (S, £Jals¢) 1 < s < m, each of which encodes the incorrect correspondences that are related
to the s-th sample on all input shapes. To define each graph G/4%¢, we add an edge (i, j) € £/**¢ and define
its associated edge weight w;; via the following two conditions: (i) If gbf? does not map the s-th sample of
S; to the s-th sample of S;, we set wi; = 1. (i) If ¢Z‘ maps two or more samples (one is the s-th sample) on
Si to the s-th sample of S;, we set w;; = 1/2. Now we present the major exact recovery theorem as follows:

Theorem 5.1. Define Lg and Lguse as the unweighted and weighted graph Laplacians of graph G and Glalse
respectively. Then X' is the unique solution to (@) if

A2(Lg — 2Lg[azse) >0, 1<s<m,

where A2(A) denotes the second smallest eigenvalue of A.

5.2 Derived exact recovery conditions

In this section, we apply known results in spectral graph theory to Theorem [5.1] in order to obtain more
transparent exact recovery conditions. We consider both a deterministic setting, where G and Gfa¥¢ 1 < i <
m are fixed, and a randomized setting, where they are random graphs.

Deterministic setting. A straightforward relaxation of (5.1) is given by
Amam(Lgéalse) <X(Lg)/2, 1<s<m. (10)

where Ao(Lg) is also called the algebraic connectivity [Fie73] of graph G. As the largest eigenvalue of a
graph Laplacian is bounded by two times of the maximum (weighted) degree of its vertices, we arrive at the
following relaxed exact recovery condition:



Corollary 1. X9 is the unique optimal solution to (@) if

s s )\2(Lg) 1 S 1 < n,
Z“ Wi Twi)/2< =5 1<s<m.
(i.j) €€l

In other words, on the average, we can tolerate a fraction of \o(Lg)/4(n — 1) incorrect correspondences
from each sample on one shape to other samples on the remaining shapes. Note that we do not require the
complete correctness of any particular input map.

When the input model graph G is a complete graph, we have As(Lg) = n. In this case, we can tolerate 25%
incorrect correspondences. It is turns out this 25% upper bound is essentially tight. Consider the case where
the input shape collection is divided into two sets of equal size so that the 25% incorrect correspondences
only happen between shapes from different sets. Then there are 50% incorrect correspondences among the
correspondences between these two sets and if there is collusion among the incorrect correspondences it is
impossible to decide between the two options. This shows that the 25% bound is tight.

On the other hand, the probability of having such worst case scenarios is low. This motivates us to
consider the case where both G and G/?*¢ are generated by a random process. It turns out we can obtain
better bounds in such a setting.

Randomized setting. In the randomized setting, we assume that the edge set £ is generated using the
Erdds-Rényi random graph model, i.e., each edge (i,7),1 < i < j < N appears in £ with probability of
p € (0,1), independently of all the others. We further assume that the incorrect correspondences specified
by xi;(s) =1,(i,5) € £,1 < s < m are also generated independently with probability ¢ € (0,1). It is easy to
see that G/*¢ 1 < s < m also satisfy the Erdés-Rényi model but with probability pq.

As shown in [DJI0], under the Erdés-Rényi model, as the number of shapes n — oo, the second smallest
and the largest eigenvalues of the Laplacian of a random graph G all converge to np with probability 1, i.e.,

Ao(Lg)/np =1, Amax(Lg)/np — 1.
Applying this result on G and G{#¢ 1 < s < m, respectively, we obtain the following asymptotic result:
Corollary 2. Suppose q < 1/2. Let m be fized, while n — occ. Then

Pr(Xe(Lg) — 2/\max(LGj;azm) >0,1<s<m)—1.

In other words, in the limiting case, we can tolerate almost 50% incorrect correspondences per sample.
Note that this 50% bound is only achieved when n — oco. In practice, when n = 128, m = 16 and p = 0.5,
we found that (I0) is satisfied with very high probability when ¢ < 0.32.

6 Incorporating Sample Selection

In this section, we extend the constrained optimization formulation described in Section [l to the generalized
setting, where the variables to be optimized are the selected sub-shapes S, C S;, ]S = mo,1 < i < n and
cycle-consistent one-to-one maps ¢ = {¢;; : S] — S;-,l < i < j < n} are sought between all pairs of
selected sub-shapes.

6.1 Formulation

To represent the selected sub-shapes S, we associate each sample s € S;,1 < i < n with a binary indicator
x;s € {0,1}, where x; s = 1 if sample s is selected, and x; s = 0 otherwise. With x; we denote the
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Figure 4: Comparison between the input maps and the optimized maps from a source shape to selected
target shapes from the Hand dataset, The proposed approach is able to obtain consistent correspondences
across the shapes.

binary indicator vector that collects all indicators of samples from &;. It is easy to see that the constraints
|Si| = mo,1 <i<n are equivalent to:

1"x; =mg, 1<i<n. (11)
The constraint that the selected samples on S; are the first mg samples is given by

X1 = (Ligs 00 ay) - (12)
We still use matrix X;; € {0,1}™*™ to encode the map ¢;; between S and S7, i.e., X;;(s,s’) = 1 if and
only if (s,s") € ¢;;. In this case, it is easy to see that X ;; specifies a one-to-one map between S and S; if

and only if
.Xij].:Xi, Xz;].:Xj. (13)

Using this parameterization, the map collection matrix of ® = {¢;; : S} < 57,1 < i < j < n} is the
submatrix of X whose rows and columns are specified by x;,1 < i < n. As the elements in the remaining
rows or columns of X are zero, it turns out we only need to enforce the positive semidefiniteness of X. In
summary, we have the following proposition.

Proposition 2. Suppose the indicator vector for shape S! is given by vector x;. Then a binary matric
X € {0, 1}m>xm™ specifies a set of cycle-consistent one-to-one maps between all pairs of shapes (S;,S}),1 <
1 < 7 <nif and only if

Xil=x;, X};1=x;, 1<i<j<n
X = 0. (14)

11



We still use fqiign described in (@) as the objective function to be minimized. Together with (I2) and
(), we formulate the following constrained optimization problem for the generalized setting:

e . T in
minimize Z (11" - 2X7%, Xij)
(i,4)€€
st. X =0, X €{0,1}"™*"m x, = (11 oF
X“‘ = Diag(xi), ]_TXi = my, 1< S n
Xil=x;, X 1=x;, 1<i<j<n (15)
Remark 1. Based on the characteristics of the input, one may replace 117 — 2X z;’ by other coefficient

matrices. For example, if the input samples are highly irregular, we can utilize the distance metric associated
with discrete metric spaces to define the objective

falign = Z <Wij7Xij>7 Wij(pvpl) = de (p/7 Zb(p))u 1 S pup/ S m. (16)
(i,5)€E

6.2 Convex relaxation
Let each element of X take real values between 0 and 1, we arrive the following convex relaxation to (IH):
: T n
min Z <11T —2x/",
(i,9)€€
st. X =0, X>0, x; = (1] 00 _ 7T,
Xii = Diag(xi), ]_TXi = my, 1 S 7 S n
Xil=x;, X;1=x;, 1<i<j<n (17)

Xij >

We adapt the rounding procedure used in the basic setting to obtain integer solutions to [I3l), . Given
X1, we first solve () to obtain a one-to-one map X{?tbetween S1 and ;. As the first mg samples of S; is
fixed, the restriction of X ﬁ“ on these fixed samples gives the selected shape Sj’- C S; as well as the one-to-one
map between S| and S}. Figure @] and Figure [}l shows some representative results on the Hand and Human
datasets, respectively.

7 Experimental Evaluation

7.1 Experimental setup

Datasets. We have evaluated the proposed approach on three popular shape matching benchmark datasets:
TOSCA [BBKOg|, SCAPE JASK*05] and SHRECO7 [BBKOS8,[KLF1I|. Each dataset consists of one or
multiple categories of similar shapes. Shapes in the TOSCA and SCAPE benchmark are generated by
deforming template meshes, so we directly use the corresponding vertices as ground truth for evaluation.
The SHREC07 benchmark consists of shapes that are triangulated differently. Following the setup in [KLFT1]
HZG*12|, we choose 11 categories from SHRECO07, where point-based maps are meaningful, and evaluate
against sparse manual correspondences as provided in [KLF11].

Input maps. We use blended intrinsic maps [KLF11] to establish initial maps between pairs of shapes.
As blended intrinsic maps generate dense vertex-based correspondences, we snap them into point-to-point
maps between the selected samples [HZG*12]. Moreover, as the edge set £, which specifies the pairs of
shapes for computing initial maps, is adjustable, we consider a complete setting and a sparse setting. In the
complete setting, we let £ connect all pairs of shapes. In the sparse setting, we let £ connect each shape
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Figure 5: Consistent correspondences across the Human dataset. Matched points share the same color and
radius.

with its k-nearest neighbor shapes (k = 5 in this paper) in terms of the intrinsic D2-descriptor [OFCD02] (a
histogram of squared geodesic distances between pairs of points).

Sampling. Shapes in each category of TOSCA and SCAPE represent the same object, so we place m = 64
samples on each shape and compute full one-to-one maps between these samples, i.e., we use the basic setting
of Section In contrast, shapes in each category of SHRECO7 exhibit large geometric variance. In this
case, we generate m = 128 samples on each shape and compute one-to-one maps between my = 32 selected
samples from each shape, as described in Section[6l The influences on using different number of samples will
be discussed later in Section [Z.4

Baseline. We compare the proposed approach with three existing approaches: optimized composite maps
(OCM) [NBCW*11], fuzzy correspondences (FC) [KLM*12] and hub-and-spoke network (HAS) [HZG*12].
Note that both FC and HAS are sample based. As suggested by [HZG*12], we used 512 samples for these
two methods. To make a fair comparison between the proposed approach and previous approaches, we
extrapolate sample based maps into vertex based maps, and compare the quality of the induced vertex based
maps (See Figure [f]). Given a sample based map ¢;; : S; — 5;, we define the corresponding vertex based
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Figure 6: (Left) Color-coded correspondences between 32 sample points. (Right) Interpolated correspon-
dences between vertices (256 are shown here).

map Eij : M; — Mj as:
¢;j(v) = arg min e 27 d?\/fj (', ¢ij(s)), ve M, (18)

where ; 1= mingzyeg, dar, (s, 5).
Evaluation metrics. Denote Cf}t C M; x M;,1 <i# j <N as the ground-truth correspondences. For

the maps ¢,,1 < i # j < N generated by each method, we collect statistics of geodesic error of each

@50
t
correspondence (v;,v;) € Cf;j:

egeo(aijv (Uiv Uj)) = de (Ujv Eij (vz))
Following [KLFTI], we report the percentage of correspondences p. whose geodesic error is smaller than e
times the mean of the maximum pairwise geodesic distance on each shape. When reporting p., we primarily
focus on two values for €, a generous € = 0.16, which we take to capture the global accuracy of a method, and
a tight € = 0.02, which captures its local accuracy. We provide the plots of p. against € in the supplemental
material.

7.2 Analysis of results

Table[ and Figure[D collect the statistics of the proposed approach on benchmark datasets. In the following,
we break down in more detail the observed performance. As in [HZG*12], we divide the 11 categories of
SHRECO7 into a NonSym group (i.e., Armadillor, Fourleg, Fish, Hand and Human), where input maps are
not seriously influenced by the underlying symmetries of the shapes (blended intrinsic maps [KLEF1I] are
resilient to reflectional intrinsic symmetries), and a Sym group (i.e., Ant, Bird, Glasses, Plane, Plier and
Teddy), where a significant portion of the input maps are affected by shape symmetries.

TOSCA and SCAPE. The proposed approach generates nearly perfect results on the TOSCA and SCAPE
datasets, i.e., po.1¢c = 100% on both datasets. This is expected because shapes in each category are quite
similar to each other so that the input maps are of high quality, i.e., pyos = 83.4% for TOSCA and
paPat = 86.1% for SCAPE. Moreover, the performance on the SCAPE dataset is slightly better than the
performance on TOSCA. This is due to a data-driven effect [KLM*12|, i.e., SCAPE contains many more
shapes than each category of the TOSCA dataset.

SHRECO07-NonSym. The proposed approach generates similar results on the non-symmetric categories
of the SHRECO07 benchmark. On three categories, Human, Fourleg and Armadillo, pg.16 = 100%, i.e.,
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Figure 7: Comparison among optimized composite maps [NBCW*11|, fuzzy correspondences |[KLM*12|,
hub-and-spoke network and the proposed approach (SDP). The input maps are given by blended
intrinsic maps |[KLE11].

the ground truth correspondences are approximately fully recovered. The Fish and the Hand datasets are
more challenging due to large geometric variance present in both datasets. Still, over 90% of ground truth
correspondences are approximately recovered.

SHRECO07-Sym. Similar to other approaches, the performance of the proposed approach drops on cat-
egories where the input maps are seriously affected by underlying global symmetric transforms and the
ambiguities they introduce. This is because cycle-consistent maps can commute with global symmetric
transforms, e.g., one can flip the maps between one shape and the remaining shapes without breaking the
cycle-consistency constraint.

Sparse versus Complete. Overall, the proposed algorithm generates similar results in the complete graph
and the sparse graph settings. The subtle differences between these two settings can be explained as follows.
As the quality of input maps in the sparse graph setting is generally higher than that in the complete graph
setting, the performance of the proposed approach in the sparse graph setting is overall slightly higher than
the complete graph setting. One exception is the SCAPE dataset, where all shapes are very similar to each
other. In that case, having a dense graph provides more high-quality routing options to establish maps
between pairs of shapes than having a sparse graph, helping the results.

Timing. Based on a MATLAB implementation of the ADMM algorithm, on a machine with QuadCore
3.2GHZ Intel CPU and 12GB main memory, our approach took 20m12s on the average to process a dataset
of 20 shapes with 128 samples each. The most time-consuming part is the eigen-decomposition of a matrix
of dimension NM x NM at each iteration. In the future, we plan to improve the computational efficiency
by utilizing the relations between the eigen-decompositions at consecutive iterations.
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Samples Complete Graph | Sparse Graph

#Shapes | Input  Selected | pi4 P0.16 P Po.16

[ TOSCA | -20 | 64 64 [831 100 [ 84l 100
| SCAPE | 71 | 64 64 | 772 100 [ 832 991
Armadillor 20 128 32 71.2 100 74.2 100
Fish 20 128 32 60.4 85.2 71.3 100
Fourleg 20 128 32 67.5 100 71.9 100
Hand 20 128 32 60.1 87.9 63.2 88.1
Human 18 128 32 74.5 100 79.1 100
Ant 20 128 32 54.1 77.1 58.1 79.1
Bird 20 128 32 57.1 78.4 59.1 81.4
Glasses 20 128 32 45.1 67.1 51.1 73.4
Plane 20 128 32 58.1 78.1 60.1 80.2
Plier 20 128 32 60.1 79.1 61.9 81.2
Teddy 20 128 32 61.1 81.1 64.1 83.1

Table 1: The performance of the proposed approach on benchmark datasets. We report pg.16 as a represen-

tative to access of the global behavior of the proposed approach.

| | SDP | Baseline |
Global (po.16) | Complete | Sparse Complete Sparse
TOSCA 100 100 97.6 NBCW*11] | 97.2 [HzG 12
SCAPE 100 99.1 100 99.3
NonSym 94.6 97.4 90.3 [HZGT12] 90.5 [HZG"12|
Sym 79.3 80.2 77.2 78.5
Local (po.o2) | Complete | Sparse Complete Sparse
TOSCA 34.1 35.7 | 37.5 38.4
SCAPE 41.2 42.1 48.6 44.4
NonSym 32.3 35.2 37.5 39.1
Sym 33.1 31.1 32.8 31.9

Table 2: Comparison between the proposed approach and the baseline approaches in terms of local (pg.g2)
and global accuracy (po.16). Due to space constraint, we only show the best baseline algorithm for each
dataset.

7.3 Comparison

Table 2] and Figure [7 present the comparisons between our approach and the three baseline algorithms. For
each algorithm, we report both its local accuracy pg g2 and its global accuracy pg.16-

Global accuracy. The global accuracy of the proposed approach is better than all baseline algorithms. On
NonSym, the proposed approach yields pg.16 = 94.2(95.1) in the complete(partial) graph setting, while the
best baseline algorithm HAS yields po.16 = 90.3(90.5) respectively. Note that this is a little sur-
prising. because HAS incorporates additional higher-order regularization constraints, e.g., that neighboring
vertices should be mapped to neighboring vertices, in the optimization process.

Local accuracy. The local accuracy of the proposed approach is somewhat worse than the baseline algo-
rithms. For example, in the complete graph setting of the SCAPE dataset, pg.g2 = 48.6 for OCM [NBCW*11],
while pg.g2 = 41.2 for the proposed approach. This is expected due to sampling aliasing, as we use a much
smaller number of samples than the baseline algorithms for computing the maps. However, in practice, one
can improve the local accuracy of the resulting maps by applying non-rigid registration post facto.
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Figure 8: Influence of varying the number of samples m. (a) Vary m in the basic setting. We show the
SCAPE dataset as the representative. (b) Fix the number of selected samples my = 32 and vary m in the
generalized setting. We show the averaged result on SHREC07-NonSym as the representative.

7.4 Influence of sampling density

Basic setting. Figure[§(a) shows the performance of our approach when using different number of samples
m. For simplicity, we use the SCAPE dataset with complete graph G as the representative. It is easy to see
that the global behavior of the method becomes steady when m > 32. Moreover, using more samples always
improves the local behavior of our approach. However, the improvement of using more samples from using
64 samples is not significant.

Generalized setting. We study the performance of our approach by fixing my = 32 and varying m. In this
case, we use the NonSym group as the representative (See Figure B(b)). Although the worst case analysis
(See the supplemental material) suggests that we should choose m > 4mg, we found that m can be made
smaller in practice. On the NonSym group, the method becomes steady when m > 96.

8 Conclusions and Future Work

In this paper we have introduced a novel convex optimization framework for the problem of producing globally
cycle-consistent maps between shapes in a collection, starting from maps computed between pairs of shapes
in isolation. The presented approach formulates this multiple shape matching problem as a binary semi-
definite program, and solves it through its convex relaxation. By analyzing the KKT optimality condition of
this convex relaxation, we have provided upper bounds on the percentage of incorrect correspondence from
each sample on one shape to samples on the remaining shapes, so that this convex relaxation is guaranteed
to recover the ground-truth maps. Experimental results demonstrate that the presented approach improves
on than state-of-art multiple shape matching methods on benchmark datasets.

There are ample opportunities for future research. We would like to extend the presented technique to
handle shapes that are partially similar, e.g., range scans of a moving object. A potential approach is to
augment the samples on each shape with pseudo samples, which represent the missing part of each shape.
The presented approach can then be applied on the augmented samples. Moreover, the presented approach
builds on sample-based surface representations. It would be interesting to explore how to apply the key idea
to other surface and map representations, e.g., functional maps [OBCS*12].
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A A Support for the Choice of my = m/4 in the Generalized Setting

In this section, we provide a support for the choice of my = m/4 by analyzing geodesic distortions of one-
to-one maps between discrete metric spaces. Without losing generality, we use M, M’,--- to denote the
original shapes. Accordingly, we denote their discrete metric spaces as S, S’. We begin with introducing
several definitions, then we present the major result of the section.

Definition 2. We define the sampling density of a discrete metric space S as

— /
ds = sf?/lélde(S’ s'),

where dps(-,-) denotes the geodesic distance on M.
Definition 3. We define the covering radius of a discrete metric space S as

rg = maxmindy (p, s).
pEM sES (p;5)

It is easy to see that if discrete metric spaces are generated using furthest point sampling, then the
sampling density of using m samples is identical to the covering radius of using m + 1 samples.

dsu{py = TS5
where p is the next sample on S produced by furthest point sampling.

Consider two approximately isometric shapes, i.e., a source shape M and a target shape M’. Denote
f: M + M’ as the underlying bijective map between them. We model the approximate isometry as the fact
that there exists small values of €1, €5 such that

(1 —e1)dn (f(8), f(8") — €2 < dpi(s,s") < (L4 e1)dmr (f(s), f(s') + €2, Vs, s € M.

Under this model, we have the following proposition.
Proposition 3. Suppose S and S’ are the discrete metric spaces of shapes M and M', respectively. Suppose
0s > 2(1 4+ €1)rs + €.

Then there exists a map ¢ : S1 — Sz such that (i) ¢ : S + ¢(S) is a well-defined one-to-one map, and (ii)
¢ 1s close to the underlying map between M and M’ :

da (9(s), f(s)) <rg, VseS.
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Proof: The proof is straight-forward. We simply define ¢ as follows

Ols) i= arg min, d(s', /(s)).

By the definition of rg/, it is clear that
dar ((s), f(s)) <rsr, Vs €S,

It remains to prove that Vs; # sa, ¢(s1) # ¢(s2). Suppose there exist s; # so such that ¢(s1) = ¢(s2). Then
we have

ds < ds(s1,82) < (1+€)ds (f(s1), f(s2)) + €2
L+ €)(ds (f(s1),8(s1)) + ds (f(s2), ¢(52))) + €2

(
2(1 + E)T‘s/ + €3 < dg,

IA A IA

which results in a contradiction. O

As the discrete metric spaces are generated using furthest point sampling. In practice, we found that the
sampling density on a 2-manifold is decreased by half if we increase the number of samples by four times.
In practice, we also found that ¢; and e; are rather small. This means that Proposition 1 is satisfied if
m > 4my, which gives a theoretical support for the choice of my = m/4.

Note that Proposition 1 is derived from a worst-case analysis. In practice, m can be made smaller than
4myg. Please refer to the main paper for an experimental analysis of the choice of m with fixed my.

B Numerical Optimization Using ADMM

Notations. To simplify the expression, we agree with the following notations. Define A : R**"— > RF as
a matrix linear operator. Its conjugate operator is given by A% such that

(A(bsX),x) = (X, A*(x)), VX eR™" xeR"

Denote(-)+ as the non-negative matrix operator, i.e., it applies 24 = max(z,0) element-wise.

Simplified program. The optimization problem we are trying to solve is given by

minimize x Z (11T - QXZLa Xij)

(i,4)€€
subject to X > 0,
X >0,
X ,;; = Diag(x;), (1 <i<n)
1Tz, =mg,z; <1 (1<i<n)
Xyl=wm;, X;1=ux;, (1<i<j<n)
21 = (150, 0y mg) - (19)

Before proceeding, we present an equivalent program to (I9)), which has much fewer number of equality
constraints, i.e., the equality constraints X;;1 = x;, X;TS-I =x;,1 <1i<j<n are absorbed.
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Proposition 4. [I3) is equivalent to the following convex program

minimize Y (117 - 2X/7, X;;)

(i.j)€€
subject to mo X' =0
J x X —_ 3
X >0,
17x; = mg,x; < 1 (1<i<n)
Xl = (157,070£—m0)T' (20)
where x = (x1,--- ,xI)T.
Proof: We first prove that
X =0, mo X%
T . . =0,
Xi;1l=1, X;;1=1. (1<i<j<n) - x X
X ;; = Diag(x;), (1<i<n) X;; = Diag(x;), (1<i<n)
chcl- = My, (1 <1< n) lT:cl- = my. ( 2 n)
=: Any any vector y = (yo,y?, - ,y)T, we have

T n
m X
T R PR D SRR S )
i=1 1<i,j<n
mol mol
= Y it ) Xy + )
1<i,j<n
> 0.

X [

1 0 mo @
. (nm+1)xm T 0
&= LetD—( 0 I,01 ) cR . Introduce Y = D ( r X

to see that Y »= 0 and Y (i,i) =Y (1,i) = 1,1 <i <n+ 1. Applying Lemma [Tl we have that

T
It follows that [ W;O X } = 0.

T
) D e ROHDX(+1) Tt is easy

Y = mo11”.

X r X
R *(mm+1) with z € R”, Z; € R™*",1 < 4 < n such that

T
my T
(w X)_ZZ.

T T
Denoter:rzmk([ﬂ;0 r }).As(mo r )tO,wecanﬁndamatrixZZ(Z,Zla"',Zn)E

It follows from that
pr( ™ = \p_ (ZD)T(ZD) = mo117
z X o 0
Simple algebraic manipulation indicates that: there exists a unitary matrix U € R"*" such that

UZD =e; -17,

= [Uz,UZ1, -, UZ,1]=e; -17,
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which immediately follows that

One can then derive

Xi1=2]Zj1=2Z]z=u=,

X1=21Z1=2 2=z,
which concludes the proof. O
ADMM. Let us convert (20) into the standard form of semidefinite programs:

minimize (W, X) dual variables
subject to A(X) =b, y
diag(X) < 1, z>0
X =0, Y =0
-X <0, Z>0 (21)

where A(X) = b encapsulate all equality constraints, e.g., X;; = diag(x;), 1Tx; = m, 1 <i < n. Note that
these linear constraints are nicely decoupled.

Let y,z(> 0),Y (= 0), Z(> 0) be the dual variables of A(X) = b, diag(X) <1, X = 0 and —X <0,
respectively. The Lagrangian multiplier of (2I) is then given by

L= <VV7Y> - <Y7Y> - <Z7Y>

+ (A(X) —b,y) + (diag(X) — 1,2)
=-bly —1T2+ (W - Y — Z + A*(y) + Diag(z), X)

Following [WGY10], we write down the augmented lagrangian of £ to be minimized as
L' =bly +172+ (Y + Z — A*(y) — Diag(z) — W, X)

1 . .
+ @HY + Z — A*(y) — Diag(z) — W||%,

Here p is a parameter, whose value is increased during the optimization process.

We optimize £’ by alternating the optimizations of y, z, Y and Z independently, and then update the
primal variable X . Initially, we set yg = z9 = 0 and Xo =Yy = Zo = 0. At iteration k + 1, we perform
the following alternating direction optimizations in order :

Y41 = argm;nﬁ/(Y7ZkaYka Zy, X i)
= (.A.A*)il(A(Yk + Zy + ,ufk — 2z, — W) — ub)
zp1 = argmin L' (yi1,2, Vi, Zi, Xi)

= (diag(Yy, + Zg + p Xy — A" (yrt1) — W) — pl)4
Zy1 = argmin L (yyei1, 241, Y, Z, X i)

= (A" (yrt1) + Diag(zpg1) + W =Y — uX4) ¢
Y = argmin £'(yii1, 2501, Y, Zig, X)) = Q. Q",
where Q and ¥ are given by the spectral decomposition of

Vigr = W+ A (yis1) + Diag(zrs1) — Zpgr — n X
=QxQ".
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Finally, X1 is updated as
X1 =X+ (W = Yii1 — Zig1 + A (yrr1) + Diag(zrr1)) /1
= (Vi1 = Y1) /n=-Q(-%):Q" /p.
For all the experiments, we set y = 1, and increase p = p * 1.02 after each iteration. We set the
stoppage criterion as || X y11 — X k|7 < 1074, In practice, we found that 400-600 iterations are sufficient for

convergence. As the equality constraints are nicely decoupled, which admit effective prefactorization, the
most time-consuming operation of this ADMM is computing the spectral decomposition of V1.

C Proof of Theorem 5.1

In this section, we present the derivation of Theorem B.1lin the main text. For convenience, let us reintroduce
the convex program to be analyzed as follows:

minimize Y (117 —2X7 X))

(i,5)€€
subject to X >0,
X =0,
Xii = I, (1<i<n)
X;1=1, X/'1=1. (1<i<j<n) (22)

Furthermore, we assume the map collection matrix of the underlying ground truth maps is given by

X9 = (ee™) @ I,,,.

The derivation of Theorem Bl proceeds in two steps. In the first step, we analyze the KKT optimality
conditions of ([22]), and derive exact recovery conditions via the existence of dual certificates. Then in the
second step, we choose appropriate dual certificates to derive Theorem [B.1]

To simplify the notations, we introduce matrices W;; € R™*™ 1 < i < j < n, where W;; = (211T —
X3 — X% ), (i,7) € €, and otherwise W;; = 0. This allows us to rewrite the objective function in ([22)) as

falign - Z <W1J7XZJ>

1<i<j<n

C.1 Optimality Condition via Dual Certificates

The goal of this section is to derive a sufficient condition on W;;,1 < ¢ < j < n such that X 9" is the unique
optimal solution to (22). We achieve this goal by analyzing the KKT optimality conditions of (). Note
that even though KKT conditions are only necessary conditions in general, when applied on semi-definite
programs, they typically indicate sufficient conditions by changing certain greater or equal relations, i.e., >,
into greater relations, i.e., >.

Let Y = 0 and Z;; > 0, w;, vy, 1 < i < j < n be the dual variables of the constraints X > 0,
-X;; <0, X1 =1, Xgl =1, 1 <i < j < n, respectively. We obtain the following necessary KKT
conditions such that X9 = (117) ® I,,, is an optimal solution to ([22)):

Wij — Yij — Zij — 1115 — Vile =0, (1 <i < ] < TL) (23)
Zi; >0, diag(Z;)=0, (1<i<j<n) (24)
Y Yi=0, (1<i<n) (25)
j=1
Y - 0. (26)
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Denote V,, = I, — %11T, it is easy to see that (23] is equivalent to
VoYV =V, (Wi —Zij) V. (1<i<j<n) (27)

In other words, if ([27)) is true, we can always choose u;;, v;; such that (23] is satisfied. Combing (27) and
[29), we obtain the following necessary optimality condition for X gt

I, ®Vny)L(I,®V,) =0, (28)
where L is a matrix of n x n blocks, and its (i, j)-th block is given by
=2 L i=j
L. = k7t .
) Vm(Wij — Zij)Vm 1<)
LT j>i

gt
We want to point out there exist implicit constraints on Z,;, i.e., the diagonal blocks L;; have to be
symmetric.

Denote V, p = Iy, — %11T ® I,. It is easy to see that the eigenvalues of L are zero in the union of

null spaces
Nom ={ylI, @ V,)y=0 or V, ,,y =0}

In turns out that if we force L to be positive definite in the dual space Nim, i.e., the remaining eigenvalues
of L are positive, then ([28) becomes sufficient.

Rmxm
+/d
entries are zero. Then X9 is the unique optimal solution to (Z3) if there exist dual certificates Z;; €

RT/de, 1<i<j<mn such that Ly;,1 <i<n are symmetric and

Lemma 2. Let denote the space of m x m matrices, whose entries are positive, and whose diagonal

y 'Ly >0, Y0#y€eN,,.

To prove Lemma [J we show that a small feasible perturbation of X9 would always increase the value
of the objective function fq;;4,. We first present three useful propositions.

Proposition 5. A small feasible perturbation A to X9, i.e., X9 + A is feasible, satisfies the following
constraints:

Aii = O, (1 S ) S TL) (29)
Nji=AL I+ Ay >0, (1<i<j<n) (30)
Ajj1=0, Aj1=0, (1<i<j<n) (31)
VoAV, = 0. (32)

Proof: ([29) to [BI)) are obvious. To prove (32)), it is easy to see that Vy; € R™:
VomAV o m(1® Iy)yr =0.
It follows that we only need to prove that Yy € R", where (1T ® I,,,)y = 0,
yTVn)mAVn,my > 0.
In fact, as X9 + A > 0, we have
0>y (X7 +A)y

=y' (MM @ L, + (11" @ I)A+ A(11") @ I,,) — (11T) @ I,,)A((11T) @ I,,))y

+ yTVnymAVnymy

= yTVn)mAmey.
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Proposition 6. Suppose a matriz A € R™ "™ is positive definition on a subspace U € R", i.e.,
yTAy >0, Y0#yel.
Then for all non-zero semi-positive definition matriz B »= 0 whose column space C(B) CU,

(A,B) >0

Proof: Suppose the dimension of U/ is m < n. Consider an orthonormal decomposition of
A = (U1, Us)Diag(o1, -+ ,0a) (U1, U2)",

where U is an orthonormal basis of /. As A is positive definite on U, it follows that o; > 0,1 <7 < m. As
C(B) CU, we have BU5 = 0. It follows that

(A, B) = Trace(AB) = Trace((U,U;)Diag(o1,--- ,0,)(U1,Us)" B)
= Trace(Diag(oy, - ,0,)(U1,U2)TB(U,Uy))
= Trace(Diag(o1,--- ,om)U] BU)
Z (UTBU,);;

i=1

As o; > 0, (UFIFBUl)“- >0, 1 <i<m. It means that (A, B) > 0, and the equality is satisfied if and
only if (U] BU1);; =0, 1 <4 < m, which is equivalent to U} BU; = 0. Together with BU = 0 we have
(U1,U)TB(U,,U3) = 0, which ends the proof. O

Proposition 7.
VomAVypm =0 & V,, =0

Proof: Denote

Z i :ni;;lAij- (33)

3|}—‘

n
§ ij

3|}—‘

Then V,, ,, AV, 1, = 0 yields
0= (VamAV,m)ij =Aij — Ai — A+ AL, 1<i<j<n. (34)
As the diagonal blocks of A are zero, i.e., A;; = 0,1 <i <n, we have
A=A, +A,, 1<i<n.

Summing the two sides of the equation above from 1 to n, we have nA.. = 2nA.., which results in A.. = 0.
According to (B0), we have A;. = Zl; Together with A;. + A; = 0, we obtain A;. = A,; = 0. It follows
from (B4) that A,;; = 0. O

Proof of Lemma [2} Suppose A # 0. According to Proposition [[l we have V', ,,AV,, ,,, # 0. Based on
31D, it is easy to see that the column space of V', ,,, AV, ,, lies in the space /\/;fjm Applying Proposition [
on L and V,, AV, n,, we have

0<(L,VpmAV,m)

n n

= Z<Liiu (Vn,mAVn,m)ii> + Z Z<Lij, (Vn,mAVn,m)ij>
i=1 i=1 j#i

=N N VulZij - W)V, —Ai. — K +AL)
i=1 j#i

Y D VWij = Zij)Vo, Ay = A = A+ AL).
i=1 j#i
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Applying @3I), we have
If follows that

0< iZ((ZU — Wij), —Zi. — Z.i +Z>

=1 jAi
+ ZZ«WU —Zij),Nij — A — Z.j —|—Z,,>
i=1 j£i
=23 Y (Wi — Zy, Ay)
i—1 i<y

As I, +A;; > 0, it means the off-diagonal entries of A;; are non-negative. As Z;; € RT/de’ i.e, its diagonal

entries are zero, and its off-diagonal entries are non-negative, we have
<Zij,Aij>20, 1§z<3§n
This means N
0<D > (Wi Ay),
i=1i<j
which ends the proof. O

C.2 Choosing dual certificates.

Note that any choose of Z;;, (7, j) € € such that L;;,1 < ¢ < n are symmetric would lead to an exact recovery
condition.

/
Ji

In this paper, we choose Z;; = Z;j +Z..,1<i<j<nas

i~

7 | Tm—2Diag(wij) + Wi Wl — X7 (i,j) €€
K 0 otherwise,

where w;; € R™ denotes the vector that collects edge weights wfj, 1 < s < m. Note that we set wfj =0if

(i,7) ¢ E21¢. Vector w;; = w;; > 0 denotes the binary vector that specifies the positiveness of each element
of Wij-

It is easy to see that Zj; > 0, Diag(Z};) = 0,Y(4,j) € £, and
Lij=V,U1" - X} — X7 = Zi;)V,p
= 2V, Diag(1 — (Wij + ;i) /2)Vi — Vi (Wi Wi + WiWw ) Vo, V(i 4) €€,
and L;; = 0 otherwise. As L;; is symmetric, it means that this particular choose of Z;; is valid.

Note that V p, (Wi W, +W;;W ;) V,, = 0, it means that we can drop this term to obtain a slightly weaker
exact recovery condition, which is summarized below

Corollary 3. Define block Laplacian matriz LY € R?™*nm g
4 > Diag(1 — (Wi +wg)/2) i=3j
Lij = k#i
—Diag(1 — (wix +Wgi)/2) i#7
Then X9 is the unique optimal solution to {@) if

yI'Lly >0, Yo#ye /\/'nl)m.
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Proof of Theorem [5.1]1 We prove that the condition of Corollary Bl is satisfied. Suppose this is not the
case, then 30 # y € N, such that

Ly £0.

Reshape y into a m x n matrix Y = (y1,-- ,ym)T, we have
(Lg — 2Lgtase)ys # 0, ey, =0, 1<s<m.

As \o(Lg — 2Lg£~dlsc) >0 and A\ (Lg — 2Lg£a1sc) =0, it follows that y, = c,1. Together with 1Ty, = 0 we
obtain ¢ = 0,1 < s < m, which violate 0 # y. O
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