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Abstract

Deriving from image matching and understanding, semantic keypoint matching
aims at establishing correspondence between keypoint sets in images. As graphs
are powerful tools to represent points and their complex relationships, graph match-
ing provides an effective way to find desired semantic keypoint correspondences.
Recent deep graph matching methods have shown excellent performance, but there
is still a lack of exploration and utilization of spatial information of keypoints as
nodes in graphs. More specifically, existing methods are insufficient to capture
the relative spatial relations through current graph construction approaches from
the locations of semantic keypoints. To address these issues, we introduce a posi-
tional reconstruction encoder-decoder (PR-EnDec) to model intrinsic graph spatial
structure, and present an end-to-end graph matching network PREGM based on PR-
EnDec. Our PR-EnDec consists of a positional encoder that learns effective node
spatial embedding with the affine transformation invariance, and a spatial relation
decoder that further utilizes the high-order spatial information by reconstructing
the locational structure of graphs contained in the node coordinates. Extensive
experimental results on four public keypoint matching datasets demonstrate the
effectiveness of our proposed PREGM.

1 Introduction

Image matching is a common and basic matching problem in multimedia and visual applications. The
goal of image matching is to find a dense semantic content correspondence between two images, while
feature-based matching is a typical strategy to solve the above problems, and in feature matching,
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the semantic keypoints in images are the most commonly used matching targets. Semantic keypoint
matching aims at establishing correspondence between keypoint sets in images, and it has been
applied to a wide range of applications, such as object tracking [35} 24], image retrieval [40,[11]],
and pose estimation [39, 3], etc.

The semantic keypoint data has the properties of non-Euclidean and unstructured for its disorder and
discreteness, and graphs are powerful tools to represent some complex objects and their interactions.
Specifically, we take each semantic keypoint as a node, and build edges by heuristic methods
according to the positions of nodes to construct a corresponding graph. Graph matching is an
effective method to solve the correspondence between the semantic keypoints in two images.

As deep learning models are scalable and time-efficient, Graph Neural Networks (GNNs) are in-
creasingly utilized in graph matching tasks, such as GMN [44]], PCA [32], and BBGM [29],
etc.

However, most graph matching approaches rely on the matching of basic items of graphs, i.e.
computing affinities of nodes and edges, lack the mining and utilization of spatial context information
hidden in the locations of keypoints as nodes of graphs. Recently, in task scenarios such as point cloud
and knowledge graph, which the nodes in graphs have locational information, there are methods such
as [21,[18] utilizing positional encoder to add the spatial information as additional features. However,
current methods in graph matching domain lack such spatial positional information supplementation.
As the positional information is closer to the intrinsic characteristic of the graph, it is important to
integrate spatial descriptions into graph feature embeddings in graph matching.

But utilizing underlying spatial information faces the following challenges: 1) Through taking key
points as graph nodes and edges are associated with pairwise distance, such as delaunay triangulation,
it is not sufficient to mine hidden relative positional relationship. 2) The description of spatial
information from coordinates of keypoints is relatively simple compared with conventional visual
features, so it needs more refined network structure to learn location information, in order to facilitate
subsequent feature fusion.

To address the two challenges mentioned above, we propose a positional reconstruction encoder-
decoder network (PR-EnDec) in our PREGM by integrating more spatial information into semantic
features and learning more distinguishable node features. The positional encoder in PR-EnDec aims
to learn the encoding of node positional information with spatial invariance, specifically, the affine
transformation invariance of node coordinates. The spatial relation decoder in PR-EnDec is designed
to recover the locational structure from the learned features of the encoder, and it reconstructs the
relative distances and areas among the sampled nodes. To implement the joint learning of PR-EnDec
about the intrinsic positional features in graphs, we, consequently, propose a corresponding contrastive
loss function and a reconstruction loss function in the encoder and the decoder respectively.

Our main contributions are summarized as follows:

* We propose an end-to-end graph matching network, PREGM, which learns more distin-
guishable node features, not only captures visual information in images but also models
intrinsic spatial structure of keypoints by our designed PR-EnDec.

* Our PR-EnDec consists of a positional encoder that learns effective graph positional encod-
ing with affine transformation invariance, and a spatial relation decoder used to enhance
such learning by reconstructing the graph locational information such as relative distances
and areas from learned positional encoding. We also design a corresponding contrastive loss
function and a reconstruction loss function in the encoder and decoder respectively to help
learn effective node positional characteristics.

* We evaluate our PREGM on four public keypoint matching datasets. Our experimental
results demonstrate that PREGM outperforms state-of-the-art methods. We also present an
ablation study, which shows the effectiveness of each component of PREGM.
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2 Related Work

2.1 Graph Matching

Graph matching is always an effective strategy to find correspondence between semantic keypoints as
graphs have sufficient representation ability for points and their complex relationships, and it can
then be applied to downstream tasks such as image matching and understanding. As it is famous for
being one of the practically most difficult NP-complete problems, researchers often use optimization
algorithms to find an acceptable suboptimal solution for the graph matching problem. Traditional
graph matching methods [[17,5[7,[20136] generally use heuristic search algorithms to find suboptimal
solutions.

Recent graph matching methods begin to combine combinatorial optimization with deep learning
models. GMN [44] proposes an end-to-end graph matching framework, calculates the unary and
pairwise affinities of nodes through CNN features, and also uses spectral matching as a differentiable
solver to combine deep learning with graph matching. PCA [32] uses graph neural network
(GNN) to learn and aggregate graph structure information into node feature representation, and
introduces Sinkhorn network [1]] as the combinatorial solver for finding node correspondence. BBGM
[29] presents an end-to-end trainable architecture that incorporates a state-of-the-art differentiable
combinatorial graph matching solver, and introduces a global attention mechanism to improve the
matching performance.

Although the research on graph matching has made the above progress, the existing methods lack
the distinguishing and informative graph spatial feature descriptions, and adaptive adjustment of
node correspondence on graph matching. In this paper, we overcome these limitations by proposing
a positional reconstruction encoder-decoder (PR-EnDec) and designing a contrastive learning and
positional feature reconstruction procedure to guide the learning of graph matching.

2.2 Positional Encoding on Graphs

Positional Encoding was first proposed in the Transformer [31] model. In general, positional
encoding refers to the process of encoding spatial relationships or topological information of elements
as supplementary information in order to augment the representational capacity of a model. The
categorization of positional encoding can be further elaborated as follows: spatial positional encoding
utilizes point location as input, while topological positional encoding employs the graph structure as
1nput.

For spatial positional encoding, the point location is used as input to obtain a high-dimensional
embedding that contains effective locational information. Space2Vec [21] introduces theory and
grid as a 2D multi-scale spatial positional encoder by using sinusoidal functions with different
frequencies. PointCNN [18]] designs a point set spatial positional encoder with Point Conv layers
consisting of sampling layer, grouping layer, and aggregation layer. DGCNN [38]] considers both
global shape structure and local neighborhood information, and proposes spatial positional encoder
layers containing dynamic graph neighborhood and edge convolution module. This paper proposes a
spatial position encoding on graphs by leveraging the characteristic of node representation containing
coordinate information in image keypoint matching.

Topological positional encoding is specific to graph matching, where the graph structure is used as
input to obtain the topological embedding of the nodes. Maskey et al. [22] generalizes Laplacian-
based positional encoding by defining the Laplace embedding to more general dissimilarity functions
such as p-norm rather than the 2-norm used in the original formulation. INFMCS [16] designs
a permutation-invariant node ordering based on closeness centrality, and effectively enhances the
representation of graph structural features.

In recent years, there has also been research on spatial positional encoding in the field of graph
matching. GCAN [13] utilizes SplineCNN [10] to encode positional information in 2D spatial space,
and successfully capture structural information of the graph.

However, there remains the open question of how to further mine intrinsic spatial node information in
graphs. In this paper, we propose a positional reconstruction encoder-decoder architecture to obtain
effective node spatial positional encoding using 2D point location.
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Figure 1: The framework of our PREGM. The visual features are extracted by vgg16_bn from
images, and the positional encoding is obtained by our pretrained positional encoder from graphs.
The visual features and positional encoding of nodes are further fused to be fed into the following
modules. Next, the fused features are updated and refined by the message passing module SplineCNN.
Finally, we compute node affinity from updated features and adopt a differentiable graph matching
solver LPMP to find the correspondence matrix X.

3 Problem Formulation of Graph Matching

Given the keypoints in the images, each node is generally associated with a keypoint, and edges are
built according to the spatial position relationship between nodes when building an undirected graph.
The graph is represented by G = (V,E, V, £):

* V= {vy,..., v, } denotes the node set.

e E CV x V denotes the edge.

o V= {vilvi € R% i =1,2,...,|V|} denotes the node feature set.

o & ={eile; € R% i =1,2,..,|E|} denotes the edge feature set.

We use the adjacency matrix A to represent the connections of nodes in an undirected graph G, that
is, A;; = 1 iff there is an edge e;; = (v;,v;) € E.

Given two graphs G; = (V1,Eq,V1,&1) and Go = (Va,Eo, Vs, &), where |Vq| = |Va| = n, the
goal of graph matching is to find the correspondence matrix X € {0,1}"*" between nodes V; and
Vs of the two graphs G and G, wherein X;; = 1 iff v; € V; corresponds to v; € V.

The ultimate goal of the graph matching problem is to find the optimal node correspondence between
two graphs G and G, so the graph matching problem is often considered as a quadratic assignment
programming problem (QAP problem):

x* = argmax, x’ Kx, )

where x = vec(X) € {0,1}", X1,, = 1,, and X71,, = 1,. x* denotes the desired node
correspondence, and 1,, denotes a vector of n ones. K € R"**"%is the corresponding affinity matrix:

5% ifi=j5&a=0,
85q 00 Clseif ALAZ > 0, )
0, otherwise.

Ko b =

where s}, represents the affinity between node features v; € V4 and v, € Vs, 57, jp Tepresents the
affinity between edge features e;; € £; and eq;, € &s.

4 Methodology

The framework of our PREGM Network is illustrated in Figure[I} The positional encoder module of
pretrained PR-EnDec takes the coordinates of keypoints as input. It extracts a positional encoding
vector for each keypoint in the images. Next, the positional encoding and the visual features extracted
by vggl6_bn are further fused. Then, the fused features are fed into the message-passing module to
obtain the refined node feature. Finally, the node affinity is computed and processed by the LPMP
solver, generating the node correspondence matrix X introduced in the problem formulation.

il
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Figure 2: The framework of our PR-EnDec network and the detailed structure of its positional encoder
and spatial relation decoder.

As an independent stage, we pretrain the abovementioned positional encoder along with the spatial
relation decoder module of PR-EnDec (as shown in Figure [2). The pretraining stage enables the
positional encoder to learn the high-order spatial information. The PR-EnDec consisting two modules,

Positional Encoder. This module takes the coordinates of keypoints as input and learns positional
encoding. We first obtain the high-dimensional coordinate embedding vectors by an MLP. The vectors
are then fed into self-attention blocks and a normalization layer to learn positional encoding. The
attention mechanism provides sequence independence and relative information of nodes. Besides, we
propose a contrastive loss for the encoder module. The loss function ensures the affine transformation
invariance and learns the relative position information.

Spatial Relation Decoder. To reconstruct the spatial structure of graphs, this module generates
triangle assignments by distance-based random sampling. In each triangle assignment, the module
takes positional encoding corresponding to the three keypoints as the input of self-attention blocks.
Next, the processed features are fed into MLPs, and the relative spatial relations of the three points
are reconstructed. We adopt a Mean Squared Error (MSE) loss to compare the ground truth relative
spatial relations and the decoder’s predictions.

4.1 Positional Encoder

The Positional Encoder only takes geometric features of keypoints as inputs,
VI = {vf|v] € R% i =1,...,n} denotes the node geometric feature set.

Specifically, we utilize the 2D Cartesian coordinates of each node v; as its geometric feature

v{ = [;,y;]. The coordinate embedding sub-module embeds the geometric feature 17 into latent

representations by a two-layer MLP, denoted as p”. The updated geometric graph G9 = (V, p¥(V9))
is then fed into the following attention sub-module.

The attention sub-module consists of /,,, attention blocks (denoted as Attng) and a normalization layer
(denoted as Norm), which updates latent representations of GY. An attention block is composed of a
multi-head self-attention layer and a feed-forward layer, which captures the spatial feature of GY by
aggregating the latent representations of each node.

Vi = p"(V9), 3)

VI = Attnf(VY 1), i=1,2,..., L. 4)

The self-attention mechanism is sequence-independent, which is well suited for extracting high-order
relative position information between nodes. There is a normalization layer after attention blocks

to allow the positional encoding of nodes to be better fused with visual features nodes on the graph
matching task. The final positional encoding obtained by the encoder module is denoted as F,.

Fpos = Norm(V}. ). 5)

Encoder Loss. For two given graphs G, = (V,E1,V1,&) and G; = (V1,Eq,)V1,&1), the
positional encoder generates the positional encoding denoted as Fy,, = {f}|i = 1,2,...,[V|} and
2. = {fli = 1,2, ..., |V]} respectively. We expect that for all matched node i in graph G, and

node j in graph Go, the corresponding node positional encoding f; and fj2 should be similar. To let
the encoder learn the relative position information of the nodes, we perform contrastive learning that

q
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perseves the affine invariance of the positional encoding. Specifically, we adopt negative samples to
conduct contrastive learning to avoid the encoder module outputs trivial node features that are all
similar.

Therefore, we classify (G1,G2) as a positive graph pair if V5 is affine transformed by V{ or the
keypoints in V{ and V3 are one-by-one matched. On the contrary, (G, G2) is a negative graph pair
if the keypoints are not matched.

For each training batch, the positive graph pair set GS,, and negative graph pair set GS,, are generated
by node permuting or affine transformation. Let FS, and F'S,, denote the corresponding positional
encoding pair set of GS,, and GS,, respectively, we propose a contrastive 1oss Lcon,

Sp = Y. eap(rxsim(Fpo, F,,)), (6)
(Fpos:Fpos)EFSp
Sy = Z exp(q- * SiTrL(‘Fplos7 F;OS)), (7
(FI:)lOS ’FZ?OS)G]FS"
S
Leon = —L __=p ’ 8
5,35, ®

where S, and S,, denote the sum of the exponential of positive/negative pairs’ similarity, respectively.
Additionally, 7 denotes the temperature constant, and sim() denotes the cosine similarity.

4.2 Spatial Relation Decoder

To learn the high-order spatial information, we propose k-th-order geometric reconstruction assign-
ments. Sampling k points from the node set as an assignment, the corresponding geometric feature set
is denoted as V¢ and positional encoding set as Fl,;, C Fj0,. If a decoder Dec takes Iy, as input,
we claim the decoder provides k-th-order relative position information if there exists a non-degenerate
geometric function F, F(V9) ~ Dec(Fsy). Specifically, we choose k = 3 and function F with
Euclidean distance and triangle area to learn the third-order relative position information.

The decoder module first samples three keypoints and obtains the corresponding geometric feature set
V9 = {vd,v],v?} and positional encoding set s, = { fa, fo, fc}. The random sampling method is
related to the Euclidean distance from the previous sampled node to learn the relative information
better, for the sampling method guarantees that the distances between the sampled nodes are not too
far. Next, the sampled feature set Fy,; is fed into [,, attention blocks. The intermediate feature is

denoted as Fsub ={ fa, fb, fc} We utilize 2 MLPs, denoted as pg and p,, to approximate Euclidean
distance and triangle area function, respectively. The reconstructed relative position information of
the decoder is represented as:

RO = [pd(fay fb)a pd(f(ﬂ fc); pd(faa fC)a pa(fay fba fc)] (9)

Let Dis denotes Euclidean distance and Area denotes triangle area function, RC’s corresponding
geometric function F is obviously

F(V9) = [disl, dis2,dis3, area], (10)

where disl = Dis(v,v)),dis2 = Dis(vy,vd),dis3 = Dis(v?,v?),area = Area(vd, vy, vd)

a’”c

denote ground-truth third-order relative position information for the decoder to reconstruct.

Decoder Loss. Since we calculate the approximated relative position information RC' and the
ground-truth RC9* = F(V9), we propose the reconstruction 10ss L.

Lyec = MSE(RC, RC"). (11)

PR-EnDec Loss. Finally, we combine the two losses to guide the training of our PR-EnDec jointly,
[-:PR—EnDec = ['con + A £T'607 (12)
where A controls the relative importance of L.

Through pretraining of PR-EnDec, we obtain an effective encoder for extracting spatial positional
encoding for utilization in subsequent PREGM.

A
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4.3 Graph Matching with PR-EnDec

Our training procedure is divided into two stages: In the first stage, we pretrain our PR-EnDec, and
in the second stage of graph matching, our positional encoder module of PR-EnDec serves as a
sub-module of the base graph matching model, providing learned positional encoding in the first
stage.

After the training of PR-EnDec, we freeze all parameters of the encoder module and put it in the
training of graph matching tasks. The positional encoding F},,, generated by the positional encoder
module is fused with visual features F,,;s extracted by a standard CNN:

Frusea = Linear(Fpos) + Fuis- (13)
where Linear denotes a linear layer.

Next, we feed the fused features into a message-passing module to produce the refined node features,
and the message-passing module is implemented by a two-layer SplineCNN [10]]. After the message-
passing module, node and edge affinities are computed and passed to the differentiable graph matching
solver LPMP in [23]]. The resulting correspondence matrix X is compared to the ground truth X9¢
and the loss function is their Hamming distance:

Loy =X (1—-X9) + X9 (1-X). (14)

So far, the graph matching problem formulated previously is solved by our PREGM with the two
sequential training phases: the PR-EnDec pretrain and the graph matching task.

S Experiments

We conduct experiments on four public keypoint matching datasets and verify the effectiveness of each
component of our PREGM by ablation study. We introduce the datasets, baselines, implementation
details, and then report the results. The results demonstrate that our PREGM consistently outperforms
all other approaches.

5.1 Datasets

We evaluate our PREGM on four public keypoint matching datasets: PascalVOC [8]], Willow
ObjectClass [4]], SPair-71k [23], and IMC-PT-SparseGM [14].

The Pascal VOC dataset includes 20 classes of keypoints with Berkeley annotations [2] and images
with bounding boxes. The PascalVOC dataset is relatively challenging, since the scale, pose and
illumination of instances in images are rich and diverse, and the number of annotated keypoints in
each image also varies from 6 to 23. When conducting experiments on the Pascal VOC dataset, we
follow the standard protocol [32}137]: First, each object is cropped according to its corresponding
bounding box and scaled to 256 x 256 px. Second, we use 7,020 images for training and 1,682 for
testing.

The Willow ObjectClass dataset contains images of five categories: face, duck, winebottle, car, and
motorbike, the first three categories are from the Caltech-256 dataset [[12], and the last two categories
are from the Pascal VOC 2007 dataset [8]]. Each category contains at least 40 different images, and
each image is labeled with 10 distinctive keypoints on the target object to be matched. Following the
default setting in [4}|32]], we crop the images to the bounding boxes of the objects and rescale to 256
% 256 px, 20 images of each class are selected during training, and the rest are for testing.

The SPair-71k dataset is a relatively novel dataset, which was recently published in the paper [23]]
about dense image matching. Spair-71k contains 70958 image pairs of 18 categories from PascalVOC
2012 dataset [8] and Pascal 3D+ dataset [41l]. Compared with the other two datasets, SPair71-k
has the advantages of higher image quality and richer annotations which includes detailed semantic
keypoints, object bounding boxes, viewpoints, scales, truncation, and occlusion differences of image
pairs. In addition, compared with Pascal VOC dataset, SPair-71k removes two classes with ambiguous
and poor annotations: sofa and dining table. Following [29], we use 53,340 image pairs for training,
5,384 for validation, and 12,234 for testing, and we also scale each image to 256x 256 px.

The IMC-PT-SparseGM dataset contains 16 object categories and 25061 images [14], which gather
from 16 tourist attractions around the world. The IMC-PT-SparseGM benchmark involves matching
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Table 1: Matching accuracy (%) on PascalVOC dataset.

Method aero bike bird boat bottle bus car  cat chair cow dtable dog horse mbike person plant sheep sofa train v Avg
GNCCP 289 37.1 462 531 480 363 455 347 363 342 252 353 398 39.6 407 619 374 505 670 348 416
ABPF 309 404 473 545 50.8 35.1 467 363 409 38.9 163 348 39.8 39.6 393 632 379 502 705 413 427
GMN 319 472 519 408 68.7 722 536 528 346 486 723 477 548 51.0 386 75.1 495 450 83.0 863 553
PCA 409 550 658 479 769 779 635 674 337 655 636 613 689 62.8 449 715 674 575 867 909 63.8
CIE 512 69.2 70.1 550 828 728 69.0 742 396 688 718 700 718 66.8 448 852 699 654 852 924 689
NGM 50.8 645 595 576 794 769 744 699 415 623 68.5 622 624 64.7 47.8 78.7 66.0 633 814 89.6 66.1
DGMC 504 67.6 70.7 705 872 852 825 743 462 694 699 739 738 65.4 516 98.0 732 69.6 943 89.6 732
EAGM 494 621 646 753 90.9 809 71.1 613 487 659 875 584 663 60.1 563 97.1 647 60.6 96.0 93.0 705
BBGM 61.5 750 781 800 874 930 89.1 802 581 776 765 793 786 788 66.7 974 764 715 977 944 80.1

DIP-GM 585 749 762 760 871 947 898 798 604 775 798 780 762 78.2 643  97.1 764 764 965 932 79.6
IA-NGM-v2 615 738 740 794 89.1 946 897 775 67.1 773 924 768 77.1 774 658 985 775 795 966 923 80.9

ASAR 629 743 795 801 892 940 889 789 588 798 882 789 795 719 649 982 7715 771 986 937 8l.1
COMMON 656 752 808 795 893 923 90.1 81.8 61.6 80.7 950 820 8l1.6 79.5 66.6 989 789 809 993 938 827
Ours 626 764 793 787 903 941 923 834 719 823 924 824 820 85.0 692 987 784 90.7 967 951 84.1

Table 2: Matching accuracy (%) on Willow dataset.

Method PT WT  car duck face mbike wbottle Avg
GNCCP x  x 864 774 1000 956 957 91.0
ABPF  x  x 884 801 1000 962 967 923
GMN  x  x 743 828 993 714 767 809
PCA  x x 840 935 1000 767 969 90.2
CIE X x 822 812 1000 900 976 902
NGM  x v 841 774 992 821 935 873

v 983 902 1000 985  98.0 970
DGMC /' 965 932 1000 988 999 977
EAGM x v 944 897 1000 993 992 965
spoM < ¥ 969 890 1000 992 988 963

v v 957 931 1000 989  99.1 974
ome X ¥ 974 968 1000 998 968 082

Vv 978 990 1000 996 1000 99.3

larger scenes and take a step closer to the real-world downstream tasks. We take 13 classes as the
training set and the other 3 classes as the test set. Experiments are conducted on the benchmark with
50 anchors.

5.2 Baselines and Metrics

We compare our PREGM with the state-of-the-art methods, including two types of baselines: (1) 2
non-learning methods GNCCP [20], ABPF [36]; (2) 11 learning-based methods GMN [44], PCA
[32]], CIE [43], NGM [33]], DGMC [9]], EAGM [27]], BBGM [29], DIP-GM [42], IA-NGM-v2
[26], ASAR [28], COMMON [19]. For a fair comparison, we follow previous work [32] and extract
node visual initial features from relu4_2 and relu5_1 of vggl6_bn [30] via feature alignment. For
the input image pairs, we construct the edges of graphs by Delaunay triangulation [6]]. We adopt
a common metric matching accuracy to evaluate the experimental results, which is computed as
the number of correctly matched keypoint pairs averaged by the total number of all true matched
keypoint pairs.

5.3 Experimental Settings

In our implementation, we build up our PREGM based on the state-of-the-art method [29], which
presents an end-to-end trainable architecture that incorporates a state-of-the-art differentiable combi-
natorial graph matching solver. Our codes will be available in the future. In all experiments, we use
the same set of hyperparameters. We employ Adam [[15]] optimizer with an initial learning rate of
1 x 10~* for PR-EnDec, and 9 x 10~ for other models, and the learning rate is halved every three
epochs. We empirically set [,,, = 3 and [,, = 2 in the encoder and decoder, and choose temperature
constant 7 = 2 in L,y,, and balance factor A = 1/32 in Lpr_gnpec.. We also set batch size = 8
for PascalVOC, Willow ObjectClass, and Spair-71k datasets. Our learning procedure is divided into
two stages: The pre-training of the PR-EnDec is uniformly conducted on the Pascal VOC dataset.
Then the graph matching framework is trained on each dataset, while the parameters of the positional
encoder are fixed. All experiments are run on a single GTX-1080Ti GPU.
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Table 3: Matching accuracy (%) on Spair-71k dataset.

Method aero bike bird boat bottle bus car cat chair cow dog horse mbike person plant sheep train tv  Avg
GMN 50.1 404 627 468 60.8 66.8 572 620 405 615 495 465 56.5 439 76.1 447 612 757 557
PCA 589 423 721 541 612 773 66.1 652 504 649 568 555 64.3 534 862 49.1 755 914 63.6

DGMC 548 448 803 709 655 90.1 785 667 664 732 662 66.5 65.7 59.1 987 685 849 98.0 722
BBGM 669 577 858 785 669 954 86.1 746 683 789 730 675 79.3 730 991 748 950 98.6 789
DIP-GM 63.7 545 89.0 809 642 950 873 735 710 797 734 68.1 75.1 712 988 769 96.0 99.2 787
Ours 71.3 610 89.6 82.0 684 984 915 751 776 841 713 749 83.4 748 995 77.6 975 998 824

Table 4: Matching accuracy (%) on the IMC-PT-SparseGM.

Method Reichstag ~ Sacre_coeur  St_peters_square  Avg
GANN-GM 76.0 442 50.5 56.9
BBGM 99.1 79.5 86.8 88.4
Ours 99.8 84.8 87.6 90.7

5.4 Performance Evaluation

We conduct experiments on four public datasets: PascalVOC, WillowObject Class, Spair-71k and
IMC-PT-SparseGM for the keypoint matching problem, and follow the most common experimental
setting, where intersection filtering is applied to generate graphs with the equal size.

Firstly, we report the matching accuracy of the 20 classes and average accuracy on PascalVOC
dataset in Table [T} where the best results are shown in bold. The results demonstrate that our model
PREGM performs much better than all traditional graph matching methods, and also achieves better
performance against state-of-the-art deep graph matching models with matching accuracy 84.1%.
And in the 20 classes of PasalVOC dataset, our PREGM has achieved the best results in the other 17
classes except for the boat, bottle and train class. As there are large differences in the scale, pose
and illumination of matching objects, PascalVOC is a complex matching dataset, thus the matching
accuracy of traditional graph matching methods is not more than 50%, and the performance of deep
graph matching methods is relatively better. Our PREGM learns effective node spatial characteristics
by PR-EnDec, so as to further improve the graph matching performance.

For the relatively simple WillowObject Class dataset, as shown in Table[2] there are two different
training strategies: PT and WT, which PT means matching frameworks are pre-trained on PascalVOC,
and WT means learning models are then fine-tuned on WillowObject Class Dataset. In this paper, we
adopt two strategies: PT only, both PT and WT, and in both situations, our model achieves the best
performance among other state-of-the-art methods with matching accuracy 98.2% and 99.3%. The
results again demonstrate the effectiveness of learning positional node features hidden in graphs in
our PREGM.

We also conduct experiments on Spair-71k dataset, as shown in Table [3] we compare our PREGM
with deep learning methods GMN, PCA, DGMC, BBGM, and DIP-GM. Our PREGM performs best
with matching accuracy 81.9%, and shows superiority in total 18 classes, which demonstrates the
generalization ability of our model on different objects. SPair-71k dataset, as a relatively new dataset,
has the advantages of high image quality, rich annotation, and fixed image pairs for matching, which
is a more convincing dataset. Thus our PREGM achieves the best results on the SPair-71k dataset,
which further proves the effectiveness of our PREGM.

Additionally, we evaluate our model on the IMC-PT-SparseGM dataset, as shown in Table ] our
model demonstrates outstanding performance on this demanding benchmark. The results outshine the
performance of the other methods, GANN-GM [34] and BBGM, by a significant margin. In terms of
the average accuracy across these landmarks, our model excels with an impressive mean accuracy of
90.7%. The IMC-PT-SparseGM dataset is characterized by its substantial number of images, nodes,
and high partial rate, making it one of the most comprehensive benchmarks for visual graph matching.
Our approach, showcased in these results, demonstrates its ability to handle larger scenes and move
closer to real-world applications, such as structure from motion.

Table 5: Ablation Study on Pascal VOC dataset.

Method | baseline  w/o positional encoder  w/o spatial relation decoder  w/o recon_area  w/o recon_dis  w/o visual features
Accuracy | 84.1% 83.4% 81.7% 83.8% 82.7% 76.8%
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Table 6: Parameter analysis of learning rate on PascalVOC.

Ir (x107%) 6 7 8 9 10 11 12
Accuracy | 832% 83.7% 838% 84.1% 839% 83.7% 83.7%

5.5 Ablation Study and Parameter Analysis

To evaluate the effect of each component in our framework, we conduct comprehensive ablation
studies with/without positional encoder, spatial relation decoder, and we also consider the two
separate cases of no reconstruction of areas and relative distances in the loss function of spatial
relation decoder. Furthermore, we conducted additional ablation experiments by removing visual
features to evaluate the effectiveness of the spatial features extracted by our model. The experiments
are performed on PascalVOC dataset. As shown in Table[5] compared with the baseline, the results
demonstrate that all modules bring substantial performance gains, the reconstruction of relative
distance is more important in the decoder, and the spatial relation decoder contributes most to the
overall performance. Moreover, with the fact that only taking spatial features as node features can
achieve relatively good performance, it further proves the effectiveness of the spatial features learned
from our PR-EnDec.

We also conduct parameter analysis to select hyperparameters. As shown in Table[6] PREGM achieves
the best performance when learning rate = 9 x 10, which is our default setting, and it also shows
that adjusting the learning rate causes an accuracy fluctuation of about 1%. For the balance factor A
in the loss function, when A = 1/128,1/32, and 1/8, the matching accuracy is 83.7%, 84.1%, and
83.3% respectively. Thus we select A\ = 1/32 as our default setting, and the results show that our
method is rather sensitive to the choice of A, and our designed loss function in positional encoder and
spatial relation decoder indeed improves the performance.

6 Conclusion

In this paper, we present an end-to-end novel deep graph matching network PREGM that learns more
distinguishable node features by modeling spatial positional information in graphs. Our PREGM
designs a common encoder-decoder architecture consisting of a positional encoder that learns effective
node positional encoding and a spatial relation decoder that reconstructs the positional structure of
graphs. Our experiments and ablation studies on four public keypoint matching datasets demonstrate
the state-of-the-art performance of our method. The exploration direction of future work includes
optimizing the loss function of the positional encoder to extract purer spatial structural information
and improve the feature fusion method to obtain better fused feature representation.
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