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Abstract

Keyword search is a fundamental task to retrieve information that is the most
relevant to the query keywords. Keyword search over graphs aims to find subtrees
or subgraphs containing all query keywords ranked according to some criteria.
Existing studies all assume that the graphs have complete information. However,
real-world graphs may contain some missing information (such as edges or key-
words), thus making the problem much more challenging. To solve the problem
of keyword search over incomplete graphs, we propose a novel model named
KS-GNN based on the graph neural network and the auto-encoder. By considering
the latent relationships and the frequency of different keywords, the proposed
KS-GNN aims to alleviate the effect of missing information and is able to learn
low-dimensional representative node embeddings that preserve both graph structure
and keyword features. Our model can effectively answer keyword search queries
with linear time complexity over incomplete graphs. The experiments on four
real-world datasets show that our model consistently achieves better performance
than state-of-the-art baseline methods in graphs having missing information.

1 Introduction

Keyword search is an important research topic which allows users to provide query keywords and
returns the most relevant results. The keyword search over graph data [[1]] usually retrieves top-k
subtrees or subgraphs which contain all the query keywords ranked according to some criteria. For
example, He et al. [2]] propose a general scoring function considering both graph structure and content,
and they aim to find top-k nodes where each node can reach all query keywords, and the sum of its
shortest path distances to these keywords is as small as possible. This ranking method is commonly
used in later graph keyword search works [3} 4].
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All existing studies assume that the graph data is
L. k Query g={c, e, f}
complete and has no missing information. How-

ever, real-world graphs usually have some miss- {b,c} {a,d,e} {b,c} {a, d, e}
ing edges [S] and missing attributes on some
nodes [6]. This renders previous graph keyword
search methods unable to find exact answers
when dealing with such incomplete graphs. Fig-
ure[I] shows an example keyword search query
over graphs. Given g={c, e, f}, on the left graph ‘
G with no missing information, the best node (a) Graph G (b) Incomplete Graph G’
is vy, since it contains keywords ¢ and f, it can ) )

reach v5 containing e, and its sum of the short- Figure 1: Example of keyword search on incom-
est path distances to all query keywords is the ~Plete graphs

smallest which is 1 (the shortest distances of v,

to ¢, e, and f are 0, 1, and 0). However, on the right graph G’ which has a missing edge and a node
with missing attributes, the result becomes vy, v3 or vg, and the subtree consists of {vy, v2, vg}, with
a total distance of 2.

Answer = {v,} ‘ ‘Answers = {vy, vy, UG}‘

To handle the missing information, one simple idea is to first utilize some state-of-the-art graph
completion models (such as SAT [6]]) to predict the missing information and then apply the existing
algorithms (such as BLINKS [2]) to find the answers from the graph with predicted keywords and
edges. However, such a completed graph contains many noises and errors comparing with the original
graph, and thus this method has poor performance as shown in our experimental study. To capture the
latent information of the incomplete graphs, we propose to utilize the graph neural network (GNN) for
graph keyword search. GNN has been widely applied in tasks such as link prediction [7, 8} 9], node
classification [10} [11]], and node clustering [6, [12]], but existing models cannot be directly applied to
keyword search since they usually embed all the features (keywords) of a node into a single vector
and they cannot obtain the representation for the individual query keywords.

We firstly design two naive approaches based on GNN and dimension reduction. To achieve better
performance, we propose a novel auto-encoder and GNN-based model using the message passing
mechanism, called KS-GNN. The model mainly consists of three components: an encoder that
transforms the original keyword information to low-dimensional embedding vectors; a decoder
that aims to reconstruct the high-dimensional representation of keywords from the embedding; a
message passing-based aggregation mechanism that preserves the shortest path information between
keywords and the target node. Different from the existing graph keyword search works, we propose to
leverage GNN to obtain representative node embedding that contains the keyword information, taking
the latent graph structure, keyword distribution, and keyword frequency information into account.
Meantime, the proposed KS-GNN is able to encode the input query as a low-dimensional vector by its
learned powerful encoder, and the results are obtained by computing the similarity between the query
embedding and node embeddings. This also speeds up query processing time to linear complexity.

The main contributions of our approach are as follows:

e To our best knowledge, this is the first work on keyword search in graphs with missing
information.

e We propose an auto-encoder and GNN-based model KS-GNN to solve the problem effec-
tively without having to know the complete information of the input graph.

e The experimental results on four real-world datasets show that our proposed model consis-
tently outperforms several baseline methods.

2 Related Work

Keyword Search in Graphs. Keyword search over graph data aims to find the top-k subtrees or
subgraphs according to some ranking criteria. The conventional methods design algorithms assuming
that the graphs have complete information. For example, DBXplorer [13] proposes to utilize the
number of the answer’s edges as the scoring function. BANKS [14] model tuples as nodes in a graph
and then performs keyword search using proximity-based ranking. He et al. [2] propose a general
ranking function considering both graph structure and content. BLINKS also builds an efficient
bi-level index structure to improve efficiency. Kargar and An, motivated by the Steiner tree problem,



use the total edge weight in ranking answers [[15]. There also exists studies on keyword search in
temporal graphs [[16]], uncertain graphs [17], knowledge graphs [[18], RDF graphs [19], etc. However,
real-world graphs may usually be incomplete. As all the state-of-art keyword search methods retrieve
the exact answer, the missing information (keywords or edges) imposes a significant effect on the
query results. To address this issue, we propose a graph representation learning-based solution to
solve the top-k keyword search problem on incomplete graphs.

Graph Neural Networks. As a powerful branch of graph representation learning methods, the
graph neural network has been widely used in recent years due to its excellent performance. The
models in the early years are usually based on the so-called graph convolutional network (GCN) [20}
211 122]], which is based on the Fourier transform theory of graphs developed by Shuman et al. [23]].
However, research in recent years has shown that the GCN-based methods can be represented by
the message passing mechanism, which is more consistent with the experimental results [24]]. The
Graph Attention Network (GAT) [[L1] is one of the representatives of graph neural networks based on
the message passing mechanism. GAT introduces the attention mechanism to calculate the attention
coefficient between nodes and then uses it to assign different weights to neighbors’ information.
Based on the auto-encoder and GCN, Graph auto-encoder (GAE) [25] is proposed to reconstruct
the adjacency matrix. Moreover, there are some GNN-based works that aim to predict and impute
missing data to a data matrix [6l 26} 27]. However, all the methods mentioned above cannot directly
handle the graph keyword search problem. To our best knowledge, this is the first work that leverages
GNN to process keyword search on incomplete graphs.

3 Problem Statement

A graph keyword search query ¢ = (wg, , Wgs, ..., Wq,, ) contains a set of query keywords, and it
searches relevant results from a grapPE] G = (V,E,W), where each node v € V, eachedge e € &,
and each keyword w € W. For each node v, it is associated with a set of keywords {w}, w3, ..., w} }.
In this work, we study the keyword search problem over an incomplete graph. To alleviate the effect
of the missing information to keyword search over incomplete graphs, we assume that in the original
graph the query results are obtained by applying the BLINKS scheme [2] (a commonly used graph
keyword search method). Given a query g, let s(v, ¢) denote the score of the node v. According
to [213.128L 29, 301, s(v,q) = Y_i~ | distpmin (v, wg, ), Where dist (v, wy, ) computes the shortest
path distance from node v to a node containing wgy,. BLINKS aims to find top-k nodes where each
node can reach all query keywords in the graph, and the scores of the k& nodes measured by s(v, q) are
the smallest. E.g., in Figure 1(a), s(v4,q) = distyin(vg, ) + distimin(va, €) + distpin(va, f) = 1.

Problem Definition. Given an incomplete graph G’ = (V, &', W' ry,, 1), where &' CE, W C W,
and the proportions of nodes with missing keywords and of missing edges in G are denoted by 7,
and r,, respectively. Given a query ¢, the incomplete graph top-k keyword search problem aims
to find a set S = (v1, vy, ...,v%) of k nodes from G’ such that for any vertex v’ ¢ S, s(v',q) >
maz({s(vi, q)|v; € S}).

4 Proposed Methods

We propose to solve the keyword search problem with an unsupervised graph representation learning
method, since the representative low-dimensional node embeddings can capture the latent information
of the input incomplete graph and thus can help recovering the missing information. In addition, low
dimensional node embeddings can speed up the query processing by comparing the node embedding
with the generated query embedding at the cost of linear complexity. In this section, we first propose
two naive methods that are based on GNN and dimensionality reduction methods, and then we
introduce our proposed KS-GNN in details.

4.1 Naive Methods

Conv-OH. Graph convolutional layer has been widely used in GNNs, which enables GNN models
to gather information from neighbor nodes. Our first naive method Conv-OH utilizes the graph

2For ease of presentation, we focus on the undirected graphs, and it is easy to extend the proposed method in
directed graphs by passing messages along the edges.
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Figure 2: An illustration of the message passing and aggregation of Conv-OH, where v is a target
node and it aggregates keyword information from its neighbors.

convolutional layer and takes the one-hot encoding of keywords as the input feature for nodes due
to the scoring function mentioned in Section 3] Conv-OH is able to return the same answer as does
BLINKS [2], if the graph has no missing information and [ is large enough.

Frg. 2| shows the message passing and aggregation of Conv-OH. Specifically, with |V| = N and
|W| = M, the one-hot encoding of node v is denoted by x = {0,1}* with h, ; = 1 if w; is
a keyword associated with v and O otherwise. Therefore, the input feature matrix is denoted by
X € {0, 1}V*M Let H' denote the output node embedding of the I-th layer and h!, denote the v-th
row of H!, we have:

bl = Aggregate({f(b,),Yu € N(v)}U {ni}), @

where H? = X, f(-) denotes a transform function and A/ (v) denotes the neighbors of node v. Using
the combined distance as the scoring function (described in Section[3)), Eq. (I) can be written as:

hi = ({1(h)) o (b, + 1), Vu € N(v)} U {L}), 2)

where €)(+) denotes the element-wise minimum function which ignores zeros, o denotes the element-
wise product, and 1(-) denotes the indicator function that the element of 1 (h) is 1 if the input element
is positive and 0 otherwise. For instance, ©2({[0, 0, 1,1],[2,0,0,2]}) = [2,0, 1, 1], and 1([0, 2, 0, 3])
= [0, 1,0, 1]. With Eq. @), the output of Conv-OH is an N x M matrix, denoted by Z. Note that
there is no dimensionality reduction in Conv-OH and thus this method consumes huge space. The
node embedding h!, of v also represents the shortest path distances between the keywords and v.
Specifically, if hi,,i > 0, it means that the shortest path distance between v and w; is h! ; — 1, and v

cannot reach w; within [ hops if hi)i =0.

For the query processing, given g, we can obtain the one-hot encoding of g, denoted by x,,. Therefore,
given the output node embedding Z, the sum of graph shortest-path distances between nodes and the
query keywords can be computed with quT, and the space complexity is O(N M). It is obvious
that Conv-OH cannot deal with the missing information, but it provides some hints to propose more
advanced methods.

Conv-PCA. Principal component analysis (PCA) is a classic dimensionality reduction technique
in multivariate statistical analysis [31]]. In order to facilitate data storage and query processing, we
propose another naive PCA-based method to solve the keyword search problem.

Given the one-hot encoding matrix X as the input feature matrix, PCA is able to keep d principal
components of X with X,, = XU, where the rows of U € R?*M form an orthogonal basis for the
d features that are decorrelated [32]. It is worth noting that we can obtain the reconstructed feature
matrix X’ with X’ = X, U. The learning object is to minimize L., = ||X' — X||3, where || - ||2
denotes the L? norm.
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Figure 3: An illustration of the message passing and aggregation of our KS-GNN model.

Inspired by the graph convolutional layers of Conv-OH, we propose Conv-PCA with the convolu-
tional layers as below:

bt = max({ahl,, Yu € N(v)} U {b}), ®

where o € (0,1) is a decay parameter used to estimate the shortest path distances in Eq. (3), since
the dimension is reduced from M to d and thus it is difficult to discriminate M keywords within the
d dimensions (d < M). Specifically, a larger cumulative decay corresponds to a larger shortest path
distance. Conv-PCA takes X,, as the initial node embedding (H° = X,,). This mechanism performs
better than directly using PCA in experiments as shown in Section[5.3] For the query processing, given
g, we can obtain the query embedding h, = quT. Therefore, given the output node embedding Z,
the similarity scores between nodes and the query keywords can be computed by thT with linear
space complexity O(dN ), where the dimension d is a small constant.

Compared with Conv-PCA, Conv-OH utilizes each element of h,, to record the shortest path distance
between keywords and v and cannot reduce the dimension of node embedding. Conv-PCA can more
efficiently process the keyword search query and requires less space than Conv-OH, but neither of
them can well handle the missing information in incomplete graphs.

4.2 KS-GNN

Based on the prior discussions on Conv-OH and Conv-PCA, we present the desiderata that guide the
development of our method for tackling keyword search as follows:

Dimensionality Reduction. Taking the one-hot encoding matrix X as input, it is difficult to afford
the cost of generating an output with size N x M. Therefore, the model should be able to reduce the
dimensions of the output node embedding M to a lower level.

Key Information Preservation. Some keywords and edges information may be lost in the process of
dimensionality reduction, which affects the performance of keyword search. The model should retain
as much key information as possible to guarantee results quality.

Adaptive Encoding. When generating node embedding, the model should consider the structure
information of the target node centered subgraph and the distribution of keywords on the subgraph,
rather than only considering the keywords of the target node. Specifically, to recover the missing
keywords information in the incomplete graph, the model should be able to capture latent relationships
among different keywords. For instance, a pair of keywords "AI" and "ML" often co-occur on nodes
near to each other (e.g., one-hop neighbors). Given a node containing either "AI" or "ML", it is
natural to assume that the neighbor of this node is more likely to contain the other keyword than the
nodes whose one-hop neighbors do not contain either of the two keywords.

Keyword Frequency Awareness. Based on the scoring function in Section[3] the returned top-k nodes
tend to be decided by the query keywords with low frequency compared to the high-frequency ones.
Thus, for a given keyword, the number of nodes containing it (we denote this by the keywords’
node frequency) can reflect its importance to the query processing, similar to the inverse document
frequency (IDF) used in information retrieval. The keyword set of the whole graph can be regarded
as a corpus and the keyword set of each node can be regarded as a document. Therefore, the model



should encode keywords taking in consideration of their frequencies, which are measured based on
the keyword node frequency in the whole grap

Based on these desiderata, we propose an auto-encoder based Keyword Search Graph Neural Network
(KS-GNN) for tackling the problem in incomplete graphs. An illustration of the message passing and
aggregation mechanism for generating the node embedding h3 with KS-GNN is provided in Fig.

Encoder and Decoder. KS-GNN employs an encoder f to generate low-dimensional node em-
bedding for dimensionality reduction. Recall that in Conv-PCA, the dimension reduction caused
information loss and it is hard to discriminate keywords in the low-dimensional space. To address
this issue, for the sake of key information preservation, KS-GNN employs another decoder g which
aims to reconstruct the input from embedding space. By training f simultaneously with g, the output
embedding of f is able to preserve key information of the input graph. Given the one-hot encoding
matrix X as the input, we define H = f(X) where H € RV 9, For the decoder, it is defined as
X' = g(H) where X’ € RN*M,

In this work, we utilise the multi-layer perceptron (MLP) with a nonlinear activation layer [33] as
both non-linear encoder and decoder. It is worth noting that MLP can be replaced by a more complex
neural network. Our goal here is to use simple encoder and decoder to show the advantages of the
proposed mechanism. In addition, as a conventional learning objective of the auto-encoder, f and g
are trained to minimize:

L xr
Ly = X" = X3, @)

It is worth noting that the representation PCA learns is essentially the same as that learned by a
basic linear auto-encoder. However, the encoder f and the decoder g here are not necessarily linear
functions and thus are able to learn more representative node embeddings than the linear ones.

Message Passing and Aggregation. The message passing and aggregation mechanisms for both
Conv-OH and Conv-PCA are based on the orthogonal basis and decorrelated features. However,
in KS-GNN, its encoder f transforms the input without any basis, and thus we cannot simply
apply the max(-) function to capture the information of the nearest keywords on a node. Thanks
to the reconstruction ability of the decoder g, we can utilise g to reconstruct the M -dimension
encoding during the message passing and then using max(-) at this step. Moreover, if the learned
node embedding contains the latent information of the missing keyword of the incomplete graph, g
can also help recover the missing keywords during the reconstruction. Formally, given the output
node embedding H' of [-th layer, we have:

bt = 7 (e ({ag(hl ), va € M)} U Lohl)}) ). )

where @ € (0,1) is a decay parameter that is the same as the one in Eq. (3). As Eq. (5) shows,
the M -dimension embedding will only be generated by the decoder g during the message passing
and aggregation, while the hidden node embedding and the final output node embedding are both d
dimensions. Therefore, it meets the requirement of dimensionality reduction. The message passing
and aggregation can be processed in parallel, and the time-complexity is acceptable. It is worth noting
that in incomplete graphs, due to the mechanism of message passing and aggregation, nodes without
any keyword information can still be embedded accordingly.

Subgraph keywords-based Node Similarity. To realize adaptive encoding, we propose to train
KS-GNN by a triplet siamese network [34]] with a triplet loss [35] according to the subgraph
keywords-based node similarity, which enables KS-GNN to capture the latent missing keyword and
edge information on incomplete graphs. For a node v, we consider the subgraph SG,, containing all
the neighbors of v within £ hops for measuring node similarity. The one-hot encoding of this subgraph
SG, is denoted by x ¢, - For instance in G’ shown in Fig. |1} given k£ = 1, the 1-hop subgraph of vs
contains keywords {a, ¢, d, e, f} with the corresponding one-hot encoding XsGL = (1,0,1,1,1,1).
Similarly, the one-hot encoding of the subgraphs around v4 and vs are Xsg/, = (1,1,1,0,0,1) and
xsq; = (1,1,1,1,1,1), respectively. Therefore, by counting the number of common keywords as
the similarity scoring function, we can compare the similarity between (v5,v4) and (v5, v6) by

3The multi-occurrence of a keyword on one node only contribute 1 to this keyword’s node frequency.
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comparing Xsg; Xgqr = 3 and XsayXsay = 5. Specifically, XsapXse, < XsapXse, indicates
(v5,v6) are more similar than (v5,v4) in G'.

Given G’, the KS-GNN model denoted by ¢, and a sampled batch of triplets 7 = {t1,t2,...tp} =
{(Vo1,Vp1,vq1), (Vo2, Up2,Vg2); -+, (Von, Upn,; Vgn) }» KS-GNN is trained to minimise:

L= 3 mar (m = sgn(t:) (¢(X)o 6(X);, - ¢(X>oi¢<X>;),0)7 (6)

‘T| t, €T

where m is a margin hyper-parameter of the hinge loss, sgn(-) denotes a sign function that sgn(t;)
returns 1 if (v,;, vp;) are more similar than (v,;, v4;) and —1 otherwise. Thus, KS-GNN can learn
the structure and keyword information from the subgraphs involved.

For large-scale datasets, it might be time-consuming to compute sgn(t;). In this case, it is acceptable
to intuitively sample 7 based on the links. For example, for a sampled node v,,, v, can be sampled
from the 1-hop neighbors of v,,, and v,, can be negatively sampled from unconnected nodes of v,,,
thereby setting sgn(¢;) to 1. Eq. () still takes both the graph structural information and the keyword
distribution into account by feeding the one-hot encoding of subgraph keywords to KS-GNN. In
addition, minimizing Eq. (6) helps generate similar adaptive embedding for the keywords which
co-occur commonly.

Keyword Frequency-based Regularization. Intuitively, if a keyword appears on many nodes, it
is regarded as less important than the keyword which appears on fewer nodes for query processing.
Therefore, in this work, we consider the keyword node frequency, denoted by c;, that indicates the
number of nodes containing keyword w;. For instance, in G’ shown in Fig.|[l} ¢; = 2 and ¢3 = 2 for
keywords a and b, respectively. We propose to enhance the model’s keyword frequency awareness
with a regularization that minimizes:

1
Ls =7 > allf @l @)

w; EW

where I denotes an M x M identity matrix, and I; denotes the i-th row of I. Feeding I,; in f can
return the representation of keyword w;, and minimizing Eq. aims to differentiate the lengths
of keyword embeddings according to their keyword frequencies, thereby being aware of keyword
frequency.

To train KS-GNN, the final learning objective is to minimize:
L= L1+ XLo+ A3L3, )

where Aj, Ay and A3 are hyper-parameters. By minimizing Eq. (8), we can optimize KS-GNN to
generate informative node embedding which can capture the latent representation of missing keywords
and edges. The superiority of the proposed KS-GNN is validated in Section

Query Processing. To process query g, given the one-hot encoding of g as x,, the trained encoder
f and the learned node embedding Z, we can compute the similarity between the nodes and query
withsq = f (xq)ZT, and the top-k answers can be found with the largest scores in sq. In addition,
the space complexity of computing query processing is O(dN).

S Experiments

In this section, we evaluate the performance of our proposed approach, KS-GNN, on four real-world
datasets, including citation networks (CiteSeer), co-purchase networks (Video & Toy) and co-author
networks (DBLP). The details of datasets, additional experimental results and analysis can be found
in the supplementary materials.

5.1 Baseline Methods

We compare our model against five baseline methods, including a state-of-the-art deep learning
based missing-data completion GNN model. More details on the baseline models are provided in the
supplementary materials.



o GraphSAGE [10] is a representative GNN-based graph embedding method. We add an
MLP encoder for GraphSAGE to address the keyword search problem for GraphSAGE.

o BLINK+SAT firstly predicts and completes the missing keywords and edges with a state-
of-the-art missing-data completion GNN model SAT [6] and then utilises BLINK [2] to
process keyword search on the new graph.

e PCA is based on the classic dimensionality reduction technique [31]].
e Conv-PCA is a naive method proposed in Section

e KS-PCA is a simplified variant of our proposed KS-GNN that replaces the MLP encoder and
decoder with PCA transformations. Specifically, it leverages U to reconstruct M -dimension
embedding from h,,.

5.2 Experimental Setup

In our experiments, we compare the proposed method with baseline methods for keyword search
tasks in two kinds of graphs: (1) the graphs with only missing keywords; (2) the graphs with both
missing keywords and edges. For each dataset, to simulate a real-world scenario and quantitatively
control the ratios of missing information, we process the original datasets with two steps: (1) hide the
keywords of randomly sampled nodes with a predefined proportion (denoted by 7,,) in the graph;
(2) randomly hide a proportion (denoted by r.) of the edges in the graph. Let n, = |g| denote the
number of words in the query ¢, we randomly sample 100 queries as the test set for each value of n,
ranging from 3 to 9 with a step of 2.

In addition, in each incomplete graph, the validation set consists of 100 randomly generated queries
with ground truth answers. We tune the hyper-parameters of compared methods with the grid search
algorithm on the validation set, more details can be found in the supplementary materials. In terms
of the evaluation metric, we use Hits@ K, which is a common ranking metric that counts the ratio
of positive edges that are ranked at the /-th place or above. The ground truth is the top-K answers
retrieved by BLINK on the original graph for each dataset. Specifically, we report Hits@ 100, and
more experimental results (Hits@ 10 and Hits@50) can be found in the appendix.

5.3 Performance of Keyword Search

Table [T| shows the comparison results in graphs with r,, adjusted from 0.3 to 0.7 and n, adjusted
from 3 to 9. As shown in the table, KS-GNN and KS-PCA significantly outperforms the baselines,
and changing r,, will not affect its performance. Moreover, the performance of KS-GNN better
when more query keywords are given. As for the baselines, BLINK+SAT cannot maintain good
performance when many keywords are missing. Compared with Conv-PCA, KS-PCA can address
the keyword search in incomplete graphs much more effectively due to the proposed novel message
passing and aggregation mechanism. Although KS-PCA and KS-GNN have similar message-passing
mechanisms, KS-GNN performs better in most cases due to its more representative output node
embeddings. This reveals that the proposed learning objective and auto-encoder-based model are
able to enhance the ability of representation learning. Since PCA focuses on each single node, it
performs well when the query keywords are located on the same node. However, when n,, increases,
the query keywords tend to be located on different nodes, and the performance of PCA therefore
decreases because it cannot gather neighbor information. By contrast, although GraphSAGE can
aggregate information from neighbors, it sometimes performs worse than PCA, because only utilizing
the max-pooling operator during the message aggregation cannot well distinguish the information
from each unique keyword. This can be proved by that Conv-PCA performs better than both PCA
and GraphSAGE, which also indicates the superiority of our proposed encoder and decoder-based
message passing and aggregation mechanism.

Table 2] presents the results of the comparison in graphs with both missing keywords and edges, where
re is set to 0.3 and r,, is adjusted from 0.3 to 0.7. As the table shows, KS-GNN still outperforms other
compared baseline methods in most cases since it can learn the adaptive embedding and structural
information from the incomplete graph with missing keywords and edges. Compared with Table
Table [2] shows that the effect of missing edges cannot be reflected for the powerless methods, such as
GraphSAGE and BLINK+SAT, because they might gather noisy information from neighbours. For
KS-GNN, the effect of missing edges varies on different datasets. For instance, KS-GNN is more
robust on CiteSeer and DBLP than on Video and Toy.



Table 1: Method performance by Hits@ 100 (%) in graphs with only missing keywords.

Datasets Tw 03 05 07
ng 3 5 7 9 3 5 7 9 3 5 7 9
GraphSAGE 687 564 295 371 515 474 352 207 942 827 605 754
BLINK+SAT 881 723 565 442 9.14 597 547 483 982 834 875 549
CiteSeer PCA 1026  7.73 651 519 931 670 628 482 773 640 647 498
Conv-PCA 849 843 876 741 892 7.78 11.28 1358 11.38 920 1144 990
KS-PCA 2491 2792 33.15 3835 23.61 2587 3284 30.74 2094 26.18 3559 33.99
KS-GNN 30.84 37.86 38.07 42.61 3143 38.79 38.86 42.62 28.69 3525 3561 38.64
GraphSAGE 049 030 006 003 044 0.14 000 005 034 035 021 0.16
BLINK+SAT 1021 986 1099 1487 855 692 863 582 1.18 1.15 438 335
Video PCA 1.54 091 055 0.61 .71 072 071 057 166 095 0.66 0.5
Conv-PCA 181 246 158 238 243 149 166 254 242 237 280 337
KS-PCA 10.19 1223 16.15 21.37 11.26 15.62 19.51 2387 10.66 1557 19.17 25.36
KS-GNN 21.43 2336 2292 2679 22.54 22.57 3041 3341 21.01 1648 22.01 28.47
GraphSAGE 074 0.88 511 421 424 1249 650 6.10 145 439 671 0.09
BLINK+SAT 647 817 812 1054 679 959 1099 1193 644 856 11.55 8.15
Toy PCA 1.I5 068 063 0.51 1.01 069 051 044 0.67 047 044 030
Conv-PCA  21.34 2199 2376 2540 19.17 19.72 2021 2522 1699 21.61 2395 2490
KS-PCA 2723 2773 31.58 3379 2578 2894 31.04 32.82 1835 22.03 2550 26.25
KS-GNN 28.56 29.85 29.55 3428 24.65 29.16 31.27 33.25 21.78 2741 2555 30.17
GraphSAGE 042 049 036 082 029 043 053 005 0.07 001 001 0.00
BLINK+SAT 326 6.09 401 665 349 1.66 542 395 425 242 312 424
DBLP PCA 378 257 225 238 3.06 255 221 215 297 251 202 188

Conv-PCA 9.00 1324 1329 1687 593 656 7.64 10.62 7.00 10.52 10.03 15.68
KS-PCA 1528 2141 2561 31.64 1498 20.73 2321 31.72 1249 1949 2123 28.63
KS-GNN 16.21 2494 29.55 33.51 16.52 2273 26.85 30.69 1557 24.15 27.12 29.06

Table 2: Method performance by Hits@ 100 (%) in graphs with both missing keywords and edges (7,
=0.3).

Datasets Tw 0.3 0.5 0.7
ng 3 5 7 9 3 5 7 9 3 5 7 9
GraphSAGE  2.04 322 299 172 389 295 103 LIl 962 826 735 723
BLINK+SAT  9.19 814 568 371 826 679 604 857 788 833 769 830
CiteSeer PCA 1026 773 651 519 931 670 628 482 773 640 647 498
Conv-PCA 961 937 817 7.68 1082 922 11.83 1433 1140 10.17 1191 9.94
KS-PCA 2527 2789 3147 3571 2251 2492 31.65 3049 2072 2560 3530 32.81
KS-GNN 3057 37.88 3815 41.80 26.80 3470 3437 3675 24.47 3119 3582 34.96
GraphSAGE  0.09 0.11 002 000 026 005 000 004 165 165 222 129
BLINK+SAT 1.67 185 248 144 008 099 496 297 219 177 078 121
Video PCA 154 091 055 061 171 072 071 057 166 095 066 055
Conv-PCA 105 159 083 201 143 081 087 123 125 125 131 138
KS-PCA 382 413 488 7.3 396 452 533 611 364 458 517 655
KS-GNN 808 834 1288 1182 684 7.68 418 1112 637 1031 1392 10.07
GraphSAGE  0.04 002 001 000 028 000 001 002 002 018 029 023
BLINK+SAT  3.69 3.03 485 566 256 134 18 546 176 139 473 445
Toy PCA 115 068 063 051 101 069 051 044 067 047 044 030
Conv-PCA  11.64 1046 1123 1229 931 900 9.08 11.61 674 887 899 956
KS-PCA 1380 13.03 1355 1567 1135 11.03 11.09 13.02 684 837 950 1043
KS-GNN 1382 1328 1438 1522 1251 1254 12.68 1259 9.41 899 1283 1LIS
GraphSAGE 051 020 042 034 067 025 040 090 040 005 004 0.02
BLINK+SAT 478 345 674 458 394 366 505 397 296 275 283 729
DBLP PCA 378 257 225 238 306 255 221 215 297 251 202 188
Conv-PCA 835 118 1251 1451 525 677 703 991 646 959 947 1433

KS-PCA 15.05 1999 22.61 2857 13.68 19.19 2159 2896 11.67 17.71 18.38 24.51
KS-GNN 1591 2049 25.09 29.04 1579 19.86 22.15 29.71 12.07 17.18 19.23 24.19




5.4 Ablation Study

In this section, we further investigate how each component in Eq. (8) affects KS-GNN'’s performance.
The experiments are conducted in the incomplete graphs with r. = 0 and r,, = 0.3 on four datasets.
For the queries, the number of keywords is set to n, = 3. Based on Eq. (8), we have three variants
which are trained with different learning objectives, denoted by without L1, without Lo and without
L3, respectively. For instance, the learning objective is Ao Lo + A3L3 for the variant without L. The
hyper-parameters are still tuned with the grid search algorithm. The results of Hits@ 100 scores are
shown in Table[3] As the table shows, among each component in Eq. (8), the average performance
gains for L1, L5 and L3 on four datasets are 12.23%, 6.87% and 10.32%, respectively. The results
also show that these three learning objectives play different roles on different datasets.

Table 3: Hits@100 (%) in the ablation study of KS-GNN.

CiteSeer Video Toy DBLP

without £q 28.17 17.82  24.67 14.62
without Lo 29.51 18.86 2639 15.63
without L3 26.28 17.13 27.01 16.05

KS-GNN 30.84 2143 2856 16.21

6 Conclusion

Keyword search in graphs is an important problem with many applications such as network analysis
and recommendation. The keywords and edges in graphs might be lost or incomplete due to some
reasons in real-world applications, such as storage limitation or privacy issues. In this paper, we study
the keyword search problem in incomplete graphs and propose a novel auto-encoder and GNN-based
method, KS-GNN. Compared to existing methods, KS-GNN is able to address the problem when
some nodes have missing keywords or some edges are missing in the input graphs. The results of
extensive experiments on real-world datasets reveal that KS-GNN significantly outperforms the
state-of-the-art baseline methods on the incomplete graph keyword search task.
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