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Abstract: Aiming at the problem that only some types of
SPARQL ( simple protocal and description
framework query language) queries can be answered by using
the current resource description framework link traversal
based query execution ( RDF-LTE) approach, this paper
discusses how the execution order of the triple pattern affects

resource

the query results and cost based on concrete SPARQL
queries, and analyzes two properties of the web of linked
data, missing backward links and missing contingency
solution. Then three heuristic principles for logic query plan
optimization, namely, the filtered basic graph pattern
(FBGP) principle, the triple pattern chain principle and the
seed URIs principle, are proposed. The three principles
contribute to decrease the intermediate solutions and increase
the types of queries that can be answered. The effectiveness
and feasibility of the proposed approach is evaluated. The
experimental results show that more query results can be
returned with less cost, thus enabling users to develop the full
potential of the web of linked data.
Key words: web of linked data; resource description
framework link traversal based query execution (RDF-LTE);
SPARQL query; query optimization
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n recent years, the web has evolved from a global in-
formation space of linked documents to one where
both documents and data are linked. Underpinning this
evolution is a set of best practices for publishing and con-
necting structured data on the web known as linked data'"’.
Nowadays, an increasing amount of data published on the
web according to the linked data principles leads to the ex-
tension of the web. Because of its openness, query pro-
cessing over the web of linked data meets new challenges.
There are several strategies for linked data query pro-
cessing such as data warehousing, search engines, the que-
ry federation approach, etc. ™. The approaches described
above need to know all relevant data in advance or restrict

Received 2012-11-02.

Biography: Zhu Yanqin(1964—), female, doctor, professor, yqzhu@
suda. edu. cn.

Foundation items: The National Natural Science Foundation of China
(No.61070170), the Natural Science Foundation of Higher Education
Institutions of Jiangsu Province (No. 11KJB520017), Suzhou Applica-
tion Foundation Research Project (No. SYG201238).

Citation: Zhu Yangin, Hua Ling. Optimization of RDF link traversal
based query execution [ J]. Journal of Southeast University ( English
Edition) , 2013, 29 (1): 27 — 32. [ doi: 10. 3969/j. issn. 1003 — 7985.
2013.01.006]

themselves just to the selected sources, and do not tap the
full potential of web. Hartig et al. " proposed a new query
execution paradigm for the web of data, namely RDF link
traversal-based query execution (RDF-LTE). The main i-
dea of RDF-LTE is to use the RDF links that exist between
different data sources. It can discover potential relevant
data sources by mapping the intermediate solutions during
the query execution. In Ref. [7], Hartig et al. proposed
an iterator-based implementation approach, which applies
a synchronized pipeline of operators that allows it to tem-
porarily reject certain input results.

However, because of the execution of fixed orders of
the triple pattern in the iterator-based pipeline approach,
RDF-LTE only can answer some types of SPARQL que-
ries. Some execution orders can return results and others
return no results. The execution order of the triple pattern
affects the query cost and result completeness. To solve
these problems, this paper focuses on query plan optimi-
zation, so that suitable execution orders for the triple pat-
terns can be chosen.

This paper first gives a formal definition of RDF-LTE
and analyzes the limitations of the approaches based on
RDF-LTE. Then three principles for RDF-LTE query
plan selection are proposed. Finally, we show our experi-
mental results.

1 Formal Definition of RDF-LTE

Linked data sources use the RDF in various serializa-
tion syntaxes for encoding graph-structured data™ . Let U
denote a set of URIs, B a set of blank nodes and L a set
of literals. An RDF triple 7 is a 3-tuple: r=(s,p,0) e (U
UB) xUx(UUBUL), where s is called subject of #; p
is the predicate and o is the object. Sets of RDF triples
are called RDF graphs. The notion of graph stems from
the fact that RDF triples may be viewed as labeled edges
connecting subjects to objects. The elements of (UUBU
L) are called RDF terms.

In the web of data, each entity has to be identified via
the HTTP schema based URI. Let U, ...; U, oue CU be
the set of all these URIs. By looking up such a URI, we
can retrieve RDF data about the entity which is identified
by the URI. We formally identify the retrieve process as a
function denoted as dereference. Dereference can be seen
as a surjective function which returns an RDF object for
eachue U,,..; thatis a set of RDF triples which can be
retrieved by looking up such URI and describe the entity
or resource identified by u. We denote
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YueU 3 (s, p, 0) e dereference(u): s =

uVp=uVo=u

Resource’

According to the linked data principles!”, dereference
is not an injective. It is possible that the same RDF object
may be retrieved by dereferencing different URIs. Be-
sides, for each u ¢ Uy, .., dereference u will return a
NULL RDF object: dereference(u) = J.

SPARQL is the standard language for querying RDF
data. Important parts of SPARQL queries are basic graph
patterns ( BGPs) and sub-graph matching. In this paper
we are concerned with answering BGP queries.

A BGP is a set of triple patterns (s, p, o) where every
s, p and o is either a variable or a constant, that is an in-
finite subset of set (UUBUYV) x(UUV) x(UUBULU
V) where V is an infinite set of queries variables, distinct
from U, B and L. The elements of a BGP are called tri-
ple pattern. For each triple pattern tp we use uris(tp) and
vars(tp) to denote the set of all URIs and query variables
contained in the tp. A matching triple in RDF object D’
for a triple pattern (?s, ?p, ?0) is any RDF triple (s, p,
0) € G with

(?2s¢Vo2=5) N(2peg V—>2p=p) N(?0¢ V—>20=0)

2 Analysis of RDF-LTE: Query Cost and Result

In Ref. [7], Hartig et al. introduced the idea of the
RDF-LTE using an iterator-based implementation. Here
we discuss the query cost and result completeness of
RDF-LTE.

2.1 Iterator-based pipeline implementation

In the semantic web client library, RDF-LTE is imple-
mented using a synchronized pipeline of operators. The
pipeline is implemented as a chain of iterators I, I, ..., I,
where each iterator /, is responsible for a triple pattern tp,
from BGP b = {tp,, tp,, ..., tp, }. Each iterator returns so-

D, = dereference( <http://.../A>)

lution mappings that are solutions for a BGP consisting of
the triple pattern of the corresponding iterator and all the
triple patterns of the proceeding iterators; i.e., I, returns
solution mapping for BGP {tp,, tp,, ..., tp,}. To deter-
mine these solutions, each iterator executes the following
steps recursively:

1) Each iterator /, obtains a solution mapping from u' of
its predecessor and applies the solution mapping to its tri-
ple pattern tp,, resulting in a triple pattern tp, =u'[tp,].

2) If the query-local dataset does not contain the RDF
object that can be retrieved from dereferencing all the URIs
in tp’,, it is added to the query-local dataset.

3) The iterator tries to generate (intermediate) solutions
by finding matching triples for tp’, in the query-local data-
set.

An iterator is a group of three functions, namely Open,
GetNext and Close. Open initializes the data structures
needed to perform the operation. GetNext returns the next
result of the operation. Close ends its iteration and releases
allocated resources. The above three steps are correspond-
ing to the GetNext function of the iterators.

2.2 Execution order and result completeness

Although the algorithm entails less execution time, it
does not guarantee to return all the solutions for a SPAR-
QL query. In this section we discuss the reasons for this
limitation based on a concrete SPARQL query.

Example 1 SPARQL query Q1

Mx  rdf: type <http://../A> ceeeeeeeieiii tp,
7 numl: predicatel ?y ........................... tpz
7y foaf: knows < http://www. abc. com/people/hua-
Hng DR E R TR R R R Rr tp3
?y num2: predicateZ D7 eerereeeeeeiiiieiieieaa tp4

The above SPARQL query Q2 is a user-submitted BGP
query and Fig. 1 shows the RDF objects retrieved during
query processing.

D, = dereference ( < http://www. abc. com/people/hualing > )

<http://.../A > num4 ;predicatel <http.//.../Y>

<http://www. abc. com/people/hualing > numl ; worksFor Delta

numl ; Yanginzhu foaf.knows http://www. abc. com/people/hualing

D, = dereference( <http://.../B>)

D, dereference(numl ; Yanqinzhu)

<http://.../B>rdf:type <http://.../A>

<http://.../B> numl ;predicatel numl ; Yanqinzhu

numl : Yanqinzhu num?2 : pedicate2 num3 : Soochowuniversity

Fig.1 RDF objects retrieved during query processing

To execute the BGP query in Fig. 1, RDF-LTE begins
by dereferencing the URI <http;//.../A > and retrieving
its RDF objects. Formally, I, dereferences the seed URI
and ensures that the query-local dataset contains the RDF
object D, = dereference ( http.//.../A). I, requests the
intermediate solution from its predecessor /,. But to cre-
ate the intermediate solution, I, tries to find the matching
triple for tp,; unfortunately, the query-local dataset D,
does not contain any matching triples ( see Fig. 1).
Hence, I, cannot provide any intermediate solution and
thus the final query result is empty. Even if we initialize

the empty query-local dataset with all the reachable RDF
objects by dereferencing all the URIs in the query, i. e.
D, =dereference (http://.../A) and D,
( < http.//www. abc. com/people/hualing > ), we can
not find a matching triple for triple pattern tp,. And the
result of the query is also empty.

However, if we execute tp, first and tp, finally, this
will result in one solution for the BGP query :

= dereference

w=1(?x,http://.../B) ,(7y,numl ; Yanqinzhu) ,
( ?z,num3 ; Soochowuniversity ) |
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From the query process of Q1 , we can find that for dif-
ferent execution orders of triple patterns in the BGP, the
RDF-LTE may return different results. We will analyze
the reasons in the following.

No backward links: In web of linked data, an RDF tri-
ple in the form of (uri,,uri,,uri,) contained in the RDF
object dereference(uri,) (or dereference(uri,)) may not
be contained in the RDF object dereference( uri, ) (or de-
reference(uri, ) ). We refer to the character of the web as
no backward links. It is possible that one execution order
for a query may discover a matching triple that another
order misses. No backward links is one of the reasons for
different results in Q1.

Contingency solution: For two triple patterns tp,, tp,(i
<j), each operator /, retrieves the intermediate solution
from their predecessor iterators, fetches the RDF objects
for triple pattern matching and generates the intermediate
solutions which will further be added to the query-local
dataset. However, the RDF objects retrieved for the exe-
cution of the triple pattern tp, may contain a matching tri-
ple ¢ for triple pattern tp, which will be executed later by
any of the iterators. It is not guaranteed that the RDF ob-
jects with the triple ¢~ will also be discovered and re-
trieved during the execution of the triple pattern tp,. Such
a type of solution generated based on ¢* is a contingency
solution. Current RDF-LTE takes the existing order in the
user query and ¢~ will only be discovered after tp; has
been executed, so these solutions can never be generated.

As can be seen from the analysis above, the result
completeness of RDF-LTE relies on the execution order
of the triple patterns in the BGP queries. Some execution
orders can return results and others return no results. This
implies that certain orders are more suitable than others.
Even if all the orders cannot be guaranteed to return all
solutions, one selection of specific orders will provide
more solutions than others or take less query execution
time. In the next section we will present several query
plan selecting principles for query plan optimization.

3 Query Plan Optimization over the Web of Data

Logical query optimization is to use equalities of query
expressions to transform a logical query plan into an
equivalent query plan that is likely to be executed faster
or with less costs. In this paper, we regard an ordered
BGP as a logical query plan. So the creation of such an
optimized plan is to choose a suitable execution order for
the triple patterns in a given BGP. Since there are multi-
ple orders for a given BGP, it is possible to create differ-
ent plans.

3.1 Metrics of query plans

Different query plans for the same BGP have different
characteristics, resulting in different execution perform-

ances. Usually traditional query optimizations use the

query cost to measure different query plans. However, in
contrast to traditional query execution, RDF-LTE may re-
sult in different sets of solutions for different query plans
for the same BGP query as we discussed in the previous
section. So for RDF-LTE, we assess query plans not only
based on their cost but also on their benefit.

Cost: The query cost of RDF-LTE can be measured in
terms of query execution time, the number of URIs deref-
erenced or the overall RDF objects retrieved during query
processing. In this paper, we use the query execution
time to measure the query plan because it implicitly in-
cludes many other measures. For instance, the query exe-
cution time is dominated by delays resulting from the de-
reference of URIs. With the increase in the number of the
RDF objects retrieved from the web, the time to execute
the query may increase accordingly.

Benefit; RDF-LTE may return solution sets with differ-
ent cardinalities as we have discussed above. So we
should also consider the benefit of different query plans,
that is, the number of solutions that an execution of a
query plan returns.

3.2 Query plan optimization

Usually a function is used to estimate the cost and ben-
efit of query plans, which need information about reach-
able RDF objects and the characters of data sources in-
volved in the execution of the query. In the scenario of
RDF-LTE we do not assume any such information, all we
have is just a query and an empty query-local dataset. We
do not know what RDF objects will be discovered during
the query execution and what URIs will be dereferenced.
Based on complete lack of information, we propose to se-
lect logic query plans based on the following three princi-
ples.

3.2.1 FBGP principle

In SPARQL queries, the basic graph patterns can be
mixed with value constraints (FILTER) and other graph
patterns. The execution of the basic graph patterns and
value constraints is order independent; that means the
structure of two basic graph patterns BGP, and BGP, sep-
arated by a constraint C can be transformed into one
equivalent basic graph pattern followed by the constraint.
We refer to a basic graph pattern followed by one or more
constraints as a filtered basic graph pattern (FBGP).

FBGP principle includes the following steps:

1) If a BGP is FBGP, rules based on relational algebra
are used to rewrite the original query before query execu-
tion, so that BGPs are merged and variables are replaced
by constants from filter expressions. For instance, varia-
bles that occur in filters with an equal operator will be re-
placed by a given value; the filter expression that cannot
be replaced will be moved to the end of the query.

2) The filter triple pattern should be placed close to the
seed triple pattern as much as possible so that the number
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of the intermediate solution is decreased.

An example is shown below. In an original SPARQL
query submitted by the user, there are two separate
BGPs, each with one triple pattern. After the above two
steps, two separate BGPs are merged and variables are re-
placed in the rewritten query. In this example,? name is
replaced by “hualing”.

Example 2 Application of FBGP principle

Original SPARQL query :

SELECT? mbox WHERE |

{7 x foaf:name 2 name. |
FILTER (? name = “hualing” )
&& regex (7 mbox, “hualing”)

{? x foaf:mbox ¢ mbox. ||

E

Query after rewriting ;

SELECT ? mbox WHERE |

? x foaf:name “hualing”.
7 x foaf.:mbox ? mbox.
FILTER (? mbox, “hualing”)

%

For an ordered BGP, after the transformation of step
1), the query variables in the filter triple pattern must be
those that appeared in one preceding triple pattern. For-
mally, if a triple pattern tp, in an ordered BGP b = ( tp, ,
tp,,...,tp,) is a filter triple pattern, it must hold Vv e
vars(tp,) : ( 3j<i:vevars(tp;)). The proposal of step
2) is to reduce cost. Making the filter triple pattern as
close as possible to the seed URI will decrease the number
of the intermediate solutions.

3.2.2 Triple pattern chain principle

For an ordered BGP, the variables in each triple pattern
should occur in at least one of the preceding triple pat-
terns. Formally, for an ordered BGP b = (tp,, tp,, ...,
tp,) , if and only if it holds for each i € {2,3,...,n}, 3 v
evars(tp,):( 3j<i: Jvevars(tp;)), we regard it as
a triple pattern chain. The triple pattern chain principle
enables each iterator [, to always reuse some of the bind-
ings in the intermediate solutions obtained from their pre-
decessors 1.

Definition 1  Connected graph pattern (CBGP): a
BGP b = {tp,,tp,,...,tp,| is a CBGP if it holds V b, ,b,
eb: byUb,=bA\( Jtp,eb, ,tp, eb,:vars(tp,) N vars
(tp;)) #J).

For a CBGP, we can always find a triple pattern order
that satisfies the principle triple pattern chain. So we will
use them for triple pattern matching and guarantee that it
will never return empty results.

3.2.3 Seed URIs principle

This principle requires that the first triple in the ordered
BGP should be a candidate seed triple pattern. We regard
the triple pattern which contains at least one HTTP URI as
the candidate seed triple pattern. For a BGP query, it
may contain several candidate triple patterns. The candi-

date triple pattern we select as the first triple pattern is
called the seed triple pattern.

For a new SPARQL query, the seed URIs principle en-
sures that when the query execution begins with an empty
query-local dataset, the URIs in the seed triple pattern can
be dereferenced to serve as a start to find matching tri-
ples. By finding the matching triples we can construct in-
termediate solutions and dereference them to augment the
query-local dataset. Therefore, it is reasonable to select a
candidate seed triple pattern as the first triple pattern in
the query plan.

4 Experimental Evaluation

All the experiments are made on a Pentium 4 machine
based on the semantic web client library. For query plan
optimization, we use two synthetic BGP queries, neither
of them can be answered using data from a single data
provider alone. So they can be seen as being executed on
the web of linked data. For each query, we generate all
the query plans that satisfy the proposed principles. To e-
valuate the effectiveness of the proposed principles, we
consider the following several metrics; query execution
time, the number of results returned, and the location of
the filter triple pattern. To avoid the effect of the cold
start'”’ and cache'”’ |, we run each plan 6 times where the
first time is not considered for measurement. Using a
breadth first crawl of depth four starting at Dailymedorga .
Mylan_ Pharmaceuticals _Inc, we collect millions of tri-
ples. The data collected represents a heterogeneous web
of linked data. The query is generated by randomly pick-
ing a subject from the input data and arbitrarily selecting
distinct outgoing links. Then we substitute subject or ob-
ject with variables.
query we conduct.

Example 3 TestQueryl

SELECT? cn? bd2 WHERE |

Dailymedorga; Mylan_ Pharmaceuticals _Inc dailymed:
producesDrug? bd.

The following shows the example

? bd dailymed:gene ricDrug ? gd.

? gd drugbankpossibleDiseaseTarget 7 dt.
? dt diseasome:name “Epilepsy ”

? bd dailymed;activelngredient 7 ai.

? bd2 dailymed:activelngredient ? ai.

? ¢ dailymed:producesDrug 7 bd2.

7 ¢ rdfs:label

f

The above TestQueryl for query plan selection contains
eight triple patterns, and only one of them qualifies for
the seed URIs principle. The initial position of the filter
triple pattern (? dt “Epilepsy ") is
4. For this query, about 35 query plans qualify for the
three principles, and each of them has a filter triple pat-

tern.

7 cn.

diseasome : name

Fig. 2 illustrates the query results and retrieved RDF
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objects for all the 35 query plans.

T T T 17T 7T

10 20 30 40
Query plan
(a)

Number of query results
=) W A L OV 000
coodESSSSES

(=

POVVS 4

0 10 20 30 40
Query plan
(b)

Measurements for TestQueryl. (a) Query results for all

Number of retrieved RDF objects

Fig. 2
query plans; (b) Retrieved RDF objects for all query plans

Each point in Fig. 2 represents a query plan. For all the
plans, 83 solutions are returned, the same for each plan.
However, the retrieved RDF objects differ significantly.
To analyze the reasons that cause the difference, all the
plans are divided into four groups according to their query
execution time. For each group we compare their execu-
tion time, filter triple pattern locations and the number of
retrieved RDF objects. Tab. 1 summarizes the comparison
of these metrics.

Tab.1 Comparison of metrics for all query plans of TestQueryl

Items Group 1 Group 2 Group 3 Group4
Query execution time/s <20 [20,35] [35,60] >60
Number of query plans 4 5 18 8
Loc.atlon of filter 48 6.0 75 77
triple pattern
Number of retrieved
922 1577 1715 2 049
RDF objects
Number of 1t
umber of results 83 03 3 03

returned

The location of the filter triple pattern confirms the ef-
fectiveness of FBGP principles. The fewer effective query
plans in group 3 and group 4 contain the filter triple pat-
terns in a 7-8 position. For more effective plans in group
1 and group 2 they are in a 4-6 position and closer to the
seed triple pattern. Similarly, the numbers of retrieved
RDF objects for group 1 and group 2 are much fewer than
the ones for group 3 and group 4. The main reason is that
the locations of group 1 and group 2 are closer to the seed
triple pattern. Thus it brings much fewer intermediate so-
Iutions and fewer RDF objects retrieved. However,
TestQuery1 cannot reflect the effects of no backward links
and lack of contingency solutions. So we construct the
following TestQuery2.

Example 4 TestQuery2

prefix doap: < http.//usefulinc. com/ns/doap# >
prefix con: < http.//www. w3. org/2000/10/swap/
pim/contact# >
prefix rdfs:
schema# >
prefix foaf; <http;//xmlns. com/foaf/0.1/ >
prefix rdf: < http.//www. w3. org/1999/02/22-rdf-
syntax-ns# >
prefix owl: <http://www. w3. org/2002/07/owl# >
SELECT? s? loc
WHERE |
< http://www. w3. org/2000/10/swap/data#Cwm
> doap:developer? f.
? f foaf .knows? s.
s rdf ; type? m.
m rdfs : subClassOf? M.
s owl:sameAs? loc.

< http://www. w3. org/2000/01/rdf-

7
7
7
? loc foaf:name “Tim Berners-Lee”.

< http://www. w3. org/2000/10/swap/data#Cwm
> doap:developer? loc.

%

The above query contains seven triple patterns, two of
which qualify as the seed triple pattern. The initial posi-
tion of the filter triple pattern (? loc foaf:name “ Tim
Berners-Lee” ) is 6. There are 56 different query plans
following the triple pattern chain principle. Fig.3 depicts
the number of query results and query execution time for
different query plans. Each point in the figure represents
a query plan.

20
. 16
F12
=4
2 8
o
S 4
0
0 20 40 60
Query plan
(a)
3 250
£ 200 o*
£ 150 o’
-]
Q
g 100  nd’
g 50
o
= 0 1 1 1 1 1 ]
& 0 10 20 30 40 50 60
Query plan
(b)

Fig.3 Measurements for TestQuery2. (a) Results for all que-
ry plans; (b) Query execution time for all plans

To analyze the influence of the proposed principles, we
divide all the query plans into two groups, and compare
different groups with the following four metrics; average
query execution time, number of query plans, the loca-
tion of the filter triple pattern, and the number of results
returned. As can be seen from Tab. 2, all the plans in one
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of these groups do not provide any solutions. This prob-
lem can be attributed to no backward links. It confirms
the above theoretical analysis. The location of the filter
triple pattern reveals the impact of the FBGP principle.
The fewer efficient plans in group 2 contain the filter tri-
ple pattern in position 3. 8 and 4. 6. For more efficient
query plans, they are in position 3.1 or 3. 3. Hence, it
takes less execution time if they are closer to the seed tri-
ple pattern.

Tab.2 Comparison of metrics for all query plans of TestQuery2

Items Group 1 Group 2
Average query execution time/s < 60 [60,80] [80,100] >100
Number of query plans 29 7 11 9
Location of filter triple pattern 3.1 3.3 3.8 4.6
Number of results returned 0 0 17.6 17.4

5 Conclusion

In this paper, we first give a formal definition of RDF-
LTE and analyze the query cost and result completeness
of RDF-LTE based on the concrete SPARQL queries.
Then, we discuss its limitations and find that by using
current approaches, many RDF objects which do not con-
tribute to answering the final query are retrieved and emp-
ty results are returned for some types of queries. Three
principles for logical query planning are proposed under
the assumption of lack of related information. The experi-
mental results demonstrate the effectiveness of our pro-
posed approaches. It is shown that more query results can
be returned with less cost.

In the future, we will aim at using the information dis-
covered at run-time, tracking the provenance of the data
source to rank the query result. Besides, future work will
also include the application of RDF-LTE in certain areas.
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