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Editorial
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Advances in Semantic Information Retrieval

Recent advances in
semantic technologies
have resulted in
methods and tools that
allow creating and
managing domain
knowledge. They
influence the ways and

forms of document
representation in
computer memory;

they define approaches
to analyze documents,
and techniques to mine
and retrieve knowledge. Searching for video, voice and
speech materials raises new challenging problems for
information retrieval systems.

We are pleased to introduce this special issue of
Informatica journal that includes four revised and
extended papers, presented at the 1st International
Workshop on Advances in Semantic Information
Retrieval (Szczecin, Poland, September 18-21, 2011).
The first paper entitled A Query Expansion Technique
using the EWC Semantic Relatedness Measure by V.
Klyuev and Y. Haralambous proposes the usage of a new
relatedness measure in the query expansion task. One of
the goals of query expansion is to reformulate the user
query in order to reduce the number of non-relevant
documents retrieved by search systems. EWC extends
the gaining popularity explicit semantic analysis (ESA).
EWC stands for ESA, plus Wordnet, plus Collocations.
Whereas ESA takes into account only encyclopedic
knowledge from Wikipedia, EWC considers encycloped-
ic, ontological, and collocational knowledge about terms.
The authors use this advantage of EWC over ESA to find
more precise terms to expand the user queries. They
tested proposed techniques on the NTCIR data collection
which is similar to that of TREC. The authors discuss the
details of proposed technique, investigate the nature of
improvements in the retrieval performance, and outline
the directions for the future experiments.

The next paper by A. Patyk-Lonska, M. Czachor, and D.
Aerts entitled Distributed Representations Based on
Geometric Algebra: the Continuous Model introduces a
new model of distributed representations of complex
structures (sentences in natural languages) based on
geometric algebra. They compare it with two other mod-
els: Holographic Reduced Representation and Binary
Spatter Codes (BSC). Results of their evaluations show
that the best models for storing and recognizing multiple
similar statements in natural languages are the new mod-
el and BSC with recognition percentage above 90%.

The third paper entitled Experiments on Preserving Piec-
es of Information in a Given Order in Holographic Re-
duced Representations and the Continuous Geometric

Algebra Model by A. Patyk-Fonska addresses the need to
develop a new scheme for encoding and decoding
complex structures that is based entirely on geometric
symbols. The author studies the properties of Geometric
Analogues of Holographic Reduced Representations as
the ability to store pieces of information in a given order
by means of trajectory association. The work describes
the results of three types of the experiments: finding
correct item or correct place of an item in a sequence and
finding the alignment of items in a sequence without the
precise knowledge of trajectory vectors.

The  fourth  paper
entitled Grammar
Checking with

Dependency Parsing: a
Possible Extension for
LanguageTool by M.
Mozgovoy examines
the use of dependency-
based syntactic parsing
in the problem of
grammar checking.
The author proposes a
possible extension for &
a well-known open HEEin - : -
source grammar checker LanguageTool. This extension
will allow the users to compose new grammar rules,
based on word-word dependency links. The paper
demonstrates real situations, where such capabilities are
helpful. The author also proposes rule syntax, similar to
existing conventions of LanguageTool, and discusses
implementation and testing issues.

The first year of the ASIR workshop was successful. We
received 12 submissions, and 7 of them were accepted
and presented on-site. We believe that the workshop will
facilitate discussion of new research results in this area,
and will serve as a meeting place for researchers from all
over the world. Our aim is to create an atmosphere of
friendship and cooperation for everyone, interested in
computational linguistics and information retrieval. The
workshop is now established as an event within Fede-
rated conference on computer science and information
systems (FedCSIS), annually organized by the System
Research Institute of the Polish Academy of Sciences
and the Polish Information Processing Society, and spon-
sored by the IEEE.

In its turn, ASIR is supported by the University of Aizu
(Japan), known as Japan’s first university, solely dedicat-
ed to computer science engineering. The University of
Aizu is a major center of international education and the
home of several conferences, sponsored by the ACM and
the IEEE.

We would wish to acknowledge selfless efforts of our
committee members and FedCSIS conference organizers,
who ensured high quality of publications and flawless




400  Informatica 35 (2011) 399400

arrangement of the forum. We would like to specially
mention professors Marcin Paprzycki, Maria Ganzha,
and Halina Kwasnicka, responsible for FedCSIS. We had
a great support from our international team of reviewers,
consisting of: Wladyslaw Homenda, Maciej Piasecki
(Warsaw University of Technology, Poland); Antoni
Ligeza (AGH University of Science and Technology,
Poland); Nikolay Mirenkov, Alexander Vazhenin,
Ryuichi Oka (University of Aizu, Japan); Marek
Reformat (University of Alberta, Canada); Qun Jin
(Waseda University, Japan); Eloisa Vargiu (University of
Cagliari, Italy); Tuomo Kakkonen (University of Eastern
Finland); Roman Shtykh (Rakuten Inc., Japan);
Slawomir Zadrozny (Systems Research Institute of the
Polish Academy of Sciences, Poland); Vladimir
Oleshchuk (University of Agder, Norway); Kamen
Kanev (Shizuoka University, Japan); Cristian Lai (CRS4,
Italy); Troels Andreasen (Roskilde University,
Denmark); Anna Fensel (Vienna FTW, Austria); Evgeny
Pyshkin (Saint-Petersburg State Polytechnical
University, Russia); Shih-Hung Wu (Chaoyang
University of Technology, Taiwan); Vladimir Dobrynin
(Saint-Petersburg State University, Russia); Simone
Ludwig (North Dakota State University, USA).

We also thank Professor Matjaz Gams (managing editor
of Informatica), who supported the publication of this
special issue.

This year, we are organizing ASIR’2012 within FedCSIS
in Wroclaw, Poland. We will continue to maintain high
standards of quality and organization, set by the first
workshop. We welcome all the researchers, interested in
semantics and information retrieval, to join our event.

ASIR Chairs.

Vitaly Klyuev, Associate Professor

Maxim Mozgovoy, Assistant Professor

The University of Aizu

Tsuruga, Ikki-machi, Aizu-Wakamatsu, Fukushima,
965-8580 JAPAN

{vkluev, mozgovoy} @u-aizu.ac.jp

V. Klyuev et al.
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This paper analyses the efficiency of the EWC semantic relatedness measure in an ad-hoc retrieval task.
This measure combines the Wikipedia-based Explicit Semantic Analysis (ESA) measure, the WordNet
path measure and the mixed collocation index. EWC considers encyclopaedic, ontological, and
collocational knowledge about terms. This advantage of EWC is a key factor to find precise terms for
automatic query expansion. In the experiments, the open source search engine Terrier is utilised as a
tool to index and retrieve data. The proposed technique is tested on the NTCIR data collection. The
experiments demonstrated superiority of EWC over ESA.

Povzetek: Clanek obravnava razsirjanje poizvedb z uporabo semanticne povezave med besedami.

1 Introduction

A bag-of-words representation of documents by
information retrieval systems results in queries expressed
utilising the language of keywords. Users face a
vocabulary problem: A keyword language is not
adequate to describe the information needs. Statistical
analysis of styles of user behaviour showed that the
queries submitted to search engines are short (2 to 3
terms, on average) and ambiguous, and users rarely look
beyond the first 10 to 20 links retrieved [20].

To improve user queries, search engines provide
many tools.

Manuals and instructions are among them. They help
a little, although ordinary users do not like reading.

A query suggestion feature is common for general
purpose search engines. Its disadvantage is in the way to
generate recommended terms. They are based on the first
term typed by the user, which is always the first one in
all expanded queries [22].

The relevance feedback feature is another instrument
to help users. There are at least two steps in the
interaction with a search engine: The first one is the
submission of the original query, and the second one is

“This paper is based on V. Klyuev and Y. Haralambous,
Query Expansion: Term Selection using the EWC
Semantic Relatedness Measure published in the
proceedings of the 1% International Workshop on
Advances in Semantic Information Retrieval (part of the
FedCSIS’2011 conference).

the user reaction on the results retrieved in order to
provide the system with the user opinion (marking some
documents as relevant). This feature is not popular
among users because the mechanisms of changing
queries are not clear and users cannot control the process
[9].

In addition, query suggestion and relevance feedback
are used to modify the queries in order to make them
more accurate to express the user information needs.

Query expansion is a well-known and popular
technique to reformulate the user query in order to reduce
the number of non-relevant pages retrieved by
information retrieval systems. Another goal of query
expansion is to provide the user with additional relevant
documents. Automatic query expansion is an important

area of information retrieval: Many scientists are
involved in designing new methods, techniques, and
approaches.

This paper presents authors' technique to

automatically expand the user queries. This technique is
based on the EWC semantic relatedness measure [21].
This measure takes into account encyclopaedic,
ontological, and collocational knowledge about terms.
The environment for the experiments includes Terrier as
a search engine and NTCIR-1 CLIR data collection for
the Japanese-English cross-lingual retrieval task.

The rest of the paper is organised as follows. The
next section reviews the approaches to automatic query
expansion. Section 3 describes the nature of the measure
used. Section 4 provides the necessary details related to
this technique to expand the queries. The tools and data
utilised in the experiments are presented in Section 5.
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The results of the experiments are discussed in Section 6.
Comments on the future directions of the investigations
are presented there. Concluding remarks can be found in
Section 7.

2 Related Work

A comprehensive review of the classical approaches to
expand queries can be found in [9]. They propose
different ways to obtain semantically (topically) related
terms, techniques to evaluate importance of the terms
found, mechanisms to define the number of terms to add
(expand) the user query, and strategies to evaluate the
quality of obtained results.

Generally, the semantics of the terms are clear when
they are in the sentences because the meanings of the
words are fixed and only one is usually selected from the
set of all possible variants. However, in the queries, the
terms are separate instances, and their semantics are
unclear. This is called the polysemy problem. On the
other hand, the same things can be described by using
different terms. This is the nature of the synonymy
problem. The query should be rich enough to include the
possible candidates for expressing user information
needs.

The general goal of query expansion is to find a
solution for these two aforementioned problems. The
classical solution for the synonymy problem is to apply
thesauri as instruments to obtain the candidates for
expansion. WordNet is widely used for this purpose [19].
Modern techniques suggest Wikipedia as a valuable
source to find synonyms [12].

Many techniques are used to solve the polysemy
problem. Approaches described in [13] and [16] are
based on the analysis of the query log files of search
engines and clicked URLs. Authors of this study [18]
utilised WordNet for a deep analysis of the queries
submitted to the information retrieval system in order to
find the concepts and then obtain the candidate terms for
expansion. The involvement of users is the feature of the
approach discussed in [17]. They should select the
correct ontology for each query submitted to expand the
query.

The authors of this study [14] also pointed out that
the information exploited by different approaches differs,
and combining the different query expansion approaches
is more efficient than the use of any of them separately.
They investigated techniques to rank the terms extracted
from the retrieved documents. One is based on the
measures of occurrence of the candidate and query terms
in the retrieved documents. The other one utilises the
differences between the probability distribution of terms
in the collection and in the top ranked documents
retrieved by the system. A similar idea is discussed in
[15].

The authors of [10] combined the concept-based
retrieval, based on explicit semantic analysis (ESA), with
keyword-based retrieval. At the first step, they use
keyword-based retrieval to obtain the candidates for
query expansion. Then, they tune queries applying ESA.

V. Klyuev et al.

After that, they perform the final retrieval in the space of
concepts.

It is difficult to compare the aforementioned
approaches, because different data sets were used to
evaluate them. In many cases, it is not clear wherever the
test queries cover a wide range of data set topics. The
performance evaluation is done automatically for some
approaches, whereas for others, the authors involve the
users to judge the quality of retrieval.

3 Measure Description

In study [21], the new measure of words relatedness is
introduced. It combines the ESA measure fi.¢, [10], the
ontological WordNet path measure L4, , and the
collocation index Cé . This measure is called EWC

(ESA plus WordNet, plus collocations) and is defined as
follows:

Hgye (Wi w,) = g, (W, wy) * a
a =L+ A, (typp (W1, w,))) * ¥
y=@1+ Zo'(cg (w1, w,)))

where A_weights the WordNet path measure (WNP)

with respect to ESA, and /1'0 weights the mixed

collocation index with respect to ESA. This index is
defined as follows:

2% f(w,wy)

_ 2% f(wy, )
: fw) + f(w,)

fw) + f(w,)

where f(w;,w,), f(w,,w,) are the frequency of the
collocations of wyw,and w,w;in the corpus, and

f(w,)is the frequency of word w;,. The values for

constants A, 4, and & are set to 5.16, 48.7, and 0.55,

respectively on the basis of empirical tests.

Study [21] demonstrated the superiority of this
measure over ESA on the WS-353 test set.

The current implementation of EWC does not take
into account Wikipedia articles with titles consisting of
multiple terms (they are dimensions in the Wikipedia
space). As a result, the proposed technique cannot
distinct multiple term items from collocations and give
them the highest score.

4 Technique to Expand Queries

Assume that Z is a pool of term-candidates for query
expansion. The formulas below present the method to
select terms to expand queries. N is a number of original
query terms, and j is an index of them. Values for the
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WordNet component and collocation component should
be above zero in order to choose related terms.

Thresholds 7, for EWC values and #, are parameters
adjusted in the experiments. For every word w, € Z,

the weight is calculated. Word w; is selected for
expansion if its weight is equal to 1.

N
1,lfz 5007”35:’["1:“’2) -
j=0

0,otherwise

weight(w,) =

Liftynp > 0.C; > 05 e > 1,

score(w;,w,) =
0,otherwise
This approach can be interpreted as follows: A term
is selected from the list of term-candidates, if the
similarity score between this term and the majority of

original query terms is higher than a given threshold ¢, .
The term-candidate should have non-zero values for
Lyyyp @nd C_ components.

5 Tools and Data Sets Used

The open source search engine Terrier [1] was used as a
tool to index and retrieve data. It provides the different
retrieval approaches. TF-IDF and Okapi’s B25 schemas
[6, 9] are among them.

As a data set for experiments, the NTCIR CLIR data
collection [2] was used. It consists of 187,000 articles in
English. These articles are summaries of papers
presented at scientific conferences hosted by Japanese
academic societies. The collection covers a variety of
topics such as chemistry, electrical engineering,
computer science, linguistics, and library science. The
size of the collection is approximately 275.5 MB. A total
of 83 topics are in Japanese. A structure of the dataset
and topics is similar to that of TREC [3].

A straightforward approach was applied to translate
queries into English: Google's translation service [4]
generated queries in English. This method was selected
because on-line dictionaries do not work well with terms
in katakana and specific terminology [7]. Katakana is one
of four sets of characters used in Japanese writing. It is
primarily applied for the transcription of foreign
language words into Japanese.

A Porter Stemmer algorithm was applied to the
documents and queries, and a standard stop word list
provided by Terrier was also utilised. Only the title fields
were considered as a source of the queries. They are
relatively short: each query consists of a few keywords.
The authors of the study reported in [5] experimented
with Terrier applying the same conditions to the TREC
data.

To measure the term similarities, an experimental
tool described in [21] was utilised.
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6 Results of Experiments

The authors implemented the proposed technique to
expand queries as follows.

To obtain the candidates for query expansion, a
query expansion functionality offered by Terrier was
adopted. It extracts the most informative terms (in this
case 10) of the top-ranked documents (in this case 3) by
using a particular DFR (divergence from randomness)
term weighting model [8].

Table 1 provides the list of original queries (topics 1,
12, and 24), candidate terms for expansion (arranged by
the decreasing score calculated by Terrier), and the final
sets of terms used to expand queries (they are in bold).

Table 1: Original and Expanded Queries for Topics:
1,12 and 24.

Original query

Topic Terms for expansion

1 Robot Robot
person
human
multi
comput
sice
design
will
confer
paper

Mine
method
rule
data
databas
associ
discoveri
larg
tadashi
solv
amount

12 Mining
methods

24 Machine
translation
system

Machin
translat
system
exampl
base
masahiro
method
nation
convert
problem
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Table 2: Thresholds Tuning: Topics 1 to 30.

V. Klyuev et al.

Table 3: Evaluation Results for Topics 31 to 83.

Candidate terms for expansion are presented in stemmed
form after applying the aforementioned Porter algorithm.
One to five terms were selected by this method. As one
can see from this table, this technique does not usually
select the top-ranked terms as candidates for expansion
from the Terrier engine point of view.

As mentioned in Section 5, a total of 83 topics are
available to retrieve documents from the collection. The
original goal of topics 0001 to 0030 is to tune the
parameters of the retrieval system. Relevance judgments

t1 t2 EWC: Average Precision | ESA/ Recall Precision
R-Precision BM25 level EWC ESA System
at 0.00 0.9594 0.9702 0.9676
InL2 TF- BM25 at0.10 0.7911 0.7852 0.7972
IDF at 0.20 0.7007 0.6904 0.5859
at 0.30 0.5288 0.5245 0.5001
0.5 0.1 0.2940 | 0.3031 | 0.3072 | 0.3101 at 0.40 03642 0.3586 0.3599
0.3216 | 0.3314 ] 0.3324 | 0.3347 at050 | 0.2878 0.2856 0.3011
065 |009 | 02940 | 02936 | 0.2955 | 0.2961| | 21060 0176 0.1767 0.181
0.3300 | 03332 | 0.3278 | 0.3276 at0.70 0.1597 0.1571 0.1394
' : ' ' at 0.80 0.1061 0.101 0.0862
0.67 0.07 0.2973 | 0.2954 | 0.2960 | 0.2959 at 0.90 0.0557 0.0533 0.0354
0.2977 | 0.2963 | 0.2916 | 0.2916 at 1.00 0.0404 0.0405 0.0242
0.67 0.08 0.3101 | 0.3151 | 0.3140 | 0.3172| for some of them are known in advance. Topics 0031 to
03277 | 0.3268 | 0.3265 | 0.3315| 0083 were used in official runs at the NTCIR 1
Workshop. Organisers found that the number of relevant
0.67 0.09 0.3073 | 0.3105 | 0.3106 | 0.3080| documents for 13 topics of the 53 contained less than
0.3256 | 0.3373 | 0.3352 | 0.3373| five relevant documents per topic in cross-lingual
retrieval. Hence, they discarded these topics from
0.67 0.1 0.3030 | 0.3103 | 0.3099 | 0.3009| evaluation [25]. The full set was used in these
experiments because the goal is to compare the
0-3295 | 0.3350 | 0.3349 | 03318 performance of different methods implemented in the
0.67 | 011 |[0.3049 | 0.3121 | 0.3110 | 0.3102 Samel e”t\é'm“mle”tt-_ the partially relevant d t
n the evaluations, the partially relevant documents
0.3239 | 0.3309 | 0.3292 | 0.3302 were considered as irrelevant. To archive this, the
067 0.12 03049 | 03121 | 0.3110 | 0.3092 corresponding file with the answers provided by NTCIR
' ' ' ' ' ' Workshop organisers was applied when evaluating the
0.3239 | 0.3309 [ 0.3292 | 0.3284 | |atrieval results.
0.67 013 0.3049 | 03114 | 0.3009 | 03111 Table 2 summarises the results of retrieval to tune
' ' 03125 | 03245 | 0.3248 | 0.30gp| thresholds 7 and . The test queries were generated
: ' : : from topics 0001 to 0030. It is important to note that
0.67 0.15 0.3033 | 0.3115 | 0.3111 | 0.3110 when the queries are expanded with all the terms
03143 | 03267 | 0. 0.3282 proposed_ by Ter_rl_er_, the retrieval results drop to zero.
0.3282 The retrieval utilising the TF-IDF schema produced
0.69 0.09 0.3073 | 0.3105 | 0.3106 | 0.3080| better results for the original queries (without expansion)
compared to the BM25 and InL2 models [1]. The line
0.3256 | 0.3373 | 0.3352 | 0.3373 system shows this result. The first number in the cells is
0.75 0.1 0.3030 | 0.3103 | 0.3099 | 0.3099 the value of average precision, and the second one is the
' ' ' ' ' ' value of R-precision. The performance of retrieval with
0.3295 | 0.3330 | 0.3349 | 0.3318 expanded queries utilising the ESA and EWC approaches
System | system | 0.2980 | 0.3034 | 0.3017 for the threshold values (7, equals 0.67 and 7, ranges
0.2995 | 0.3166 | 0.3163 from 0.08 to 0.15) is better compared to the variant
without expansion. For the EWC measure, the maximum

of the retrieval performance is reached when the values
of thresholds #, and #, are set to 0.67 and 0.12. For

ESA, the optimal threshold values are 0.67 and 0.08. The
performance of ESA is higher than EWC.

Table 3 shows precision/recall evaluation results
across 53 queries.

Table 4 summarises the results of retrieval for topics
31 to 83. The threshold values were set to the optimal
parameters (see Table 2). Six runs were executed. The
EWC measure demonstrated better performance (see
values in bold) over ESA in both cases (average
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Table 4: Retrieval Results: Topics 31 to 83.

t1 t2 EWC: ESA:
Average Average
Precision Precision
R-Precision R-Precision
BM25 TF- BM25 TF-
IDF IDF
0.67 0.08 0.2363 0.2349
0.2416 0.2390
0.67 0.12 0.2200 0.2161
0.2317 0.2284
System | system | 0.2225 | 0.2218
0.2350 | 0.2359

Table 5: Differences in the Expanded Queries for
Topics 31 to 83.

Topic | Original Queries Expansion Terms
EWC ESA
32 Network design design
Collaboration technolog technolog
web  world | world tool
tool  focu | focu wide
wide
37 buffer control buffer memori
control input
memori
input
38 TCP / IP | network
Throughput
Performance
Communications
46 Reset period | system
algorithm
56 Information knowledg knowledg
Lifecycle design
artifacts product life
knowledge
sharing
62 Lifelong learn educ educ
learning and
volunteer
69 Computer-aided | aid  teach | aid educ
teaching educ person
instruct system
person
system
75 Simulation system work | system
exercise model work
81 Sex differences | differ mean | differ
in brain
82 Antimalarial antimalari antimalari
drugs drug
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precision and R-Precision). The line system shows the
retrieval results without expansion for TF-IDF and BM25
schemes

Table 5 presents the differences in the expanded
queries for topics 31 to 83 for EWC and ESA metrics.
Expansion terms are presented in stemmed form in this
table. One can see that some expansion terms are taken
from original queries. This is the case for topics 37, 56,
62, 69, 81, and 82. Such a selection increases the
importance of the respective search terms at the
searching process.

Among 53 topics, there are only the differences in
topics 32, 37, 38, 46, 56, 62, 69, 75, 81, and 82. For the
remaining topics, both approaches (EWC and ESA)
generated the same queries. In other words, only these 10
queries contributed in improvements of the performance
of the search.

Original queries for topics 38 and 46 were not
expanded when the ESA approach was applied.

As we mentioned in Section 3, the implementation
of EWC discards Wikipedia articles with titles consisting
of multiple terms (they are dimensions in the Wikipedia
space). Multiple word terms cannot be recognized and
scored accurately. These terms are widely used in
scientific terminology. Recognition of such terms seems
to be the most promising direction to enhance EWC.

To summarize, one can conclude that the EWC
measure provides little benefit over ESA, as the results of
the retrieval are better. Ontological knowledge combined
with collocational knowledge helps in the selection of
expansion terms.

7 Conclusion

This study tested the semantic relatedness measure when
selecting the terms to expand queries. Key components
of this measure are the ESA measure, the WordNet path
measure, and the mixed collocation index. Results
produced by the Terrier search engine were a base line in
the experiments.

Term candidates for the expansion were also
generated by Terrier. The proposed techniques were
applied to the ad-hoc retrieval task. As a data set, the
NTCIR-1 CLIR Test collection was used. The initial
English queries were obtained automatically applying
Google translate. The queries were expanded by applying
the Wikipedia-based Explicit Semantic  Analysis
measure, and the DFR mechanism, and the semantic
relatedness measure. The retrieval results showed
superiority of the last one over ESA and DFR.

A promising new direction to enhance the EWC
measure is to take into account Wikipedia articles with
titles consisting of multiple terms in order to get
knowledge about scientific terminology and general
purpose terminology. The expected outcome of this is the
more precise term selection to expand the user queries
submitted to search engines.

References
[1] Terrier (2011). [Online document], http://terrier.net



406

(2]

3]
[4]
5]

(6]

[7]

(8]

9]

[10]

[11]

[12]

[13]

[14]

Informatica 35 (2011) 401-406

NTCIR-1 CLIR data collection (1999). [Online

document], http://research.nii.ac.jp/ntcir/data/data-
en.html
TREC (2011). [Online document],

http://trec.nist.gov/

Google Translate (2011).
http://translate.google.com/
Ben He and ladh Ounis (2009). Studying Query
Expansion Effectiveness. In Proc. The 3lst
European Conference on Information Retrieval
(ECIR09). Toulouse, France.

S.E. Robertson, S. Walker, M.M. Beaulieu, M.
Gatford, and A. Payne (1995). Okapi at TREC-4. In
Proc. TREC 4.

Aitao Chen, Fredric C. Gey, Kazuaki Kishida,
Hailing Jiang and Qun Liang (1999). Comparing
Multiple Methods for Japanese and Japanese-
English Text Retrieval, NTCIR Workshop 1. In
Proc. The First NTCIR Workshop on Research in
Japanese Text Retrieval and Term Recognition,
Tokyo.

G. Amati and C.J. Van Rijsbergen (2002).
Probabilistic models of information retrieval based
on measuring the divergence from randomness.
ACM Transactions on Information Systems (TOIS),
20(4):357-389.

Christopher D. Manning, Prabhakar Raghavan and
Hinrich Schiitze (2008). Introduction to Information
Retrieval, Cambridge University Press.

Ofer Egozi, Shaul Markovitch, and Evgeniy
Gabrilovich (2011). Concept-Based Information
Retrieval using Explicit Semantic Analysis, ACM
Transactions on Information Systems, 29(2).

Philipp Sorg and Philipp Cimiano (2009). An
Experimental Comparison of Explicit Semantic
Analysis Implementations for Cross-Language
Retrieval. In Proc. The International Conference on
Applications of Natural Language to Information
Systems (NLDB), Saarbriicken.

Yinghao Li, Wing Pong Robert Luk, Kei Shiu
Edward Ho, and Fu Lai Korris Chung (2007).
Improving weak ad-hoc queries using Wikipedia as
external corpus. In Proc. The 30th annual
international ACM SIGIR conference on Research
and development in information retrieval, ACM
New York, NY, USA, pp 797 - 798.

Hamada M.Zahera, Gamal F. El Hady, and Waiel.F
Abd EI-Wahed (2010). Query Recommendation for
Improving Search Engine Results. In Proc. The
World Congress on Engineering and Computer
Science 2010 Vol I, WCECS 2010, San Francisco,
USA.

Jose R. Perez-Agueral and Lourdes Araujo (2008).
Comparing and Combining Methods for Automatic
Query Expansion. Advances in Natural Language
Processing and  Applications  Research in
Computing Science 33, pp. 177-188.

[Online document],

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]
[24]

[25]

V. Klyuev et al.

Ming-hung Hsu, Ming-feng Tsai, and Hsin-hsi
Chen (2008). Combining WordNet and ConceptNet
for Automatic Query Expansion: A Learning
Approach. In Proc. Asia Information Retrieval
Symposium, pp. 213-224.

Hang Cuil, Ji-Rong Wen, Jian-Yun Nie3, and Wei-
Ying Ma (2002). Probabilistic query expansion
using query logs. In Proc. The 11th international
conference on World Wide Web, ACM New York,
NY, USA.

J. Malecka and V. Rozinajova (2006). An
Approach to Semantic Query Expansion. In Proc.
Tools for Acquisition, Organization and Presenting
of Information and Knowledge, Research Project
Workshop, Bystra dolina, Tatry, pp. 148-153.
Jiuling Zhang, Beixing Deng, and Xing Li (2009).
Concept Based Query Expansion Using WordNet.
In Proc. The 2009 International e-Conference on
Advanced Science and Technology, pp. 52-55.

M. Ellen Voorhees (1994). Query expansion using
lexical-semantic relations. In Proc. The 17th Annual
International ACM SIGIR conference on Research
and Development in Information Retrieval.

D. Gayo-Avello Brenes (2009). Stratifies analysis
of AOL query log. Information Sciences, 179, pp.
1844-1858.

Yannis Haralambous and Vitaly Klyuev (2011). A
Semantic Relatedness Measure Based on Combined
Encyclopedic, Ontological and Collocational
Knowledge. In the Proc. IJCNLP.

Vitaly Klyuev, Ai Yokoyama (2010). Web Query
Expansion; A Strategy Utilizing Japanese WordNet.
Journal of Convergence, V. 1, Number 1.

Space ALC (2011). [Online  document],
http://www.alc.co.jp/
Mecab (2011). [Online document],

http://mecab.sourceforge.net/

Noriko Kando, Kazuko Kuriyama, Toshihiko
Nozue, Koji Eguchi, Hiroyuki Kato and Soichiro
Hidaka (1999). Overview of IR tasks. In Proc. The
First NTCIR Workshop on Research in Japanese
Text Retrieval and Term Recognition, Tokyo.



Informatica 35 (2011) 407417 407

Distributed Representations Based on Geometric Algebra: The Continuous

Model

Agnieszka Patyk-Lonska, Marek Czachor
Gdansk University of Technology

ul. Narutowicza 11/12, Gdansk 80-233, Poland
E-mail: {patyk, mczachor}@pg.gda.pl,
http://www.pg.gda.pl/ patyk
http://www.mif.pg.gda.pl/kft/czachor.html

Diederik Aerts

Centrum Leo Apostel (CLEA), Vrije Universiteit Brussel
Krijgskundestraat 33, 1160 Brussels, Belgium

E-mail: diraerts@vub.ac.be
http://www.vub.ac.be/CLEA/aerts/

Keywords: distributed representation of data, geometric algebra, HRR, BSC, scaling

Received: October 23, 2011

Authors revise the concept of a distributed representation of data as well as two previously developed mod-
els: Holographic Reduced Representation (HRR) and Binary Spatter Codes (BSC). A Geometric Analogue
(GA. — "c" stands for continuous as opposed to its discrete version) of HRR is introduced — it employs
role-filler binding based on geometric products. Atomic objects are real-valued vectors in n-dimensional
Euclidean space while complex data structures belong to a hierarchy of multivectors. The paper reports on
a test aimed at comparison of GA, with HRR and BSC. The test is analogous to the one proposed by Tony
Plate in the mid 90s. We repeat Plate’s test on GA. and compare the results with the original HRR and
BSC — we concentrate on comparison of recognition percentage for the three models for comparable data
size, rather than on the time taken to achieve high percentage. Results show that the best models for storing
and recognizing multiple similar structures are GA. and BSC with recognition percentage highly above
90. The paper ends with remarks on perspective applications of geometric algebra to quantum algorithms.

Povzetek: Clanek se ukvarja s porazdeljeno predstavitvijo podatkov, ki uporablja geometrijsko algrebro.

1 Introduction

Distributed representations of data are very different from
traditional structures (e.g. trees, lists) and complex struc-
tures bare little resemblance to their components, therefore
great care must be taken when composing or decomposing
a complex structure. The most widely used definition of a
distributed representation is due to Hinton et al. [13]. In
a distributed representation of data each concept is repre-
sented over a number of units and each unit participates in
the representation of some number of concepts. The size
of a distributed representation is usually fixed and the units
have either binary or continuous-space values. In most dis-
tributed representations only the overall pattern of activated
units has a meaning.

Let us consider an example of storing the following in-

This paper is based on A. Patyk-Foniska, M. Czachor and D. Aerts
Some tests on geometric analogues of Holographic Reduced Representa-
tions and Binary Spatter Codes published in the proceedings of the 1%
International Workshop on Advances in Semantic Information Retrieval
(part of the FedCSIS’2011 conference).

formation: “Fido bit Pat". The action in this statement
is bite and the features (i.e. roles) of this action are an
agent and an object, denoted biteqq: and biteyy;, while their
fillers are Fiido and Pat respectively. If we consider stor-
ing the way that the action is performed, we can add a third
feature (role), e.g. bite,qy. If we store Fido, Pat, biteqg:
and bite,y; as vectors, we are able to encode “Fido bit Pat"
as

biteqge * Fido + biteoy; * Pat.

The operation of binding, denoted by “x", takes two
vectors and produces another vector, often called a chunk
of a sentence. It would be ideal for the resulting vector not
to be similar to the original vectors but to have the same di-
mensions as the original vectors. Superposition, denoted
by “+4", is an operation that takes any number of vectors
and creates another one that is similar to the original vec-
tors. Usually, the superimposed vectors are already the re-
sult of the binding operation.

Irrespectively of the mathematical model, the above op-
erations are defined in a way that allows to build complex
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statements, such as “John saw Fido bit Pat":
John x seeqgi + (biteqqs * Fiido + biteoy; * Pat) * seep;.

In order to decode information, we have to use the op-
eration of unbinding — it is the inverse (an exact inverse
or a pseudo-inverse) of binding enabling us to extract an
information from a complex statement, provided that we
have one of the bound vectors or a very similar vector as a
cue. Marking the unbinding operation by “f" we obtain the
following answer to “Who bit Pat?":

(biteqage * Fido + biteoy; * Pat) § biteqqe = Fido'.

We cannot definitely say that the resulting vector Fido” will
be an exact copy of F'ido, as even an optimal scheme will
generate a considerable amount of noise. Since we cannot
expect that a noisy decoded information will be identical
to what was encoded, we have to rely heavily on various
similarity measures — they vary mostly by time taken by
computation and the accuracy.

Clean-up memory is an auto-associative collection of all
atomic objects and complex statements produced by the
system. Given a noisy extracted vector such structure must
be able to recall the most similar item stored or indicate,
that no matching object had been found.

Independently of the scheme considered, any represen-
tation should possess the following qualities

— composition and decomposition — rules of composi-
tion and decomposition must be applicable to all el-
ements of the domain, irrespectively of the degree of
complication of a given element. Further, decomposi-
tion should support structure-sensitive processing.

— fixed size — structures of different degree of compli-
cation should take up the same amount of space in or-
der to facilitate generalization. In the GA, model this
feature has been given up. Still, structures of different
complexity will be of the same type.

— similarity — the representation scheme should pro-
vide a quick way to compute similarity between anal-
ogous structures (e.g. Fido bit Pat Smith and
Fido bit John).

— noise reduction — decomposed statements should re-
semble their original counterpart.

— productivity — the model should be able to construct
complex nested structures using a set of only few
rules.

As far as previously developed models are concerned,
Holographic Reduced Representations (HRR), Binary
Spatter Codes (BSC), and Associative-Projective Neural
Networks (APNN) are distributed representations of cog-
nitive structures where binding of role—filler codevectors

A. Patyk-Lonska et al.

maintains predetermined data size. In HRR [23] binding is
performed by means of circular convolution

n—1

(:E ® y)j = Z ZTEYj—kmodn-
k=0

of real n-tuples or, in ‘frequency domain’, by component-
wise multiplication of (complex) n-tuples,
ayn) = (xlyh L) znyn)-

(1, zn) ® (Y1, ..

Bound n-tuples are superposed by addition, and unbinding
is performed by an approximate inverse. A dual formal-
ism, where real data are bound by componentwise multi-
plication, was discussed by Gayler [9]. In BSC [14, 15]
one works with binary n-tuples, bound by componentwise
addition mod 2,

(@1re e 20) & (G1s- 1Y) =
(1B Y1, Tn B Yn),

and superposed by pointwise majority-rule addition; un-
binding is performed by the same operation as binding.
APNN, introduced and further developed by Kussul [16]
and his collaborators [17], employ binding and superposi-
tion realized by a context-dependent thinning and bitwise
disjunction, respectively. As opposed to HRR and BSC,
APNN do not require an unbinding procedure to retrieve
component codevectors from their bindings. A detailed
comparison of HRR, BSC and APNN can be found in [24].

2 Geometric Algebra

One often reads that the above models represent data by
vectors, which is not exactly true. Given two vectors one
does not know how to perform, say, their convolution or
componentwise multiplication since the result depends on
basis that defines the components. Basis must be fixed in
advance since otherwise all the above operations become
ambiguous. It follows that neither of the above reduced
representations can be given a true and meaningful geomet-
ric interpretation. Geometric analogues of HRR [5] can be
constructed if one defines binding by the geometric prod-
uct, a notion introduced in 19th century works of Grass-
mann [11] and Clifford [8].

The fact that a geometric analogue of HRR is intrinsi-
cally geometric may be important for various conceptual
reasons — for example, the rules of geometric algebra may
be regarded as a mathematical formalization of the process
of understanding geometry. The use of geometric alge-
bra distributed representations has been inspired by a well-
known fact, that most people think in pictures, i.e. two-
and three-dimensional shapes, not by using sequences of
ones and zeroes. Mere strings of bits are not meaningful to
(most) humans, no matter how technically advanced they
are.



DISTRIBUTED REPRESENTATIONS ...

In order to grasp the main ideas behind a geomet-
ric analogue of HRR let us consider an orthonormal ba-
sis b1,...,b, in some n-dimensional Euclidean space.
Now consider two vectors z = Y., x3b; and y =
> r_1 Ykbi. The scalar

T Y=y-x
is known as the inner product. The bivector
TNy =—-yANzx

is the outer product and may be regarded as an oriented
plane segment (alternative interpretations are also possible,
cf. [7]). 1 is the identity of the algebra. The geometric
product of x and y then reads

n
zy = > wpyr 1+ (2xy — yrz)bibi -
k=1 k<l
———

x-y TAyY

Grassmann and Clifford introduced geometric product by
means of the basis-independent formula involving the mul-
tivector

ry=ax-y+aoAy (2)

which implies the so-called Clifford algebra
brb; + bibr, = 2651

when restricted to an orthonormal basis. Inner and outer
product can be defined directly from xy:

1

Ty = §(wy+yar),
1

TNy = i(a:y—yx)

The most ingenious element of (2) is that it adds two ap-
parently different objects, a scalar and a plane element, an
operation analogous to addition of real and imaginary parts
of a complex number. Geometric product for vectors x, y,
z can be axiomatically defined by the following rules:

(zy)z = x(yz),
z(y+2) = xzy-+zxz,
T VR —

rr = 2° |z|2,

where || is a positive scalar called the magnitude of . The
rules imply that x - y must be a scalar since

zy+yz =z +y)® — |z — |y|*

Geometric algebra allows us to speak of inverses of vectors:
x~! = x/|z|?. x is invertible (i.e. possesses an inverse) if
its magnitude is nonzero. Geometric product of an arbitrary
number of invertible vectors is also invertible. The possi-
bility of inverting all nonzero-magnitude vectors is perhaps

Informatica 35 (2011) 407-417 409

the most important difference between geometric and con-
volution algebras.
Geometric products of different basis vectors

bkl..,kj = bk:1 R bk].7

k1 < --- < kj, are called basis blades (or just blades).
In n-dimensional Euclidean space there are 2" different
blades. This can be seen as follows. Let {x1,...,2,} bea
sequence of bits. Blades in an n-dimensional space can be
written as

_ T T,
Coy.om, =07 .. 00"

where bg = 1, which shows that blades are in a one-to-
one relation with n-bit numbers. A general multivector is a
linear combination of blades,

1
¢ = Z %1.‘.%%1‘..%, 3)

x1...xp,=0

with real or complex coefficients 15, . .. . Clifford algebra
implies that

CoyoxnCyr.iyn =
_ (_1)Zk<1ywzc

(Z1...2n)B(Y1--Yn ) (4)

where @ is given by (1). Multiplication of two basis blades
is thus, up to a sign, in a one-to-one relation with exclusive
alternative of two binary n-tuples. Accordingly, (4) is a
projective representation of the group of binary n-tuples
with addition modulo 2.

The GA. model is based on binding defined by geomet-
ric product (4) of blades while superposition is just addi-
tion of blades (3). The discrete GA4 [19] is a version of the
GA_. model obtained if ¢, . 5, in (3) equal £1. The first
recognition tests of GA4, as compared to HRR and BSC,
were described in [19]. In the present paper we go further
and compare HRR and BSC with GA_, a version employ-
ing “projected products” [5] and arbitrary real 1, . ., . We
also repeat Plate’s scaling test ([22], [23] — Appendix I) and
compare test results for GA., HRR and BSC models.

Throughout this paper we shall use the following no-
tation: “x" denotes binding roles and fillers by means of
the geometric product and “+" denotes the superposition
of sentence chunks. Additionally, “®" will denote binding
performed by circular convolution used in the HRR model
and a* denotes the involution of a HRR vector a. A “+" in
the superscript of = denotes the operation of reversing a
blade or a multivector x: (by,..x,)" = b, ... by,. Asking
a question (i.e. decoding) will be denoted with “f". The
size of a (multi)vector means the number of memory cells
it occupies in computer’s memory, while the magnitude of
a (multi)vector V- = {wy,...,v,} is its Euclidean norm

i V-

For our purposes it is important that geometric calculus
allows us to define in a very systematic fashion a hierar-
chy of associative, non-commutative, and invertible oper-
ations that can be performed on 2"-tuples. The resulting
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superpositions are less noisy than the ones based on con-
volutions, say. Such operations are in general unknown to
a wider audience, which explains popularity of tensor and
convolution algebras. Geometric product preserves dimen-
sionality at the level 2"*-dimensional multivectors, where
n is the number of bits indexing basis vectors. Moreover,
all nonzero vectors are invertible with respect to geometric
product, a property absent for convolutions and important
for unbinding and recognition. A detailed analysis of links
between GA., HRR and BSC can be found in [5]. In partic-
ular, it is shown that both GA . model and BSC are based on
two different representations (in group theoretical sense) of
the additive group of binary n-tuples with addition modulo
2. Actually, the latter observation was the starting point
for studying geometric algebra forms of reduced represen-
tations [6].

3 The GA. Model

Multivector (3) associated with mn-dimensional Eu-
clidean space can be represented by the 2"-tuple
(0.0, -+, %1,..1,). Geometric product of two such
2"-tuples is again a 2"-tuple. In this sense geometric prod-
uct is analogous to bindings employed in HRR or BSC, but
we can still proceed in several inequivalent ways. For ex-
ample, since a product of two basis blades is again a basis
blade multiplied by +1, we can require that ¢, 5, = £1.
Such a discrete version of GA HRR was tested vs. HRR
and BSC in [19], and will be denoted here by GA,4 (dis-
crete GA HRR).

The continuous GA. model differs greatly from GA,.
First of all, we do not begin with a general 2"-dimensional
multivector. Atomic objects are real-valued vectors in n-
dimensional Euclidean space, in practice represented by n-
tuples of components taken in some basis. A hierarchy of
multivectors is reserved for complex statements, formed
by binding and superposition of atomic objects. An n-
dimensional vector, when seen from the multivector per-
spective, is a highly sparse 2”-tuple: Only n out of 2"
components can be nonzero.

The procedure we employ was suggested in [5]. The
space of 2"-tuples is split into subspaces corresponding
to scalars (0-vectors), vectors (1-vectors), bivectors (2-
vectors), and so on. At the bottom of the hierarchy lay

1
vectors V' € R", having rank 1 and being denoted as V.
An object of rank 2 is created by multiplying two ele-
ments of rank 1 with the help of the geometric product. Let

1 1

V= {ai1,as, a3} and W= {B1, B2, B3} be vectors in R3.
2

A multivector X of rank 2 in R? comprises the following

elements (cf. [18])

a1 1 + afs + azfB3

a1 B _
R 3] Nl B e
a3 — asBr
as| | B3

aofls — azfo
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the first entry in the array on the right being a scalar and
the remaining three entries being 2-blades. For arbitrary
vectors in R™ we would have obtained one scalar (or, more

n) scalars) and <n> 2-blades.

conviniently: (0 9

2 1
Let X= {71,772, 73,74} and V= {1, az, a3} be two mul-
3
tivectors in R®. A multivector Z of rank 3 in R® may be
1
created in two ways: as a result of multiplying either V' by

2 2 1
X or X by V. Let us concentrate on the first case

o m Q171 — Q272 — 0373

3 12 _
7V X= |y V2| _ |12+ a2y — a3
as Y3 Q173 + o4 + asy
Ya Q174 — 02Y3 + Q372

Here, the first three entries in the resulting matrix are 1-
blades, while the last entry is a 3-blade. For arbitrary multi-

vectors of rank 1 and 2 in R™ we would have obtained (7;)

n
3
tors of rank higher than 3 in R3, but it is easy to check that

vectors and < ) trivectors. We cannot generate multivec-

in spaces R">3 a multivector of rank 4 would have g
ny\ .. n
scalars, < 2) bivectors and ( 4> 4-blades. The number of

k-blades in a multivector of rank r is described by Table 1.
It becomes clear that a multivector of rank r over R" is ac-

n . .
-dimensional

tually a vector over a ZE(J) % + r mod 2

space.

As an example let us consider the following roles and
fillers being normalized vectors drawn randomly from R”™
with Gaussian distribution N(0, 1)

Pat = {ay,..., an} name = {m1,..., zn}
male = {by,..., bn}, sex = {yl,..., Yn }
66 = {c1 cn} age = {z1,..., zn }

PSmith, who is a 66 year old male named Pat, is created
by first multiplying roles and fillers with the help of the
geometric product

PSmith =
= name * Pat + sex x male 4+ age * 66
= name - Pat + name A Pat + sex - male +
sex A\ male + age - 66 + age A 66

Siiq(aizg + by +cizg)
ajwy —agwey +bryz —bayy +er122 —ca2
ajw3z —agwy +b1yz — bzyy +c123 — 321

Gp_1Tn — an®p_1 +bp_2yn
—bnyp_1+cpn_12n —cnzp_1

[do, dra,drs, - .. din_1yn]”
= do+dize1z +dize1s + -+ dn_1)n€n—1)n;

where eq,...,e, are orthonormal basis blades. In order
to be decoded as much correctly as possible, PSmith
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Table 1: Numbers of k-blades in multwectors of various ranks in R™

rank scalars. vectors bivectors trivectors

4-blades

data size

S TR
S ) ’

o((1))

ozt (1))

O(ZLO (211 1))

should have the same magnitude as vectors representing
atomic objects, therefore it needs to be normalized. Finally,
PSmith takes the form of

PSmith = [d(]v dea C2137 LR Cz(n—l)n]Tv

d;
Z§7L011)2n 2
PSmith is now a multlvector of rank 2. The decoding
operation

where cii =

name™ PSmith

= name™ (name - Pat + name A Pat

+sex - male + sex A male + age - 66
+age N 66)

will produce a multivector of rank 3 consisting of vectors
and trivectors. However, the original Pat did not contain
any trivector components — they all belong to the noise
part and the only interesting blades in namet PSmith
are vectors. The expected answer is a vector, there-
fore there is no point in calculating the whole multi-
vector name™ PSmith and only then comparing it with
items stored in the clean-up memory. To be efficient,
one should generate only the vector-part while computing
name™ PSmith and skip the noisy trivectors.

Let (-); denote the projection of a multivector on k-
blades. To decode PSmith’s name we need to compute

(name* PSmith),

= nametnamePat + ( name™ (name A Pat

+sex - male + sex A male 4 age - 66
+age A 66) )y
= Pat + noise = Pat’.

The resulting Pat’ will still be noisy, but to a lesser degree
than it would have been if the trivectors were present.

Formally, we are using a map *%72 that transforms a mul-
tivector of rank 1 (i.e. an n-tuple) and a multivector of
rank 2 (i.e. a (1+ = 1)") tuple) into a multivector of rank
1 without computing the unnecessary blades. Let X be a
multivector of rank 2

X = <X>0 + <X>2 =x0 + Z LTimE€i€m,
l<m

where Zy,;, = —xpy. If A = (Ay,...,4,) is a decoding
vector (actually, an inverse of a role vector), then

A *%’2 X = zA+ Z Aiximem
I,m
= Z .%‘Ak + ZAlmlk
- Y-
with Y = (Y1, ...,Y,,) being an n-tuple, i.e. a multivector
of rank 1. More explicitly,
k—1
Vi = (Axlo X)p = z0ds + Y Ay, — Z Az
=1 I=k+1

The map *%’2 is an example of a projected product, intro-
duced in [5], reconstructing the vector part of AX without
computing the unnecessary parts. The projected product is
basis independent, as opposed to circular convolutions. In
general, #;"} transforms the geometric product of two mul-

tivectors ;1 and E into a multivector 5

We now need to compare Pat’ with other items stored
in the clean-up memory using the dot product, and since
Pat’ is a vector, we need to compare only the vector part.
That means, if the clean-up memory contained a multivec-
tor 2}\}1 of an odd rank, we would also need to compute
Pat' - <2}5\}1>1 while searching for the right answer.

This method of decoding suggests that items stored in
the clean-up memory should hold information about their
ranks, which is dangerously close to employing fixed data
slots present in localist architectures. However, a rank of
a clean-up memory item can be “guessed" from its size.
In a distributed model we also should not “know" for sure
how many parts the projected product should reject, but
it can certainly reject parts spanned by blades of highest
grades. Unfortunately, since the geometric product is non-
commutative, questions concerning roles and fillers need to
be asked on different sides of a sentence, forcing atomic ob-
jects to hold information on whether they are roles or fillers
and thus, forcing them to be partly hand-generated. We can
either ask question always on the same side of a sentence
and be satisfied with less precise answers or always ask
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about only the roles or only the fillers. It becomes clear,
that recognition based on the hierarchy of multivectors and
the projected product is best applicable to tasks in which
questions need to be asked only on one side of the sentence
or in which sentences have predetermined structure.
Before providing formulas for encoding and decoding
a complex statement we need to introduce additional no-
tation for the projected product and the projection. We
have already introduced the projected product ;" trans-
forming the geometric product of two multivectors of ranks
[ and k into a multivector of rank m. This will not al-
ways be the case for complex statements, since we can pro-
duce a multivector that will not be of any given rank. Let

;"{al,az) ol denote the projected product transforming

l
the geometric product of a multivector A and a multivec-
tor B containing «-blades, ag-blades,...and ayg-blades

into a multivector 8 In this way, the projected product
*%’2 may be written down as *i,{o,z}' By analogy, let
(*){a1,as,...,ar} denote the projection of a multivector on
components spanned by «q-blades, as-blades,...and a,,-
blades.

Let ¥ denote the normalized multivector encoding the
sentence “Fido bit PSmith", i.e.

U = biteqg: ¥ Fido + biteqy; ¥ PSmith.

rank 2 rank 2

rank 3

Multivector ¥ will contain scalars, vectors, bivectors and
trivectors and can be written down as the following vector

of dimension Z?:o (CL)

n n
o= |« ,+Zﬁiei+lz‘%‘j€m’
=1<J
—_———

bivectors

ascalar =1

vectors

+ Z 0ijkCijk -

1=i<j<k

trivectors

4 More Examples of Encoding and
Decoding Sentences

The following examples illustrate various ways of asking
questions in the GA_ architecture.

“Who was bitten?"
The answer to that question will be a multivector of rank 2

U § biteoy; = (bzte
bitel, *1 {01,231 ¥

= Pszth’ ~ PSmith.

‘1’>{0 2}

A. Patyk-Lonska et al.

Let biteoy; = {y1,...,yn}, PSmith’ will then have the

form
PSmith! = (yie1 + -+ + ynen) *%,{07172_’3}
n n
O Biei+ > bijweijn)
i=1 1:i<j<lc
= Zykﬁk"_ Z 91j62]7
1=i<yj
—_———
a scalar bivectors
where
n
i = Ui — UiBi+ Y Uit
t¢ (i)
with 5ijt = 5tij = _67,'tj~ As previously, PSmith’

should be compared with appropriate items from the clean-
up memory to produce the most probable answer.

“What happened to PSmith?"

Asking about roles poses a problem of inverting a

(multi)vector. Since not all multivectors are invertible,

we have to be satisfied with reverses [5] of multivectors.

We will need another type of a projected product: let
n denote the projected product transforming

*{a17a27--.,0tz,}7’€ . ..
the geometric product of a multivector B containing «;-

blades, as-blades,..

m
into a multivector C. The answer to our question will be
a vector

k
.and «qy-blades and a multivector A

U § PSmith = (UPSmith™),
v *}0 1,2,3},2 PSmith*
= bite,

obj ~ bite(,bj.

If we denote PSmith as

PSmith = zo + z12€12 + ** + Z(n—1)n€(n—1)n

then
. !
bzteobj = E 5161 + g 52]]662]]6
1=i<j<k
*{0.1,2,3,2(2 E , zij€ij)
1=i<j
= Clel + - +<n6na
where
n
Ck = Brzo — E Bizir + § Bizki — E 0ijkZiz,
i=k+1 1=i<j
i,j#£k
with 5ijk = (5]“']' = _5ikj-

“What did Fido do?"
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The last question in this example will produce an answer
having the form of a vector

Ui Fido = (VFido™),
= U *%0717273})1 Fido™
= bitey, = bitegg:.
If Fido = {vy,...,v,}, then
bite;gt — (Oé + Y12€12 + -+ V(nfl)ne(nfl)n)

*%0,1,2,3},1(”161 +otvpen)
= die1+.. .19"8",

where

Z ViiVi-

k—1
I = av — E VikV; +
=1 i=k+1

Those tedious calculations imply that the GA. model is
best applicable to sentences having a similar or identical
complexity structure, otherwise it may be hard to automa-
tize the process of asking questions and retrieving answers.
Because of this limitation, this construction seems to be a
promising candidate for a holographic database.

S Overview of Plate’s Scaling Test

Plate [23] describes a simulation in which approximately
5000 HRR 512-dimensional vectors were stored in the
clean-up memory. The purpose of his simulation was to
study efficiency of the HRR model but also to provide a
counterexample to the claim that role-filler representations
do not permit one component of a relation to be retrieved
given the others. We will repeat Plate’s test on several mod-
els and compare the results.
Let us consider the following atomic objects

num, (z =0, ...,2500),

times,
} roles

plus,
At the beginning of the scaling test, relations concerning
multiplication and addition are constructed. For example,
“2-3 = 6" is constructed as

fillers,

result,
operand.

timesas = times + operand x (numsg + numsg)

+result *x numsg.

Generally, relations are constructed in the following way

timesy, = times+ operand x (numg + num,)
+ result x numg.,,
plusy, = plus+ operand * (numg + num,)

+ result x numg4y.
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x and y range from 0 to 50 with y < z making a total of
2501 number vectors and 2652 instances of each times,
and plus; . As one can notice, the same operand role is
used for both x and y to preserve commutativity of multi-
plication and addition.

Plate writes, that a relation can be “looked up" by sup-
plying enough information to distinguish a specific relation
from others. For example, to look up “2 -3 = 6" one needs
to find the most similar relation R to any of the following
fragmentary statements

(case 1) times + operand * nums
+operand x nums,

(case 2) times + operand x nums
+result x numg,

(case 3) times + operand * nums
+result x numsg,

(case 4) operand x nums + operand * nums

+result * numsg.

Retrieving the missing piece of information in the first three
cases can be done by asking any of the subquestions

(case 1) R § result,
(case 2) R § operand,
(case 3) R § operand.

Case 4 is somewhat more problematic — to look up a miss-
ing relation name (t¢mes or plus) one needs to have a sep-
arate clean-up memory containing only relation names or
to use an alternative encoding in which there is a role for
relation names. We will alter Plate’s test by using the latter
method.

Plate states that he had tried one run of the system mak-
ing a query for each component missing in every relation
— this amounted to 10608 queries. A further 7956 queries
had been made to decode the missing component except for
the relation name. Plate goes on to claim, that the system
made no errors.

There appear to be two misstatements in Plate’s claims.
Firstly, we cannot treat subquestions regarding cases 2 and
3 separately, as there are two equally probable answers to
each of these subquestions, provided that relations o and
3 point correctly to times,, . Secondly, consider a frag-
mentary piece of information

times + operand x numg + result * numg.

In this situation, the missing component can be any of the
numbers num, where € {0,...,50} and thus, there are
51 atomic objects that are equally probable to be the right
answer. This suggests that Plate regards several answers
as valid ones, as long as the similarity of these answers ex-
ceeds some threshold. To work out the missing component,
one then needs to check which of those potential answers
is not in the original set used for retrieval.

Such a method of investigating scaling properties has
more than a few advantages:
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— Inaccuracies mentioned above act as a test if all atomic
objects are created and treated equally. Ideally, ev-
ery atomic object of the num, form should be rec-
ognized as a correct answer to the “zero problem" for

w - 100% of the time.

— Prime numbers greater than 100 do not appear in any
of times , and plus, , relations, therefore they test
if the model is immune to garbage data.

— Numbers ranging from numg to numigg may be con-
structed in a multitude of ways by addition (numg by
multiplication) and any given sentence chunk result x
num, will appear quite often in the plus, , relation.
Hence, this is a great way of checking if the model
deals with excessive similarity of a number of com-
plex statements.

— Atomic objects bound with operand and result range
in variety. On the other hand, there are just two atomic
objects acting as an operation — does it affect in
any way the recognition of operation filler? Indeed,
it will be shown in Section 7 that recognition of the
operation chunk turns out to be quite interesting de-
pending on the choice of the architecture.

6 Notation

For the purpose of explaining test results, let us introduce
the following notation. Let S;  and S, denote relations

Sy, = operation xtimes + operand * num, +
operand x numy,, + result * nNuM.y,
S;r,y = operation * plus + operand * numg, +
operand * numy + result * NUuMgqy,
for y < 2. We chose to use a separate role for a rela-

tion name to enable encoding the information given only

operands and the result. Let F; ~denote fragmentary

statements for ¢ € {1,2,3,4} and op € {*,+}

FYh ., = S9h —result x numg op 4,

Fyh ., = Sih — operand x num,,
sy = Sgh, — operand x num,
iy = Sob, — operation x op.

If v is an element of the clean-up memory, then let N (v)
denote the closest neighbor of v, i.e. an element of the
clean-up memory that is most similar to v. If v has more
than one neighbor, then all subquestions during the test
are asked to all of v’s neighbors. In HRR, GA, (with the
Hamming measure of similarity) and GA. it is extremely
unlikely for an element of the clean-up memory to have
more than one neighbor due to the continuous nature of
data in these architectures. Let Q52 =~ = N(EF ) for

1,2,y 1,2,y

i €{1,2,3,4} and op € {*,+}. During the test we asked

A. Patyk-Lonska et al.

subquestions concerning components missing in Floi ya
obtained the following (sets of) answers

Dy = N(Q1 .y §result),
Gy = N(Q5 2 2.y § operand),
Gy = NQ3 3 .y 1 operand),
4., = N(@Qf, toperation).

We assume that a missing component is identified correctly
if it is the only neighbor to appropriate answer ¢"% ,, or it
belongs to the set of neighbors of ¢7% .

7 Test Results

The software for all tests was developed by A. Patyk-
Lonska in Java language. All tests were performed on
an ordinary PC with dualcore AMD processor with 2 GB
RAM.

Tables 2 through 4 compare scaling test results for

— GA. and HRR, both using dot-product as a similarity
measure.

— BSC using Hamming distance as a similarity measure.

Although BSC and HRR models need only n-dimensional
vectors, this is not quite the case for and GA., which needs
1+ @ numbers to represent multivectors of rank 2
over R™. We present recognitions test results close to 100%
and comment on vector length required for each model to
achieve such percentage. The real number of memory cells
used up by each model is given in brackets in the table
headings.

The answers to subquestions Q5" , # operand and
Q3" t operand were considered to be correct if any of
the two possible operands came up as the item most sim-
ilar to those subquestions. In case of other questions and
subquestions only exact answers were taken into consider-
ation.

50 runs of the test were performed on each model. Un-
like in Plate’s test, « and y ranged from O to only 20. Hence,
there are 401 number vectors and 462 relation vectors.

The “zero problem" is clearly visible in each tested
model, as the recognition percentage of (3 , , barely ex-
ceeds 90%. Nevertheless, Q5 , , almost always contains at
least one of the operands from the original sentence S} ,
since the recognition percentage of ¢; , , reaches 100%
for sufficiently large data size. On the whole, the recogni-
tion percentage of ¢3 ., , and g3 , , does not differ greatly
from the recognition percentage of q; 2,y and q3+7 2,y ID ANy
model.
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Table 2: Recognition percentage for GA..

Questions R R% R R
(46) (191) (436) (781)
Qi ey 89.76% 99.98% 99.99% 100.0%
0wy 39.44% 95.28% 99.58% 99.88%
Qb2 91.12% 99.73% 99.98% 100.0%
By 36.24% 83.86% 97.92% 99.81%
Q5ay 83.97% 91.15% 91.33% 91.34%
By 41.27% 84.92% 98.05%" 99.82%4
Qiry 98.90% 99.60% 99.63% 99.59%
By 42.01% 95.56% 99.24% 99.52%
T ow 89.39% 99.99% 100.0% 100.0%
0 ey 39.09% 95.99% 99.76% 99.95%
Q3.0 86.96% 99.59% 99.96% 100.0%
0y 35.32% 83.84% 97.97% 99.79%
Qi .y 87.00% 99.63% 99.96% 100.0%
030y 35.12% 83.84% 97.98% 99.79%
Qiry 99.05% 99.53% 99.51% 99.54%
Aty 45.84% 94.73% 99.14% 99.49%
Table 3: Recognition percentage for HRR.
Questions N =200 N =300 N =400 N =500
Qf 2y 29.1% 27.06% 26.28% 28.51%
@y 31.08%4 30.03%4 30.30%4 32.23%4
Q5 .y 54.72% 52.06% 53.10% 53.32%
By 98.99% 99.92%* 99.98%* 100.0%4
Q5 ay 50.53% 47.93% 49.80% 51.21%
By 98.92%4 99.90%* 99.97%4 100.0%4
Qiay 89.23% 90.56% 90.51% 90.29%
@y 90.28%" 92.69%> 92.42%° 92.31%>
Q. 28.26% 29.46% 28.03% 28.81%
Gy 27.32% 29.37% 28.02% 28.80%
Q3.y 53.91% 54.48% 55.26% 54.68%
0y 98.72%" 99.90%* 99.99% 99.99%*
Q3.y 53.73% 55.23% 55.34% 54.62%
030y 98.67%" 99.91%> 99.98%" 100.0%4
Ql.y 98.70% 98.75% 98.66% 98.75%
Uy 97.16% 98.55% 98.64% 98.74%
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Table 4: Recognition percentage for BSC.

A. Patyk-Lonska et al.

Questions N =200 N = 300 N =400 N =500
Qi .y 86.71% 91.65% 93.78% 94.74%
By 82.82% 90.62% 93.87%% 94.95%"
Q5.0 94.42% 97.60% 99.03% 99.44%
B2y 99.68%2 99.97%2 99.98%2 100.0%2
Q5 4y 86.87% 89.43% 90.50% 90.97%
By 99.15%2 99.47%4 99.65%4 100.0%4
Qi 94.39% 95.58% 95.39% 95.50%
Doy 90.78% 94.89% 95.22% 95.449%
Q. 86.38% 91.59% 93.65% 94.71%
’ 0y 81.71% 90.28% 93.27% 94.57%
Q3.ry 94.23% 97.77% 99.19% 99.52%
By 99.36%2 99.94%2 100.0%2 100.0%2
Q3. 94.54% 97.39% 98.77% 99.48%
' 03y 99.41%* 99.94%* 100.0%> 100.0%>
Qi.y 95.40% 95.38% 95.65% 95.66%
Uiy 91.81% 94.27% 95.02% 95.27%

Table entries marked with a “~" indicate that despite

the wrong recognition of a fragmentary sentence, the miss-
ing component has been identified correctly. In all tested
models such situations arise for sentences with one of the
operands missing. For HRR, however the missing item
has been “accidentally" correctly identified also in cases of
missing operation * times and result x times, , compo-
nents. Such recognition did not occur in cases of missing
operation * plus and result * plus, ,, components, which
is distressingly asymmetric.

HRR turned out to be the worst model during this exper-
iment. The recognition percentage of Q7 , , and eryy is
dangerously low when compared to other ()’s. Both Q7 , ,
and Qfxy are retrieved from the clean-up memory given
only two operands and the operation type. Since we have
only two operation types, Q7 , , and Qi%y will not differ
greatly from each other. This phenomenon is also observ-
able in BSC (but not in GA.), where the recognition per-
centage of (Q1’s is only slightly lower than that of the other
@’s. Apart from that weakness, BSC performs as well as
GA.. for adequate data size.

8 Conclusion

Authors developed a new model of distributed representa-
tions of data based on geometric algebra. Although the data
representations of sentences encoded in this model may
have varying lengths (as opposed to HRR and BSC), it can
be justified by the fact that it is quite logical for sentences
that hold more information to have larger ”volume".
Tedious calculations presented in Section 3 imply that
the GA. model is best applicable to sentences having a
similar or identical complexity structure, otherwise it may
be hard to make the process of asking questions and re-
trieving answers automatic. Because of this limitation, this

construction seems to be a promising candidate for a holo-
graphic database.

Although research in distributed representations has
been thriving in the past decades, no one has yet developed
a software tool that would employ distributed representa-
tions to implement databases with real-life contents. Of
course, some attempts at scaling has been made so far, but
they were rather narrowly aimed at specific tasks. Authors
hope to develop such a tool in the (near) future.

9 Further Perspectives —
Quantum-like Computation Based
on Geometric Algebra

Quantum algorithms [17] employ tensor product binding
and thus are analogous to Smolensky’s tensor product rep-
resentations [25]. The peculiarity of quantum computation
is in its putative implementation: hardware based on the
rules of micro-world automatically guarantees parallelism
of processing the entire superposition of bound objects.
The same property, however, makes quantum processors
extremely sensitive to noise so it is by no means evident
that working devices will be practically constructed.

The question is if we really have to look for micro-world
implementations of quantum computation. Replacing ten-
sor products by geometric products one obtains a one-to-
one map between quantum mechanical superpositions and
multivectors [2, 4], and all elementary quantum gates have
geometric analogues [3]. This proves that quantum algo-
rithms can be, in principle, implemented in systems de-
scribed by geometric algebra.
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Geometric Analogues of Holographic Reduced Represen&a{iGA., which is the continuous version
of the previously developed discrete GA model) employ faler binding based on geometric products.
Atomic objects are real-valued vectorsrirdimensional Euclidean space and complex statementsdelon
to a hierarchy of multivectors. The property of GAnd HRR studied here is the ability to store pieces of
information in a given order by means of trajectory assamat\We describe results of three experiments:
finding correct item or correct place of an item in a sequenefinding the alignment of items in a
sequence without the precise knowledge of trajectory vecto

PovzetekClanek preduje ohranitev informacij pri obliki holografske hrambedatkov.

1 Introduction unrecognizable.
Let us consider an example of storing the following in-

rmation: “Fido bit Pat". The action in this statement
Is bite and the features (i.eroles) of this action are an
agentand an object, denoti@de, . andbite,s;, while their

The work presented here is a result of experimenting wit
trajectory association technique using the newly-dewdop

N : I _ : _
distributed representation model GE0] eé%”em areF'ido andPat respectively. If we consider stor-

An ideal distributed representation system needs to m L .
several criteria in order to successfully perform cogaeitiv Ing the way that the action is performed, we can add a third
feature (ole), €.9.biteyqy. If We storeFido, Pat, biteqg:

tasks. These include computational efficiency, noisetoler . s ¢ "
: o andbite,,; as vectors, we are able to encode “Fido bit Pat
ance, scaling and ability to represent complex structureg. J
The most widely used definition of a distributed represen-
tation of data is due to Hintoet al. [13]: in a distributed
representation of data@ach concept is represented over a The operation obinding, denoted by %", takes two
number of units and each unit participates in the representeectors and produces another vector, often callethek
tion of some number of concepts. The size of a distributeaf a sentence. It would be ideal for the resulting vector not
representation is usually fixed and the units have either bie be similar to the original vectors but to have the same di-
nary or continuous-space values. In most distributed repraensions as the original vectoiSuperposition, denoted
sentations only the overall pattern of activated units hasky “+", is an operation that takes any number of vectors
meaning. and creates another one that is similar to the original vec-
Such patterns of activity are hard to understand and iers. Usually, the superimposed vectors are already the re-
terpret, therefore they are often compared to greyscale iradlt of the binding operation.
ages. Distributed representations usually take the form of For more details and examples on distributed represen-
one-dimensional vectors, while greyscale images are twtations of data the reader should refer to [20].
dimensional matrices, but the way the pixels are aligned
(one-dimensional string or two-dimensional array) is of n% P . Pi fInf .
relevance. Since the information is distributed over tiee el reserving reces ot in ormation
ments of a vector, a great percentage of units (“pixels”)can  in a Given Order
be changed without making the vector (overall “picture™)
While some solutions to the problem of preserving pieces
This paper is based on A. PatykdskaPreserivng pieces of infor- - ot intormation in a given order have proved ingenious, oth-
mation in a given order in HRR and GApublished in the proceedings . . .
of the F' International Workshop on Advances in Semantic Informmtio €IS are obviously flawed. Let us consider the representation
Retrieval (part of the FedCSIS'2011 conference). of the wordeye — it has three letters, one of which occurs

biteqgt * Fido + bitegy; * Pat.
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twice. The worst possible choice of binding and superposbuilds a holographic lexicon representing both word mean-

tion would be to store quantities of letters, e.g. ing and word order from unsupervised experience with nat-
ural language texts comprising altogether 90000 words.
eye = twice * e 4+ once * y, This model uses simple convolution and superposition to

. o constructrn-grams recording the frequency of occurrence
since we would not be able to distinguishe from eey  of every possible word sequence that is encountered, a win-
or yee. Another ambiguous representation would be to regow of about seven words around the target word is usually

member the neighborhood of each letter taken into consideration. To predict a word in a completely
new sentence, the model looks up the frequency with which
eye = beforey e + betweene x y + after, xe. the potential target is surrounded by words present in the

) new sentence. To be useful;gram models need to be
Unfortunately, such a method of encoding causes WOrdined on massive amounts of text and therefore require
eye andeyeye to have the same representation extensive storage space. We will use a completely differ-
ent approach to remembering information order — trajec-

eyeye = beforeyxe+2-betweene xy + tory association described by Plate in [23]. Originallysth
(beforey +aftery) x e +aftery xe technique also used convolution and correlation, but this
= 2(beforey x e + between, * y time items stored in a sequence are actually superimposed,

+after, e) rather than being bound together.

= 2eye.
3 Trajectory Associacion
Real-valued vectors are normalized in most distributed rep
resentation models, therefore the facto2 @fould be most In the HRR model vectors are normalized and therefore can
likely lost in translation. Suchontextual roles (Smolen- be regarded as radii of a sphere of radius 1. If we attach a
sky [25]) cause problems when dealing with certain typesequence of items, say, B, C, D, E to arrowheads of five
of palindromes. Remembering positions of letters is alsof those vectors, we obtain a certaimjectory associated
not a good solution with sequenced BCDE. This is a geometric analogue to
the method of loci which instructs to remember a list of
eye = letter firse * € + lettersecond * y + letterinira * € jtems by associating each term with a distinctive location

along a familiar path. Lek be a randomly chosen HRR
as we need to redundantly repeat the first letter as the thiyjdctor and let

letter, otherwise we could not distinguislye from ey or 4 . 4
ye. Secondly, this method of encoding will not detect sim- F=keok'=k"1eok i>1

ilarity betweereye andyeye. L L .
Pike argues in [21] that matrix-based memory is multiP€ [tSith power, with k% = k. The sequencéascpr i

directional, i.e. it allows both forward and backward asthen stored as
_sociation — having two vectors andb and their bi_nd— Supcpp = A®k+Bek+C@kd+ Dok + E@ k5.
ing M = ab we can extract both andb by performing
a reverse operation on the appropriate side of the matri@f course, each power éfneeds to be normalized before
Convolution-correlation systems, on the other hand, ikgabeing bound with a sequence item. Otherwise, every sub-
bindingsa ® b andb ® a as identical. We will use a similar sequent power of would be larger or smaller than its pre-
technique, asking right-hand-side and left-hand-sidesgquedecessor. As a result, every subsequent item stored in a
tions during experiments described in the following secsequence would have a bigger or a smaller share in vector
tions. Sapcpg- Obviously, this method cannot be applied to the
A quantum-like attempt to tackle the problem of infor-discrete GA model or to BSC, since it is impossible to ob-
mation ordering was made in [1] — a version of semantiain more than two distinct powers of a vector with the use
analysis, reformulated in terms of a Hilbert-space problenof XOR as a means of binding.
is compared with structures known from quantum mechan- This technique has a few obvious advantages present in
ics. In particular, an LSA matrix representation ([1, 18]) i HRR but not in GA had we wished to use ordinary vec-
rewritten by the means of quantum notation. Geometric aters as first powers — different powers of a vedtawvould
gebra has also been used extensively in quantum mechartlesn be multivectors of different ranks. Whilé andki+!
([2, 4, 3]) and so there seems to be a natural connection kere very similar in HRR, in GAthey would not even share
tween LSA and GA, which is the ground for fututre work the same blades. Further, the similaritykéfand &+ in
on the problem of preserving pieces of information in 4RR is the same as the similarity bf andk’*™, whereas
given order. in GA. that similarity would depend on the parity ©&nd
As far as convolutions are concerned, the most interest- In the light of these shortcomings, we need to use an-
ing approach to remembering information in a given ordewsther structure acting as a first power in order to make tra-
has been described in [12]. Authors present a model thigtctories work in GA. Lett be a random normalized full



EXPERIMENTS ON PRESERVING. .. Informatica35(2011) 419-427 421

multivector overR™ and let us define powers ofin the be recognized more often as the correct answer. Indeed,

following way Figure 1 shows that in HRR the frequencies of the powers
) of ¢ align with ¢ being recognized most often aritdbeing
=t recognized least often. In GAthe percentage diagrams
tt = ("1t fori > 1. for various powers of lay close to each other and often

intertwine, still the relationship between the powers of
We will store vectors:; ... a; in a sequence,, ., Using  similar to the one observed in HRR.
powers of the multivector Since lower powers of are recognized correctly more
often, higher powers of come up more often as the in-
correct answer t§ # A. Vectort? is the correct answer to
Seeses i A. However, ift3 is not recognized, the next most
similar answer will be® because it contains three “copies”
of t3, indicated here by brackets

(S ()1~ a2 (£ (tx 1t} #t) =)

and to find out the place of item we need to compute

Sa1mal = a1t + a2t2 4+ 4 altl.

To answer a questionWhat is the second item in a se-
quence?in GA. we need to use the projected product

N ,- The second most similar item will Bé because it contains
(ai)"Say...ay =t two “copies" oft, and so on. The item least similar t&

_ will be ¢. This relationship should be best observable in
Some may argue that such encoding puts a demand pipp ‘since the powers can be multiplied from either side.

items in the glean-up memory to hold information if they), GA. the powers oft can be increased from one side
are r_oles or fillers, which is d_angero_usly clo_se to ernploy6nly and the relation between them should be less visible.
ing fixed data slots present in localist archnec_tures. Aq:j ure 2 shows that high powers bére recognized more
tually, elements of a sequence can be recognized by g, i cases when the proper answer is not recognized —
size, relatively shorter than the size of multivedtand its ¢ yij| yse this relationship in an experiment described in

powers. _ , , Section 6.
We present three experiments using trajectory associa-

tion and we comment on test results for HRR and .GA

models. Firstly, we studied if an item can be retrieved giveb ~ Correct Item Detection

a sequence and an appropriate powet, @&nd vice versa

— if a sequence and an item can lead to the power ofHere we tested if trajectory association allows us to ask
associated with that item. Finally, we tested whether bothWhat is therth item in a sequencé?

HRR and GA models can find the alignment of items in IRV
a sequence without the precise knowledge of vettor L,~S§t" = { S@ (tx )Jr In HRR,
its powers. Since the normalization using the square root S5(t%) in GA.,

of the. r!umber of chunks prqved very noisy in Stat?menWhereLx € {A,B,C,D,E} denotes theth letter in a
containing powers of the trajectory vector, we decided tQeqyence. During 1000 tests for (multi)vector sizes rapgin
improve the HRR model. The HRR vectors in our testgqm 95 15 29 we asked that question for every permutation
were normalized by dividing them with their magnitude. sequence of the sdtd, B,C, D, E}, there were 120000
guestions altogether for every (multi)vectér
4 Correct Place Detection Again, we tested both HRR and GAnodels using a
clean-up memory consisting only of expected answers, i.e.
letters{A, B, C, D, E}. The results for both models (Fig-
In this experiment we investigated if powers of aure 3) were similar with GA performing slightly better
(multi)vectort carry enough information about the originalthan HRR. In both models the first few letters of a sequence
t. During 1000 tests for (multi)vector sizes ranging frolm were more often recognized correctly than the last letters.
to 28 we asked the following question for every sequefice Among the erroneously recognized letters, the last few let-
(a permutation of letter§A, B, C, D, E}): “Where isA?"  ters of a sequence were most often offered as the most prob-
able answer, which will come in handy in the next Section.
SHA = { S®A = t* ?n HRR, The diagrams for GAlie closer together, once again indi-
ATS~t* inGA.. cating that trajectory association spreads informationemo

. . evenly in GA than in HRR.
This amounted to 120000 questions altogether. For the pur-

pose of the experiment described in Section 6 we used the
clean-up memory consisting of powerstainly. 6 Iltem Alignment
Ideally, every position of the letted should come up as
the correct answer the same number of times. Howevérhe three previous tests were not very demanding for tra-
since high powers of acquire noise, lower powers shouldjectory associations. Finally, we tested whether the HRR
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t 2 3 -eeee- td e 5 —
[%] of +* recognized correctly — HRR
100% = M = 24000
100% N=od N=25 N=26 N=27 N=28
L4 t 59.25% 63.67% 72.51% 80.77% 88.08%
s0% 2 52.80% 61.60% 70.52% 80.26% | 87.93%
L4 t3 47.37% 59.37% 68.00% 79.11% 87.85%
60% 4 46.22% 57.35% 66.40% 76.48% 87.01%]
. . . . . t5 47.60% 57.23% 66.35% 75.05% | 85.97%
2'4 2I5 2I6 2I7 2I8 "
[%] of ™ recognized correctly — GA 100% = 120000 ~ 24000
100% S RS RO R7 RS
1 t 56.17% 67.31% 76.24% 86.73% | 93.70%
8% t2 52.72% 64.88% 74.53% 85.58% | 94.05%
1 3 57.00% 68.30% 74.85% 84.13% | 92.68%
60% 4 52.53% 64.25% 73.00% 83.93% 92.90%
5 54.05% 65.89% 74.59% 84.06% 91.33%
T T T T T N

24 95 96 o7 o8

Figure 1: Correct recognition &f # A ~ ¢* in HRR and GA using clean-up memory df, ¢2,¢3,¢*,¢5}, 1000 trials.

[ 2 3 - 4 e o —

[%] of t* recognized incorrectly as other powerstof— HRR

0% T
8w T
100% = 120000 = 24000
3
6% T
N=24 N=25 N=26 N=27 N=28
1 t 9.35% 5.83% 3.65% 1.96% 0.78%
4% RN
ot 2 9.23% 7.08% 5.20% 3.11% 1.37%
1 N 3 9.28% 8.09% 6.35% 4.63% 2.42%
2%
t 9.85% 8.72% 7.40% 5.53% 3.47%
. 5 11.63% 10.44% 8.56% 6.43% | 4.59%
T T T T T N
24 25 26 27 28
[%] of t* recognized incorrectly as other powerstof- GA
0% T
8w T
100% = 120000 = 24000
6% T
R4 RS RO R7 RS
t 8.70% 5.76% 4.30% 2.44% 1.21%
a% T
+2 9.08% 6.88% 5.13% 2.89% 1.33%
3 9.16% 7.01% 5.11% 3.10% 1.42%
2%
+4 9.37% 7.23% 5.49% 3.18% 1.42%
5 9.20% 6.99% 5.34% 3.51% 1.69%

24 95 96 o7 o8

Figure 2: Incorrect recognition &f # A ~ t* in HRR and GA using clean-up memory df, ¢, +3,¢*,¢°}, 1000 trials.

and GA. models were capable of performing the following“black box" that inputs randomly chosen letter vectors and
task: in return outputs a (multi)vector representing always the
same sequence, irrespectively of the dimension of data. In-
Given onlya set of lettersd, B,C, D, E' and an en-  sjde, the black box generates (multi)vectarg, +3, ¢4, .
coded sequenctyeees comprlsed of those five letters Their values are known to the observer but their names are
find out the position of each letter in that sequence. not, Since we can distinguish letters from non-letters, the

We assumed that no direct access o its powers is given naive approach woulld be to try out all 120 alignments of
P 9 letters A, B, C, D and E using all possible combinations

— they do belong to the clean-up memory, but cannot b
retrieved “by name”. One may think of this problem as & gf non- Ietters as the powers aofUnfortunately, powers of
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Ly e Lo L3y eoo. Ly ceee- Ly

100%
§ N=25 N=26 N=27 N=28 N=29
Ly 68.03% 81.94% 92.21% 97.58% 99.59%
80%
8 Lo 58.56% 70.15% 80.46% 90.25% 96.75%
L3 53.05% 62.00% 72.71% 83.09% 91.46%
60%
v Ly 50.13% 57.61% 67.06% 78.31% | 85.79%
. Ls 47.20% 54.43% 63.18% 71.13% 81.24%|
t t t t t N
25 26 27 28 29
[%] of letters recognized correctly — GA
100% RS R6 R7 78 )
L1 68.30% 80.88% 91.96% 97.36% 99.61%
80%
: Lo 68.43% 77.08% 86.12% 94.03% 98.33%
L3 63.73% 74.52% 82.89% 89.56% 96.70%
60%
: Ly 62.28% 72.47% 80.63% 89.39% 96.18%
Ls 60.78% 70.19% 78.52% 85.15% 95.19%
+ + + + + N
25 26 27 28 29
[%] of letters recognized incorrectly as other letters — HRR
50% T
40% T
30% T
8 N=25 N=26 N=27 N=28 N=29
L1 31.98% 18.07% 7.79% 2.42% 0.41%
20% T NN I
RN 2 41.44% 29.85% 19.54% 9.75% 3.25%
. L3 46.95% 38.00% 27.29% 16.91% 8.54%
0% T -
? S Ly 49.87% 42.39% 32.94% 21.69% 14.21%
e Ls 52.80% 45.57% 36.82% 28.87% 18.76%]
+ + + N
25 26 27 28 29
[%] of letters recognized incorrectly as other letters — GA
40% T
30% T
5 RS RS r7 RS R
Ly 31.70% 19.12% 8.04% 2.65% 0.39%
20% T
Lo 31.57% 22.93% 13.88% 5.97% 1.68%
L3 36.27% 25.48% 17.11% 10.44% 3.30%
10% T
Ly 37.72% 27.53% 19.37% 10.61% 3.83%
Ls 39.22% 29.81% 21.48% 14.85% 4.81%

Figure 3: Recognition o6, 1.,1..1,5 § t* =~ L, in HRR and GA using clean-up memory containing letters only, 1000
trials.

t are different each time the black box produces a sequendetters only.
We will use an algorithm based on the assumption that

if not recognized correctly, is more similar to highest pow- The algorithm for finding out the position of each letter
ers of¢ as shown in Section 4. The second assumption isegins with asking a question described by equation (1) —
that letters lying closer to the end of the sequence are ofy/here in the seqUENCE,ees. iS the letterL, ?":

ten offered as the incorrect answer to questions concerning

letters (Section 5). The clean-up memdrfor this experi- Seeees ® (Lz)* iNnHRR

ment consists of all five letters and the five powers. dfle Seeese t Ly = { (Ly)* Seeses i GA. }

will also use an auxiliary clean-up memofycontaining (Y ~ ¢ (1)
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[%]of { B, C, D, E}

50% T
°E Asking with A
40% T o
op E N=100 N=200 N=300 N=400 N=500
°E
30% T o °D o D nonA |[1643 960 616 506 393 =100%
86 °p D
°c  © o B 19.90% 16.04% 12.66% 8.30% 6.62%
20% T °p c [CHES
°p (e] C  |2556% 22.92% 22.73% 21.94% 18.58%
o
0% T B D |26.78% 27.71% 28.73% 32.02% 30.03%
B o
) ) ) ) ) B E  |27.75% 33.33% 35.88% 37.75% 44.78%
t t t t t
N
100 200 300 400 500
[%]of {A, C, D, E}
50% T
Asking with B
40% T o
: op E N=100* N=200* N=300 N=400 N=500
°FE
30% T R °p °p °p °p nonB |2474 1588 1133 837 628 =100%
°c  °c c °c o4 A |18.03% 18.14% 12.71% 9.44% 8.28%
20% T
: °a °a C  |25.14% 24.87% 22.51% 23.30% 21.97%
o
0% T A A o D |29.59% 28.90% 30.98% 30.59% 30.89%
A
) ) ) ) ) E  |27.24% 28.09% 33.80% 36.68% 38.85%
t t t t t
N
100 200 300 400 500
[%]of {A, B, D, E}
50% T
Asking with C'
40% T o
om E N=100 N=200 N=300 N=400 N=500
o o
30% T op B o £ o ° nonC |3003 2214 1694 1346 1121 =100%
o D D
8 B o g o o A |2251% 18.16% 18.00% 15.30% 13.83%
20% T ° ° B B °p
A Ao, B |24.18% 22.81% 21.55% 21.47% 20.07%
o
A
0% T D |2551% 26.06% 27.86% 27.64% 28.55%
) ) ) ) ) E  |2781% 32.97% 32.59% 35.59% 37.56%
N
100 200 300 400 500
[%]of {A, B, C, E}
50% T
Asking with D
40% T
N=100* N=200 N=300 N=400 N=500
o
30% T o °g °E B nonD |3432 2686 2264 1808 1564 =100%
68 8& 8 °g °C
oS o g : %] o A |2171% 22.23% 20.19% 17.64% 18.67%
20% T B
: A ey o4 B |26.84% 24.72% 24.03% 25.77% 21.16%
0% T C |2544% 25.58% 25.66% 26.05% 27.37%
) ) ) ) ) E  |26.02% 27.48% 30.12% 30.53% 32.80%
t t t t t
N
100 200 300 400 500
[%]of {A, B, C, D}
50% T
Asking with £
40% T
: N=100* N=200% N=300 N=400" N=500
30% T o 8p %o 8p nonE |3754 3116 2617 2353 1921 =100%
©
g ] °p op op A |2477% 20.31% 19.79% 19.46% 18.84%
20% T °A  °a °4 o
A B |2512% 25.48% 23.42% 22.90% 23.27%
0% T C  |26.08% 28.34% 27.59% 29.20% 28.37%
) ) ) ) ) D |24.03% 25.87% 29.19% 28.35% 29.52%
N

Figure 4: Finding letter alignment in a sequetescpr in HRR, 10000 trials.

for each letterL, € L. Next, we need to find the item in z’th position in the sequenct,eeee ?"":
the clean-up memorg\ £ that is most similar t¢t”)’. Let

us denote this item by. With high probability,z is the g P { Sesess ® 2™ @n HRR }
power of¢ associated with the position of the lettgg, in seees (Seesse zT)1  INGA.
the sequencl....., although, if recognized incorrectly, = L'~L,. )

will most likely point to some othet’>*. Now let us ask a
second question (eq. (2)) — “Which letter is situated at th&/e use the projected product in GhAecause we are look-
ing for a letter vector placed on the position indicated by
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z. In HRR the resultingl’ should be compared with let- contradictory alignments have been preceded withi"a “

ters only. In most casek’ will point to the correct letter. When being asked with the last letter of the sequence, HRR

However, in a small fraction of test results] will point  provided less accurate answers and so did 8Ayielding

to letters surroundind..,, because: has been mistakenly more contradictions than in case of previous letters. It is

decoded ag? for somey # x. Also, letters preceding,  impossible to avoid contradictory alignments in GBe-

should come up less often than letters proceeding cause we do not know which letter is the last one and the
algorithm for recovering letter alignment in GAnstructs

Figure 4 presents test results for HRR. The data in Figuigs to write down the partial alignment with that letter be-

4 should be interpreted as follows: the first row of eaCﬁhg proceeded by another letter. The remaining alignments
table next to a graph contains the vector lengths of the dgsaint correctly to the sequen&& zcp e

used in 5 consecutive experiments (10000 trials each). The

second row contains the number of faulty answers within A< B
those 10000 trials. The next 4 rows present the percentage =~ ¢ <D < E
of occurence of a "faulty” letter within all faulty answers A<BC<D |\ . 4 . B.Cc<D<E.
presented in the second row. A=<C
Faulty alignments (i.e. those, for which the percentages B<D<E
corressponding to letters do no align increasingly within a A< E

single column) have been marked with ‘@ ‘in the table

headings. We usefapcpr as the mysterious encoded?y Conclusion

SequeNnCeS..eee- IN €ach case we crossed out the most

frequently occurring letter and we concentrated on the fraye have shown that multivector powers in G#ave prop-

quency of the remaining letters. In HRR, for sufficientlyerties similar to convolutive powers of HRR vectors
large vector sizes, the frequencigsof all letters € £ . o , o
aligned correctly — (multi)vectorst'~" and ¢* are similar in much the

same way as tand t7,

— items placed near the beginning of a sequence are re-

fp<fe<Jp</n ask_mg W_'thA’ membered more prominently and thus, are recognized
fa<fc<fp<fe asking with, correctly more often,

< < < asking withC, .
fa<is<fp</E . g ) — items placed near the end of a sequence are remem-
fa<fp<fc</[e asking withD, bered less precisely and often come up as the most
fa<fs<fc</fp asking withE. probable answer when the correct item is not recog-

nized.
It was straightforward that these inequalities lead fo<

fs < fo < fp < fr and correctly identify the encoded We have used the last two properties to find the align-
sequence aSABCDE- Test results are less accurate Whe[ﬁnent of sequence items without the eXp"Cit knowledge of
we asked about letters lying closer to the end of a sequenéBulti)vector powers. While HRR retrieved the original
therefore the size of the vector should be adequately longlignment without greater problems, GAeft us with an
Moreover, the longer the vector, the larger the differenc@asily soluble logical puzzle providing fragmentary atign
between the frequencies. ments.

GA, was expected to perform worse in this experiment, These properties can be used to build holographic lexi-
because we can construct powers of a mu“veﬂo} by cons, dictionaries and other structures that requirerﬂjori
multiplying it with ¢ from one side only. Another reason order information and word meaning in the same pattern.
for poor performance was that the frequencies of the pow-
ers oft recognized incorrectly tend to cluster in G&Fig- Acknowledgement
ure 2). Indeed, Table 1 shows that letter frequencies do not
align correctly at all. We therefore needed to slightly modJ his work was supported b@rant G.0405.0%&f the Fund
ify the algorithm for finding letter alignment in GASince  for Scientific Research Flanders
powers oft are more similar to each other in GAhan
in HRR (S_ectlon 5), we conceptrated on two largest f’eReferences
quencies in each series of asking questions — the larges
frequency represents the letterthat was used to ask the 4
question and the second largest frequency indicates Iettér
L that most likely proceeds lettér.

Table 1 presents the frequencies of letters recognized
as the most probable answer to Equation (2), the seconf?] D. Aerts and M. Czachor (2007), “Cartoon computa-
largest frequency in each row is printed in bold. Partial  tion: Quantum-like algorithms without quantum me-
letter alignments have been placed next to each table and chanics"J. Phys. Avol. 40, pp. F259-F266.

] D. Aerts and M. Czachor (2004), “Quantum aspects
of semantic analysis and symbolic artificial intelli-
gence"J. Phys. Avol. 37, pp. L123-L13.
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Table 1: Finding letter alignment in a sequerstesopr in GA., 10000 trials.

R® fa fB fc fp fE
asking withA | 71.60% | 8.22% | 6.44% | 2.72% | 6.47%
asking withB | 8.98% | 65.92% | 9.16% 6.76% | 9.18%
asking withC' | 7.28% | 9.52% | 67.25% | 9.67% | 6.28%
asking withD | 8.74% 6.75% 8.80% | 66.83% | 8.88%
asking withE | 8.03% | 9.96% | 6.83% 9.28% | 65.90%

%
W

\ < B
C<D<E

v Q
WAk
w0y W

%
&

R°® fa [B fc fp JE
asking withA | 80.34% | 5.34% | 4.61% 5.08% 4.63%
asking withB | 6.56% | 73.91% | 7.48% | 4.67% 7.38%
asking withC' | 6.71% | 7.47% | 72.83% | 7.68% | 5.31%
asking withD | 6.79% 5.37% 7.42% | 72.30% | 8.12%
asking withE' | 5.52% 7.77% 5.58% | 8.54% | 72.59%

A\ < B<C<D

my QW
LA
oA

* %

R’ fa /B fc fo IE
asking withA | 89.78% | 2.42% | 2.91% | 2.37% 2.52%
askingwithB | 3.78% | 83.92% | 4.04% | 4.44% | 3.82%
asking withC' | 4.30% | 4.79% | 80.54% | 5.11% | 5.26%
asking withD | 4.35% 5.07% 541% | 79.09% | 6.08%
asking withE! | 4.57% 5.07% | 5.85% | 5.68% | 78.83%

SRS
LA A
qt’]mUQ

%
&

R® fa fB fc fp fE
asking withA | 95.33% | 0.88% 1.26% 1.20% | 1.30%
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This paper describes a possible extension for a well-known open source grammar checking software
LanguageTool. The proposed extension allows the developers to write grammatical rules that rely on
natural language parser-supplied dependency trees. Such rules are indispensable for the analysis of
word-word links in order to handle a variety of grammatical errors, including improper use of articles,
incorrect verb government, and wrong word form agreement.

Povzetek: Clanek opisuje razsiritev programa LanguageTool s pravili, ki uporabljajo odvisnostna

drevesa.

1 Introduction

Grammar checking is a well-recognized problem of
natural language processing. Grammar checkers are
helpful in a variety of scenarios, such as text authoring
and language learning. The purpose of such tools is to
find grammatical errors in the input text: incorrect use of
person, number, case or gender, improper verb
government, wrong word order, and so on. A grammar
checker normally works in combination with a
spellchecker — a module that detects spelling errors in
individual words. As a rule, spell checker cannot correct
even basic grammatical flaws, such as erroneous choice
of article (like in the expression “an box”).

While a spellchecker is already an essential part of a
modern text authoring system, a grammar checking
module is still found only in large commercial packages
like Microsoft Office or WordPerfect Office. Certain
grammar checkers are also available as additional
software packages or online services, offered by
independent companies [1-3].

This situation is slowly changing nowadays. With
the growing popularity of open source software, more
natural language processing systems should become
available for wider use. Open spellchecking libraries,
such as JOrtho and GNU Aspell already exist, and
anyone can extend own software with their capabilities.
Grammar checking is a more challenging task, and most
open projects are still far beyond well-established
proofing tools, such as offered by MS Word.

“Supported in part by the Fukushima Prefectural
Foundation, Project F-23-1, FY2011.

This paper is based on M. Mozgovoy, Dependency-
Based Rules for Grammar Checking with LanguageTool
published in the proceedings of the 1% International
Workshop on Advances in Semantic Information
Retrieval (part of the FedCSIS’2011 conference).

1.1 Rule-Based Grammar Checking

Probably, the predominating approach to grammar
checking today consists in testing the input text against a
set of handcrafted rules [4, 5]. For example, the rule

I + Verb (3rd person, singular form)

corresponds to the incorrect verb form use, as in the
phrase “I has a dog”. In order to emphasize the nature of
such rules as erroneous patterns, they are often called
“mal-rules”.

This method has several attractive features: (a) rules
can be easily added, modified or removed; (b) every rule
can have a corresponding extensive explanation, helpful
for the end user; (c) the system is easily debuggable,
since its decisions can be traced to a particular rule; (d)
the rules can be authored by the linguists, possessing
limited or no programming skills. An obvious
disadvantage of a rule-based system is a large amount of
manual work, needed to build an extensive rule set.

An alternative approach is represented with several
varieties of statistical systems that analyze existing
collections of grammatically correct and incorrect texts,
attempting to find word patterns and/or text features that
correspond to correct sentences [6, 7]. The simplest
statistical grammar algorithm consists in analyzing N-
grams — chains of N consecutive words [8]. If a certain
word chain is common in the master text corpus, it is
considered correct.

Statistical grammar checkers have their own
advantages and drawbacks, but their analysis is beyond
the scope of this article.

1.2 Introducing LanguageTool

The purpose of the present work is to design a possible
extension for the LanguageTool grammar checker [9].
LanguageTool is a modern rule-based open source
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grammar checking system, available both as a plug-in for
OpenOffice.org and as a downloadable library, which
makes it ready for use in any software projects. Currently
LanguageTool supports 21 languages, though the number
of ready grammatical rules ranges from 4 for Lithuanian
to 1994 for French (as of November, 2011). The rules
can be authored by any interested contributors.
Unfortunately, the syntax of rules in LanguageTool
does not allow formulating certain grammatical
phenomena. In the subsequent sections, we will consider
these limitations and a possible method to reduce them.

2 Basic Design Principles of
LanguageTool

LanguageTool defines an XML-based language for
describing mal-rules. In its simplest form, a mal-rule is
just a sequence of tokens to be matched in the text:

<I-— "all be it" instead of "albeit" -->

<pattern>
<token>al l</token>
<token>be</token>
<token>it</token>
</pattern>
<message>Did you mean “albeit”?</message>

The syntax of the rules is flexible and powerful: it is
possible to use OR and NOT logic operations (“match
token A or token B”; “match any token except C”), to
skip optional tokens, and, to some extent, to use regular
expressions.

Several syntactic elements are backed with
additional linguistic modules — sentence splitter and
part-of-speech tagger. Sentence splitter determines the
boundaries of each sentence, thus allowing the user to
find certain tokens exactly at the beginning or at the end
of a sentence:

<l-- "another words,'" instead of
"in other words,"

at the beginning of a sentence -->

<pattern>
<token postag="'SENT_START"></token>
<token>another</token>
<token>words</token>
<token>,</token>

</pattern>

<message>Did you mean

"in other words®?</message>

Part-of-speech tagger determines every word’s part of
speech, helping the user to find tokens that belong to a
certain class:

<I-- "ca" + [personal pronoun] instead of
"can'" + [personal pronoun] -->
<pattern>
<token>ca</token>
<token postag="'PRP"></token>
</pattern>

<message>Did you mean "can®?</message>
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LanguageTool makes use of third-party libraries for
splitting and tagging the input text. Fortunately, a
number of ready solutions are available for this purpose
(e.g., Ratnaparkhi’s MXTERMINATOR and MXPOST
[10, 11]).

3 Introducing Dependency-Based
Rules

Despite  high expressive power and flexibility,
LanguageTool’s rule system has a notable shortcoming:
it treats the input text as a sequence of tokens, ignoring
tree-like nature of natural language sentences.

Consider, for example, the following problem. In
English, aZan article should never be used with a noun
in a plural form. The current LanguageTool rule to detect
such a case is defined as follows:

<I-"a/an" article, then a plural noun -->

<pattern>
<token regexp="yes''>a]an</token>
<token postag="NNS|NNPS''</token>
</pattern>
<message>Don"t use indefinite articles
with plural words.</message>

However, this rule ignores the fact that there can be
any number of words between a/an and the
corresponding noun (“a box”, “a wooden box”, “a simple
wooden box™). The rule definition can be improved if we
allow any number of optional adjectives between the
article and the noun, but in general case this solution is
inadequate.

In order to handle such problems, the grammar
checker should analyze nonlinear structure of the phrase.
An article is logically linked with a noun, regardless of
any words between them. This nonlinear structure can be
obtained with an additional module, known as
dependency parser. This instrument represents the
structure of every sentence with a parse tree, having
words as nodes and logical links between them as edges
(see Fig. 1).

As it can be seen, the article “a” is linked directly to
the noun “box”. Having such a tree, it is possible to
extend the syntax of LanguageTool grammatical rules,
enabling the developers to analyze word-word
relationships.

4 Technical Approach

In order to achieve our goals, we had to solve three
subproblems: 1) select a suitable dependency parsing
instrument; 2) develop an appropriate syntax for
dependency-based rules; 3) design the corresponding
rule-matching algorithm.

4.1  Selecting a Practical Dependency
Parser
After examining currently available solutions, we

decided to use one of two parsers: MaltParser [12] or
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LDPar [13]. Both of them are high-quality dependency
parsers, available as open source.

MaltParser is written in Java, and thus suits better for
the use in combination with the current implementation
of LanguageTool, also made with Java. LDPar
distribution contains cross-platform C++ code, providing
compilable efficient implementation. Both parsers are
based on machine learning: the parser first has to be
trained with a collection of correctly parsed sentences (a
treebank). MaltParser and LDPar also share the same
format of input and output data.

I made a sunple wooden box.

Figure 1: Parse tree for the phrase
“l made a simple wooden box.”

4.2  Syntax for Dependency-Based Rules
Dependency-based rules should provide syntactic means
for the following basic functions:

1) Match a link between two given words, optionally
labeled with a given label. This function should be
generalizable to the matching of the whole subtree.

2) Check whether a certain word appears before or
after another word, in order to control word
precedence.

3) Check for the absence of the given subtree in the
parse tree.

In order to satisfy these requirements, we suggest the
following syntax for an individual dependency-based
rule. The rule definition is split into chunks, each
representing a separate subtree to be matched:

CHUNK;
CHUNK

CHUNK,
Every CHUNK; is represented with a sequence of tokens,
defined with token XML tag:

<token [attributes]>token-value</token>

Currently our system supports the following attributes:
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- pos="text": the token should belong to the
specified part-of-speech class;

- label=""text": the link to the token’s parent
(according to the parse tree) should has the
specified label;

- parent="number': the token should have the
specified token as a parent (according to the parse
tree);

- except: the token’s value should not match
token-value;

- before=""number": the token should appear in the
sentence before the specified token;

- after=""number": the token should appear in the
sentence after the specified token;

- chunk_start: start-of-chunk marker;

- inverse: the current chunk (subtree) should not be
found in the parse tree;

- set_anchor=""text": the token will be marked with
a symbolic “anchor” (see below);

- anchor="text": the token should be found at the
specified anchor position in the parse tree.

Attributes parent, before, and after expect a token’s
cardinal number within the current chunk as an
argument. By default, every chunk of the rule has to be
matched in the parse tree in order to satisfy the rule.

Anchors are introduced to simplify the analysis of the
subtrees. For example, suppose that the first chunk of a
rule matches an object of the sentence’s root verb:

<token label="R0O0T"></token>
<token parent="1" label="0BJ"
set_anchor="anchorl'></token>

Now, suppose that a certain chunk later in the chain
needs to check that this object has dependent adjectives.
By using the anchor, it is possible to start matching
directly from the right place:

<token anchor="anchorl'></token>
<token parent="1" pos="ADJ"'></token>

4.3  Examples

The following examples illustrate the capabilities of
dependency-based rules:

<I-- Example 1:
in non-interrogative sentences
the subject should be placed before
the predicate -->

<token pos="VB|VBP|VBZ|VBD"
label=""RO0T'"></token>
<token after="1" label="SUB"></token>

<token chunk_start=""" inverse="""
label=""ROOT"'></token>
<token parent="1">?</token>
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The first chunk ensures that the system has found a
subject (labeled SUB), placed after the main verb. The
second chunk asserts the absence of “?” mark, linked to
the tree root.

<I-- Example 2:
"a/an" should not be used
with plural nouns -->

<token>a|an</token>
<token pos="NNS|NNPS" parent="1'"></token>

This mal-rule finds a/an articles, linked to plural nouns
(marked as NNS or NNPS by a part-of-speech tagger).
Note that the determiner (such as an article) is always
directly connected to the corresponding word, even if
they are not adjacent in the original sentence.

<I-- Example 3:
the gerund should be used in
conjunction with auxiliary verbs -->

<token pos="VBG" label="ROOT"></token>

If a gerund (verb ing-form) is recognized as a parse
tree root, this means the absence of an obligatory
auxiliary verb (such as “is”, “was”). If an auxiliary verb

is present, it becomes a root element of the tree.

<I-- Example 4:
improper personal verb form used -->

<token pos="VBZ'"></token>
<token parent="1"
label=""SUB">I |we]you|] they</token>

If the subject of a certain verb is I/we/you/they, the
verb should not be in the 3" person singular form.

4.4 Implementation

Each chunk of a rule is matched separately. The chunk-
matching algorithm is a straightforward implementation
of the depth-first search routine:

// token_index : integer

// used_tokens: set of integers

bool matchSubtree(token_index,
used_tokens)

{

if(token_index > MAX_INDEX_IN_CHUNK)
return true;

for_each(token k in the tree)
if(used_tokens.contains(k) == false)
if(tokens_match(token_index, k)
if(matchSubtree(token_index + 1,
union(used_tokens, k))
return true;

return false;

}

// first call:
// b = matchSubtree(0, empty()):

M. Mozgovoy

5 RuleDesigner Tool

In order to simplify rule authoring, we have also created
a specialized RuleDesigner tool that provides a
centralized interface for the development, debugging and
testing of grammatical rules.

Our approach to the rule creation process can be
compared with test-driven development. Each rule has a
special “self-tests” section that contains an arbitrary text
fragment. Self-test is passed if the system finds the given
number of errors in this text, using the current rule:

<test matches="3">1 loves London.

We eats in London.
John and 1 loves London.</test>

RuleDesigner automatically runs self-tests and
displays all the information needed to check and correct
grammatical rules:

- editable rule definition;
- editable list of self-tests;
- the results of self-tests.

Furthermore, for each sentence in self-tests
RuleDesigner shows its parse tree’, part-of-speech
markup, explanation to the user, and a list of possible
text corrections? (see Figure 2).

It is also possible to run tests on a user-specified text
block with all the rules turned on. It helps to identify
false positives, not revealed with isolated rule-level self-
tests.

6 Discussion

LanguageTool is a good example of an extensible rule-
based grammar checker. Basic grammatical rules can be
expressed by means of standard regular expressions. If
their expressive power is insufficient to describe a certain
rule, one can make use of additional natural language
processing-powered syntactic elements, backed with
sentence splitter and part-of-speech tagger.

This architecture can be extended further by
incorporating other language processing modules. An
obvious candidate for this role is a natural language
parser that shows immediate word-word relationships.
We have demonstrated several examples of grammatical
errors, detectable with parser-powered mal-rules.

Since we consider rule-based grammar checking to be
an established technology, the discussion of its
advantages and drawbacks is beyond the scope of our
work. However, our experiments have revealed weak
points of the language tools we use (parser and part-of-
speech tagger, mainly).

Normally, these tools, being based on machine
learning algorithms, need initial training on annotated
text data. Most such training collections are represented

! Obtained with AT&T GraphViz tool.
2 Discussion of text-correction functionality is
outside the scope of this paper.
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# Rule Designer: Main Window == 29
Type marker [—none— V] Rule I V-5 agr (misplaced VBZ) 1 Rule type  tree = Rulecategory  Grammatical error -
Category marker [—none— V] Rule fle  gc_TreeRules.xml *  assertTrue assertFalse
File marker [—none— v] 2l (2) =
«1-- VBZ used instead of YBP (subj contains "T", "we”, "you", “they”) —»
ToDo marker [ <token pos="VBZ" correctpos="VBP"> < [token>
<token parent="1"label="SUB">I|we|you|they < ftoken>
BNY BODY 1 ~ <explanation>The verb should agree with its subject. Did you mean [suggest] |1[/suggest]? < [explanation>
¥ 1a
# Rule Designer: Debug Window =NAC X

Input Text [ Copy Self Tests ] | Check Grammar |

I loves London, We eats in London. John and I loves London.

Error: V-5 agr (misplaced VBZ) 1 (Grammatical errar)

Text: | loves London. We eats in London. John and | loves London.
Hint: The verb should agree with its subject. Did you mean love?
Result: | love London. We eats in London. John and | loves London.

m

Error: V-5 agr (misplaced VBZ) 1 (Grammatical error)
Text: | loves London. We eats in Londen. John and | loves London.
Hint: The verb should agree with its subject. Did you mean eat?

Result: | loves London. We eat in London. John and | loves London.  —

Error: V-S agr (misplaced VBZ) 1 (Grammatical error)
Text: | loves London. We eats in London. John and | loves London.
Hint- The verh should aoree with its subiect Nid vou mean love?

I loves London.
We eats in London.
John and I loves London.

I_PRP loves_WBZ London_MMNP . _. -

Iloves London.

loves VBZ

had + VBG
had been + VBD
will have + VBE
will + VED
will + be + VB
has + be + VBN

¥

a‘“‘ ‘{ ‘ ‘{ ‘ “ Expected errors 3 = [¥]Debug Window

Check all l l Check This ] v

Figure 2: RuleDesigner.

with  grammatically  correct  sentences.  Thus,
ungrammatical phrases may contain previously unseen
patterns, causing incorrect results. For example, a part-
of-speech tagger cannot reliably determine a tag for the
word “like” in the phrase “he like dogs”, since such a
pattern never appears in the training collection.

Since processing ungrammatical sentences is a crucial
feature for a grammar checking module, this issue needs
further research. One of the possible solutions would be
to extend the training collection with ungrammatical
sentences. Our preliminary experiments have indeed
shown that the inclusion of ungrammatical sentences into
the training collection increases the quality of part-of-
speech tagging.

7 Conclusion

We have designed and implemented the mechanism of
natural  language  parser-backed rules for a
LanguageTool-based grammar checking module. Our
syntax allows designing the rules that analyze word-word
dependencies in a given phrase. We have shown real
examples of language phenomena, where such rules are

much more helpful than built-in LanguageTool
instruments.
Dependency-based rules are typically more

complicated than the rules, based on regular expressions.
Therefore, we developed RuleDesigner — a visual tool
for rule authoring. It shows the user how language tools
(sentence splitter, part-of-speech tagger, and dependency
parser) process the input text, thus assisting debugging.
We also included a system of self-tests, useful to keep
the grammar checker consistent during the process of
development.
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Qualitative models are similar to regression models, except that instead of numerical predictions they
provide insight into how a change of a certain input variable affects the output within a context of other
inputs. Although people usually reason qualitatively, machine learning has mostly ignored this type of
model. We present a new approach to learning qualitative models from numerical data. We describe Padé,
a suite of methods for estimating partial derivatives of unknown sampled target functions. We show how to
build qualitative models using standard machine learning algorithms by replacing the output variable with
signs of computed derivatives. Experiments show that the developed methods are quite accurate, scalable
to high number of dimensions and robust with regard to noise.

Povzetek: Predstavljena je nova metoda za ucenje iz kvalitativnih podatkov, imenovana Padé. Temelji na
ocenjevanju parcialnih odvodov neznane vzorcene ciljne funkcije.

1 Introduction

Qualitative models describe quantitative relations in quali-
tative terms, for instance, the more it rains and the longer I
stay in the rain, the wetter I will get (unless I have an um-
brella). Although seemingly inferior to the more accurate
numerical models, there are many reasons why qualitative
models are interesting for artificial intelligence.

One of the goals of artificial intelligence, according to
one of its founding fathers Alan Turing, is to mimic the
natural, human intelligence. In everyday life we intuitively
use qualitative models, not numerical equations. For in-
stance, the complete, realistic equation for behaviour of
a child swing would be extremely complicated, yet a five
year child knows how to “operate” the swing, and can de-
scribe her actions qualitatively, e.g. when to lean forward
and backward to regulate the amplitude.

Induced qualitative models can offer more insight into
the domain than numerical ones. The standard approach to
regression modelling is fitting the data to a polynomial or
another chosen function template. Although such models
are sometimes considered symbolic, they do not offer any
useful insight. For instance, the true and insightful numer-
ical symbolic model for swinging of a simple pendulum
would be a sine function like the one we get by solving the
corresponding differential equations. Such solutions are
difficult to induce from data using the current regression
modelling tools. In contrast, qualitative model can provide
a simple, but correct conceptual description: the pendulum
swings back and forth. Given enough data, we can discover
that the amplitude of the pendulum eventually decreases
until the pendulum stops. Given data on multiple pendu-
lums, we find out that longer strings yield longer periods,
and that changing the weight has no effect. While these de-

scriptions are insufficient for computing any actual periods,
they often provide all the insight we need. For instance, a
practical task may be to make the period of a pendulum
match that of another one. The guidance provided by the
qualitative model — increase the length if the period is too
long and vice versa — would suffice to accomplish the task.
Even when the final goal is to have a quantitative model,
the qualitative one can be helpful in its construction [12].

Finally, such models can also be more applicable than
numerical ones. For a simple example from economics,
consider the law of demand: “the higher the price, the
shorter the queue (other things left unchanged, less peo-
ple are willing to buy things for a higher price).” Any nu-
merical description of this relation would fail to give exact
predictions since it would include variables which are not
measurable with sufficient precision. Qualitative models,
on the other hand, deliver what they promise, that is, cor-
rect qualitative predictions. The above simple qualitative
rule is routinely, although not necessarily consciously, used
to control the market prices.

The field of machine learning, which developed many
methods for induction of (numerical) regression models,
showed surprisingly little interest in learning of qualitative
models from data. We will describe a suite of new ma-
chine learning algorithms with a common name Padé (an
acronym for “partial derivative”, and the name of a famous
French mathematician). Padé first computes partial deriva-
tives with respect to all independent attributes for all exam-
ples appearing in the data. Then it discards the quantitative
information, the magnitude, which is difficult to estimate
precisely, and only keeps the signs of derivatives, which
represent qualitative relations between the independent and
dependent attributes. Afterwards, we can use standard ma-
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chine learning algorithms to induce predictive qualitative
models, or venture into exploratory analysis and visualisa-
tion techniques.

We will continue the introduction with a formal defini-
tion of the problem and an overview of the related work.
The following section describes the algorithms for compu-
tation of partial derivatives from the data. In the section
on experiments we test the algorithms on artificial data sets
specifically constructed to explore particular properties of
the algorithms. We conclude with discussion of the experi-
mental results and some remarks.

1.1 Problem definition

We define qualitative partial derivative of function

f(z1,...,2,) with respect to attribute x; as the sign of
partial derivative,
9o f of
— sgn— 1
ani Sgnaxi ( )

The qualitative derivative can be increasing (+), decreasing
(—) or steady (o). We will write the fact that a function is
increasing, decreasing or steady with respect to x; as f =
Q(+z;), f = Q(—=z;) and f = Q(ox;), respectively.

Qualitative models are models which describe how the
qualitative behaviour of the function with respect to one
attribute depends upon values of other attributes. For in-
stance, function f(x1,23) = 212 increases with xq if o
is positive, and decreases with x; if x5 is negative. If zo
is zero, x1 has no effect on the value of the function. This
model can be written down in form of the following three
rules:

if x5 > 0 then f = Q(+z1)
if x5 < 0then f = Q(—z1)
if x5 = 0 then f = Q(ox1).

Function arguments can also be discrete, as in the following
qualitative relations between the price of a product and its
type and size:

if ProductType = car

then Price = Q(+ProductSize)
if ProductType = computer

then Price = Q(—ProductSize)

The task of qualitative modelling is to construct such mod-
els. In our case, we will induce them from data given as a
set of learning examples. Each example is described by val-
ues of discrete or continuous attributes and with a contin-
uous outcome. The outcome represents the value of some
unknown function. The task is to describe the qualitative
behaviour with respect to one or more attributes, condi-
tioned by values of these or other attributes.

The method proposed in this paper solves the problem in
two steps. First, we compute qualitative partial derivatives
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(a) Relation between the period and the length
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(b) Relation between the period and the mass
of the bob.
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Figure 1: Qualitative models describing the relations be-
tween the period 7" and the experimentally controlled vari-
ables.

for each example. This translates modelling the function’s
behaviour into the training of classifiers which predict the
qualitative derivative in different parts of attribute space.
For instance, the above rules can be acquired by running
the CN2 rule learning algorithm on examples labelled by
qualitative partial derivatives.

Separate models can be built for each attribute with re-
spect to which we observe the function’s behaviour. Alter-
natively, one can also build a classifier which predicts all
qualitative derivatives at once.

1.2 Introductory example

Consider a set of experiments with a simple pendulum. The
task is to learn qualitative relations between the period of
the pendulum’s first swing (7), the length of the rope, [, the
mass of the bob, m, and the initial angle of displacement,
. A sample of data collected in such an experiment is
shown in Table 1 (first four columns).!

We can then use Padé to compute the qualitative relations
for each measurement: 0,T/0gm, 0,1 /01, 05T /00w,
and append them to the original data (Table 1, last three
columns). Finally, an algorithm for induction of classifica-
tion trees is used to construct a qualitative tree for each
qualitative relation, where examples are represented by
original attributes and the partial derivative (e.g. one of
the last three columns from Table 1) plays the role of the
class. The resulting trees are shown in Fig. 1. Two of them
have only a single leaf: the period always increases with
the length of the rope (T' = Q(+1)) and does not depend
on the mass of the bob (T' = Q(om)). The tree describing
the relation between 1" and ¢ says that for negative angles,
T decreases with increasing angle while for positive an-

TA part of this experiment was actually performed using a Nao robot.
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m l ® T 0T [0qm | 0T /0l | 05T /0
3.61 | 0.69 | 37.23 | 1.70 o + +
549 | 0.71 | 46.52 | 1.74 o + +
9.19 | 0.84 | -4891 | 1.91 o + —
7.17 | 033 | 33.89 | 1.17 o + +
6.81 | 0.50 | 65.93 | 1.51 o + +
4.64 | 0.69 | -78.89 | 1.7 o + -

Table 1: A sample of data collected by experimenting with a simple pendulum.

gles, T' increases when ¢ increases. We can reinterpret this
as T = Q(+|p]).

1.3 Related work

Mathematical foundations of qualitative reasoning were es-
tablished by the work of Kalagnanam and Simon [6, 7, 5],
but building on the much older work of Samuelson [9] in
economics, as well as the work on qualitative stability in
ecology [4, 8].

Many algorithms have, in one way or another, tackled the
problem of qualitative model induction from observation
data. Algorithms QUIN and epQUIN [11, 10, 2] learn qual-
itative trees similar to those in Figure 1, except for a some-
what different definition of the relation in the leaf. Qual-
itative relations in QUIN are not based on partial deriva-
tives, as in Padé, but on qualitative constraints. A constraint
2z = M1~ (x,y) would state that for every pair of examples
in which x increases and y decreases (or stays the same),
the function value z increases. This also implies that the
function value depends on no other attributes than x and y.
QUIN constructs such trees by computing the qualitative
change vectors between all pairs of examples in the data
and then recursively splitting the space into regions which
share common qualitative properties, such as the one given
above. Although Padé combined with a tree learning algo-
rithm can produce a similar tree as QUIN, the two methods
are fundamentally different. Besides Padé being merely a
preprocessor which can be used with any other machine
learning algorithm or visualization technique, the crucial
difference is that Padé considers individual examples while
QUIN operates on pairs. As one of the consequences, Padé
can compute qualitative (or numerical) derivatives for a
particular point in the attribute space, while QUIN observes
properties of regions of space.

Gergeker and Say [3] fit polynomials to numerical data
and use them to induce qualitative models. LYQUID is
designed for modelling dynamic systems, where the data
consists of traces sampled in time. We believe that this
system could be adapted to also work in static systems.

Padé differs from past methods in being, to our knowl-
edge, the only algorithm for computing (partial) derivatives
on point cloud data. An important difference between these
algorithms and Padé is also that Padé is essentially a pre-
processor while other algorithms induce a model. Padé
merely augments the learning examples with additional la-

bels, which can later be used by appropriate algorithms
for induction of classification or regression models, or for
visualization. This results in a number of Padé’s advan-
tages. For instance, to our knowledge, most other algo-
rithms for learning qualitative models only handle numeri-
cal attributes, except for QDE learners which already take
qualitative behaviours as input. One variant of Padé can use
discrete attributes while computing the derivative, while
with others we can use them later, when machine learning
algorithms are applied to Padé’s output.

The major contribution of this work, besides the idea of
transforming the problem of qualitative modelling to stan-
dard induction of classifiers, are methods for computing
partial derivatives of an unknown sampled function. In
this respect it is related to numerical analysis for estima-
tion of partial derivatives. Numerical analysis methods for
computing partial derivatives are only useful for a function
which is known in the sense that we can compute its value
at any values of arguments which the algorithm requires.
These methods are not appropriate for learning from data,
where the function is sampled only in a limited number of
points.

2  Algorithms

Let f be a continuous function of n arguments, y =
f(z1,22,...,2,) . The function is sampled in N points;
the point’s coordinates together with a function value rep-
resent a learning example. In machine learning termi-
nology, each example is described by a list of attributes,
(a1,as,...ay) and the outcome f(a1,as,...,a,). The
basic task of Padé is to compute a partial derivative at each
point (learning example) P in direction z;.

Fig. 2a shows an example of such data for a function
f(z,y) = z? — y?. Each point represents a learning ex-
ample, and the numbers beside the examples give the func-
tion values. We will compute the derivative w.r.t. x; at
P = (5,5) marked by a hollow symbol. Other points used
in computation will be marked as A, B, C and so on. We
will treat these points as elements of affine space, and use
ta = A— P,tg = B — P,...to denote the vectors from
P to the corresponding points. We will also extend the def-
inition of f to these vectors, i.e f(ta) = f(A — P) :=
f(A) — f(P) and so forth. These linear transformations
simplify the computation by setting up a coordinate system
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(c) Star regression.

J. Zabkar et al.

(d) Tube regression.

Figure 2: An artificial, sampled function (a) and an illustration of Padé’s methods (b-d).

in which the point P lies in the centre, tp = 0 and the
corresponding function value f(tp) equals O.

Formally, the partial derivative with respect to x; at point
P is defined as

Of oy _ o J(P A+ hxi) — f(P)

; 2

where x; is the i-th base vector.

This definition cannot be used directly on data since it
involves infinitesimally small h and, furthermore, since we
cannot compute the function value at arbitrary points. Ac-
cording to Taylor’s theorem, the function can be treated as
approximately linear in small neighbourhoods of P,

f@r, . an) =bo+ Y bizi + ¢, 3)

i=1

where € represents the remainder in Taylor expansion (the
function’s non-linearity within the neighbourhood) and
also any noise in the data.

The derivative with respect to x; equals b; in (3). The
task is then to define a suitable neighbourhood and esti-
mate the coefficient b; accordingly. We will present three
different ways for solving this problem. The first method
determines the linear function f by simple linear interpo-
lation over the simplex while the other two methods use
linear regression.

2.1 First Triangle method

First triangle method models the function’s behaviour
by dividing the attribute space into simplices (our two-
dimensional illustrations show them as triangles) by using
the standard Delaunay triangulation [1] as shown in Fig. 2b.
Let us assume that there is no noise in the data and that
the sample is sufficiently dense so the function is approxi-
mately linear within each triangle.

Since the number of unknown coefficients b; in (3)
equals the number of vertices of the simplex, the coeffi-
cients can be found analytically by setting ¢ = 0. Perform-
ing the calculation in vector space instead of in the affine
space of points also eliminates the free term by and point
P.

Let tq1,...,t, be the vectors from P to the vertices of the
simplex which lies in direction x;. We look for b1,...,b,
which satisfy

. ballbr . tn] = [f(61) ... f(tn)] @)

(note that t; are n-dimensional vectors) and thus

b1 bu] = [f(t1) . Ftn)][b1 - ta] ™ (5)

For our two-dimensional example (Fig. 2b), we interpo-
late over the triangle PAB and compute the coefficients
as

[b1,b2] = [f(ta), f(tB)][ta, tB] "

which equals

[b1,b2] = [f(A) = f(P), f(B) = f(P)][A~ P,B—P]".
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2.2 Star Regression

Star Regression is based on similar assumptions as the First
triangle method, but improves its noise resistance by as-
suming the function’s linearity across the entire star (the
set of simplices surrounding a point) around the point P
instead of just across a single simplex.

We can no longer use interpolation as in the First trian-
gle, as it would result in a system with more equations than
unknowns and would usually have no solution. We there-
fore allow non-zero error terms € and translate the problem
into computation of univariate linear regression over the
vertices in the star.

If tq,...,t, are the vectors from P to the vertices of the
star, we compute b;, which equals the derivative, as

- zj;z;(m’ ©
3y
where t;; represents the i-th component of the vector cor-
responding to the j-th point in the star, t;.

In our illustration (Fig. 2c), we compute the univariate
linear regression over examples A, B, C, D, E and F, and
use the first coefficient as derivative.

2.3 Tube Regression

Tube Regression adds even more noise resilience. Instead
of triangulating, it considers a certain number of examples
in a (hyper)tube passing through point P in direction paral-
lel to the axis of differentiation (Fig. 2d; the tube is repre-
sented by the shaded area). We now assume that the func-
tion is approximately linear within short parts of the tube
and again estimate the derivative from the corresponding
coefficient computed by the univariate regression, this time
over the examples in the tube.

Since the tube can also contain examples that lie quite far
away from P, we weight the examples by their distances
from P along the tube (that is, ignoring all dimensions but
x;). The weight of the j-th example in the tube equals

wy = e 57 M)

where t;; is the i-th component of vector t; (that is, the dis-
tance between P and the j-th example in direction parallel
to the axis of differentiation, x;). Parameter ¢ is chosen
so that the farthest example in the tube has a user-set neg-
ligible weight. As a rule of thumb, we use tubes with 30
examples, with the farthest (e.g. the right-most point in the
tube in Fig. 2d) having a weight of w3y = 0.001.

We then use the standard weighted univariate linear re-
gression to compute the coefficient of the linear term b;,

> witjif(t5)
> j Wi t?i
The Tube regression is computed from a larger set of ex-

amples, so we can use the ¢-test to estimate the significance
of the derivative. Significance together with the sign of b;

bi = ®)
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can be used to define qualitative derivatives in the following
way: if the significance is above the user-specified thresh-
old (e.g. p < 0.7), the qualitative derivative equals the sign
of b;; if significance is below the threshold we define the
qualitative derivative to be steady, disregarding the sign of
b;.

2.4 Time complexity

Let N be the number of examples and n the number at-
tributes (function arguments, dimensions).

First triangle and Star regression methods are based on
Delaunay triangulation. The time complexity of its compu-
tation is difficult to assess without making any strong as-
sumptions about the data. The state of the art ghull library
needs, roughly, O(2"N log N) to compute the triangula-
tion (a detailed analysis can be found in [1]).

For each data point, the First triangle algorithm needs to
find the triangle lying in the desired direction, which re-
quires computing the determinant of a n-dimensional ma-
trix for every triangle in the star. The time complexity is
O(Nn3t), where t is the maximal number of triangles in
any star. The value of ¢ is again difficult to estimate, but
it usually rises exponentially with the number of dimen-
sions, which makes the time complexity O(Nn32"). The
total time complexity, including the triangulation, is thus
O(N2"(log N + n?))

Star regression computes univariate regression at every
data point and has a time complexity of O(Ns), where s
is the number of points in the star. As s generally rises ex-
ponentially with the number of dimensions, the theoretical
time complexity of this part of Star regression is O(N2™).
The total complexity is dominated by that of triangulation
and thus equals O(2" N log N).

Tube regression finds the nearest neighbours of each of
N examples, which takes O(nN?), followed by linear re-
gression over the k examples in the tube. The total time
complexity is O(nN? + k) ~ O(nN?).

Since these theoretical time complexities do not offer
much insight into the algorithms’ actual running times,
we conducted a set of experiments with different num-
ber of examples and attributes. The goal function was
random since it does not affect the time complexity. All
experiments were run on a 2 GHz laptop with 2 GB of
RAM. Results (Table 2) indicate that the time complex-
ity of triangulation-based methods is indeed exponential in
number of attributes and log linear in number of examples,
while the Tube regression is linear in number of attributes
and quadratic in number of examples. The exponential time
complexity prevents the use of triangulation-based methods
with more than four attributes.

3 Experiments

We evaluated Padé on a set of artificial data sets to observe
the correctness of derivatives, its scalability with respect to
the number of attributes, and its treatment of noise and of
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1000 2000 5000 10000
FI' SR TR | FT SR TR FT SR TR FT SR TR
2 3 1 10 5 1 41 14 6 259 42 29 1159
4 242 5 22| 449 19 86 | 1082 114 532 | 2280 473 2444
6 | 33049 1387 32 - 3908 134 - - 857 - - 3924
8 - - 45 - - 176 - - 1163 - - 5143
10 - - 60 - - 232 - - 1627 - - 6694

Table 2: Running times (in seconds) of First triangle (FT), Star regression (SR) and Tube regression (TR) methods for
calculation of derivatives w.r.t. each attribute on data sets with 1000, 2000, 5000 and 10000 examples and 2, 4, 6, 8, 10
attributes. Symbol — denotes that the program ran out of memory.

discrete attributes. The accuracy is measured by comparing
the predicted qualitative behaviour with the analytically de-
rived true relation.

3.1 Accuracy

We observed the accuracy of Padé on a few mathematical
functions. We estimated partial derivatives using Padé and
compared them with the analytically obtained correct an-
swers, except for the functions in Fig. 3d and Fig. 3e for
which we computed numerical approximations of partial
derivatives by Mathematica [14]. Note that this procedure
does not require cross-validation or a similar form of data
sampling since the known ground truth (the correct deriva-
tives) is not used in the induction process.

Functions f(x,y) = 22 — y? and f(z,y) = xy, with =
and y sampled from [—10, 10] were used as simple exam-
ples of functions which are continuous and differentiable
in the whole interval. The heavily oscillating f(x,y) =
sinzsiny, with « and y from [—7,7] represents a func-
tion whose qualitative behaviour changes frequently, so the
partial derivatives are more difficult to compute and model.
Functions Im(arcsin(x +iy)?) and I'm(arctanh(z +iy)?3)
in [-2, 2] x[—2, 2] are two examples of discontinuous func-
tions. All functions are visualized in Fig. 3.

We computed the derivatives and trained the classifiers
on ten random samples of 1000 points. Average pro-
portions of correctly calculated qualitative derivatives are
shown in Table 3. First triangle and Tube regression per-
form equally well, except for the Tube regression’s failure
on f(x,y) = sinzsiny. A visual exploration of predicted
derivatives using a scatter plot clearly shows that this is
due to the tube being too long and thus covering multiple
periods of the function. Star regression’s performance lags
behind those of the other two algorithms.

To estimate the dependence of classification accuracy on
data set size we conducted these same experiments on sam-
ples of 100 to 2000 data points. We found out that learning
curves tend to flatten out at around 500 examples (Fig. 4).
The general order of methods w.r.t their accuracy remains
the same for all sample sizes, except for the last two func-
tions, which are discontinuous and where the First Triangle
method seems to suffer the least at very small samples.

3.2 Scalability to high number of
dimensions

We checked the scalability of Padé to high dimensional
spaces with an experiment with function 2 — y2, in which
we added 98 attributes with random values from [—10, 10]
to the data. We use the Tube regression to calculate the
derivatives since First triangle and Star regression cannot
handle such high dimensional data due to their use of trian-
gulation. We analysed the results by inducing classification
trees with the computed qualitative derivatives as classes.
Trees for derivatives by x and y agree well with the correct
results (Fig. 5).

3.3 Robustness to noise

We sampled the function f(z,y) = 22 — y? in 1000 points
with  and y from [—10, 10], and introduced uniform ran-
dom noise of up to +20 to the function value. Since the
First triangle and Star regression methods suppose no or
little noise, we again tested only the Tube regression.

Induced models (Fig. 6) are correct and the split thresh-
olds are surprisingly accurate given the huge relative
amount of noise at around x = 0 and y = 0.

3.4 Handling of discrete attributes

We explored Padé’s handling of discrete attributes on a
function defined as

x/10 ;s=1
f(@,s) { 10z ;5=0
Besides the continuous attribute x and boolean attribute s,
the data set also included an attribute  with random values
and no influence on f. Variables x and r were from the
same definition range, [—10, 10]. The function was sam-
pled in 400 points.

Tube Regression, whose results we used to construct a
classification tree, found the correct solution (Fig. 7). Other
methods failed to recognize the role of s, which they were
given as a continuous attribute. Using dummy variables,
like in statistical regression methods, does not work for
triangulation-based Padé’s methods.
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(c)sinzsiny

(d) Im(arcsin(z + iy)*) (e) I'm(arctanh(z + iy)3)
Figure 3: Functions used in experiments.
flz,y) First Triangle Star Regression Tube Regression
9o/ /00t | 00f/0qy | Oaf/0qu | 0of/0ay | 0of/00x | Oaf/Oqy
2 — 2 98% 98% 98% 97% 95% 95%
Ty 99% 99% 92% 92% 99% 99%
sin z siny 89% 89% 73% 72% 53% 53%
Im(arcsin(z + iy)?) 93% 93% 87% 86% 93% 93%
Im(arctanh(x + iy)3) 91% 93% 76% 79% 86% 90%

441

Table 3: The comparison of accuracies of Padé’s methods on artificial datasets.

4 Conclusion

We described a new approach to induction of qualitative
models whose advantage over (rare) existing similar algo-
rithms is that it translates the problem into a standard su-
pervised learning problem, which is one of the most re-
searched fields in machine learning. The proposed transla-
tion requires computation of qualitative partial derivatives,
which we defined simply as signs of ordinary partial deriva-
tives. The biggest problem — and with that the core of this
paper — is computation of partial derivatives of the function
which is being modelled. Standard methods from numer-
ical analysis cannot be applied here since they require a
known function whereas in our case the function value is
known only in a finite number of sampled examples.

We proposed three methods for this task. Two are based

on triangulation and suppose either no noise or a small
amount of noise. Besides this, the two methods are not
likely to be useful in real-world scenarios which often con-
tain more attributes than triangulation can handle. Exper-
iments with the time complexity of the methods clearly
show that the triangulation-based methods are unable to
handle more than 6 attributes. Nevertheless, in absence of
noise these two methods provide very good accuracy for
functions with complex qualitative behaviour and low num-
ber of arguments, such as f(x,y) = sinxsiny. Tube re-
gression on the other hand offers robustness to noise, scales
well to high dimensional spaces and can also handle dis-
crete function arguments with proper definition of metrics.

In general, the triangulation-based methods may be
mostly of theoretical interest, while the Tube regression
has all the features required of a practically useful machine
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Figure 4: Accuracy of 9, f /O, over different sizes of data sets. Results for 9, f /0,y are similar.
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y
< —o.y \z —0.2
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(b) Derivative w.r.t. to y.

Figure 5: Qualitative models of function 22 — y? with 98 additional random attributes.
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(a) Derivative w.r.t. x.

y
< 0.41V \z 0.412

Q(+y) Q(-y)
(97.4%) (98.1%)

(b) Derivative w.r.t. to y.

Figure 6: Qualitative models of function 22 — y? with added random uniform noise.

learning method.

We have put the methods at a practical test within Euro-
pean project XPERO (IST-29427). Our goal was to provide
a robot with an algorithm for autonomous learning. We
found qualitative models most suitable for this task. For
example, a particular case was to discover the relation be-
tween the area of the ball in the image from robot’s camera,
and the robot’s angle and distance from the ball [13]. The
robot learnt that the area of the ball is increasing with de-
creasing distance and decreasing with increasing angle (the
robot turning away from the ball, so it gradually vanishes
from the robot’s field of view).

Since the field of learning qualitative models from data
is rather unexplored, the paper opens more new interesting
questions than it answers. Pioneers of qualitative modelling
who constructed the models manually were able to describe
real phenomena using simpler models, not unlike the clas-
sification trees and rules presented here. Is this generally
the case? Do simple learning algorithms like tree induction,
suffice, or will actual problems require more sophisticated
algorithm, such as, for instance, support vector machines?

This paper follows the mathematical definition of partial
derivative which is essentially univariate. Partial deriva-
tives are linear and do not interact: the effect of changing
two quantities at the same time equals the sum of effects
of changing each of them separately. The exception to this
rule are certain kinds of singularities. Does this happen in
practice, especially in qualitative descriptions of problems?
Can it happen, for instance, that two economic measures
used separately decrease the inflation while using both to-
gether would increase it? Is treating each attribute sepa-
rately indeed appropriate? We leave these questions open
for further research.
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Most of real world problems are cpu-time intensive; their solutions take too much time to compute using
a single machine. The grid and cloud computing offer a potential solution to this problem. However,
such solutions are in general expensive. An alternative solution uses P2P networks, a set of machines in
the Internet which collaborate to perform the same task. Branch-and-Bound is a model of such solution,
but most of parallel applications developed on P2P networks are based on the Master Worker paradigm,
particularly for divide and conquer problems (D&C), where the Master divides the tasks and sends them
to Workers, while the Workers execute received tasks as in the client server model. This solution suffers
from the scalability problem, and, as a consequence, hierarchical Master Worker model was introduced.
Scalability is improved, but it still remains a critical issue. In this paper, we propose a new generic and
scalable model for parallelizing the resolution of the recursive problem (a type of divide and conquer
problems) on an existing P2P architecture. As opposed to the existing hierarchical Master-Worker models,
in our solution, each network node is both a Master and Worker called "Must-Work". The proposed solution
uses a dynamic tree for tasks distribution; it is constructed according to a node requestor. We have evaluated
our solution using The Quicksort method under the MPI platform. The results are globally satistactory in
term of time execution compared to the sequential solution.

Povzetek: Clanek opisuje nacin reSevanja rekurzivnih problemov v omreZjih vsak-z-vsakim.

1 Introduction

At the present time, the mathematical resolution of the ma-
jor optimization problems (eg. vehicle routing problem,
travelling salesman, minimum spanning tree, eight queens
puzzle, Knapsack, Cutting stock, ...) remains extremely
complex and/or expensive in terms of machine time. It is
however possible in the majority of the cases (some prob-
lems are excluded, eg. TSP) to distribute calculation on sev-
eral machines, each one treating one part of the problem,
under the aegis of a main authority. The multiprocessor
machines or the material parallelization of machines single
processors constitutes the first application of this concept.
This involves nevertheless a high cost of sharing the num-
ber of processors to be acquired. An alternative solution is
to distribute calculation on a network, but the put question
is how to distribute this calculation with efficiency, opti-
mization and fault tolerance?

Divide and conquer (D&C) is an important design
paradigm based on multi-branched recursion. It works by
recursively breaking down a problem into two or more
sub-problems of the same type, until they become simple
enough to be solved directly. The solutions to the sub-

problems are then combined to give a solution to the orig-
inal problem [8]. In fact, recursive problems (our case
study) can be resolved by D&C type algorithms.

The recursivity is a very interesting field of data process-
ing; it makes it possible to solve certain problems in a very
fast way and very simple. The recursive problems require
many means and resources, because enormous data must be
stored in the stack of machine, which causes an overflow of
this stack in case of one processor. Whereas, on a network
(eg. P2P), this problem is not posed. As examples of the
famous recursive problems, we can quote: the problem of
the eight reins, Hanoi turn (see figure 2) and the Quicksort
sorting (our case study).

Recursive problem belongs to the divide on conquer
problem type, where Master-Worker models have been
proposed for their solutions. In the conventional Master-
Worker paradigm, a single supervisor process manages and
controls a sets of processes. Distribution of tasks is per-
formed in two phases: 1) the distribution from supervi-
sor to Master process, 2) and that from Master process to
Worker processes. The computed results are performed
on the reverse way. The main problem of this solution
is the central supervisor, and the overload of the Master.
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The hierarchical Master Worker type solutions are then in-
troduced to ameliorate the former one. In the hierarchi-
cal Master-Worker models, Masters are required to parti-
tion the problem-space (preparing work for the Workers),
schedule work, balance the load of the Workers to maintain
efficiency [11], and correlating their output into a global
result. Workers simply perform given operations. This
paradigm sustained good performance [3]. However, scal-
ability is always an open issue [12].

In this paper, we consider the parallel resolution of the
recursive problems (divide and conquer type). We propose
a scalable and generic hierarchical Master Worker model
based on a distributed tree diffusion which is constructed
on demand by any Master node in any P2P network. It is
characterized by high dynamicity (node can join and leave
the network at any time), scalability (hight number of node
is supported) and genericity (for any type of P2P network
and any recursive problem).

The remainder of this paper is organized as follows: In
the second section, we present a background and related
works on parallel computing techniques, especially for di-
vide and conquer problem type, with more importance to
the hierarchical Master Worker models. In the third sec-
tion, we give our contribution for parallelizing the recur-
sive problem solutions on any existing P2P architecture.
We give a performance evaluation of the proposed model
for Quicksort method in section 4. Finally, we conclude
and give some perspectives.

2 Background and Related Works

The resolution of the numerical problems which are expen-
sive in terms of computing is a challenge. To solve a given
problem more quickly, a natural idea consists of making si-
multaneously several agents cooperating for its resolution,
which will thus work in parallel. Parallel calculation is a
technique in which several actions are carried out simulta-
neously, so that the time of resolution is reduced. In addi-
tion to the material components intended for parallel calcu-
lation, a support by software components is also necessary,
in order to coordinate the simultaneous execution of several
lines of computer program code. Such dependence is nec-
essary, because of the existing interdependencies between
the various program codes [2].

Grid computing has become an alternative to traditional
supercomputing environments for developing parallel ap-
plications in recent years [9]. Master-Worker paradigm is
a common model to evaluate a pool of tasks, it is used
by many scientific and engineering applications like tree
search algorithms, genetic algorithms, training of neural
networks, stochastic optimization, parameter analysis for
engineering design, Monte Carlo simulation [10].

Master Worker paradigm is an adequate solution for di-
vide and conquer problem such as our case study (recursive
problems). It consists of two entities: a Master and multiple
Workers. The Master decomposes the problem into small
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tasks and distributes these tasks among a farm of Worker
processes, as well as for gathering the partial results in or-
der to produce the final result of the computation. Worker
processes execute in a very simple cycle: receive a message
from the Master with the next task, process the task, and
send back the result to the Master. This paradigm is well
adapted to the first generation of P2P networks (eg. Nap-
ster"), because Napster is composed of one server which
store a resource’s index (Master). All other peers (Work-
ers) are connected to the server in order to publish/search
a resource (execute tasks). However, the most proposed
Master-Worker solutions suffer from the scalability prob-
lem (in terms of Master bottleneck but also security: the
master is busy all time) [11], more generally they are spe-
cific for only some problems and using also specific under-
lying architectures.

Given this, hierarchical Master-Worker model has been
proposed; it uses submasters to decrease the workload of
the Master, but a problem still exists: if the number of
Workers or submasters grows, the submasters also will be
bottleneck because many communications appear between
Workers and their submasters. Hierarchical Master Worker
using a shared memory space for work managing at the
submasters was introduced by GhasemiGol et all (Linda
model) [11]. In this model, Workers execute a task and
put the results in a shared memory space on the submaster.
Effectively, the solution reduces communication cost, but
accessing shared memory is complicated and it is not prac-
tical in large scale network. Some Workers do not work
voluntary, such as free rider on file sharing P2P applica-
tions which is opposed to our contribution, where nodes
are called Must-Work.

In [14], the authors propose GVGE, a shared and interac-
tive virtual collaborative geographic environment for solv-
ing geographic problems. It is composed of three layers:
resource layer, service layer and application layer. GVGE
is a platform that can manage grid applications. In [13], the
authors propose a java environment for developing parallel
programs limited to small clusters. In [15], ParCop is pro-
posed using Master Worker model where each node man-
ages two types of links: permanent and temporary path-
ways. The former makes connections with its neighbours,
and the later makes connections between the Master and
Worker during computational. Pathways can be more than
one hop and then message transmissions consume more
CPU. In [16], the authors propose how to build new types
of groups called “similarity groups" into the JNGI project
[17], in order to increase the relevance of task dispatch-
ing and therefore to increase the performance of JNGI.
In [19], desktop grids inspired from biological systems, a
large computational tasks are broken down into sufficiently
small subtasks. Each subtask is encapsulated into a mobile
agent. The management of the mobile agents is not shown
in the paper. A similar work has been proposed in [20]. In
their paper, the authors propose a middleware for parallel-
based computations across a P2P network. It is different

Thttp://www.napster.com



“MUST-WORK": A SCALABLE MODEL FOR...

from our work on the tree diffusion construction process,
but also the fault tolerance consideration. In [22], the au-
thors propose a nice construction recursive model that can
complete our work by integrating it on each node.

The second generation of P2P network (eg. Gnutella)
and the third generation (eg. Chord) can be a good candi-
dates for hierarchical Master-Worker models; we just need
to construct a tree with efficiency and optimization.

In this paper, we propose a generic and scalable model
for parallel computing which can be implemented on any
existing underlying P2P architectures (structured and un-
structured), because it is based on the construction of a tree
in a connex graph (by exchange messages between neigh-
boring nodes) from any node without need of global knowl-
edge of the underlying P2P architecture. In graph theory
[23], the construction of a tree from source node to a set of
receivers is already feasible if the graph is connected. The
overlay P2P network is a connected graph.

P2P systems know an explosive growth in the few last
years [1]; they progressively replace the Client/Server ar-
chitecture. P2P systems are a good solutions for problems
which need higher scalability, they resist to denial of ser-
vice attacks, and held the top of the paving stone on In-
ternet (application layer). Unlike the centralized systems
such as Client/Server, in P2P systems, it is the hosts who
provide the resources which will be available on the net-
work [21]. These resources are those of the computers, the
users and the connection they have. Parallel computing is
an interesting example of P2P applications; it is also one
of the most important solutions for the optimization prob-
lems. Many P2P architectures have been proposed for file
sharing applications (eg. Chord [6], CAN [5] and Tapestry
[7]). Figure 1 is an example of P2P architecture, we use it
in performance evaluation section.

N1+1=N2
N1+2=N3
N1+4=N5

Finger table

N6 +1=N7
N6 +2=N0
N6 +4=N2

Figure 1: Example of P2P network (Chord architecture)

Our contribution aims to improve the scalability and con-
tributes significantly to the genericity of the hierarchical
Master Worker models by its important characteristics, it
can be easily implemented on any existing P2P architec-
ture, and then benefits from their advantages (scalability,
self organization, fault tolerance, ...). The standard oper-
ational interpretation of a recursive program forms a tree
of recursive calls spreading out from the node of the ini-
tial invocation [21]. Our solution is fundamentally based
on dynamic task distribution tree constructed on demand
under an existing P2P overlay network. The next section
describes and analyzes the proposed solution.
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3 Proposed Solution: “Must-Work"'

In this paper, we propose a scalable and hierarchical Mas-
ter Worker model based on a dynamic on demand tree con-
struction, where each node is sometimes Master for a given
tree, sometimes Worker for another tree, it is called Must-
Work. When a node receives calculus request (fask), it
can’t refuses it. If the task is complex, it plays the role of
Master (divides and conquers). Otherwise, it is Worker (ex-
ecutes task). In some specific situations, a given node can
be simultaneously Master for some Workers and Worker
for some Masters. As illustrated on figure 2, the node N3 is
a Master in Hanoi (3, A, B, C) problem resolution when
NO is a source, and it is a Worker in Hanoi (3, A, B, C)
problem resolution when N2 is a source.

3.1 Functional principal

The parallelization of the recursive problems consists to
break up the problem into independent calculation portions
(tasks), and to diffuse each one on a dynamic on demand
constructed tree branch from P2P underlying architecture,
as long as the portion problem is decomposable. Let us ar-
rive at an evident problem (where its resolution is easy and
does not need complex treatment or dividing). The consid-
ered node makes calculation and returns result to the im-
mediate requestor, and so on, until the machine initiator
of calculation receives all the required calculation portions.
With other words, the resolution of a recursive problem on
existing P2P architecture can be transformed to a dynamic
on demand diffusion tree construction, then to diffuse cal-
culation and recovering it thereafter. The depth of the con-
structed diffusion tree depends on the recursive problems
to solve. Figure 2 shows an example of the calculus dis-
tribution (diffusion) tree for the Hanoi tours problem. The
network is composed of 19 nodes, the degree of the Hanoi
problem is 3. Each Master divides the calculus on three
parts, and sends them to their successors in the constructed
tree, and so on.

Figure 2 illustrates an example for resolving simulta-
neously two Hanoi problems. The node NO calculates
Hanoi (3,A,B,C) and the node N2 calculates also
Hanoi (3,A,B, C), each one constructs it own tree on
the same network. Node N3 participates on both resulting
trees, it is a Master on the first tree (figure 2.b) and Worker
on the second tree (figure 2.c).

For illustration purpose, let consider the following nota-
tions:

3.2 On demand diffusion tasks tree
construction

At the time of launching calculation decision, the initia-
tor node N; puts its state to initiator, and plays the role
of Master, it builds a set of receiving children (immediate
successors at one hop in the dynamic on demand construct-
ing tree) by executing the function Child (i). Before
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Node participating on tree (c)
Node participating on tree (b)

Node participating on both
trees (b) and (c)

Node without tasks

(a): P2P network

H(3,A,B,C)

H(2 A, C, B) ¢ H(2 C, B, A)

Cre D

H(1, A, B, C)
D G D
H(1,A,B,.C)  H(LA,C,B) H(L B, C, A) H(LC,AB)  H@CBA) H(1,A, B, O)

(b): Resulting tree of Hanoi tours solution initiating by node NO

@ H@, A, B, C)

H(2, A, C, B)

H(1,A,B,C)  H(1,A,C,B) H(L, B, C, A)

(c): Resulting tree of Hanoi tours solution initiating by node N2

H(2,C, B, A)

H(1, C, A, B)

H(1,C,B,A) H(1,A, B, C)

Figure 2: Diffusion tree construction for Hanoi tours problem

[ Notation [[ Designation
N; Node identifier.
Child(j) || Function which returns child order j of the current node (j%* successor)
Nb_nd Number of nodes in the network.
Nb_fi Number of children of node N;

Ei Set of children of node N; (set of successors).

Nb_aqi Number of acquirements for node N; (number of recipients which have
received the request from node N;).

D Number of portions (degree) of the recursive problem to parallelized
(Parameter of the problem to be resolved).

state State of node N; (free, occupied, initiator) initialized at free.

Parent(i) || Predecessor of node IV;.

Table 1: Conventional notations

sending a task to any node, it divides calculation into sev-
eral portions (tasks) according to the degree of the prob-
lem (eg. The Hanoi turn problem shown on figure 2 is
with degree 3). The requested node sends the message:
’are you free?’ to each neighbouring. If it receives a
number (NPR) of positive responses higher than the num-

ber of tasks (D) to distribute, it diffuses them towards its
children (successors) according to algorithm 1 (the sender
node should save the set of its neighboring nodes to which
it has send a task). Otherwise, it sends the first tasks to free
nodes and the remainder tasks to occupied nodes if they
exist, or diffuse a second work for the same children.

As illustrated on algorithm 2, at the reception of a calcu-
lation portion from node IV;, node N; puts its state to oc-
cupied, it tests if the portion of the received calculus (task)
is not decomposable, so yes (node is a Worker): it makes
the last calculation, and returns back the result to its parent
(transmitting of calculation result using function parent(j)),
then it changes its state to free. Otherwise (node is a Mas-
ter), it breaks up this portion into a set of sub portions (eg.
k sub portions) and diffuses them towards the set of its chil-
dren (k successors) as illustrated on algorithm 1.

When a node N; receives a calculus result from
one child, it decreases the number of the acquirements
(Nb_agi-), and when it receives all the sent calculus por-
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Algorithm 1 : Starting the calculus by the initiator N,
(root)

1: Begin
2:Ei=;

3:

statei = initiator,

4: Nb_fi = card({neighboring nodes}) ;
5: Ei+ {neighboring nodes};

6:If (Nb_fi > D) Then

7: For m:=1 To D Do
8: k< identifier of the neighboring node (Ei)
with higher capability;

9: Send the k" calculus portion to child (k);

10:  Ei«Fi - child (k);

11: End

12:Else

13: For k:=1 To Nb_fi Do

14: Send the K*" calculus portion to child (k);

15: End

16: For k:=Nb_fi +1 To D Do

17: Random (IVp);// here, we can choose the
better nodes in terms of calculus capabilities;

18: Send the K*" calculus portion to child (Np);

19: End

20: Nb_aqi= D;

21: End

22: statei = free;

23: End.

tion results (Nb_agqi=0), it makes its calculation, and re-
turns the final result if it is the initiator. Otherwise, it sends
the result to the requestor node (parent(i)), and so on. This
process is illustrated on algorithm 3.

33

Some considerations on the solution

In this section, we give some detail illustrations on the scal-
ability, fault tolerance, load balancing of our proposed so-
lution.

Scalability: The nodes in the network are sometimes
Masters, sometimes Workers; they have the same re-
sponsibility (function). They divide the calculus and
distribute it to their successors (neighboring nodes
with one hop), which forms progressively and dynam-
ically a calculus diffusion tree, where only the leaf
nodes (Workers) in the tree which does operational
calculus. The inner nodes divide and conquer tasks
(Masters). In fact, the solution does not suffer from
the scalability problem, but it depends on the scalabil-
ity of the underlying P2P overlay network on which
is implemented (It is more scalable on Chord archi-
tecture than on Gnutella, because Chord is more scal-
able than Gnutella). On the other hand, the proposed
solution is generic relatively to both underlying archi-
tecture and recursive problem to be solved.

Fault tolerance: When a Master node distributes the
calculus portion to its children (successors), it acti-
vates a predefined time-out (T), it waits until time out

Algorithm 2 : At the reception of a calculus portion by node
N; from node N;

1:
2:
3:
4:
S:
6:
7
q
8
9

u

10
11
12

Begin
Nb_aqi =0;
Ei = ();
statei = occupied,
perei = j;
If (the calculus portion is not decomposable) Then
Do the calculus and return the result to perei (re-

estor);,
statei = free;
Else
: Execute Algorithm 1;
: End
: End.

Algorithm 3 : At the reception of each portion calculus

result
1: Begin
2: Nb_aqi—;
3 If (Nb_aqi=0) Then
4: Do its calculus portion;
S: If (statei= initiator) Then
6: Return the final result
7 Else
8: Send the result to its parent (parent(i));
9: End
10: statei= free;
11: Else
12: Wait the other results;
13: End
14: End.

expiration, if it doesn’t receives all calculus portion re-
sults, then it sends request to children (Workers) which
have not returned results yet, asking them to give re-
sults. If they respond to the request and they does not
finished their tasks, the requestor node increments the
time-out (T). Otherwise (the direct successor who has
not given response is failed), the requestor node re-
distributes their calculus portions (supposed failed) to
other successors, and so on. The calculus is still con-
tinuous even with node failures.

At each node, we associate a queue for storing the
requested calculus (fasks) which have not served yet
with FIFO service politic. Perhaps, the failure of the
first Master (root) blocks the system, and the results
can not be recuperated. However, in practical applica-
tions, root Master is managed by the users of applica-
tion themselves, and then we assume that is a reliable
node.

Load balancing: In the proposed hierarchical
Master-Worker solution; each node is a Master for
some Workers, and a Worker for some Masters (“Must
Work"). No node is more important than other nodes.
The Master divides the complex calculus (we assume
here that each node is enough intelligent to do this
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treatment for any recursive problem), and then dif-
fuses the calculus portions (fasks) to its children (suc-
cessors at one hop). When it receives the result por-
tions, it makes its treatment, and then sends the result
to the requestor. When a node receives a calculation
request which is not decomposable, it executes it lo-
cally, and returns the result to the requestor. In the
case where all the children of a given Master are on
state occupied, and this last has not achieved the distri-
bution of all the calculus portions, it can send them to
those with high capabilities using a scheduling strat-
egy such as in [4].

4 Performance Evaluation

In order to evaluate the proposed solution, we tested it for
sorting a vector with different sizes and using the Quicksort
method. We use the MPI platform (Message Passing Inter-
face)? under linux, which is a library of C/Fortran functions
based on the message communications (the most important
are: MPI_send and MPI_recv). Simulations are down on
machine carried out in a personal computer with the follow-
ing characteristics: 2.16 GHz and 1GB of RAM. A specific
tool was developed for simulation purposes.

Figures 3 and 4 represent respectively the sorting exe-
cution times of two vectors with dimensions 15 and 500
by the Quicksort method, using both parallel program and
sequential one implemented on Chord architecture.

SIS EMlor TGS Sone CO A GraiiFAE

Parallelism On P2P Networks

QUICK SORT SIMULATOR

122225 adiacency Matrx From Chor
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Figure 3: Sorting a vector of 15 elements using Quicksort
method

For the vector of size 15 (Figure 3), the execution time
for the sorting using the sequential solution is 0.000015s,
and that using the parallel solution is 0.000458s. Sequential
solution is better than parallel one. This is du to the high
cost of message communication time comparatively to the
execution time.

For a vector with 500 elements (Figure 4), the execution
time for the sequential solution is 0.00326s. Whereas, the
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Figure 4: Sorting a vector of 500 elements using the Quick-
sort method

execution time for the parallel solution is 0.00292s. The
results show that the proposed parallel computing is very
interesting for the large scale problems, where communi-
cation time is negligible in front of calculation time. Table
2 gives a first idea of the average acceleration rate.

- Sequential solution | Parallel solution

15 elements 0.000015s 0.000458s

500 elements 0.00326s 0.00292s

Rate 0.46 15.68

Table 2: Average acceleration rate

Figure 5 represents two curves of the execution time ac-
cording to the vector dimension to be sorted using the two
programs (sequential and parallel). It is seen clearly that
for the vectors with small size, the execution time of the se-
quential program is better than that of the parallel program,
because the inter nodes communication time (exchanged
messages) is significantly important relatively to calculus
time. Starting from a dimension of 500 (500 values), we
note a significant difference in favour of the parallel pro-
gram as illustrated on table 2.
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Figure 5: Execution time as function of the vector size

Figure 6 shows the execution time percent for both se-
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quential program and parallel program from total execution
time as function of the sorted vector size. We can clearly
observe that for complex problem; the execution time for
parallel solution is very improved compared to that of the
sequential one. This improves the scalability of the pro-
posed solution. From figure 6, we can see also that when
the vector size reaches 500, the parallel solution becomes
more interesting.
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Figure 6: Percent of sequential and parallel execution times
for sorting vector with the Quick sort method

Figure 7 shows the number of the generated messages
du to the tree construction process (for considering the free
neighbouring nodes with higher capabilities) as function of
the degree of the Hanoi problem. When the degree of the
Hanoi problem increase, the generated messages increase
also. The most important number of messages is due to the
diffusion tree construction process. When the diffusion tree
is constructed, the number of overhead messages becomes
stable.
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Figure 7: Number of generated messages as function of the
degree of the Hanoi problem

5 Conclusions and Future Works

Master-Worker is a high-level programming framework
that has been proposed to simplify the development of large
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scale parallel applications for computational grids. Many
recent works are based on this concept. The hierarchical
Master Worker paradigm is a very interesting approach to
solve Divide and Conquer problem type , where the re-
cursive problems are a good representative examples. The
most difficult tasks are the fault tolerance, load balancing
and scalability of the model.

In this paper, we have proposed a scalable hierarchical
Master Worker model based on a dynamic on demand con-
struction tree for tasks distribution. The solution is doubly
generic; it can be used for any given parallel solutions of
a recursive problem, but also it uses any existing P2P net-
work as underlying architecture because P2P networks are
a connected graphs. Each node in our model is both Master
and Worker called “Must-Work".

By analyzing the various algorithms of the solution
through validation examples, we can draw the following
characteristics: the proposed solution minimizes the exe-
cution time in the case of great calculations, because paral-
lelism allows the simultaneous execution of several tasks.
It cures to the problems due to the recursivity, like the over-
flow of the stack as well as the capacity overshooting. It
minimizes also the communication cost; each parent node
assigns the calculation tasks directly to its children in its
finger table (using only one hop). If a machine finishes its
calculation, it will be released to carry out another calcu-
lation. In our model, the tasks are often affected to nodes
with high capabilities.

The proposed solution guarantees the load balancing of
the machines (nodes) in their affecting the tasks, since they
are released according to the need of calculation. It thus
minimizes the number of machines which participate at the
same time on the resolution of the given recursive problem,
because a child (successor) can be present in several finger
tables, then since it will be released, it can be contacted by
another parent (predecessor) for another task.

In terms of future works, first, we envision to test the
proposed solution on a real specialized P2P platform, such
as: Proactive’® , XtremWeb?* or JXTAS. Secondly, as op-
posed to Must-Work type node, we consider another node
type which can refuses task execution, because it is belong-
ing to an open P2P network (contains free rider nodes), we
call it CAN-Work.
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Collective intelligence is currently a hot topic within the Web and Geoinformatics communities. Research
into ways of producing advances with collective intelligence is becoming increasingly popular. This article
introduces a novel approach to collective intelligence with the use of geographic knowledge discovery to
determine spatially referenced patterns and models from the Geospatial Web which are used for supporting
decisions. The article details the latest Web 2.0 technologies which make geographic knowledge discovery
from the Geospatial Web possible to produce advanced collective intelligence. The process is explored
and illustrated in detail, and use cases demonstrate the potential usefulness. Finally, potential pitfalls are

discussed.

Povzetek: Clanek se ukvarja z obdelavo geografskih podatkov s tehnologijo spleta 2.0.

1 Introduction

The second generation of web development and design
have been coined as Web 2.0 technologies, where 2.0 refers
to the historical context of web businesses coming back af-
ter the dot-com collapse [16]. Web 2.0 incorporates the
move from Web-as-information-source architecture to the
concept of Web-as-participation-platform, whereby users
are encouraged to add value to the application as they cre-
ate and collaborate information. The openness and freedom
of user participation paves the way for Collective Intelli-
gence (CI) which allows applications to be continuously
improved to deeper the relationship with the users. This cy-
cle of improvement is known as the perpetual beta, where
a final version of the application is never reached - it sim-
ply continues to become better by offering more targeted
experiences for each user according to their personal need
[2].

As users of Web 2.0 services have grown, the function-
ality that the services provide have evolved into real world
oriented human functions [17, 19, 22]. This implies the
merging of geographical information with the abstract in-
formation that currently dominates the Internet. Often is
the case that a user will search for something based on
added spatial and temporal constraints. For example, “what
is the best restaurant closest to a location z?”, or, “how
long will it take to get to the nearest hospital?”. The merg-
ing of information with the real world has been dubbed as
the Geospatial Web or Geoweb for short. The current ex-
plosion of digital geographic and geo-referenced datasets is
said to be the most dramatic shift in the information envi-
ronment for geographic research since the Age of Discov-
ery [14]. Virtual globes such as Google Earth and NASA

World Wind as well as mapping websites such as Google
Maps, Live Search Maps and Yahoo Maps have been ma-
jor factors in raising awareness towards the importance
of geography and location as a means to index informa-
tion. However, current collective intelligence techniques
often fail to take into account these added spatial and tem-
poral dimensions on user interactions and contributions.
By considering these added dimensions, particular patterns
and knowledge could be discovered about the users which
could improve the accuracy of collective intelligence tech-
niques.

Producing collective intelligence is a difficult challenge
with the already vast amounts of user generated datasets on
the Internet. The problem can become complicated when
dealing with datasets with added geographic dimensions.
The following are potential challenges associated with Ge-
ographic Knowledge Discovery (GKD) on spatially refer-
enced datasets: 1) data access (inaccessibility) challenge;
2) diverse data types (inconsistency) challenge; 3) user in-
terface (unavailablity) challenge. What has been proposed
to overcome some of the challenges related to GKD is
the need for a solid geographic foundation that accommo-
dates the unique characteristics and challenges presented
by geospatial data. Current national and global geospatial
data lacks a proper infrastructure whereby contributed data
can be aggregated and fully utilized for CI.

We propose to explore the use of GKD as a new tech-
nique for generating CI. GKD is an extension of Knowl-
edge Discovery from Databases (KDD) and is based on a
belief that there is novel and useful geographic knowledge
hidden in the unprecedented amount and scope of digital
geo-referenced data being collected, archived and shared
by researchers, public agencies and the private sector [14].
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Previous work [20] briefly explores the GKD model from
Geoweb whilst current work extends it to extensive col-
lective intelligence through GKD from Geoweb. Using
the Voronoi diagram for Geoweb for emergency manage-
ment [21] has been reported and algorithmic aspect of web
map segmentation has been reported [11]. In this article,
we investigate new emerging Web 2.0 technologies and
whether they provide a means for generating the founda-
tion that can be used to conduct GKD effectively to pro-
duce highly accurate CI for profitable traffic. The main
aim of this article is not to empirically evaluate the per-
formance of proposed framework with recommender sys-
tems and other visualization approaches, but to illustrate
how Web 2.0 and Geoweb technologies could be used for
GKD processes and advanced CI. Our proposed advanced
CI process is abstractly described in Figure 1. Web 2.0
technologies are particularly used for user-oriented data se-
lection and visualization. The proposed CI process can be
used as an exploratory tool rather than a confirmatory tool.
The main aim of this article is not to quantitatively compare
and contrast with recommender systems, but to illustrate
GKD processes from Web 2.0 and Geoweb technologies
for advanced collective intelligence. Case studies show that
how the generalized Voronoi diagrams and clustering can
be combined and used with user-oriented datasets available
through Web 2.0 and Geoweb. They demonstrate the po-
tential usefulness and applicability of our proposed frame-
work. The structure of the remainder of this article is as
follows: Section 2 provides an overview of the latest Web
2.0 technologies which can be used to integrate the pro-
cess. Section 3 describes the KDD processes along with the
GKD for CI process. Section 4 demonstrates case studies
using the GKD for CI process. Finally, section 5 concludes
the article by listing potential pitfalls of the proposed pro-
cess.

Collective Intelligence

INTERNET

Spatial
Referenced Data

Web 2.0 Technologies API

Derived
Intelligence

Interpretation and
Model Generation

Figure 1: GDM on Web 2.0 technologies for CI process
structure.

Geographic
Knowledge Discovery

Pre-Processing Layer
Nor

Geographic
Data Mining Layer

Data Selection Layer

2  Web 2.0 Technologies

Web 2.0 technologies cannot be summed up and gener-
alized but are instead a complex and continually evolv-
ing technology infrastructure which can include server-
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software, content-syndication, messaging-protocols, stan-
dards oriented browsers with plug-ins and extensions, and
various client-applications. The encapsulating services
may use just one or a combination of technologies, as the
models defining the technologies are designed for hackabil-
ity and remixability following open standards [2]. This ne-
cessitates fewer restrictions and allows for wider adoption
and reuse. This infrastructure of complementary technolo-
gies provide services with information-storage, creation,
and dissemination challenges and capabilities that go be-
yond what the public formerly expected in the environment
of the so-called “Web 1.0”. With the capabilities come the
possibilities CI, but only if the challenges are overcome by
the wide spread adoption of open Web 2.0 standards. Some
of the common and standard Web 2.0 technologies used in
the paper include:

— Folksonomies: The ability to allow collaborative tag-
ging, social classification, social indexing, and social

tagging.

— Extensible Markup Language (XML) and/or Java
Script Object Notation (JSON): A general purpose
specification for creating custom markup languages.
Its primary purpose is to help share structured data
based on user defined elements. XML document are
compiled with a particular schema/Data Type Defini-
tion (DTD) in order to become well-formed and valid.
JSON is a lightweight data interchange format for rep-
resenting objects.

— Really Simple Syndication (RSS) or Atom Feeds:
An extension of XML, allows the syndication, aggre-
gation and notification of data. The feed can contain
headlines, full text articles, summaries, metadata, data
and various multimedia.

— Simple API for XML (SAX), Document Object
Model (DOM) and Extensible Stylesheet Language
(XSL): Not only is storage and distribution of data
important, but so is the ability to extract useful in-
formation from the data. For this, both the data and
multiple schema/DTD which define the data are re-
quired. SAX and DOM are Application Program In-
terfaces (APIs) for inspecting the entire contents of
the data. XML Path Language (XPATH) and XML
Query Language (XQUERY) act as filters designed as
XSL which transform the XML document and allow
specific queries.

— Asynchronous JavaScript and XML (AJAX),
Adobe Flex, JavaFX and Microsoft Silverlight: Al-
lowing development and deployment of cross plat-
form rich Internet applications with immersive me-
dia and content. These applications utilize Remote
Method Invocations (RMI) and Remote Procedural
Calls (RPC) to servers to allow distributed inter-
process communications. Web 2.0 application layer
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protocols that allow this functionality include Sim-
ple Object Access Protocol (SOAP), Representational
State Transfer (REST) and XML-RPC.

— Mashups: The merging of content from different
sources, both client- and server-side.

CI is based on derived intelligence extracted from ex-
plicit and implicit user generated data, and therefore data
representation is a core component for CI. XML is recom-
mended by the World Wide Web Consortium (W3C) and
is a fee-free open syntax which can be used to share in-
formation between different kinds of computers, different
applications, and different organizations. This openness is
highly important because it allows accessible-by-all data
without needing to pass through many layers of conver-
sion. Without XML, core components of Web 2.0 technolo-
gies would not be able to collaborate and achieve CI. The
list of collaborating technologies exchanging information
in XML is constantly varying - which reflects the precise
character of the perpetual-beta. Current XML-based tech-
nologies which can be used for CI include Web Services
Description Language (WSDL), Web Ontology Language
(OWL), Linguistics Markup Language (LGML), Attention
Profiling Markup Language (APML), Geography Markup
Language (GML), and Predictive Model Markup Language
(PMML). The languages defining various information can
each be separated into the groups of: collaboration-based,
explicit-based, implicit-based and intelligence-based. Sec-
tion 3 describes each of these components working together
for CI. The following sub sections briefly introduce each of
these technologies which are then combined into the GKD
from the Geoweb for CI process.

2.1 Web services description language
(WSDL)

The first part of collaborating services is to provide a way
for the services to communicate and describe what services
they offer. The Services Description Language Version 2.0
(WSDL 2.0), is a W3C recommended XML language for
describing Web services. The WSDL describes Web ser-
vices in two fundamental stages. The first being abstract or
document driven, which describes a Web service in terms
of the messages it sends and receives; messages are de-
scribed independent of a specific wire format using a type
system, typically XML schema. The way messages are ex-
changed defines an operation which is defined by a mes-
sage exchange pattern which identifies the sequence and
cardinality of messages sent and/or received as well as who
they are logically sent to and/or received from. The second
stage defines the concrete or procedural-oriented level of
the service, which defines how a service accepts bindings
and associates with network endpoints, or ports [5]. The
data exchanged by the Web service are defined as elements
and are described with a unique name, and data type. Ele-
ments can be of simple types, complex types or be defined
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in an XML Schema Definition (XSD), DTD, REgular LAn-
guage for XML Next Generation (RelaxNG) and Resource
Description Framework (RDF) file.

2.2  Web services choreography description
language

The Web Services Choreography Language (WSCL) is
a W3C candidate recommendation targeted for compos-
ing interoperable, peer-to-peer collaborations between any
type of participant regardless of the supporting platform
or programming model used by the implementation of the
hosting environment [8]. The WSCL is a collection of com-
ponents which builds an architecture stack targeted for in-
tegrating interacting applications which consists of:

— Defining the basic formatting of a message and the
basic delivery options (SOAP);

— Describing the static interface and data types of the
Web service end points (WSDL);

— Allows publishing the availability of a Web Service
and its discovery from service requesters (Registry);

— Allows authentication of participants to ensure that
exchanged information are legitimate and not modi-
fied or forged (Security layer);

— Allows reliable and ordered delivery between partici-
pants (Reliable Messaging layer);

— Allows the use of protocols for long-lived business
transactions and enables participants to meet correct-
ness requirements (Context, Coordination and Trans-
action layer);

— Describes the execution logic of Web services and
rules for consistently managing non-observable data
(Business Process Languages layer);

— Defines a common viewpoint of the collaborating par-
ticipants describing their complementary observable
behavior (Choreography layer);

The draft insists that the future of E-Business applica-
tions requires the ability to perform long-lived, peer-to-peer
collaborations between the participating services, within
or across the trusted domains of an organization. The
WSCDL is the means by which technical multi-participant
contracts can be created and viewed from a global perspec-
tive.

2.3 Attention profiling markup language
(APML)

The Attention Profiling Mark-up Language (APML) is an
XML-based portable file format containing a description
of the user’s rated interests. The APML also attempts
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to contain other forms of attention data such as Atten-
tion. XML, Instant Messaging (IM) conversations, browser
history, emails and other documents. The APML promises
to make it easier for Web services to collect attention in-
formation of individual users to cater for the needs of in-
dividual and general users. The most compelling reason
for the adoption of APML is that it defines an open and
public standard of profiling that the user has direct access
to. This means the user can directly be aware of what in-
formation is being shared about them and certain that Web
services can provide exactly what they want. This differs
from traditional captured user information by companies
which tends sometimes be regarded as private and sacred.
Attention information is kept up-to-date because APML is
a lossy format, which maintains only the current trends and
styles of the user.

2.4 The semantic web: web ontology
language (OWL) and resource
description framework (RDF)

The OWL and RDF are considered as the core technolo-
gies underpinning the Semantic Web; a collaborative ef-
fort led by W3C with participation from a large number
of researchers and industrial partners with the aim to sepa-
rate data from specific applications and making it possible
for the web to understand and satisfy the requests of peo-
ple and machines to use the Web content. The Semantic
Web is not only concerned about the integration and com-
bination of data drawn from diverse sources, but also how
the data relates to real world objects so that both people
and machines may understand and analyze the data on the
Web. The OWL and RDF achieve this by publishing in lan-
guages specifically designed for data rather than just docu-
ments and the links between them. The network of linked
data has been described as the Giant Global Graph (GGG),
as opposed to the HTML-based World Wide Web (WWW)
[4].

The OWL is designed for use by applications that need
to process the content of information instead of just pre-
senting information to humans [3]. OWL 1.0 is currently
a W3C recommendation and is currently being updated
to OWL 2.0 though a working draft. On top of the fea-
tures of OWL 1.0, OWL 2.0 is designed to facilitate ontol-
ogy development providing classes, properties, individuals,
and data values stored as Semantic Web documents, with
the ultimate goal of making Web content more accessible
to machines. The Multimedia Web Ontology Language
(MOWL) is a further refinement by the W3C which has
been designed to facilitate semantic interactions with mul-
timedia contents. The MOWL was also merged with the
Knowledge Description Language (KDL) to allow seman-
tic processing of media data calls for perceptual modeling
of domain concepts with their media properties. A further
extension of MOWL allows semantics for spatio-temporal
relations across media objects and events. The OWL and
MOWL are most commonly serialized using RDF/XML
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syntax.

The RDF is a W3C recommended extension and revi-
sion of XML for conceptually describing and modeling in-
formation implemented in web resources. The fundamen-
tal aim is to identifying information using Web identifiers
(using Uniform Resource Identifiers, or URIs), and de-
scribe it in the form of a subject-predicate-object triple ex-
pression so that machine intelligence can store, exchange,
and use machine-readable information distributed through-
out the Web. The information is represented as a graph
of nodes and arcs, with each node being referenced by a
unique URI. This allow data to be processed outside the
particular environment in which it was created, in a fash-
ion that can work at Internet scale [9]. The triple de-
scribes the relationship of the subject and the object of
the information given the conditional predicate. An ex-
ample from the W3C RDF primer describes the statement:
“http://www.example.org/index.html has a creator whose
value is John Smith”, as the following RDF statement:

— a subject http://www.example.org/index.html;

— a predicate http://purl.org/dc/elements/1.1/
creator;

— and an object http://www.example.org/staffid/85740.

The URI references are used to identify not only the sub-
ject of the original statement, but also the predicate and ob-
ject, instead of using the words “creator” and “John Smith”,
respectively [1]. Another particular format might be more
direct and easily understood, however the RDF’s generality
and potential for collaborative intelligence through sharing
gives it great value. Another advantage to the RDF is the
URIs can define real locations of the referenced informa-
tion. In this sense, the RDF can also provide a means for
geospatial indexing of the information which can be used
by the GKD process to identify particularly interesting pat-
terns.

2.5 Geography markup language (GML)

GML serves as a modeling language for geographic sys-
tems as well as an open interchange format for geographic
transactions on the Internet. It is an extension to XML that
allows the ability to integrate all forms of geographic in-
formation (discrete, areal and sensor) onto data. It does
this by allowing a rich set of primitives that include fea-
tures, geometry, coordinate reference system, time, dy-
namic features, coverage, unit of measure and map presen-
tation styling rules. The way that data is represented by
GML is defined by a GML profile namespace which de-
fines restricted subsets of GML. These profiles can be built
on specific GML profiles or use the full GML schema set.
The GML can be used as a standalone data format or be in-
cluded as an extension to other XML-based formats to give
added spatial dimensions.
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2.6 The predictive model markup language
(PMML)

The Predictive Model Markup Language (PMML) is an ap-
plication and system independent interchange format for
statistical and data mining models [18]. It is an XML-based
language developed by the Data Mining Group (DMG) and
allows models to be created within one vendor’s applica-
tion, and use other vendors’ applications to visualize, ana-
lyze, evaluate or otherwise use the models. Previously, the
exchange of fully trained or parameterized analytic models
was very difficult, but PMML allows effective utilization
between applications and is complementary to many other
data mining standards. The PMML also defines the input
and output format of data and how, in terms of standard
data mining terminology, to interpret their results. This
kind of intelligence sharing is critical between collaborat-
ing CI servers and clusters and allows for an ensemble of
different models which can be used to increase the accuracy
of classification [10].

3 Geographic Knowledge Discovery
for Collective Intelligence

3.1 Knowledge discovery process

Knowledge discovery is the process of automatically
searching large volumes of data for patterns that can be
considered knowledge about the data. It is often described
as deriving knowledge from the input data that can be used
for further usage and discovery in the process. The process
generally consists of several steps that can be executed in a
non-linear order. The generic steps include:

Data Selection: Creating a subset of the total data that
focuses on chosen foci for concentrating the data min-
ing activities.

— Pre-Processing: The cleaning of the selected data to
remove noise, eliminate duplicate records, filling in
missing data fields and reducing both the dimension-
ality and numerosity of the data in order to build and
an efficient representation of the information space.

— Data Mining: The attempts to uncover interesting
patterns.

— Interpretation and Reporting: The evaluation and
attempted understanding of the results of the data min-
ing process.

— Utilization: The use of the learned knowledge to pro-
vide accurate decision support for the utilizing indus-
try.

Data mining is an ongoing popular research topic that
focuses on the algorithms for revealing hidden patterns and
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information in the data. These include segmentation, de-
pendence analysis, deviation and outlier analysis, regres-
sion and cluster analysis [7, 13]. The possible types of fea-
tures of the data can be nominal, ordinal, interval-scaled,
ratioed and any combination of all these types. Depending
on the type of data, a distance metric is used to measure
similarity and dissimilarity between the objects. By com-
paring these similarity and dissimilarity metrics, interesting
patterns can be found within the data [6].

3.2 Collaborating web services for CI

In order to perform GKD for CI, a well formed system
must be established in order to coordinate contributing ser-
vices. Using Web 2.0 technologies and the Semantic Web,
we define a process whereby Web services may share in-
formation in order to improve decision-making. This pro-
cess is defined in Figure 2. A Web service can collaborate

The Semantic Web

Collaborating Web Services

Web browser

Data external
from collaboration
group

g Collaborating routing
Web service

Traffic routing
by user classification

Discovered trend
pattemns and
knowledge

EI
Data access

management

Collective Intelligence Cluster

Figure 2: Collaborating Web services for CI.

with others in various ways. If the users of a transaction-
based Web service are willing, then information regarding
the users, products and transactions can be shared and used
within the GKD process to discover patterns and knowl-
edge for effective decision-making. However, a Web ser-
vice can also not contribute information and yet still col-
laborate to achieve effective decision-making. These kinds
of Web services interact with the discovered patterns and
knowledge to route to the contributing transaction-based
Web services. If traffic is routed from a collaborating Web
service to an eventual profitable action, then both Web ser-
vice share the profits. In this configuration, a Web service
can still make a profitable action when a user does not ini-
tiate a transaction with them by effectively routing the user
to a collaborating partner. A non-transaction-based Web
service can profit by being popular among Web users and
routing profitable traffic to transaction-based Web services.
How the user is routed is determined by the discovered pat-
terns and knowledge by the GKD process. In order for a
Web service to begin collaboration, the WSCDL is used for
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determining Web service information which can consist of:

Messaging format and service end-points agreement
with WSDL,;

If contributing information or purely routing-based;

Determine security rules and how to access informa-
tion provided (if any);

— Determine business rules and action of successful
profitable traffic.

Information being gathered by Web services on the current
user can be given to the traffic router which classifies the
user and provides routing to potentially profitable destina-
tions. The information can be anything from user gathered
details, shopping basket analysis or blog, forum, tagging
and rating analysis to determine APML-based information.
How the user is classified is determined by the previously
discovered patterns and knowledge by the CI clusters run-
ning the GKD process.

3.3 GKD for CI

Figure 3 describes GKD framework for CI. The GKD pro-
cess produces useful patterns and knowledge from data re-
trieved from the Geoweb. The data does not just come from
the collaborators, but also from publicly available linked
semantic information via RDF and information collected
via Web crawlers. The power behind patterns being dis-
covered from diverse sources is that they represent global
trends, as opposed to finding local trends from a singular
source. The greater the diversity and number of sources
- the greater the accuracy of user classification and deci-
sion support. The CI cluster is made up of multiple local
CI servers with possible connections to external CI servers.
This configuration is an ensemble method which aims to
increase the accuracy of classification at the expense of in-
creased complexity [10].

The first stage of the GKD process is the acquisition of
data. The data is segmented and processed in various ways
depending on the data mining model being used. What is
common among all methods is the type of data which is
available from the Semantic Web, which will be some form
of XML or JSON data. When the WSCDL is used to setup
collaboration, the Web service data formats and end-points
are detailed so the CI server knows exactly what it is re-
trieving. Data constraints are determined by requesting the
schema/profile information from the Web services. This
allows the data to be extracted into a refined information
space suitable for the data mining layer. The data mining
layer can be one or a combination of models. New data
mining models are constantly being discovered and refined
and it is important that this layer be modular in order to
easily adapt to changes.

Discovered patterns are analyzed and the models deter-
mined as novel and potentially useful are stored back onto
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Figure 3: GKD framework for CI.

the Semantic Web. The patterns can be stored in any for-
mat deemed suitable, but there are quite a number of advan-
tages of producing results in a format which can be easily
shared between applications, such as the PMML. This is
especially important with external CI cluster collaboration
when the discovered models must be compared in order
to achieve greater accuracy. The discovered models repre-
sent current trends within analyzed data and are constantly
changing. The advantage of determining trends from mul-
tiple sources is that certain trends will become prevalent
in certain areas before other areas. Once a new trend is
detected then collaborating Web services can take advan-
tage of this information and maximize the potential prof-
itable traffic to the trend. Web services can also submit
user tracking information, such as APML-based informa-
tion which can be used with the pre-determined models
to classify the user to a certain group. This allows user
specific traffic routing which again can greatly increase the
chance of profitable traffic.

However, traffic routing need not only be Web based.
Decision support can also make use of the increasing
amounts of spatially reference information in order to de-
termine real-world geospatial routing. If a user is classi-
fied as a particular group and their geospatial location is
known then real-world profitable traffic can be achieved by
suggesting Web services associated with the real-world el-
ements of their group. An example of this would be to
classify a particular user as a fan of a football club and to
suggest products and the location of sports stores from Web
services associated with that particular football club. An-
other possibility would be to offer current trend informa-
tion related to the football club in order to deepen the rela-
tionship with the club which may eventually lead to prof-
itable traffic. Another example scenario would be to deter-
mine that a user is interested in a particular food group and
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to offer information and links to nearby restaurants of that
food group. With the addition of spatial dimensions, rec-
ommendations to the user can take on new aspects and be
represented as real locations on a Web map. This is the real
power of using the GKD process to aid decision making.
The collaborated data from the Semantic Web can then also
be seen as a spatially indexed Geoweb which can be used
for segmentation queries to determine potential profitable
traffic for the classified user. The geospatial information
can even play an important part when generating the mod-
els for classification; depending on various trend regions.
The possibilities for profitable traffic from GKD from col-
laborating Web services is literally endless.

4 Case Studies

The following subsections give case studies using the GKD
for CI process to demonstrate the potential usefulness of
the system. In this study, we utilize the generalized Voronoi
diagram for space tessellations and clustering for user pro-
file segmentation. Datasets are retrieved from various
mashups and visualized with mapping websites.

4.1 Restaurant recommendation case study

In this case study, let us assume a food and wine infor-
mation Web service has been recording a user and build-
ing a profile using the APML. The Web server records the
user searching for Chateau Pétrus information and sends
the APML to the CI cluster for recommendations to sug-
gest to the user. The APML contains the information re-
lated to the Chateau Pétrus in the RDF format and we are
able to retrieve machine understandable information via
its URI. With the aid of the Semantic Web, it determines
that Chateau Pétrus is a beverage originating from France
which is consumed by humans usually when dining out.
The APML also contains location information relating to
the user in the GML. The CI server processes these at-
tributes with learned models to determine matches to prod-
ucts of the collaborating Web services that are near the
user’s location. It determines a number of wine distributers
and restaurants which have the Pétrus in stock. Details of
the distributers and restaurants which include stock num-
ber, price and location information are returned back to the
Web service and used to generate the Web map as shown in
Figure 4. To entice the user further, the average ratings and
small snippets of reviews can be added to each location on
the Web map. If the user follows any of the suggestions and
either buys from a distributer or books at one of the restau-
rants, then the distributer or restaurant profit from the sale
and the originating food and wine information Web service
receives a portion from the total profit. This case shows
how Geoweb and the Semantic Web are able to connect
online interactions to result in real world transactions.
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Figure 4: Recommended locations for Chateau Pétrus: in-
cluding average rating and prices.

4.2 Recommending discovered trends

In this case study, let us assume that the CI clusters are up-
dating their models as well as determining emerging, con-
tinuing, and fading trends from the current conditions on
the collaborated Web services information. A trend is con-
sidered emerging when it has been newly detected for the
current update period; continuing if it still remains from
the previous period; and fading if the trend is no longer
detected. The detection of trends can be useful for max-
imizing the possible profitable traffic to the Web services
associated with current trends. The trends can be detected
by the increase of sales for a particular product or even by
digesting information from contributed user information to
blogs, news and review Web services which might come
from many various locations. Let us assume that the CI
cluster have discovered an emerging trend of Brazilian cof-
fee in the area of New York from a subset of collaborating
Web services. The CI cluster finds associations of the col-
laborating Web service data with Brazilian coffee and up-
dates the learned models. Now let us assume that a user is
searching for classy coffee shops around New York. This
tracked information is sent from a Web service to the CI
cluster which determines, through association pattern min-
ing, that classy coffee shops are linked to popular coffee.
The CI server classifies popular coffee in New York as
Brazilian coffee, which was pre-determined as an emerg-
ing trend. The CI server then searches the collaborated
data for coffee shops with Brazilian coffee and returns a
list of matches back to the original Web service which are
nearest to New York, which can be generated as the Web
map described in Figure 5. Using determined trends as
recommendations can increase the probability of profitable
traffic. The ability for GKD to determine trends for real
locations from spatially referenced data and model them
effectively to the user are the results of the Geoweb and
Semantic Web information.

The known user location is rather vague and the exact lo-
cation cannot be determined. To overcome this, the results
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Figure 5: Recommended coffee shops with ratings.

can undergo Web map segmentation; an effective visual-
ization technique to help aid decision support. The results
of this are shown in Figure 6 (a). Web map segmentation is
not just limited to ordinary distriction but can also produce
many various visualizations which could be used to further
entice the user. Figure 6 (b) shows average user ratings
used to create weighted regions associated with the coffee
shops. The generalized Voronoi diagram has been used for
space tessellations [15]. The user need only to determine
which region they are located in to decide the closest highly
rated coffee shop. Added spatial dimensions to information
can be used to greatly enhance the depth of the information.
This kind of specific information might just be what users
require in order to engage them into profitable actions.

5 Final Remarks

In reality there could be many different number of the cases
described in Section 4 because GKD from the Seman-
tic Web produces extremely versatile patterns and models
which can be used to determine potentially profitable traf-
fic in a vast number of ways. In order for a true collabo-
rative infrastructure to exist, Internet developers must try
and implement their Web services using Web 2.0 technolo-
gies which conform to W3C and Open Geospatial Con-
sortium (OGC) protocols to build the required foundation
which collaborating Web services can exist on. At the mo-
ment, the Internet still consists of dominantly network as
information content. There exists great potential for the in-
crease of profitable traffic with the more collaboration that
is achieved. However, there are still many components re-
lated to CI and GKD which can still be improved.

Because Web 2.0 content is forever changing and in-
creasing, GKD techniques must be developed that can han-
dle diverse data types which does not only consider the size
of the data - but also the throughput which streaming infor-
mation must be processed. A user interaction with a Web
service may be near instantaneous - but the same is not nec-
essarily so for the processing required to analyze and up-
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(b)

Figure 6: Examples of recommendation links displayed as
locations on a Web map: (a) Recommended coffee shops
with segmentation; (b): Recommended coffee shops with
weighted segmentation based on user ratings.

date current models produced by GKD. Better techniques
into producing dynamically updating models under heavy
streaming loads needs to be explored in the future. How-
ever, the processing time is not the only issue related to
discovering models. Current GKD techniques are still rel-
atively new and considered as an emerging research field.
How can new techniques be made that can cope with the
extremes of massive streaming Web data [7]?

Another problem which does not focus on the technical
issues is the one regarding privacy [12]. Researchers need
to ask themselves if discovering new knowledge about in-
dividuals is breaching ethical privacy. We cannot observe
people going to work, seeing what they do, what they like
to buy, how they invest their money, finding about their per-
sonal views without their permission. Is it okay to use this
same kind of information about people that is distributed on
the Internet? However, users who share private information
about themselves allows target marketing with a higher ac-
curacy - which can benefit the user because it allows them
to get exactly what they want. In the future, users and Web
services must be allowed the freedom to collaborate with-
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out the fears of breaches of privacy and laws. This means
collaboration technologies must be designed to easily allow
collaboration while also circumventing fraudulent activity.
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In this study, we investigate the review system of Amazon.com, which is regarded as one of the most
successful e-commerce websites in the world. We believe that the review results provided by Amazon’s
review system may not be representative of the advertised products because the system does not consider
two essential factors, namely the credibility and the time-decay of public reviews. Using a dataset down-
loaded from Amazon.com, we demonstrate that although the credibility and time-decay issues are very
common, they are not handled well by current public review systems. To address the situation, we propose
a Review-credibility and Time-decay Based Ranking (RTBR) approach, which improves the Amazon re-
view system by exploiting the credibility and time-decay of reviews posted by the public. We evaluate the
proposed scheme against the current Amazon scheme. The results demonstrate that the RTBR scheme is
superior to the Amazon scheme because it is more credible and it provides timely review results. More-
over, the scheme is simple and applicable to other Amazon-Ilike review systems in which the reviews are

time-stamped and can be evaluated by other users.

Povzetek: Clanek predlaga izbolj$avo Amazonovega sistema recenzij.

1 Introduction

Amazon.comn is regarded as one of the most successful
online vendors in the world. In addition to spearheading
online retail sales of a variety of products (such as books,
music CDs, DVDs, software, and consumer electronics)
and providing various useful web services, Amazon fea-
tures review and recommendation systems that provide
candid comments and recommendations for customers.
Recent surveys have reported that 50% of online shoppers
spend at least ten minutes reading reviews before making
a decision about a purchase, and 26% of online shoppers
read reviews on Amazon prior to making a purchase [1].

OA preliminary version of this study was published in the Proceedings
of International Workshop on Web Personalization, Reputation and Rec-
ommender Systems, 2008 [28]. In this extended version paper, we adopt
the Shallow Syntactic Features (ShallowSyn) method [33] to estimate the
credibility of public reviews that have not received a sufficient number of
reviews. Moreover, we apply the Kendall test [16] to evaluate the correla-
tion between the ranking results of our approach and the Amazon review
system. We evaluate our proposed approach using a rich set of datasets,
and discuss the deployment issue of the proposed approach in real sys-
tems. Hence, this manuscript is a much more thorough and authoritative
presentation of our study on the Amazon review system.

Review systems have been implemented on a num-
ber of popular Web 2.0-based e-commerce websites (e.g.,
Amazon' and eBay?), product comparison websites (e.g.,
BizRate? and Epinions4), and news websites (e.g.,
MSNBC® and SlashDot®). Generally, a review system is
a kind of reputation system that facilitates the development
of trust in Internet interactions [24]. Unlike recommenda-
tion systems, which seek to personalize each user’s web
experience by exploiting item-to-item and user-to-user cor-
relations [20, 26], review systems give an average rating for
an item based on other customers’ opinions about the item.

Amazon.com allows users to submit their reviews to
the web page of each product, and the reviews can be ac-
cessed by all users. Each review consists of the reviewer’s
name (either the real name or a nickname), several lines of
comment, a rating score (ranging from one to five stars),
and the timestamp of the review. All reviews are archived

! Amazon. http://www.amazon.com/

2eBay. http://www.ebay.com/

3BizRate. http://www.bizrate.com/
“4Epinions. http://www.epinions.com/
SMSNBC News. http://www.msnba.msn.com/
6SlashDot. http://slashdot.org/
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in the system, and the aggregated result, derived by averag-
ing all the received ratings, is reported on the web page of
each product. It has been shown that such reviews provide
basic ideas about the popularity and dependability of the
corresponding items; hence they have a substantial impact
on cybershoppers’ behavior [6, 9].

However, since the Amazon review system is an open
forum, the anonymity of web reviewers increases the
chances of abuse, such as unfair/biased ratings, ballot stuft-
ing, and bad mouthing [7]. As a result, the review results
may be misleading and untrustworthy [15, 21]. To mitigate
the problem, Amazon incorporates a feature that allows
users to evaluate other users’ product reviews by stating
whether they think a review is useful or not; however, the
discriminating capability of the Amazon review system is
generally considered limited because 1) the review results
have the tendency to be skewed toward high scores [6]; 2)
the aging issue of the reviews is not considered [32]; and
3) it has no means to assess the reviews’ helpfulness if the
reviews are not evaluated by a sufficiently large number of
users (unless additional machine learning techniques could
be applied [17, 33]).

To improve the discriminating capability of the Amazon
review system, we propose a Review-credibility and
Time-decay Based Ranking (RTBR) approach. Specifi-
cally, RTBR enhances the Amazon system by exploit-
ing the credibility and time-decay of public reviews. Us-
ing data downloaded from the bookstore department of
Amazon.com, we compare the proposed scheme with the
current Amazon scheme, and show that it is superior be-
cause it is more credible and provides timely ranking re-
sults in all test cases. Moreover, the proposed scheme is
simple and applicable to other Amazon-like rating sys-
tems, as long as each product’s review is time-stamped and
it can be evaluated by other users.

The remainder of this paper is organized as follows.
In Section 2, we discuss related works on review sys-
tems. In Section 3, we present the proposed RTBR ap-
proach. In Section 4, using the real data downloaded from
Amazon.com, we compare the proposed scheme with the
current Amazon scheme and analyze the results. We also
discuss the feasibility issue of the proposed scheme. We
then summarize our conclusions in Section 5.

2 Related Work

A review system provides an average rating for each item
based on other users’ opinions of the item; hence, it is
a kind of reputation system that facilitates the develop-
ment of trust in Internet interactions [4, 8, 24, 30]. Re-
view systems are used by a number of Web 2.0 sites
(such as Amazon, BizRate, eBay, Epinions, and
SlashDot). Though the systems differ in how they ag-
gregate users’ opinions and present the results, recent stud-
ies have shown that such systems have a strong impact on
cybershoppers’ purchase decisions [1, 6, 9].

B.-C. Wang et al.

Amazon and eBay, two of the most successful Web 2.0
e-commerce stores, pioneered the use of review systems by
aggregating user-contributed content. On the eBay web-
site, buyers and sellers are allowed to post reviews about
each other after a transaction has been completed. A re-
view can be positive (1), neutral (0), or negative (-1). The
system aggregates the reviews of each user by summing
all of his/her received ratings, and details the results on
the user’s profile page. Resnick et al. [23, 25] evaluated
eBay’s review system via controlled experiments and em-
pirical analysis. In [23], they found more than half users
were willing to provide feedback and it was almost all pos-
itive. In addition, [23] suggested that the users may recipro-
cate and retaliate. [25] found that eBay’s reputation system
had significant effect in the market, and sellers who had
high reputation scores would sell their goods with higher
prices. [15, 21] suggested that the eBay review system
is likely to mislead users because it lacks a discriminat-
ing capability (for instance, the eBay review system has
difficulty distinguishing between a user who receives 50
positive reviews and a user who receives 100 positives and
50 negatives, as the aggregated ratings of the two users are
equal to +50). Moreover, it has been observed that ballot
stuffing is common in the eBay review system; hence, this
issue also needs to be resolved [3].

In contrast to eBay, the Amazon review system aggre-
gates users’ rating scores by averaging, instead of sum-
ming. As mentioned in the previous section, the Amazon
review system allows users to submit their reviews to the
web page of each product. It has been shown that the results
of the Amazon review system are highly correlated to the
prices of the corresponding products [6], and about 25%
of online shoppers read reviews on Amazon before they
make a purchase [1]. However, the shortcomings of the
system are that it does not consider the aging issue of the
reviews [32], and the review results are generally skewed
toward high scores [6]. In addition, [11] shows the aver-
age score of 53% of the products does not reveal the true
quality of product and may provide misleading recommen-
dations. As a result, the discriminating capability of the
Amazon review system is limited.

In addition to summing and averaging approaches, a
number of other schemes have been proposed to improve
the discriminating capability of review systems [13, 14,
22, 27, 29, 31]. For instance, [14, 22] propose Bayesian-
based review systems that rate each product according to
the feedback received. Specifically, each item of feedback
is given either a positive (+1) or a negative (-1) rating. The
Bayesian-based systems have been extended to filter out
bad mouthing reviews [31]. However, the disadvantage of
the Bayesian-based system is that it can not provide rat-
ings with graded levels because it is a binomial model.
Therefore, [13] proposes a generalization of the Bayesian-
based systems, called Dirichlet reputation systems, which
can support multiple value ratings. Finally, [27, 29] pro-
pose personalizing review results based on the Personal-
ized Similarity Measure and users’ preferences. However,
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these approaches are rarely implemented in reality because
the computation and storage overheads are prohibitive.

Since ‘helpful’ reviews have stronger impacts on con-
sumers’ purchase decisions than other reviews [5], sev-
eral studies have investigated how to assess reviews’ help-
fulness recently [17, 33]. For instance, [33] presents a
utility scoring approach that computes three features of a
given product review (namely the Lexical Similarity Fea-
tures, Shallow Syntactic Features, and Lexical Subjectivity
Clues) and then feeds the calculation results into a regres-
sion algorithm to measure the review’s helpfulness. Simi-
larly, [17] assesses review helpfulness using a SVM-based
regression approach that considers five types of features,
namely Structural, Lexical, Syntactic, Semantic, and Meta-
data.

Finally, [12] focuses on the analysis and detection of re-
view spam. In [12], Jindal and Liu use a supervised learn-
ing and classification model to detect three types of review
spam: False Opinions, Reviews on brands only, and Non-
reviews. In [10], Hu and Liu propose a data mining and nat-
ural language processing based approach to facilitate min-
ing and summarizing product reviews from a large number
of customer reviews of a particular product. Since it is dif-
ficult and tedious for consumers to read hundreds or thou-
sands of reviews for each product, the feature-based sum-
mary results provide consumers more concise information
for purchase decisions.

3 The Proposed Approach: RTBR

In this section, we present the proposed review system,
called Review-credibility and Time-decay Based Ranking
(RTBR), for emerging Web 2.0-based applications. Unlike
the current Amazon review system, the proposed scheme
is expected to better represent the public’s opinions about
reviewed items, because it considers two additional factors
of each review in the system, namely, 1) the quality of be-
ing convincing and believable, i.e., the review-credibility
factor; and 2) the timeliness of being representative, i.e.,
the time-decay factor 7.

More precisely, we assume that there are n items in the
system, and the ¢-th item has been reviewed r; times. Let
N; denote the i-th item, s; ; denote the j-th rating score of
N;, and t; ; denote the length of time since s; ; was rated.
For the j-th review of N;, we define the review-credibility
factor as w; ; and the time-decay factor as ¢; ;, which we
will discuss further in the following subsection.

Then, the proposed RTBR scheme calculates the score
value of N; (i.e., §;) by combining the review-credibility
factor, the time-decay factor, and the review score of the
received r; reviews, as shown in Equation 1.

7A product may become popular (e.g., due to advertising, promotion,
or marketing) or outdated (e.g., due to the release of a newer version)
over time. Note that the time-decay factor should be weighted in accor-
dance with the properties of the product types. For instance, it should be
weighted higher for reviews of electronic products than that of books. We
defer a detailed discussion and evaluation of this issue to a future work.
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Suppose A(S;, S;) is a comparison function that returns
1 when §; > §;, and it returns O otherwise. The RTSB
scheme then reports the ranking of N; by taking the com-
plementary cumulative distribution function (CCDF) of S;.
As shown in Equation 2, the ranking result indicates that
N; is in the top RETBE of all the compared products.
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Note that, in the Amazon review system, the score value
of N; is obtained by averaging the received rating scores of
r; reviews (i.e., S;), as shown in Equation 3, and the rank-
ing results are derived in a similar manner to Equation 2,
except that A(S;, S;) is replaced by A(S;,S;), as shown
in Equation 4.
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3.1 The review-credibility factor

As each product review may also be reviewed by other
users, we use k; ; to denote the number of users that have
reviewed the j-th review of N; (i.e., s; ), and u; ; to de-
note the number of users (out of £; ;) that think s; ; is use-
ful. There are two cases for the definition of the review-
credibility factor (w; ;) for s; ;, as shown in Equation 5:

— Case I: If the j-th review of N; has been reviewed by
a sufficient number of people, i.e., k; ; > v, we define
wj,; as the ratio of u; ; to k; ;.

— Case 2: If k; ; < v, there may be a strong bias in the
k; j reviews when k; ; is small, or the value of Z—:
cannot be calculated when k; ; = 0. Thus, we define
the value of w; ; using the Shallow Syntactic Features
(ShallowSyn) method [33].

{ Lig Jif ki >y
Wi,j = b7 . ®)
ShallowSyn(thej-th review of N;) , if k’i,j <7
Specifically, the ShallowSyn method employs the Sup-
port Vector Machine (SVM) approach to estimate the
review-credibility of a give product review. The training
dataset contains a sufficiently large number of reviews that
have been reviewed by at least  users. Using the train-
ing dataset, a SVM model is built in the off-line phase
by considering a variety of features of each review, in-
cluding the number of words, the number of sentences,
and the number of the words of shallow syntactic features
(i.e., proper nouns, numbers, modal verbs, interjections,
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Algorithm 4 The algorithm for determining the value of
the aging factor, A, in the RBTR scheme.

1: Function Aging_Factor

2: i¢—1;a1¢1—10i;51¢T(a1)
3: while true do

4 as <=1— 10+1 ;09 < T(Oxz)

s if 2221 < 0.1 then
6
7
8
9

return o,
end if
a1 <= a0 <=0i<si—1
: end while

comparative and superlative adjectives, comparative and
superlative adverbs, wh-determiners/adverbs/pronouns and
possessive wh-pronouns). Then, the SVM model is used
to estimate the review-credibility of the reviews that are re-
viewed by less than v users.

3.2 The time-decay factor

For the j-th review of N;, we define the time-decay factor

(¢4,5) by

Big = A, (6)

where A is an aging factor (0 < A < 1). The value of
A is calculated using the decision algorithm, as shown in
Algorithm 4, where T () is the comparison function that
returns the average ranking distance of all the items when
the value of ) is set to « in the RTBR scheme, i.e., the mean
of |RETBR _ RAmazon| for gl j. Note that, as shown in
Equation 6. the smaller the value of A, the more emphasis
we put on the time-decay factor of public reviews. Since
each type of item has different sensitivity to the time-decay
of reviews, the algorithm tries to determine the value of A
that will ensure the results of the proposed RTBR scheme
are more representative and timely.

4 Evaluation

In this section, we evaluate the proposed RTBR scheme and
compare it with the current Amazon review system. We
present the properties of the dataset downloaded from the
bookstore department of Amazon . com in subsection 4.1,
and show the evaluation results in subsection 4.2. More-
over, we discuss the feasibility and implementation issues
of the proposed scheme in subsection 4.3.

4.1 Data collection and analysis

We wrote a crawler program to download data from
the bookstore department of Amazon.com at the end
of June 2011%. The downloaded data relates to books

8We note that the proposed approach is also applicable to the other
product reviews on Amazon.com. However, we do not include the evalu-
ation using the other products on Amazon.com in this study because the
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Table 1: The properties of the dataset downloaded from the
bookstore department of Amazon.com

Tag No. of products  Avg. no. of reviews
Animation 4,511 86
Autobiography 2,410 92
Business 6,780 52
Documentary 3,331 52
Programming 2,355 34
Psychology 5,780 63

tagged as Animation, Autobiography, Business,
Documentary, Programming, or Psychology. For
each book, the collected data contains the book’s title, the
author’s name, and the reviews received. Moreover, each
review contains the rating score, the reviewer’s name, the
timestamp, the number of times the book has been evalu-
ated, and the number of evaluations that deemed it useful.
For simplicity, in this study, we only consider the books
that have received more than five reviews. The dataset con-
tains 25,167 books and 1,644,871 reviews. Table 1 lists the
properties of the dataset.

Like the Amazon review system, we first calculate the
mean of the rating scores for each book in the dataset.
Then, we plot the mean score distribution on cumulative
distribution function (CDF) curves, as shown in Figure 1.
We find that 70% of the books have a mean score higher
than 4, and only 5% have a mean score lower than 3. The
results confirm the findings of previous studies that the
mean score distribution on the Amazon website is skewed
towards higher scores [6, 28]. Thus, the current Amazon
review system cannot be considered representative because
it lacks a discriminating capability.

Next, following [33], we set the value of v to 10, and
used Equation 5 to calculate the credibility of each review.
We used the Stanford Parser [18, 19] to parse every review
and compute its features. Then, for each category of books,
we collected the features from the reviews that have been
reviewed by at least 10 users as the training dataset, and
applied the e-Support Vector Regression (e-SVR) imple-
mented in LIBSVM [2] to build the SVM models®, which
were used to estimate the credibility values of the reviews
which are reviewed by less than 10 users. Table 2 lists the
properties of the training dataset and the regression perfor-
mance (in terms of the mean squared error o?). All results
are based on 10-fold cross validation.

Figure 2 shows the CDF distribution of the credibility
scores of the downloaded reviews. We observe that about
24% of the reviews are not credible (i.e., the credibility
value is less than 0.5), and only 12% of the reviews are
highly credible (i.e., the credibility value is higher than
0.8). It seems that a substantial number of reviews on the

number of the items differs greatly among different product categories,
and the number of the reviews per item varies a lot even within the same
product type. We defer a detailed discussion of this issue to a future work.

To be accurate, the SVM models should be updated periodically, for
each category of books, after real-world deployment.
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Figure 1: The CDF distribution of the mean scores of the downloaded Amazon dataset.
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Figure 2: The CDF distribution of the review credibility of the downloaded Amazon dataset.
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Figure 3: The CDF distribution of the ages of reviews in the downloaded Amazon dataset.

Table 2: No. of training data and mean squared error
2

Tag No. of training data o
Animation 53,850 0.0899
Autobiography 44,799 0.0618
Business 84,063 0.0708
Documentary 45,424 0.0775
Programming 17,156 0.0734
Psychology 95,050 0.0741

Amazon website are either unreliable (e.g., due to indi-
vidual preferences or unintentional bias) or malicious (e.g.,

due to ballot stuffing, bad mouthing, or intentional bias).
Again, the results confirm the findings of previous studies
as reported in [7, 15, 21, 28].

Moreover, in Figure 3, we plot the CDF distribution of
the ages of the 1,644,871 downloaded reviews (i.e., the
time since each review was posted until the data was col-
lected). Interestingly, only 13% of the reviews were posted
within the previous year, whereas more than 50% were
posted at least four years earlier. The results confirm that
the aging of reviews is a significant issue [28, 32]. For in-
stance, over time, a book may become popular (i.e., due to
advertising, promotion, or marketing) or outdated (i.e., due
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Table 3: Kendall’s rank correlation (7)

Tag Kendall’s rank correlation (7)
Animation 0.8507614
Autobiography 0.8617765
Business 0.8876215
Documentary 0.8533894
Programming 0.8666127
Psychology 0.8351172

to the release of a newer version of the product). Hence, the
aging factor must be carefully managed in order to improve
the discriminating capability of the review system.

4.2 Evaluation of the RTBR scheme and the
current Amazon review system

Next, we compare the review results of the proposed RTBR
approach and those of the Amazon approach (i.e., by tak-
ing the mean of all the received rating scores) using the
Kendall test [16]. Table 3 shows the Kendall’s rank cor-
relation (7) results. The Kendall’s rank correlation (7) is
effective in evaluating the degree of similarity between two
rankings given to the same set of objects. From the eval-
uation results, we observe that the ranking results of the
two approaches have a high correspondence, which is en-
couraging since the goal of the RTBR approach is to adjust
the Amazon approach by considering the credibility and
time-decay factor, it should not change the order of rank-
ing results of the Amazon approach drastically.

Then, using the dataset downloaded from the Amazon
website, Figure 4 shows the comparison results, where each
point represents a product with its corresponding rank-
ing (as a percentage) using the RTBR scheme and the
Amazon scheme. Each sub-figure is divided into three ar-
eas: 1) area I contains over-estimated products (i.e., the
review results of the RTBR scheme are far lower than
those of the Amazon scheme); 2) area II contains consis-
tently estimated products (i.e., the review results derived by
the RTBR scheme and the ordinary Amazon scheme are
within 4-5% of each other); and 3) area III contains under-
estimated products (i.e., the review results of the RTBR
scheme are far higher than those derived by the Amazon
scheme). Table 4 shows an example of two programming
books!? that are over-estimated and under-estimated re-
spectively.

The results in Table 4 show that the RTBR scheme can
improve the Amazon approach because it considers the
creditability and time-decay factors. Specifically, in Table
4, Book A is considered over-estimated under the Amazon
approach because most of the high-score reviews are ei-
ther outdated (e.g., all 5-star reviews were made in 2007)

10Book A: The Book of Qt 4: The Art of Building Qt Appli-

cations, ISBN: 1593271476, http://www.amazon.com/product-
reviews/1593271476; Book B: Object-Oriented  Programming
in C++, ISBN: 0470843993, http://www.amazon.com/product-

reviews/0470843993. (Accessed on September 1, 2011)
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Table 5: The distribution of the comparison results for the
downloaded Amazon dataset.

Tag Areal  Areall Arealll
Animation 50.14% 43.92%  5.94%
Autobiography  57.93% 37.26% 4.81%
Business 63.60% 3321%  3.19%
Documentary  37.98% 49.53% 12.49%
Programming  33.89% 55.41% 10.70%
Psychology 58.30% 34.59%  7.11%

or not creditable (e.g., one of the 5-start reviews were re-
garded not helpful by 34 reviewers). In contrast, Book B
is regarded under-estimated under the Amazon approach,
as its 5-star reviews are more creditable than 4-star reviews
(e.g., one of the 4-star reviews was accepted by one of 27
reviewers).

We summarize the distribution of the comparison re-
sults for the six categories of books in Table 5, and the
results show that only less than a half of the products have
consistent review results in both schemes, while the oth-
ers are dominated by over-estimation and next by under-
estimation. Moreover, the results are consistent with our
previous findings, which are based on the dataset of the
same categories collected in April 2008. To investigate
the causes of the inconsistent results, we design two tests,
namely a credibility test and a time-decay test.

1. Credibility Test

This test is designed to determine whether the incon-
sistency between the RTBR and Amazon schemes is
caused by the credibility of reviews. Suppose that
d(s;,5,x) is a comparison function that returns 1 if
8;,; = x, and 0 otherwise, as shown in Equation 7.
For the ¢-th product NV;, we calculate the credibility
factor D.(%,z) of each score value = using Equation
8. Then, we apply linear regression to analyze the
relationship between x and D.(i,z), and obtain the
slope L. (i) of the regression line. Based on the value
of L.(i), the Credibility Test reports TRUE (i.e., the
inconsistency is caused by review credibility) if 1)
L.(i) < 0 and the corresponding point of N; is in the
Area I, or 2) L.(i) > 0 and the corresponding point
of Nj is in area III; and it reports FALSE otherwise.

1 ,ifsiﬂj =X
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2. Time-decay Test

This test attempts to determine whether the inconsis-
tency between the RTBR and Amazon schemes is
caused by the time-decay of the reviews. We denote
ti maaz and t; miyn as the maximum and minimum val-
ues of t; ; for 1 < j < r; respectively. We divide



IMPROVING AMAZON-LIKE REVIEW SYSTEMS. ..

Informatica 35 (2011) 463-472

469

Table 4: The example of two programming books on Amazon.com that are over-estimated and under-estimated respec-

tively

Book A

Book B

Score  Data

Review Title

Ratio of people felt
helpful

Score  Data

Review Title

Ratio of people felt
helpful

5 2007/09/02  “Best book on QT 4” 12 of 16 4 2003/01/17  “Good OOP Book” 8 of 11
5 2007/10/14  “Arrived in good order” 0 of 34 5 2003/03/25  “Extremely well written and ENJOY- 4 of 4
ABLE Book”

5 2007/12/04  “It’s an excellent guide for any QT 6 of 7 5 2003/05/17  “Which C++ Book To Read First?” 39 of 40
programmer”

3 2008/07/02  “A Mixed Bag” 14 of 14 5 2003/09/16  “C++ enthusiast” 9 of 9

3 2009/03/21 “UI files are incompatible with Qt 3 of 3 5 2003/12/13 “Pure C++ Tutorial” 60f 6
4.57

4 2009/04/02  “Very Good Book” 1of2 4 2004/02/15 “GOOD BOOK, BUT...” 1 of 27

4 2009/10/15  “Pretty Good” lof 1 5 2008/01/11 “Good Start Point for Professionals” 20f2

4 2009/11/26 “Full of useful informaton” 00of 0 5 2008/07/09 “Well written, good examples” 0of 0

Ranking by Amazon.com: 50%
Ranking by RTBR: 68%

Ranking by Amazon.com: 7%
Ranking by RTBR: 2%
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Figure 4: Comparison of the review results derived by the proposed RTBR scheme and the Amazon scheme on the
downloaded dataset. The sample points in areas I, II, and III are considered to be overestimated, consistent (within +5%

error), and underestimated respectively.

the period between t; y,in, and ¢; ;4. into Y equal in-
tervals (for simplicity, Y is fixed at 10 in this study),
and assume that o (¢; ;,y) is equal to 1 when ¢, ; falls
in the y-th interval, as shown in Equation 9. For the
i-th product N;, we calculate its time-decay factor
D,(i,y) for each time interval y using Equation 10.
More specifically, in Equation 10, A(s; ;,5;) is equal
to 1 when s; ; > 5;, and O otherwise. Then, we apply
linear regression to analyze the relationship between y
and Dy (,y), and obtain the slope L;(7) of the regres-
sion line. Based on the value of L, (i), the Time-decay
Test reports TRUE (i.e., the inconsistency is due to the
time-decay of the reviews) if 1) L;(i) > 0 and the
corresponding point of N; isinarea I, or2) L;(i) < 0

and the corresponding point of V; is in area III; and it
reports FALSE otherwise.

1, if timin + (y—1)X(ti,maz—ti,min)

Y
O’(ti,jay) = < tiﬁj < ti,min + —yx(ti’maéiti’min)
0 , otherwise
Yoo JA( ) ®
. i1 0 (L5, y)Asi, 8
Dy(i,y) = =2 : ’ (10)

Sy o(tigy)

We examine the items that fall in area I and III using
the two test approaches, and summarize the results (i.e.,
whether they are caused by the credibility or time-decay
factors, or a combination of the two) in Table 6. From the
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Table 6: The evaluation results of the causes of under-
estimations and over-estimations using the designed credi-
bility test and time-decay test.

Subject  [Area| Credibility Time-decay Union
Animation | L | 0331%  56.85% 9L15%
Il | 98.88%  66.67% 99.63%
Autobiography] | | 3697%  6791%  8234%
Il | 96.55%  65.52% 100.00%

Business | L | 2195% 7067% 86.10%
Il | 97.69%  67.59% 100.00%
Documentary| 1 | S1-11%  6881% 9L19%
I | 99.04%  52.16% 100.00%

Programming| | | 534%  7691% 94.35%
Il | 9841%  55.16% 100.00%

Peychology | L | 3077% 7231% 8335%
Il | 98.78%  63.50% 100.00%

results, we observe that most of the inconsistency is caused
by the credibility of reviews. Moreover, we observe that
the credibility issue tends to cause more under-estimations,
while the time-decay issue causes more over-estimations.
We also find that, by combining the credibility and time-
decay tests, more than 82% of the inconsistency can be
classified. Since the RTBR approach considers the credi-
bility and time-decay issues, it is superior to the Amazon
approach because it provides more representative review
results.

4.3 Discussion

In this subsection, we discuss the implementation issue of
the proposed approach, and we demonstrate that the score
values can be updated in an incremental manner in the
proposed approach, thereby reducing greatly the compu-
tational complexity in real systems.

More specifically, we let N; denote the i-th item, s; ;
denote the j-th rating score of N;, r; denote the number
of users that have reviewed NNV;, and S; denote the score
of N; at time T. In addition, for the j-th review of N;,
w;,; denotes the review-credibility factor, and ¢; ; denotes
the time-decay factor. The system has to calculate the nu-
merator (A; = Z;;l wi, j®i,58:,5) and the denominator
B; = E;;l w; j¢; ;) respectively in order to obtain the
value of S; (cf. Equation 1), and there are two cases to
update the value of S;:

1. Case I: a new review for N; is input at time T"

In this case, we first obtain the review-credibility fac-
tor, w; r,+1, and the time-decay factor, ¢; ., 41, using
Equations 5 and 6 respectively. Then, the system will
update the values of A; and 5; using Equations 11 and
12 (i.e., consider the time decay of the previous values
of A; and B; by multiplying AT'=T ‘and plus the input
of the new r; + 1 th review), and derive the updated
score value S’ using Equation 13.

B.-C. Wang et al.

A= AT 4 Wiri+1Piri+18im+1 (A1)
By =BT 4 wirii1biri1 (12)

A,
S = 5 (13)

2. Case 2: the j-th review of N; is changed at time T’

In this case, we obtain the the new review-credibility
factor of the j-th review, wgﬁ_ by Equation 5, and up-
date the values of A; and B; using Equations 14 and
15 respectively (i.e., plus the offset caused by the up-
date of the j-th review). Then, we obtain the updated
score value S’; using Equation 13.

Al = Ai + (wi j — wij)dijsi
B= B+ (o] - i)

(14)
5)

As we can see in the above two cases, the score values of
each item can be updated in an incremental manner. Hence,
the computational complexity of the proposed approach is
moderate, and the proposed approach is feasible to be im-
plemented in real systems.

5 Conclusion

In this paper, we have discussed the review system of
Amazon.com, one of the most popular online vendors
in the world. We argue that the results published by the
Amazon review system are not representative because they
do not consider two essential factors, namely the credi-
bility and time-decay of reviews submitted by the public.
To address this issue, we propose the Review-credibility
and Time-decay Based Ranking (RTBR) scheme. Using
a dataset downloaded from the bookstore department of
Amazon.com, we compare the proposed scheme with the
current Amazon scheme, and demonstrate that the pro-
posed scheme is superior because it is more credible and
it provides timely review results. Moreover, we demon-
strate that the proposed scheme can update its parameters
in an incremental manner, and thus reduce greatly the com-
putational complexity in real world implementation. The
scheme is simple, effective, and applicable to other Web
2.0-based review systems in which the product reviews are
time-stamped and they can be evaluated by other users.
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To obtain a better representation for human detection, edge, color, and texture information have been com-
bined and employed. However, this combination results in an extremely high-dimensional feature space.
The large number of feature descriptors results in expensive feature extraction and requires a dimension
reduction process. Frameworks based on general purpose graphics processing unit (GPU) programming
have been successfully applied in computer vision problems and in this work we model the human detec-
tion problem so that multi-core CPUs and multiple GPU devices can be used to speed-up the process. The
experimental results show significant reduction on computational time when compared to the serial CPU

based approach.

Povzetek: Clanek obravnava prepoznavanje ljudi na slikah s pomodjo grafi¢nega procesorja.

1 Introduction

Human detection is a topic of interest in computer vision
since people’s locations play an important role in applica-
tions such as human-computer interaction and surveillance.
However, detecting humans in single images is a challeng-
ing task due to both inter- and intra-person occlusion and
variations in illumination and individual’s appearances and
poses.

There are two main approaches to human detection:
part-based [15, 8, 6] and subwindow-based [1, 2, 16]. The
first class of methods consists of a generative process where
parts of the human body are combined according to a prior
model. The latter class of methods aim at effectively de-
ciding if a human is located in a window by combining
low-level features extracted from subwindows (or blocks).

The work of Dalal and Triggs [2] obtained high detection
rates employing histograms of oriented gradients (HOG) as
feature descriptors. Subsequent improvements in human
detection have been achieved mostly by using combina-
tions of low-level descriptors [7, 9, 16, 18]. A strong set
of features provides high discriminatory power.

Edge, color and texture information are among the char-
acteristics able to distinguish between humans and back-
ground [13]. These clues can be captured by low-level
descriptors: the original HOG descriptors with additional
color information, called color frequency, and features
computed from co-occurrence matrices.

To allow more location and pose flexibility within the
detection window and to capture information at different
scales, features are extracted at different sizes, using over-
lapping blocks.

In order to augment the information of edge-based fea-

tures, we combine the original HOG with features provid-
ing texture and color information. Texture is measured us-
ing classical co-occurrence matrices [4], which have been
used previously for texture classification. To capture color
information we use a simple color extension of HOG fea-
tures, called color frequency. A consequence of augment-
ing the HOG features with color and texture features is an
extremely high-dimensional feature space.

Even though good results can be achieved using the de-
scribed feature combination (as we will show in the exper-
iments), the computational cost is directly influenced by
the large number of features considered; therefore, feature
extraction and dimensionality reduction become very ex-
pensive processes and need to be optimized.

GPU devices have become a powerful computational
hardware for a given price and multiple of such devices
may be attached to a single computer. This results in a pow-
erful computational tool when the application can be split
in several independent parts suitable to run in parallel. The
subwindow-based approach for human detection is suitable
for GPU implementation since the detection windows for
different regions in the image are independent and therefore
can be considered in parallel. Therefore, this work models
the human detection problem so that multi-core CPUs and
multiple GPU devices can be used to speed-up the process.

This paper is organized as follows. Section 2 describes
works related to the proposed one. Section 3 describes the
serial approach for the problem of human detection. Then,
in Section 4 we present the proposed parallel approach for
the problem. Experimental results comparing the serial and
parallel approaches are shown in Section 5. Finally, Sec-
tion 6 concludes with some final remarks.
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2 Related Work

Frameworks based on general purpose GPU programming
have been applied in computer vision problems and have
provided high performance computation in problems such
as feature tracking and matching [14], real-time stereo [5,
19], background subtraction [3], and motion detection [20].

To speed-up the detection process, we design the hu-
man detector implementation in such a way that we are
able to exploit parallel computational power provided by
multi-core CPUs and GPU devices. Our design also avoids
redundant computation of features shared by different de-
tection windows. As demonstrated in the experimental re-
sults, the proposed approach leads to a significant reduction
on the computational time.

Detection windows

»  Feature extraction

HOG co-oceurrence
color frequency
Dimensionality reduction PLS model

@feature vector

probability €— Classification QDA

Figure 1: Serial approach. For each detection window
in the image, features extracted using feature combina-
tion concatenated and analyzed by the partial least squares
(PLS) model to reduce dimensionality, resulting in a low
dimensional vector. Then, quadratic discriminative analy-
sis (QDA) is used to classify this vector as either human or
non-human. Finally, the probability of the detection win-
dow be classified as a human is output.

The work developed by Zhang and Nevatia [21] also uses
GPU for human detection. However, they do not exploit
the computational power of the multiple cores available in
nowadays CPUs and the availability of multiple GPU de-
vices attached to the computer, as we propose in this work.
In addition, since Zhang and Nevatia implement the work
proposed in [2], only features based on HOG are imple-
mented, which leads to poor results (as it will be shown in
the experimental results).

3 Serial Approach

In this section we review the serial approach for human
detection, based on the work of Schwartz et al. [13]. The
diagram shown in Figure 1 illustrates the steps of the serial
approach for human detection. We decompose a detection
window, d;, into overlapping blocks and, extracting a set of

W.R. Schwartz

features for each block, we construct the feature vector v;,
describing d;.

3.1 Feature Extraction

To capture texture, features extracted from co-occurrence
matrices are used [4]. These matrices provide informa-
tion regarding homogeneity and directionality of patches,
which are important in human detection once a person
tends to wear clothing composed of homogeneous textured
regions and there is a significant difference between the
regularity of clothing texture and background textures.

Edge information is captured using histogram of ori-
ented gradients, which captures gradient structures that are
characteristic of local shape [2]. In HOG, the orientation of
the gradient for a pixel is chosen from the color band cor-
responding to the highest gradient magnitude. Some color
information is captured by the number of times that each
color band is chosen. A three bin histogram is build to tab-
ulate the number of times that each color band is chosen.
This feature is called color frequency [13].

3.2 Dimensionality Reduction

To handle the high dimensionality resulting from the com-
bination of features, a statistical method called partial least
squares (PLS) [17] is employed as a linear dimensionality
reduction technique. PLS provides dimensionality reduc-
tion for even hundreds of thousands of variables, account-
ing for class labels in the process.

The basic idea of PLS is to construct a set of projec-
tion vectors W = {w1, wa, . .. w)} given the standardized
data summarized in the matrix X of descriptor variables
(features) and the vector y of response variables (class la-
bels). The objective of the procedure is to derive a small,
relevant set of latent variable vectors that captures the in-
formation inherent in the matrix X of descriptor variables
in a compact form [12].

The dimensionality reduction is performed by projecting
the feature vector v; extracted from a detection window
d; onto the latent vectors W = {w1, w2, ... wp}. Vector
z; (1 x p) is obtained as a result. This vector is used in
classification.

3.3 Classification

Once the feature extraction process is performed for all
blocks inside a detection window d;, features are concate-
nated creating an extremely high-dimensional feature vec-
tor v;. v; is then projected onto set of latent variables W
resulting in a low dimensional vector z;. For each vec-
tor z;, we use quadratic discriminant analysis to estimate
probabilities for the two classes, human and non-human.
PLS tends to produce latent vectors that provide an ap-
proximately linear separation of the two classes. This en-
ables us to use simple classifiers, such as QDA. Figure 2
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Figure 2: First two components of z; obtained from pro-
jecting feature vectors into latent vectors for human and
non-human classes. It is possible to see the clear separa-
tion between both classes provided by PLS used as a linear
dimensionality reduction technique.

shows the first two components of vectors z; for the dif-
ferent classes extracted from the training data. We see that
the classes do not overlap much, even in a 2-dimensional
projection space. One of the advantages of using a simple
classifier as QDA is that the computational time to perform
the classification task is very low.

Feature extraction and
Dimensionality reduction

l = GPU

‘GPUO‘ ‘GPU1""‘GPUK‘

i |Setof imagesll
Data structure creation

Probability map

Classification
Result combination

Figure 3: Parallel approach. Processing modules are exe-
cuted simultaneously in CPU and GPU devices. Data struc-
tures used in co-occurrence and HOG methods are created
in CPU. Such structures are used during the feature extrac-
tion and dimensionality reduction process performed on
GPU. Finally, the low dimensional features resulting from
multiple GPUs for each detection window are combined
and classified.
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4 Parallel Approach

Designs like the one illustrated in Figure 1 are not able to
take advantage of the full computational power provided
by current computers. Therefore, it is of interest to design
a detection approach that accomplishes the same task in a
parallel fashion.

To exploit parallelism, we propose the approach illus-
trated in Figure 3. This design distributes the processing
among the CPU and GPU devices available in the system
to reduce the idle time of the processors. In the follow-
ing subsections we describe the modules composing this
approach.

4.1 Data Structure Creation

Before performing feature extraction, some data structures
need to be created for each input image. Integral his-
tograms are created for HOG and matrices for the co-
occurrence methods.

Once the time to create the data structures is substan-
tially smaller than the feature extraction and dimensionality
reduction (as we will show in the experiments), these two
set of operations may be decoupled and executed in parallel
increasing the use of the computational resources. The data
structure creation is performed on the CPU and the fea-
ture extraction and dimensionality reduction on the GPU.
To synchronize between these devices, we add a queue so
that once the data structures are created for an image, they
are stored in the queue until the GPU devices become avail-
able to process that particular image.

4.2 Feature Extraction and Dimensionality
Reduction

In the serial approach, a detection window is decomposed
into overlapping image blocks from which are extracted
features to compose a feature vector. Since features for
different image blocks can be extracted independently and
a linear technique is used for dimensionality reduction, we
can exploit the multiprocessors available in GPUs to extract
features and reduce the dimensionality of multiple image
blocks simultaneously, then, at the end, combine the re-
sults to obtain a low dimensional feature vector to describe
a detection window.

In the GPU device, each multiprocessor consists of a
set of scalar processor cores and employs an architec-
ture called SIMT (single-instruction, multiple-thread). The
multiprocessor maps each thread to one scalar processor
core, and each scalar thread executes independently with its
own instruction address and register state. The implemen-
tation in this work uses the parallel computing architecture
developed by NVIDIA called Compute Unified Device Ar-
chitecture (CUDA) [11]. The extensions to C programming
language provided by CUDA allow that general-purpose
computation be performed in GPUs in a well-defined and
structured manner.
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To exploit the set of multiprocessors in a GPU, several
image blocks are processed simultaneously. This way, the
input of each GPU is a range of image blocks that need to
be processed and the intermediate results of feature extrac-
tion and dimensionality reduction are stored in an array f
containing an entry for each detection window in the cur-
rent image. f is indexed by the detection window index,
e.g. f, represents low dimensional features for the i-th de-
tection window. At the end, the results obtained from all
GPUs are combined so that the detection windows can be
classified.

Algorithm 5 Steps performed for each GPU.

Input: set of blocks {b;, bj11,...,b;}.
launch simultaneously GPU processes to extract features
and reduce dimensionality of all image blocks by, € {by, :
k=i,...,5}

Output: array f containing low dimensional feature vec-
tors for each detection window in the image.

Algorithm 5 describes the steps for each GPU device
used during human detection. According to this algo-
rithm, the feature extraction and dimensionality reduction
are scalable with the number of GPU devices available
since the image blocks can be divided among the devices
and their processing is independent.

Algorithm 5 launches a multithread process to extract
feature for each image block. Then, the dimensionality
reduction for all detection windows sharing that specific
block is performed. Once we use a sliding window to
search for humans, one image block may be shared by
several detection windows. The dimensionality reduction
needs to be performed for each one of these detection win-
dows. We describe this process as follows.

Given a image block by, features are extracted using co-
occurrence, HOG and color frequency methods and a fea-
ture vector vy, is composed. Let I, = {dk 0, dk,1, ..., dk,1}
be the set of detection windows sharing the image block
br. We project vy, onto latent vectors (learned using PLS)
corresponding to each detection window dy, ;. This com-
putes the contribution of features extracted from by, to the
detection window dj, ;. Finally, we add this contribution to
fdw, position corresponding to low dimensional feature
vector for detection window dj, ;. Algorithm 6 shows the
steps performed to process each image block assigned by
algorithm 5.

Since the last step of Algorithm 6 adds the contribu-
tion of each image block to a detection window and multi-
ple image blocks are processed simultaneously, two mul-
tithread processes may write at the same position of f
at once. To prevent this behavior without incurring un-
wanted overhead, the image blocks are sorted so that dif-
ferent blocks being processed at the same time do not share
a common detection window.

W.R. Schwartz

Algorithm 6 Steps to process each image block.

Input: image block by, list I, of detection windows shar-
ing block by, projection vectors of PLS model for dimen-
sionality reduction.
vy, < co-occurrence, HOG and color frequency features
extracted from image block by.
for each detection window dy, ; € I, do

load projection vectors for block by, for detection win-
dow d}€7 j
project vy, onto projection vectors
add projection result to f i
end for

4.3 C(lassification

Once the feature extraction and dimensionality reduction
is finished for an image, classification is performed. This
module is performed on the CPU because results (low di-
mensional feature vectors from GPUs) need to be com-
bined prior to the classification. Additionally, due to the
asynchronism between the CPU and GPU devices, queues
store the low dimensional feature vectors outputted from
each GPU device. After that, the feature vectors corre-
sponding to an image are added and then the classification
is performed resulting in a probability map for each image.

The addition of queues in the process also allows the use
of heterogeneous GPU devices, e.g. GPU models present-
ing different computational power.

S Experimental Results

Implementation Details For the INRIA Person
dataset [2], the setup of the feature extraction proposed
in [13] is used, as described as follows. The co-occurrence
features use block sizes of 16 x 16 and 32 x 32 with
strides of 8 and 16 pixels respectively. The color space
is converted to HSV and for each color band, 12 features
are extracted from co-occurrence matrices created for each
one of the four directions. The displacement considered is
1 pixel and each color band is quantized into 16 bins. The
described setup results in 63, 648 features.

For HOG feature extraction blocks with sizes ranging
from 12 x 12 to 64 x 128 are considered, resulting on 2, 748
blocks. For each block, 36 features are extracted, resulting
in a total of 98,928 features. In addition, the same set of
blocks is employed to extract features using the color fre-
quency method. This results in three features per block,
and the total number of resulting features is 8,244. Con-
sidering the aggregation of the three feature channels, the
resulting feature vector extracted from one detection win-
dow contains 170, 820 elements.

Performance of the Serial Approach Initially, we de-
scribe results achieved by the serial detection method in or-
der to show that efforts to obtain a fast implementation are
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Figure 4: Comparison of the serial approach used in the optimization with other methods in multiple human detection

datasets.

worthwhile. We compared its performance to other meth-
ods in the literature using two standard human detection
datasets: the INRIA Person dataset [2] and the Daimler-
Chrysler Pedestrian Classification Benchmark dataset [10].
For the DaimlerChrysler dataset, the number of elements
in the feature vector is reduced due to he smaller size of the
samples.

Figure 4(a) compares results obtained by the serial ap-
proach used in the GPU optimization with works pub-
lished previously. Figure 4(b) compares results obtained
by the serial approach with results reported in [7, 10].
Curves in Figure 4(a) are presented using detection error
tradeoff curves on log-log scales. The z-axis corresponds
to false positives per window (FPPW), defined by False-
Pos/(TrueNeg + FalsePos) and y-axis shows the miss rate,
defined by FalseNeg/(FalseNeg + TruePos). While, curves
in Figure 4(b) show detection rate instead of miss rate on
the y-axis and both axes are shown in linear scales.

For both datasets, the results obtained with the described
feature combination method outperform the other methods
in regions of low false alarm rates, which are considered
important regions for the human detection problem.

In addition, Figure 5 shows results obtained in full im-
ages obtained from the Google images and from the testing
set of the INRIA Person dataset. To be able to detect peo-
ple with different sizes, 11 different scales were considered
for each image. The high number of detection windows
resulting from the multiple-scale detection in each image
also justifies the idea of considering a GPU-based imple-
mentation to speed-up the detection process.

Speed-up To test the performance of the parallel imple-
mentation we conducted experiments using sets of GPU
devices NVIDIA GeForce 9800 GX2 and NVIDIA Tesla
C870. Four GPU devices model GeForce 9800 GX2 were
available in a Intel Core 2 Quad Q9450 2.66GHz with 4GB
of RAM memory and two GPU devices model Tesla C870
were available in an AMD Opteron Dual 2218 2.6GHz with
2Gb of RAM memory. In the experiments we performed

human detection in 100 images with 320 x 240 pixels using
shift of 4 pixels between consecutive detection windows.

Table 1 shows the computational time obtained by the se-
rial and parallel approaches using GeForce 9800 GX2 GPU
devices. Similarly, Table 2 shows the results obtained using
Tesla C870 GPU devices. Transfer time refers to the time
spent copying data from the CPU to GPU, and vice-versa.
Overhead is the computational time required to cache the
features to be used for different detection windows in the
serial approach. On the serial implementation, the cache is
implemented so that features computed for an image block
are stored to be used subsequently by different detection
windows sharing that block.

According to Tables 1 and 2 we see that the parallelism
between CPU and GPU is being exploited since the data
structure creation time does not contribute significantly to
the total computational cost. In addition, the multiproces-
sors in the GPU allow time reduction during feature extrac-
tion and dimensionality reduction.

The last two rows of tables 1 and 2 show the number of
detection windows processed per second and the speed-up
obtained when compared to the serial approach. Although
the gain in speed is not linearly proportional to the number
of GPUs, due to increasing time to data structure creation
and data transfer, we see significant speed-up when more
GPU devices are added into the system.

6 Conclusions

In this work we described a parallel design exploiting
multi-core CPUs and multiple GPU devices for the human
detection problem. The results have shown that the compu-
tational power of both CPU and GPUs can be exploited to
obtain a faster implementation.

Even though the optimization framework described in
this paper is focused on human detection, it is general
enough to be easily applied to other object detection tasks
relying on sliding detection windows.
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CPU 1 GPU 2 GPUs | 3GPUs | 4 GPUs
Data structure creation - 39.86s 41.82s 43.97s 47.42s
Transfer time - 21.27s 23.96s 26.44s 34.83s
Overhead 243.76s - - - -
Feature extraction + dim. reduction | 785.58s 394.06s | 207.97s | 137.56s | 112.31s
Total time 1029.34s | 418.14s | 217.15s | 149.19s | 128.95s
detections/second 183.44 451.57 869.55 1265.65 | 1464.41
speed-up 1x 24x 4.7x 6.8 % 7.9%

Table 1: Computational time and speed-up for serial and parallel approaches using NVIDIA GeForce 9800 GX2.

CPU 1 GPU 2 GPUs
Data structure creation - 66.06s 93.52s
Transfer time - 8.20s 26.87s
Overhead 904.02s - -
Feature extraction + dim. reduction | 1897.48s | 228.68s | 133.29s
Total time 2801.50s | 238.02s | 164.05s
detections/second 67.40 793.30 1151.01
speed-up 1x 11.7x 17.1x

Table 2: Computational time and speed-up for serial and parallel approaches using NVIDIA Tesla C870.

s
URANUBA

Figure 5: Results obtained in full images containing people of multiple sizes.
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The resource-based view (RBV) ascribes superior firm performance to firm resources and capabilities.
In recent years, much debate about the value of e-business has been raised because of the costly
investments required. Although studies have found positive relationships between e-business and firm
performance, there is a need to further investigate into these topics. Since innovation has become a key
factor for increasing the competitiveness of firms and e-business has been proposed as complement to
innovation, this paper analyses, based on the RBV perspective, whether companies with high level of
Internet resources and with high e-innovation are more effective electronically. The methodology
involved a large sample firms and data collected by the European e-Business Market Watch, an
established e-business observatory sponsored by the European Commission. Results indicated that
differences of e-sales effectiveness of firms with high and low Internet resources were not statistically
significant, while on the contrary firms with a high level of e-innovation outperformed on e-sales

effectiveness.

Povzetek: Clanek preucuje, koliko raznovrstna uporaba interneta izboljsa spletno prodajo.

1 Introduction

The relationship between information technology (IT)
and business value has been the subject of much research
over the past decade. The results of these studies were
varied and the term “productivity paradox” was coined to
describe such findings. Nonetheless, recent studies have
found positive and stronger linkages, and have attributed
the productivity paradox to variation in methods and
measures [22, 44]. Firms make important investments in
the development of costly IT infrastructures to benefit
from the real-time connectivity and collaboration
capabilities provided by the Internet, and to conduct
various types of e-business activities [18, 38, 50, 51].
Therefore it is quite important to understand whether and
how such IT and Internet-related infrastructures create
business value, so that appropriate guidance can be
provided to managers.

Although IT in general and e-business provide distinct
value propositions to the firm, it has been argued that the
technology itself is available to all firms (including
competitors), so it will rarely create superiority. In this

sense, evidence suggesting that IT spending rarely
correlates to superior performance exists [22, 9, 11, 34,
40, 44]. However, even though competitors may copy an
IT infrastructure, relative advantage can be created and
sustained in cases where the technology leverages some
other critical resources. The literature suggests that a
number of such complementary resources, such as size,
structure, culture, and so on, that could make it difficult
for competitors to copy the total effect of the technology
[3, 2, 30]. This complementarity of resources is a corner
stone of the resource-based view (RBV) of the firm [4,
28] and has been offered as an explanation of how IT has
largely overcome its paradoxical nature and is
contributing to business value [6, 7, 15, 34, 43].

Innovation can be defined as the search for, the discovery
and development of new technologies, new products
and/or services, new processes and new organizational
structures [10]. Many researchers [e.g. 23] emphasized
the role of IT as an enabler of innovation, suggesting that
IT produces innovations in business processes, products
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and services that lead to better firm performance [9, 12,
13, 16, 24, 25, 27]. In this sense, there is considerable
literature arguing that Internet technologies have enabled
substantial transformations in firms with regard to their
business models, internal processes, value propositions
and services, providing considerable benefits [1, 36, 49,
54, 55, 59]. As a result, research is starting to focus on
analysing whether and how the web is and will change
innovation within and between companies.

To respond to these challenges, this paper examines,
grounded in resource-based view (RBV) of the firm
perspective, whether companies with high level of e-
innovation are more effective electronically, which is
measured as the effectiveness of online sales. Also, it
assesses whether the level of Internet resources is related
to e-sales effectiveness. The analysis employs data from
a large sample of firms from different industries, which
have been collected by the European e-Business Market
Watch (www.ebusiness-watch.org), an established e-
business observatory organization sponsored by the
European Commission. The results of this analysis are
interesting to researchers, firms’ managers of various
levels and consultants dealing with e-business and/or
innovation.

The paper consists of six sections and is structured as
follows: The next section 2 outlines the background of
this study. Following that, the data and methodology of
this study are discussed in section 3. Then, data analysis
and empirical results are presented in section 4. Finally,
the paper ends with a discussion of research findings in
section 5, and conclusions, limitations and proposed
future research directions in section 6.

2 Literature Review

2.1 The RBV within IT and e-business
literature

The RBV of the firm has its origins in the management
strategy literature and has been used in a variety of
management, including management of information
systems, to explain and study the sources of sustained
competitive advantages [4, 42]. The RBV is based on
two underlying arguments: resource heterogeneity and
resource immobility. Resources and capabilities
possessed by competing firms are heterogeneously
distributed and may be a source of competitive advantage
when they are valuable, rare, difficult to imitate, and not
substitutable by other resources [4, 52]. At the same
time, resources and capabilities are a source of sustained
competitive advantage, that is, differences may be long
lasting (resource immobility) when protected by barriers
to imitation [33] or isolating mechanisms such as time-
compression  diseconomies,  historical  unigqueness,
embeddedness and causal ambiguity [4, 39].
Consequently, the RBV suggests that the effects of
individual, firm-specific resources and capabilities on
performance can be significant [33].

The RBV provides a solid foundation to differentiate
between IT resources and IT capabilities and to study
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their separate influences on performance [43]. Based on
this analysis, Bharadwaj [6] suggested that if firms can
combine IT related resources to create unique IT
capabilities, they can improve their performance. IS
researchers have followed this consideration of IT
capability because competition may easily result in the
duplication of investment in IT resources, and companies
can purchase the same hardware and software to remove
competitive advantage [43]. In this respect, research
offers a useful distinction between IT resources and IT
capabilities. The former is asset-based, while the latter
comprises a mixture of assets formed around the
productive use of IT, being capabilities are rooted in
processes and business activities [44].

In general, IT resources are not difficult to imitate;
physical technology is by itself typically imitable. If one
firm can purchase these physical technologies and
thereby implement some strategies, then other firms
should also be able to purchase these technologies, and
thus such tools should not be a source of competitive
advantage [4]. However, firms may obtain competitive
advantages from exploiting their physical technology in a
better (and/or different) way than other firms, even
though competing firms do not vary in terms of the
physical technology they possess. IT resources are
necessary, but not a sufficient condition, for competitive
advantages [15]. IT resources rarely contribute directly to
competitive advantage. Instead, they form part of a
complex chain of assets (IT capabilities) that may lead to
better performance. Thus, some researchers have
described this in terms of IT capabilities and argue that
IT capabilities can create uniqueness and provide
organizations a competitive advantage [6, 7, 34, 43].

This research framework is very useful for our study,
because it enables on the one hand to distinguish between
Internet resources (an IT resource) and, on the other
hand, the results from the e-innovation capability (a
mixture of resources, including IT resources) and, then,
to examine the effect of each one on e-effectiveness.
Internet resources are not difficult to imitate. Internet
technology is by itself imitable. If one firm can purchase
certain Internet technologies and thereby implement
some strategies, then other firms should also be able to
purchase these technologies and implement similar
strategies. These arguments suggest that Internet
resources may not have a significant impact on e-
effectiveness.

2.2 E-business and Innovation

There is considerable literature analyzing the innovative
potential of the Internet/e-business. This existing
literature concludes that e-business enables and drives
significant innovative transformations regarding business
models, value propositions, products and services of
firms and internal business processes, which can offer
substantial benefits [1, 54, 55, 49, 48, 59]. Amit and Zott
[2], based on one hand on a broad theoretical foundation
concerning virtual markets, value chain analysis,
Schumpeterian innovation, resource-based view of the
firm, strategic networks and transaction cost economics,
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and on the other on extensive cases study, proposed four
dimension of innovation and value creation in e-business:
transaction  efficiency, novelty, complementarities
(between various products and services, on-line and off-
line assets, activities) and customers lock-in. Wu and
Hisa [54, 55] categorise the innovations caused by e-
commerce based on the extent of change in product’s
core components (defined as ‘the distinct portions of the
product that embody the core design concept and
perform a well-defined function’) and on the extent of
change in the business model (defined as ‘the way in
which the components are integrated and linked into a
coherent whole’) into four groups: incremental
innovation (no significant changes in core components
and business models), modular innovation (considerable
changes in core components but not in business model),
architectural innovation (considerable changes in
business model but not in core components) and radical
innovation (considerable changes in both core
components and business model). Tavlaki and Loukis
[48] propose a methodology for designing new ‘digital
business models’, which consists of six stages: design of
value proposition, design of production architecture
(value chain), definition of value chain actors, analysis of
competition, design of economic model and elaboration
of relations among actors. Another research stream
focuses on analysing how the web supports ‘distributed’
collaborative innovation creation both within and among
firms. Timmers [49] argues that Internet gives rise to
new business models, and describes the most important
of them: e-shop, e-procurement, e-auction, e-mall, third
party marketplace, virtual community, value chain
service provider, value chain integrator, collaboration
platform, information brokerage and trust services.
Zwass [59] argues that the WWW/Internet compound
enables significant innovations in the way organizations
arrange their business processes, address their
marketplaces and partner with other organizations; also,
he proposes a large number of innovation opportunities
grouped in eleven categories associated  with
marketplace, universal supply-chain linkage, network of
relationships, collaboration, use of forum, interactive
media, goods and services delivery, anytime-anywhere
connectivity,  development  platforms,  universal
telecommunications networks and computing utility.

The RBV research framework is also useful for our
study, because it enables to suggest that the results from
the e-innovation capability (a mixture of resources,
including Internet resources) are firm-specific and,
hence, may have a positive impact on e-effectiveness.
That is, merely having Internet resources may not
generate value per se, but if these resources are used in
combination with other resources to build IT capabilities
such as the e-innovation capability, the output from this
type of capabilities is, in accordance with the RBV,
business value and effectiveness improvements.
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2.3 Organizational Impact of e-Business
and e-innovation: e-effectivess

The evaluation of the organisational performance impact
of ITs is also an important issue within the area
management information systems. In this sense, firm
performance has been principally measured by subjective
measures [e.g., 17, 32, 44, 45, 57] or by using financial
measures [e.g., 5, 35, 58]. The first normally uses senior
executives as the key informants on the subjective
measures of firm performance. These studies has
produced considerable evidence that e-business has a
positive impact on various non-financial and financial
measures of organizational performance. However, none
of these studies has dealt with e-innovation and its
impact on performance. Given the fact that e-business
investments may provide benefits after a certain period
but increase operating costs in the short term, the locus of
impact, the business process, should be the primary level
of analysis. As a result, some researchers have given up
on trying to correlate financial results with IT
investments and suggest focusing on the actual processes
that IT is supposed to enhance [37]. These arguments
lead to the conclusion that a process approach should be
used to explain the generation of IT value from a
resource-based perspective, and this is the approach
adopted in this study. The present research uses the
effectiveness of online as a measure of firm performance.
The business value of this process is discussed here.
Selling online can potentially provide distinct value
propositions to the firm. These come from its positive
impact on the volume of sales, the nhumber of customers
and the quality of customer service. The Internet enables
high reach and richness of information [19] and connects
firms to consumers or potential consumers in geographic
areas that would be costly to reach before the Internet
[46]. All this can help increasing sales and number of
customers. Moreover, virtual communities enable
frequent interactions with customers on a wide range of
topics and thereby create a loyalty and enhance
transaction frequency [2]. At the same time, e-business
allows innovation in the way firms do business (new
business models) and the introduction of new products
and services, which may again influence sales and
number of customers. In addition, selling online can
provide value through the automation of the sales
processes, which reduces overall load on staff supporting
the customer and allows staff to focus on more complex
tasks or on exceptions instead of routine tasks.

3 Methodology

3.1 Data

The data source for the present study is the European e-
Business Market Watch (www.ebusiness-watch.org), an
initiative launched by the European Commission for
monitoring the adoption of IT and e-business activity in
Europe. The field work of the survey was conducted by
Ipsos Eco Consulting on behalf of the e-business Watch
and was carried out using computer-aided telephone
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interview (CATI) technology. Telephone interviews with
decision-makers in firms were conducted. The decision-
maker targeted by the survey was normally the person
responsible for IT within each firm, typically the IT
manager. Alternatively, particularly in small firms not
having a separate IT unit, the managing director or owner
was interviewed.

Number of employees % N
1-9 384  33g
10-49 25.8 261
50-249 26.8 271
More than 249 8,9 90
Respondent title % N
Owner/proprietor 12.1 122
Managing director 19.6 198
Strategy development 1.9 19
Head of IT/DP 22 222
Other IT senior member  32.4 327
Others 121 122

Table 1: Sample Characteristics.

The population considered in this study was the set of all
firms which are active at the national territory of Spain
and which have their primary business activity in one of
ten highly important sectors considered. The sample
drawn was a random sample of firms from the respective
sector population with the objective of fulfilling strata
with respect to business size. A share of 10% of large
companies (250+ employees), 30% of medium sized
enterprises (50-249 employees) and 25% of small
enterprises (10-49 employees) was intended. The final
number of firms totalled 1,010. As shown in Table 1,
91.1% of firms were small or medium-sized, and each
sector considered had a share of around 10% of the total
sample.

With regard to respondents’ positions, 54.4% were IS
managers, nearly 20% were managing directors, and
12.1% were owners. The dataset was examined for
potential bias in terms of the respondents’ positions.
Since respondents included both IT managers and non-1T
managers, one could argue that IT managers may
overestimate e-business value. To test this possible bias,
the sample was divided into two groups: responses from
IS managers (heads of IT/DP and other IT senior
managers) versus responses from non-IS managers
(owners, managing directors and others). One-way
ANOVA was used to compare the means of factor scores
between the two groups. No significant differences were
found, suggesting that the role of the respondents did not
cause any survey biases.

3.2 Measures of variables

Measurement items were introduced on the basis of a
careful literature review. Confirmatory factor analysis
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(CFA) was used to test the constructs. Based on the CFA
assessment, the constructs were further refined and then
fitted again. Constructs and associated indicators, as well
as prior research support, are listed in the Appendix and
discussed below.

Internet resources: This construct represents the adoption
of physical Internet technologies. In this sense,
respondents were required to assess the presence various
Internet technologies. These indicators were obtained
from the literature on e-business adoption [31, 44, 57,
58].

E-innovation: This construct assessed whether firm made
innovations in product/services and processes directly
related to or enabled by Internet-based technology.
Indicators were extracted from the literature on e-
innovation [1, 23, 29].

E-sales effectiveness: As discussed in section 2, the
present research measures the effectiveness of online
sales by its impact on the volume of sales, the number of
customers, the quality of customer service and the costs
of logistics and inventory) for measuring e-business
value. It was measured by 5 items following previous
literature [44, 54, 55, 57].

3.3 Instrument validation

CFA using AMOS was conducted to assess empirically
the above constructs theorized. Multiple tests on
construct validity and reliability were performed. Model
fit was evaluated using the maximum likelihood (ML)
method. The measurement properties are reported below
(Table 2):

Construct reliability. All constructs had a composite
reliability over the cut-off of 0.70 [47], and also the
average variance extracted for all exceeded the preferred
level of 0.5 [14].

Content and construct validity. This validity was verified
by checking the meanings of indicators and by a careful
literature review. Construct validity has two components:
convergent and discriminant validity. After dropping
insignificant items, all estimated standard loadings were
significant, suggesting good convergent validity. To
assess the discriminant validity, the Fornell and
Larcker’s [20] criterion, that average variance extracted
for each construct should be greater than the squared
correlation between constructs, was used. All constructs
met this criterion.

The insignificant p-value (p = 0.187) for the chi-square
statistics implied good absolute fit. The root mean square
error of approximation (RMSEA) was below the cut-off
value 0.08 suggested by Browne and Cudeck [8]. Five
incremental fit indices were all above the preferred level
of 0.9 [21].

In conclusion, the overall fit statistics, validity, and
reliability measures allow the confirmation of the
proposed constructs.
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Internet Resources (IR) ('\éestg) I('Sei\ée; € ;I'S-Itgs)t

High level IR firms 11.71

Low level IR firms 11.66 0.845 0.934
. . Mean | Levene T-test

E-innovation (EI) (ESE) | (Sig) (Sig)

High level EI firms 12.01

Low level EI firms 9.55 0.428 0.001

) . cv Composite
Factor | Indicat. | Loadings (t-value) | Reliability
IR1 0.506 -
b
r LIR2 0.722 11527 | scRr=0.909
IR3 0.560 10.79° |AVE=0.716
IR4  [o576  [10.96°
EI Ell 0.700 - SCR = 0.960
El2 0.860 4.855% | AVE =0.923
ESE1  |0.655 B
51577 | SCR =0.830
ESE ESE2 0.827 . AVE = 0.621
ESE3  |0.683 5.311

Note. p<0.05% p<0.01°

IR: Internet resources; El: e-Innovation

ESE: e-Sales effectiveness

Insignificant factors are dropped (IR5 and ESE4)

CV: Convergent validity; SCR: Scale composite
reliability

AVE: Average variance extracted; (--): Fixed items in
the scale

Table 2: Measurement Model.

4 Empirical Results

In order to test whether E-sales effectiveness is
influenced by the level of Internet resources and the level
of e-innovation within firms, statistical techniques of
group differences were employed. More specifically, the
T-test was applied after having checked parametric
assumptions as well as homogeneity of group variances
(Levene’s test of significance >0.05). The sample was
divided according to the mean of then Internet resources
and the mean of e-innovation constructs, respectively.
Internet resources was introduced as a two-level
categorical variable, coding whether the firm had Internet
resources above the mean (low level of Internet resources
firms) or below it (high level of Internet resources firms).
E-innovation was introduced as a two-level categorical
variable, coding whether the firm had introduced e-
innovations above the mean (low level of e-innovation
firms) or above it (high level of e-innovation firms).
Internet resources were those with Internet resources
below the mean. Similarly, firms with high e-innovation
were firms with e-innovation above the mean, while
firms with low e-innovation were those with e-innovation
below the mean.

An examination of the underlying distribution of the
variables and the Levene’s test of significance (p> 0.05)
suggested a parametric test would be more appropriate
(see table 3). Results showed that the association
between Internet resources and e-sales effectiveness was
not statistically significant (p= 0.934), while e-sales
effectiveness was influenced by e-innovation (p= 0.001).

Table 3: Internet resources, e-innovation and e-sales
effectiveness.

5 Discussion

Previous literature concludes that e-business enables and
drives significant innovative transformations regarding
business models, value propositions, products and
services of firms and internal business processes, which
can offer substantial benefits This paper examines,
grounded in the resource-based view (RBV) firms,
whether companies with high level of Internet resources
and with high e-innovation are more effective
electronically. Moreover, it is intended to offer results
more widely applicable than studies of Internet leaders or
IT industry companies. In this sense, this study attempts
to offer an explanation to why there are cases where
firms engage in e-business without deriving any benefits.
The results showed that firms with a high level of
Internet resources did not outperformed on e-sales
effectiveness. This finding indicates that, since
competitors may easily duplicate investments in Internet
resources by purchasing the same hardware and software,
Internet resources per se do not provide better
performance. This can be explained through the RBV,
because IT is not considered a resource that is difficult to
imitate, since IT is widely available and at declining
prices. This result supports the findings of recent
research [7] that did not find evidence of a positive link
between IT quality and firm performance. Similarly,
Powell and Dent-Micallef [40] showed that IT by itself
cannot be a source of competitive advantage. Thus, our
results extend the conclusion of previous research that
technology by itself will rarely create business value.
Moreover, results demonstrated that firms with a high
level of e-innovation outperformed on e-sales
effectiveness. This finding supports existing empirical
research using the RBV domain [6, 41, 43], which found
that firms create competitive advantages though
intermediary effects, such as IT being embedded in
products and services and streamlined business
processes, which in turn affect higher levels of firm
performance. Findings also support extant literature
which concludes that e-business enables and drives
significant innovative transformations regarding business
models, value propositions, products and services of
firms and internal business processes, which can offer
substantial benefits [2, 54, 55, 48, 49, 59].
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6 Conclusion

In recent years, much debate about the value of IT and e-
business has been created, due to the gap between e-
business investment and the lack of empirical evidence
on e-business value. Thus, today IS researchers face
pressure to answer the question of whether and how e-
business affects firm performance. Since innovation has
become a key factor for increasing the competitiveness
of firms and e-business has been proposed as
complement to innovation. To respond to these
challenges, this paper examines, grounded in resource-
based view (RBV) of the firm perspective, whether
companies with high level of e-innovation are more
effective electronically, which is measured as the
effectiveness of online sales. Also, it assesses whether
the level of Internet resources is related to e-sales
effectiveness. Results indicated that differences of e-sales
effectiveness of firms with high and low Internet
resources were not statistically significant, while on the
contrary firms with a high level of e-innovation
outperformed on e-sales effectiveness.

The study provides an important implication for
managers. E-business resources are easy to duplicate,
and, hence, per se do not provide competitive
advantages. Although Internet resources are argued to be
valuable, they will rarely lead to superior performance.
However, when Internet resources are used
appropriately, in combination with other resources, they
are expected to facilitate product/service innovation and
process innovation. That is, merely having Internet
resources may not generate value per se, but if these
resources are used in combination with other resources to
build IT capabilities such as the e-innovation capability,
the output from this type of capabilities, in accordance
with the RBV, is business value and effectiveness
improvements.

While this study presents interesting findings, it has some
limitations which can be addressed in future research.
First, the sample used was from Spain. It may be possible
that the findings could be extrapolated to other countries,
since economic and technological development in Spain
is similar to other OECD Member countries. However, in
future research, a sampling frame that combines firms
from different countries could be used in order to provide
a more international perspective on the subject. Second,
the e-business value measures are subjective in the sense
that they were based on Likert-scale responses provided
by managers. Thus, it could also be interesting to include
objective performance data for measuring e-business
value. Third, the key informant method was used for data
collection. This method, while having its advantages,
also suffers from the limitation that the data reflects the
opinions of one person. Future studies could consider
research designs that allow data collection from multiple
respondents within firms.
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Appendix. Measures

Constructs & .. Literature
. Description
Indicators Support
Does your company have a
IR1 website? (Y/N) [31, 44, 57, 58]
Does your company use an
IR2 Intranet? (Y/N) [31, 44,57, 58]
Does your company use an
IR IR3 Extranet? (Y/N) [31, 44, 57, 58]
Does your company use a LAN?
IR4 (YIN) [31, 44, 57, 58]
Does your company use a WAN?
IR5 (Y/N) [31, 44, 57, 58]
Have any of your product/service
innovations over the past 12
Ell months been directly enabled by (1,23, 29]
Internet-based technology? (Y/N)
EI Have any of your process
innovations over the past 12
EI2 months been directly related to or [1, 23, 29]
enabled by Internet-based
technology? (Y/N)
What effect has selling online on
ESE1 your sales? (1-5) [44, 54, 55, 57]
What effect has selling online on
ESE ESE2 the num. of customers? (1-5) [44, 54, 55, 57]
What effect has selling online on
ESE3 | the quality of your customer [44, 54, 55, 57]
service? (1-5)

Note. IR: Internet resources; El: e-Innovation;
ESE: e-Sales effectiveness
(1-5), five-point Likert-type scale; (Y/N), dummy variable
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In this paper, we present a new algorithm to detect and resolve generalized deadlocks in distributed
systems. The algorithm constructs a distributed spanning tree by diffusing probes along the edges of the
Wait-For Graph (WFG) and collects a reply that carries the dependency information of processes to
determine a deadlock. Unlike the previous algorithms, it performs reduction whenever it receives a reply
from an active process. Moreover it isolates termination detection from deadlock detection, and
terminates the execution once it detects a deadlock. It has a worst-case time complexity of d+2 and
message complexity of e+2n; where n is the number of nodes, e is the number of edges and d is the
diameter of the WFG. Correctness proof and performance analysis for the algorithm are also provided.
Furthermore, it minimizes the message length and message overhead associated with deadlock

resolution as compared with the existing algorithms.

Povzetek: Clanek preucuje problem smrtnega objema v porazdeljenih sistemih.

1 Introduction

In a distributed computing environment, if a process
needs a resource on the remote site for its computation, it
sends a request message to the desired site. If the resource
is available, it will be granted to the requesting process
immediately; otherwise, the requesting process waits
indefinitely until its request is granted. This will lead to a
deadlock in distributed systems where a set of processes
wait indefinitely for each other to satisfy their requests.
Since deadlock reduces the resource availability and
throughput, it should be detected and resolved promptly.
However, deadlock is very difficult to detect as well as
resolve in distributed systems due to the presence of
multiple sites. In general, the interdependency among the
distributed processes is modeled by a directed graph
known as the Wait-For Graph (WFQG) [1,2]; where each
node represent a process and an edge from a node ‘i’ to
node ‘j’ indicates that process ‘i’ is requested a resource
from process ‘j° and process ‘j’ is not granted a resource
to process ‘i’. A deadlock is defined differently
depending upon the underlying resource request model
such as Single-Resource model, AND model, OR model
and P out-of Q model [1,7]. In the Single Resource and
AND model, a process needs all requested resources to
continue its execution. Hence, the presence of cycle in
the WFG implies a deadlock. In the OR model, a
process proceeds the execution only if any of the
requested resource is granted. Therefore, the
presence of knot is necessary to determine OR deadlock.
In the P out-of Q model, a process makes requests for Q
resources and remains blocked until it is granted any P
resource. Since AND and OR model are the special case

of P out-of Q model, it is also referred as generalized
request model. A generalized deadlock corresponds to a
deadlock in the generalized request model. The
generalized request model is quite common in many
domains such as resource management in distributed
operating systems, communicating sequential processes
and quorum consensus algorithms in distributed
databases [11,12,16]. A cycle in the WFG is necessary
but not sufficient condition whereas a knot is sufficient
but not necessary condition for a generalized deadlock.
Since detection of generalized deadlock requires the
detection of a complex topology in the WFG, only few
generalized deadlock detection and resolution algorithms
[4,5,7,8,10,12,15,16] have been proposed in the
literature. Most of them have used the diffusion
computing technique [1] in which a distributed
computation is initiated by a single node and joined by
other nodes only after receivinga message. The
generalized deadlock detection algorithms are grouped
into two categories namely centralized and distributed
algorithms based on the existence of the WFG. In the
centralized algorithms, the initiator maintains the entire
information to determine a deadlock whereas in the
distributed algorithm the information is spread across
multiple sites.

1.1 Literature survey

In general, the distributed algorithms [4,5,7,10,12]
have used ‘record and reduce’ principle to detect the
generalized deadlocks. According to the technique, the
algorithm records the consistent snapshot of distributed
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WFG and performs reduction later to determine a
deadlock. The algorithm proposed by Bracha and Toueg
[4] consists of two phases. In the first phase, the initiator
records a snapshot by propagating the probes along the
edges of the WFG. In the second phase, the algorithm
simulates the granting of resources to determine a
deadlock. The second phase is nested within the first
phase. It exchanges 4e messages in 4d time units, where
e is the number of edges and d is the diameter of the
WFG. By following the approach in [4], Wang.et.al [5]
developed another algorithm in which an explicit
termination technique is used to detect the end of the
first phase. The second phase begins only after the first
phase is finished. Although it reduces the time
complexity of [4] into 3d+1, it needs 6¢ messages to
detect a deadlock. Moreover, both [4] and [5] have
failed to resolve deadlocks. The algorithm in [10]
records as well as reduces the WFG simultaneously to
determine a deadlock. It records a consistent snapshot of
distributed WFG in the outward sweep and reduces in
the inward sweep in a single phase. It uses 4e-2n+41
messages in 2d time units to find out whether the
initiator is deadlocked, where n is the number of nodes
and 1 is the number of leaf nodes in the WFG. However
it deals with the complications introduced because the
reduction of node in the inward sweep can begin much
before the state of all WFG edges incident at that node
have been recorded in the outward sweep. And it needs
O(e) messages to resolve deadlocks. The algorithm in
[11,12] uses lazy evaluation technique by which the
reduction of a process in a snapshot is delayed until the
initiator detects the termination. Although it minimizes
the message complexity into 2e as with the previous
algorithms, it uses variable sized messages with the
length of O(e) . Since the initiator knows the resource
requirement of all deadlocked processes, it minimizes the
message overhead associated with deadlock resolution
unlike in [10]. The algorithm in [19] achieves the time
and message complexity of [12] with fixed sized
messages. Unlike [12], it performs the reduction before
the initiator terminates the execution of the algorithm. In
general, distributed algorithms require two or more
rounds of message transfer along the entire edges of the
WEFG. Hence, they need at least 2d time units to detect
deadlock in the worst case.

In the centralized algorithms [8,15,16], the initiator
maintains the Local Wait-For Graph (LWFGQG) to detect a
deadlock. The initiator of the algorithm in [8] collects
a reply from each process in its reachable set exactly
once. Based on the information in replies, it
incrementally constructs the WFG locally to determine a
deadlock. It needs only 2n messages with the length of
O(n) to find out deadlock. However, it has a time
complexity of 2d like the distributed algorithms. In
addition, it may abort nodes that are not deadlocked and
needs O(n) messages to resolve deadlocks. The algorithm
in [15] constructs the LWFG by using the ancestor-
descendent relationship between the processes in
replies. It uses less than 2e messages in 2d time units to
detect a deadlock. It reduces the message length into
O(e-ntm) where m indicates the number of nodes that
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are not associated with any non-tree edges in the
spanning tree induced by the algorithm. However, it
needs additional technique to assign a unique path string to
each node in the WFG and to interpret the path strings for
constructing LWFG at the initiator. In contrast to [8], it
resolves all deadlocks reachable from the initiator. The
initiator of the algorithm in [16] collects the dependency
information of all nodes to determine the deadlocked
processes. It has almost half the time complexity of
previous algorithms to detect a deadlock. It needs less
than 2e messages in d+2 time units for detecting all
deadlocked processes. However it needs additional
technique to optimize the message length at each node
and requires messages with the length of O(d) in the
worst case. Hashemzadeh proposed an algorithm [17,18]
based on history based edge chasing technique in which
the initiator declares a deadlock once it finds its existence
in the message. However, it significantly minimizes the
message overhead associated with the executions of
concurrent instances and deadlock resolution. We do not
consider the algorithms based on edge chasing techniques
[17,18] in this paper.

We propose a new centralized algorithm to detect
and resolve distributed deadlock in generalized model.
Our algorithm improves the message complexity and
message size of previous algorithms. The initiator of the
algorithm constructs the distributed spanning tree (DST)
by propagating probes (CALL messages) along the edges
of the WFG. Once a process receives the probe, it sends a
reply that carries its dependency information directly to the
initiator. However, the initiator performs reduction
immediately after receiving a reply from an active process
and receives a reply at most twice from each node in its
reachable set unlike the earlier algorithms. At the end of
termination, it declares all the nodes whose resource
requirements are not met as deadlocked. We have
formally proved the correctness of the proposed
algorithm. It has a worst-case time complexity of d+2
time units and message complexity of less than e+2n,
where d is the diameter, n is the number of nodes and e
is the number of edges in the WFG. Further, it has a data
traffic complexity of O(n) in the worst case. Since it
selects a victim without using additional messages, it
considerably simplifies deadlock resolution.

Although the proposed algorithm have some
similarities with [16], it differs from Lee’s algorithm
[16] and pervious centralized algorithms [8,15] in the
following aspects:

1. The algorithm performs reduction whenever it
receives a reply form an active node whereas Lee’s
algorithm [15,16] performs reduction only after it
detects the termination.

2. The algorithm in [15,16] uses an explicit mechanism
to reduce the message length, whereas the proposed
algorithm does not require any additional techniques.

3. The initiator of the proposed algorithm builds a
directed spanning tree of the WFG, whereas the
initiator of Chen [8] algorithm does not consider
any structural property of the WFG.
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4. Unlike in [16], the initiator of the proposed
algorithm receives a reply from all nodes in its
reachable set at most twice.

The rest of this paper is divided into five main sections.

In Section 2, we describe the key definitions and

assumptions about the system model and the problem

definition. In Section 3, we present the algorithm along
with an example. In Section 4, we prove the correctness
of the algorithm. In Section 5, we analyze the
performance of the algorithm and compare it with that of
previous algorithms. Finally, we conclude the paper in
section 6.

2 System Model

Although we follow the computation model in [4, 8, 10,
12, 16], we describe it for completeness of this paper.
The system has ‘n’ processes and each one has a unique
identity. There is a logical channel between any two
processes. The processes can communicate only by
message passing. The message delays are arbitrary but
finite. The messages are delivered to the destination in
the same order as the sender sends them. The messages
are neither lost nor duplicated and the entire system is
fault-free. The messages are grouped into namely
computation and control messages in the system. The
computation messages including
REQUEST, REPLY, CANCEL and ACK
are generated as a result of application’s execution.
However, the control messages including CALL,
REPORT and WEIGHT, which will be discussed in the
section 3, are generated by the execution of the deadlock
detection algorithm. Both computation and control
messages are time stamped based on the requesting
process’s logical lock [3]. Thus the time stamp of ACK
or REPLY should be matched exactly with the
corresponding REQUEST message.
A process state is active or blocked at any instant.
When a process ‘i’ makes a generalized request and
blocks, the unblocking condition of its request is denoted

as a function F;. For example, F=AA(BVC) denotes that
process ‘i’ requires a resource from process A and a
resource from either process B or C. Function F; is
evaluated in the following manner: substitutes true for a
node id in F; if it has received a REPLY, indicating
granting of that request from that node; otherwise,
substitutes false for it. Then, evaluate the function F;. A
process unblocks when a sufficient number and
combination of its requests to make F; true are granted.

An active process can send both computation and
control messages whereas the blocked process can send
either control messages or ACK. When process ‘i’
blocks on p; out-of q; requests, it sends REQUEST
message to q; processes in OUT,;.  Therefore, OUT;
gives the domain of F;. Upon receiving a REQUEST
message from ‘i, process ‘j” records <i, t_block;> in IN;
and sends an ACK message to the sender of the message.
If process ‘j’ is active, it sends a REPLY message to
process ‘i’ and subsequently removes <i, t block;> from
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IN;. Once a node is unblocked, it withdraws the remaining
requests it had sent earlier but not yet granted.

Each process ‘i’ maintains the following variables to
keep track of its state in the WFG. The initial value of
each variable is given within parenthesis.
parent; : the process identifier from which ‘i’ has
received the first probe (NULL)

IN. : the set of processes which are directly blocked on ‘i’

©
OUT, : the set of processes for which ‘i’ is waiting (9)
F; : the condition for unblocking a process ‘i’

We denote the set of processes in IN; as
predecessors and the set of processes in OUT; as
successors of process ‘i’. A blocked process cannot
withdraw any one of its requests spontaneously. And it
could not abort any requests abnormally. These two
assumptions are essential to ensure that the algorithm
records a consistent snapshot. We use the terms process

and node interchangeably throughout this paper.

2.1 Problem statement

A generalized deadlock exists in the system if the
requesting conditions of one or more processes can never
be satisfied. The formal description of deadlock is
provided as in [16].
Definition 1: Let evaluate(F;)) be a
operation evaluated based on the following:

1. evaluate (i) = evaluate (F)),

2. evaluate (F;) = true, for active node ‘i’,

3. evaluate (PVQ) = evaluate (P) V evaluate (Q)

4. evaluate (PAQ) = evaluate (P) A evaluate (Q)

where P and Q are nonempty AND/OR expressions
of node identifiers. A generalized deadlock exists in the
system if and only if the following topology exists in the
WEFG.
Definition 2: A generalized deadlock is a sub graph
(D,K) of WFG (V,E) where

VieD(# o), evaluate (F;) = false,
No message for computation is under transmission
between any nodes in D

recursive

Therefore, all processes in D are blocked forever and
the resource requirement of processes that do not belong
to D can be satisfied at any instant. It should be necessary
to abort a node in D to resolve a deadlock.

A distributed deadlock detection algorithm
should satisfy the following two correctness conditions:

Liveness: If a deadlock exists, the
algorithm will detect it within finite time.

Safety: The algorithm does not report any false
deadlock.

3 The Proposed Algorithm

In this section, we present the basic idea behind the
execution of single instance our deadlock detection
algorithm. Then, we present the algorithm formally and
provide an example.
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3.1 The description

We assume that the initiator ‘i’ initiates the deadlock
detection algorithm. It includes the unblocking function
(F) in the set UC,,, and sends CALL message to each
one of its successor ‘j” in out;. If node ‘j’ receives the first
CALL message, it becomes the child of the sender and
sends REPORT message that carries the unblocking
function (F;) to the initiator directly. Further, it
propagates the CALL message to its own successors.
However, if a node that has already joined the execution
of current instance receives the second and subsequent
CALL message, it does send a reply immediately. Those
nodes send a WEIGHT message to the initiator only
after receiving CALL messages from all its predecessors.
Hence, it minimizes the message overhead to detect a
deadlock.

Whenever the initiator receives a REPORT
message from a blocked node ‘i’, it includes a tuple (i,
F;, num_pred;) in the set UC; ;. At the same time, if it
receives a REPORT message from an active node ‘1’, it
includes ‘i’ in the set A;,; and attempts to evaluate all
unblocking functions in the set UC,,;. It performs the
evaluation in the following manner: Select a tuple (i, F;,
num_pred;) from the set UC,,;; and check if the node
identifiers in the set A,,; are sufficient to make F; as true.
If it happens, it includes ‘i’ in the set A, and removes
the corresponding tuple from the set UC,;,. This process
is repeated continuously until there is no more unblocking
function in the set UC,,; can be simplified as true. If the
algorithm unblocks all nodes in the set UC,,; during
evaluation, it terminates the execution immediately;
otherwise, it continues the execution until it detects the
termination based on weight distribution technique. Once
the algorithm terminates the execution, it declares all the
nodes that have not been reduced in the set UC,,; as
deadlocked.

The algorithm detects the termination based on the
weight distribution method like in [10,17]. According to
the method, the initiator distributes a weight of one to its
successors through CALL messages. When a node
receives the first CALL message, it distributes the weight
in the message among its successors. However, it
accumulates the weight in all subsequent CALL messages
until it receives the CALL messages from all its
predecessors. It then returns the weight to the initiator
through a WEIGHT message. It is accomplished as
follows. Each node ‘i’ has a variable ‘num_ pred;> that
counts its predecessors. Whenever it receives a CALL
message, it decreases the count by one. Hence, the
num_pred; at a node becomes zero signifying that it receives
the CALL message from all its predecessors. Whenever the
initiator receives a WEIGHT message, it sum ups the
weights. The algorithm terminates when the weight at
the initiator becomes one.

In a dynamic environment, the algorithm may report
a false deadlock due to the presence of phantom edges.
Let us consider a phantom edge from node ‘i’ to node ‘j’.
This implies that when node ‘j° receives a CALL
message from node ‘i’, node ‘j° has sent a REPLY to
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node ‘i’. In the proposed algorithm, it is resolved by as
follows. Whenever node ‘j’ receives the CALL message
from node ‘i’, it checks whether node ‘i’ is in IN;. If ig
IN;,, it sends an ALERT message to the initiator. Upon
receiving the ALERT message, the initiator evaluates f,
by substituting j as true. If node ‘i’ unblocks during the
evaluation, it is included in the set A, and initiates the
evaluation of other nodes in the set UC;

init*

3.2 Formal specification

A formal description of the proposed algorithm
executed at node ‘i’ is presented below. The initial value
is given inside the parenthesis.

Data Structure of a node ‘i’
parent,  :node id (NULL);
CALL has been first received */
weight;, : float (0); /* the weight value of ‘i” */
in; :set of nodes (INj); /*the set of predecessors of ‘i” */
out; : set of nodes (OUT}); /*the set of successors of ‘i’ */
f : AND-OR Expression (Fj); /*the condition for ‘i’ to be
active */

num_pred;: integer (JINj]); /* the number of predecessors
of ‘i’ */

/* a node from which a

Additional Data Structures at initiator
UC,,; —a set of unblocking functions which contains
tuples of the form (i, fj, num_predj) where fj denotes
the unblocking condition of a node ‘i’ (¢).

- a set of active nodes (¢)

- the accumulated weight value (0)
victim,,, = the node identifier to be aborted to resolve

the deadlock (9).

init

weight,

init

Message Formats

CALL(initiator, sender, weight): Sent by node ‘sender’
carrying the identifier of the initiator and the weight
value for the receiver of this message.

REPORT( sender, f,,4, num_pred,,,): Sent by node
‘sender’ as a response to first CALL message carrying
the unblocking condition and its number of predecessors.

WEIGHT (sender, weight,, ,.):Sent by node ‘sender’
after receiving CALL messages from all its predecessors.

ALERT (sender, weight_, ...): Sent by node ‘sender” after
receiving CALL messages through a phantom edge.

I. When a node ‘i’ initiates the algorithm
initiator; =1,

parent;:=i;
UC,,;:= UG, U (i, £, num_pred,)};

send CALL(initiator, i, 1 / [out ) to each jE€out,

I1. Upon receipt of CALL (initiator, j, weight;) from j
begin
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num_predj --;
if (parent, = NULL A j€in,) then
/* Step 1.1 */
parent.:=j;
initiator; := initiator;
send REPORT(], f;, num_pred;) to initiator;
if (jout;| >0 ) then /* Step IL.1.1 */
send CALL(initiator;,i,weight/|out;|) to each
keEout;
else if (parent, # NULL A j€in)then /* Step 1.2 */
if (i=initiator) then /* Step 11.2.1 ¥/
weight;;= weight,,, + weight;;
else if (num_pred, = 0) then /* Step I11.2.2%*/
send WEIGHT(i, weight,) to initiator;
else
weight;:= weight; + weight;;
else if (j¢in,) then /* Step I1.3%/
send ALERT(, weightj) to initiatorj
end

. Upon receipt of REPORT(i, f; num_pred;) fromi :
begin
if (f. = ¢) then
A 7= Ay U T
evaluation();
else
UG, = UG, U{(, £, num_pred)};
end

IVV. Upon receipt of WEIGHT (i, weight;) fromi :

begin

weight, .. .= weight, . + weight, ;

if (weight, . =1 AUC, . '=0) then
resolution(); // Declare a Deadlock

end

V. procedure evaluation()

begin
for each i € UC, , do
begin
if (evalvate(i.fj) = true ) then
A=Ay Y {1}
UG, == UC,; — {1.f, num_pred;}

if C(UC, . =¢)then
No deadlock; exit;
else
evaluation();
end for
end

VI. procedure resolution()
begin

count:=0;

repeat

foreach i € UC. . do

init

Informatica 35 (2011) 489498 493

begin
if (i.num_pred > count) then
count:= i.num_pred;
victim, ;= 1.id;
end for

send ABORT to victimyy; ;
UC,,;:=UC i {(vietimyy ficimnum_pred,; i)} ;
Ajpit = Ajnie U {victimyp };
evaluation() ;
until (UC,;; =9)
end

VII. Upon receipt of ALERT(i, j, weight;) fromi :
begin
for each k € UC,;, do
if (k.id = 1) then
k. fi:: k. fi|j:true 5
// Substitutes j by true
if (evaluate (k. f;) = true ) then
UGy = UGy - 1k}
A = A L tkid};

evaluation();
weight, ,:= weight, . + weight, ;
if (weight, . =1A UC, .. !=0) then

resolution(); // Declare a Deadlock
end

3.3 Example execution

Figure 1: The Wait-For Graph

We illustrate the idea behind our algorithm with the help
of an example. Figure 1 shows a distributed WFG that
spans 10 nodes labelled from 1 to 10. All the nodes
except 2, 6 and 10 are blocked initially. The unblocking
conditions of these nodes are as follows:
F=(2A3)v4, F=(516)V1, F,=8A9, F=1, F;=4, F=7 and
Fo=(8A10)v1)

Let us consider node 1 initiates the algorithm and the
messages are propagated in such a manner to induce a
Breath First Search(BFS) Spanning Tree of the WFG.
Figure 2 shows the Directed Spanning Tree, where tree
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and nontree edges are indicated by solid and dashed lines
respectively.

Figure 2: The Distributed Spanning Tree

I. When node 1 initiates the algorithm,
it sends CALL(1,1,1/3) to nodes 2,3 and 4
respectively.

2. When node 2 receives the CALL from
1, it sends REPORT(2,4,1) and
WEIGHT(2,1/3) to 1.

3. When node 3 receives the CALL from
1, it sends REPORT(3,(5A6)v7,2) to 1 and
CALL (1,3,1/9) to nodes 5,6 and 7
respectively.

4.  When node 4 receives the CALL from 1, it

sends REPORT(4,8A9,2) to 1 and
CALL(1.4,1/6) to nodes 8 and 9
respectively.

5. When node 5 receives the CALL from
3, it sends REPORT(5,1,1) and CALL (1,5,
1/9)to 1

6. When node 6 receives the CALL from

3, it sends REPORT(6,9,1) and
WEIGHT(6,1/9) to 1.

7. When node 7 receives the CALL from
1, it sends REPORT(7, 4,2) to 1 and
CALL(1,7,1/9) to 4.

8. When node 8 receives the CALL from
4, it sends REPORT(8, 7,2) to 1 and
CALL(1,8,1/6)to 7.

9. When node 9 receives the CALL from 4, it

sends REPORT(9, (8A10)v1,1) to 1 and
CALL(1,9,1/18) to nodes 1,8 an 10
respectively.

10. When node 1 receives the CALL from 5
through a back edge, it updates weight, .

11. When node 4 receives the CALL from 7,
it sends WEIGHT (4, 1/9) to 1.

12. When node 7 receives the CALL from 8§,
it sends WEIGHT (7, 1/6) to 1.
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13. When the initiator 1 receives the CALL
from 9 through a back edge, it updates
weight, ..

14. When node 8 receives the CALL from 9,
it sends WEIGHT (8, 1/18) to 1.
15. When node 10 receives the CALL from
9, it sends REPORT( 1 0,(p, 1) and
WEIGHT(10,1/18 ) to 1.
Figure 3 shows the flow of control messages across the
WFG.

Figure 3: The Message Flow

Whenever the initiator receives the REPORT from
nodes 2, 6 and 10, it simplifies the unblocking functions in
the set UC,,;.. Finally, it declares the nodes 1,3,4,5,7,8 and

9 as deadlocked nodes-

3.4 Properties of the Algorithm

In this section, we prove the correctness of our algorithm
by using several observations (observations 1 - 9) and
lemmas (Lemmas 1-4) about the properties of the
algorithm.

Observation 1: When the initiator diffuses the CALL
messages, it is eventually received by all nodes in its
reachable set.

Observation 2: The diffusion of CALL message induces
a distributed spanning tree of the WFG.

Observation 3: Whenever a node receives the first
CALL message, it propagates the message to each one of
its successor.

Lemma 1: If node ‘i’ receives the CALL message, the
unblocking function F; is sent to the initiator.

Proof: From observation 1, each node that is reachable
from the initiator receives the CALL message. Upon
receiving the first CALL message, node ‘i’ sends its
unblocking function F; to the initiator through REPORT
message after the execution of Step II.1. Thus, the lemma
is proved.

Observation 4: Once a num_pred, has been recorded in
node ‘i’, it does not change during the execution of the
algorithm.
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Observation 5: Whenever a node ‘i’ receives the CALL
message through any one of its incoming edge, it
decrements num_pred; by one.

Lemma 2: If a node ‘i’ sends a WEIGHT message to the
initiator then it must have received CALL messages from
all its predecessors.

Proof: By observation 5, upon receiving the CALL
message from each node jein, node ‘i’ decreases
num_pred; by one. At the time node ‘i’ receives the
CALL message, if num_pred, is decremented to 0 then its
weight is sent to the initiator through a WEIGHT

message by Step 11.2.2. Hence, the lemma holds.

Observation 6: Whenever an initiator receives the
REPORT message from an active node, it evaluates the
unblocking functions in the set UC,,.
Definition 3: The initiator reduces a node ‘i’ iff it has
sufficient active nodes in the set A;; to simplify F; as
true.
Observation 7: Node ‘i’ can belong to the set A;,;; only
if any one of the following holds.

The initiator receives a REPORT message from node
‘i’ that contains F; as true

At the time the initiator evaluates F; as true during
reduction, node ‘i’ is added to the set A, ;.
Definition 5: If the initiator is reduced during the
evaluation, the algorithm stops the execution.
Observation 8: The weight in a CALL and WEIGHT
message is always in transit until they reach the initiator
and added to weight, ;..
Definition 3: The algorithm is said to be terminated
when weight, , =1
Observation 9: When the algorithm terminates the
execution, all nodes that is reachable from the initiator
either in the set UC,; or A

Lemma 3: If a deadlock exists in the system, the
algorithm will detect it in finite time.

Proof : Assume that a deadlock D exists in the system.
The initiator declares a deadlock only if a set UC,;, # ¢
after the execution of Step V. Thus, it is sufficient to
prove that the initiator has all information about the
nodes and their associated edges in D. Let us consider
node ‘i’ in D. It implies that node ‘i’ has sent F; to the
initiator through a REPORT message by lemma 1. Since
node ‘i’ is blocked forever, the initiator evaluates F; as
false during the execution of Step V at the end of
termination. Thus, all nodes in D exist in the set UC,.
Let us now assume a edge e = (i,j) and eeD. By lemma
1, node ‘i’ sends this information to the initiator only
after sending a CALL message to node °j’. Before
sending the CALL message, node ‘i’ must send a
REQUEST message to node ‘j’. If node ‘i’ has received a
REPLY message from node ‘j’, an edge e has not been
included in F;. Since both nodes ‘i’ and j” are in D, edge
e can not reduced during the execution of Step V in the
algorithm. Therefore, UC,,; contains a deadlock D after

the algorithm has terminated. Consequently, the initiator
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sends an ABORT message to a victim until to resolve a
deadlock by Step VI. Thus, the lemma holds.

Lemma 4: If a deadlock is declared, the deadlock exists
in the system

Proof: The proposed algorithm reports a deadlock only
when UC,;=¢. Assume a contrary that the algorithm
does not detect a deadlock D. So, it is sufficient to prove
that UC,;, = ¢ after the execution of Step V. This reflects
the fact that a deadlock D exists in the system and the
nodes of D in the set UC,,; are reduced during the
execution of Step V. Let node ‘i’ be one of such nodes
that unblocks first in the set UC,,;. According to the
definition of deadlock, node ‘i’ is removed from the set
UC,,;; only if the unblocking function F; is simplified as
true. It can be possible only when node ‘i’ had received
at least one REPLY from its successors in D at some
time T;. By observation 7, it should happen only before it
sends F; to the initiator. Let node °j° be one such
successor in D that unblocks node ‘i’. And node j’
sends a REPLY to node ‘i’ only if it has received the
REPLY from some of its successors in D before T;. That
is in contradiction with the assumption that node i’ is the
first node that unblocks in the set UC,;,. Thus is proved.

Theorem 1: The initiator of the algorithm terminates the
execution in finite time.

Proof: By step I, the initiator distributes the weight of
one to all nodes that are reachable from it through CALL
messages. The messages are neither lost nor duplicated
according to our network assumptions. From observation
5, for each node i’ that is reachable from the initiator
sends a WEIGHT message that carries the weight value
to the initiator after the execution of step I1.4. The
initiator executes the Step I1.2.1 or IV upon receiving the
CALL or WEIGHT messages and stops the execution
once its weight becomes one. Since the messages
transmission takes finite time, the initiator terminates the
execution in finite time.

Theorem 2: The algorithm records a consistent snapshot
at the initiator.

Proof: Let S be the last snapshot computed by the
algorithm, and it contains a edge (p,q). This implies that
this dependency relation was included in F, which has
sent by p to the initiator through a REPORT message.
Before sending a REPORT message, node ‘p’ sends a
CALL message to all its successors, including node ‘q’
during the execution of Step I or II. This is so because
node ‘p’ had sent a REQUEST message to node ‘q” and
peing. This reflects the fact that the edge from p to q
indeed exists in the WFG at the time of execution.
Hence, the theorem holds.

Theorem 3: The algorithm detects a deadlock if and only
if it exists in the system
Proof: Follows from Lemmas 3 and 4.
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3.5 Concurrent executions

Since several nodes may block simultaneously, each one
of them invokes the deadlock detection algorithm
independently. If this happens, a node can be involved in
the execution of more than one instance and several
initiators may report the same deadlock. In such
situations, each instance may select different victims
even though a single victim is sufficient to resolve a
deadlock. Nevertheless, few instances of the algorithm
might be engaged in false deadlock resolution. The
various issues associated with the concurrent execution
of the algorithm are addressed in [8,11,12,16]. Since the
method in [8] needs more messages and prone to useless
aborts, we follow the priority based technique in
[11,12,16] to handle concurrent executions. According to
the method, the algorithm assigns a unique priority to
each instance based on its identifier, which comprises
the initiator’s identifier and the block time / sequence
numbers. Since the control messages of every instance
carries this label, each instance can be distinguished from
others.. When a node involves in the execution of
multiple instances, it will support the execution of only
high priority instance and suspends the execution of low
priority instances.

3.6 Deadlock resolution

The initiator selects a victim that unblocks as many as
deadlocked nodes in the set UC,,; to resolve a deadlock.
Then, it sends an ABORT message to the victim directly.
It includes the victim into A;; and removes the
corresponding tuple from the set UC,;. It then evaluates
the unblocking functions of all nodes in the set UC,,;, and
removes the nodes whose unblocking function is
simplified as true. If a victim is insufficient to make
UC,,;; as empty, it selects another victim. This process
continues until UC,,;; is empty. Upon receiving the
ABORT message, a node aborts its execution and
releases all resources it had acquired earlier. An aborted
process restarts its execution as in [11,13]. Thus the
proposed algorithm simplifies the deadlock resolution by
minimizing the messages and the nodes to be aborted.

4 Performance Analysis

We discuss the performance of the proposed algorithm
with respect to time, message and data traffic
complexities. The message complexity is the total number
of messages exchanged by the algorithm. The time
complexity of the algorithm is the time required by the
initiator to detect a deadlock. The data traffic complexity
defines the total length of data transmitted by the
algorithm. The measurements are based on the
assumption that the message transmission between any
two nodes takes one time unit. We assume that n is the
number of nodes, ¢ is the number of edges and d is the
diameter of the WFG.

Theorem 4: The algorithm terminates the execution in
d+2 time units.
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Proof: Whenever a node initiates the algorithm, it sends
CALL message to its successors which in turn
propagates the message to its own successors. Therefore,
the CALL message must travel to the farthest node
reachable from the initiator. Let dg,, < d be the
maximum diameter of the WFG. Then, the latest time the
leaf node of spanning tree receives the CALL message is
dinaxt1. Since the leaf node sends a WEIGHT message to
the initiator directly, the algorithm will receive all replies
at most d.+2 time units. Thus the time complexity of
the proposed algorithm is d+2 in worst-case.

Theorem 5:
e+2n messages.
Proof: To compute the message complexity, we consider
separately each message type.

CALL messages are sent once over any edge of the
WFG. Thus, at most e messages are sent totally.

REPORT messages are sent to the imitator over a
communication channel directly. Since there is no more
than ‘n’ node, the total number of REPORT messages is
bounded by n.

WEIGHT messages are sent to the initiator once by
the leaf nodes of spanning tree and thus no more than n-1
of such messages can be sent.

From above, we can conclude that the message
complexity at worst case is O(e+2n) messages.

Let us consider the message length of proposed
algorithm. Since CALL and WEIGHT messages are
fixed sized, we now analyse the length of REPORT
message. A REPORT message delivers the unblocking
function of a node to the initiator. In the generalized
model, the unblocking function of a node ‘i’ is a AND-
OR expression that involves |out] node identifiers. In the
best case, the unblocking condition can be true and F; is
¢. In the worst case, F; comprises the set of |out;| node
identifiers.

For computational complexity at the initiator, we
need to determine computational complexity of two
procedures namely evaluation and resolution. The
evaluation procedure is executed whenever an initiator
receives the REPORT message from an active node. In
the worst case, when all nodes are deadlocked, the
unblocking functions of all n nodes are in the set UC,,;
and A;;=¢. At the time, the algorithm declares the
deadlock without evaluating the unblocking conditions
and invokes the procedure resolution. In the procedure
resolution, a victim is selected, inserted into the set A;;
and removed from the set UC,,;. Therefore, the number
of processes in the set UC,; is reduced at least by one at
each execution of resolution. Hence, in the worst case the
computational complexity at the initiator is O(n) steps. In
contrast, the algorithm in [16] requires O(n%) steps and
the algorithm in [12] needs O(t*) steps, where t is the
number of nodes in the induced spanning tree by those
algorithms. However, in the best case (UC;;=¢), the
local complexity of this algorithm is O(1)

The algorithm detects a deadlock using
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Number Message
Algorithms Delay | Of . Resolution
Size
Messages

Barcha 4d 4e o) no
et al [4] Scheme
Wang 3d+1 6e o(l) no
et.al [5] Scheme
Kshemkalyani | 2d 4e-2n+21 | O(1) e
et.al [10] messages
Kshemkalyani | 2d 2e O(e) 1
et.al [12] message
Brzezinski 4n Vs n? O(n) no
et.al [7] Scheme
Chen 2d 2n O(n) 3n
et .al [8] messages
Soojung d+2 <2e O(d) 1
Lee [16] message
Our algorithm 12 etn o) 1

message

Table 1: Performance Comparison

Table 1 compares performance of different generalized
deadlock detection algorithms. The message length of
O(n) indicates that it consists of all node identifiers in the
algorithms [7,8]. And the message used in the algorithms
[12,15,16] and the proposed algorithm carries the
unblocking functions to the initiator. However, the
message length of these algorithms is differed due to the
following reason. In the algorithm [16] the unblocking
functions of nodes are merged as well as distributed
during propagation of probes outward from the initiator
whereas in [17], the unblocking function of each node is
merged during the propagation of replies backwards to
the initiator. As a result, the number of unblocking
function in a reply grows as the message goes up in the
spanning tree induced by the algorithm [12]. Similarly, if
a node has exactly one successor, the number of
unblocking conditions in a reply message is at most n-1
in the worst case in [16]. In contrast to [12, 16], the
proposed algorithm sends an unblocking function of a
node to the initiator disrespect the presence of deadlock
and the number of successors of nodes in the WFG. In
this conjuncture, the message length of proposed
algorithm is a constant.

5 Conclusion

We presented a new algorithm to detect and resolve
generalized deadlocks in distributed systems. The
initiator of the algorithm collects the unblocking
functions of all nodes in its reachable set exactly once.
Then it arbitrarily simplifies the unblocking conditions
depends on the reply from an active to determine
deadlock. We proved the correctness of the algorithm. It
has a time complexity of d+2 time units and worst case
message complexity of e+2n messages hops delay to
detect a deadlock. In addition, it finds out all nodes that
are in deadlock with the initiator only if the initiator is
deadlocked unlike the earlier algorithms. The
performance of the proposed algorithm is better or
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comparable with the existing algorithms in terms of time,
message and data traffic complexities. Furthermore, it
simplifies the deadlock resolution by minimizing the
additional round of messages. The proposed algorithm is
applicable to detect deadlocks in different domains of
distributed systems design such as resource management
in distributed operating systems, store and forward
communication networks, communicating processes and
replicated databases.
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Aspect-oriented reengineering aims to modularize crosscutting concerns in an existing system using a
new abstraction called an aspect. Code concerns may be tangled and scattered throughout an existing
code base thus hampering maintenance. This paper describes the reengineering of an object-oriented
software library called GEF using aspect-oriented techniques as an integral activity in an agile process.
Graph Editing Framework (GEF) is a medium-sized open source Java library for the construction of
graph editing applications. We evaluated both the original and reengineered code by applying a set of
appropriate software metrics to measure to what extent aspect-oriented refactoring affected modularity
attributes such as coupling, cohesion and complexity. To mirror a real world setting, analysis, re-
design, and semi-automated refactoring was performed in three-week iterations typical of agile
development using tools freely available on the Eclipse platform. We found that only marginal
improvements in modularity were possible in that timeframe and argue that fully-automated aspect
mining and refactoring tools are needed to bolster aspect-oriented reengineering.

Povzetek: Clanek opisuje predelavo knjiznica z agilnim aspektno usmerjenim programiranjem.

1 Introduction

Aspect-oriented software development (AOSD) promises
to improve the modularity of software by the separation
of concerns into aspects during system development.
This paper presents a study of aspect-oriented
reengineering involving the analysis, re-design and
refactoring of an existing medium-sized object-oriented
library. This was done in a way that was authentic or
faithful to industry practice where refactoring is an
integral part of agile methods [1]; analysis, re-design,
and refactoring are performed in short iterative cycles
using tools widely available. Recently developed
research tools in automated code transformation and
aspect mining that are as yet not common in industry
were thus not employed. The time spend in the
refactoring phases of development was not changed from
that commonly spend in conventional object-oriented
refactoring despite the introduction of aspect technology.

We carried out the aspect-oriented refactoring or
aspectization in a semi-automated manner as part of an
agile development process. Agile methods have become
popular and already incorporate refactoring in their
development process and hence are a suitable approach
for introducing aspect-oriented refactoring into a
reengineering process. We employed the Aspect]
language and associated development tools for
refactoring. The two developers were experienced in
Java development but only recently familiar with AOSD
and Aspect]). We applied a metric suite to both the
original and reengineered library, comparing the two sets
of results in order to establish any improvements in the

areas of reduced complexity, reusability, and
maintainability. Conclusions are drawn on the efficacy of
this approach.

1.1 Aspect-oriented software development

A reality of modern software is the requirement for
continuous change. This change can be instigated
externally by the discovery of bugs or changing customer
needs or internally to an organization for technological or
institutional ~ reasons.  Software  evolution  and
maintenance is hampered by the types of decomposition
used in coding and design: separation of concerns is a
long standing challenge in software engineering [2]. A
key problem in software evolution is that software
designs tend to have a dominant kind of modularization.
This could be feature-based (e.g. transactional) or
paradigmatic (object-oriented). But changes that affect a
particular feature or concern (such as security for
example) may favour an alternate decomposition [3]. In
particular, the limitations of object orientation are now
becoming more apparent — such as in feature segregating
or in applying domain-specific knowledge [4]. AOSD is
a technology that addresses the separation of concerns in
software at the code level.

The concept of an aspect originated at Xerox PARC
in the form of aspect-oriented (AQO) programming [5],
and has gone on to receive significant attention in the
software engineering research community [6]. AOSD
developed out of work in object-oriented (OO)
programming, reflection, and the meta-object protocol
[5]. The aim of AOSD is to modularize crosscutting
concerns in a system to manage the structural
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relationship between representations of a concern. These
code concerns or areas of interest can be scattered and
tangled (intermixed) throughout the design and
implementation; common examples include error
handling, logging, and security. Concerns can relate to
functional or non-functional requirements. Crosscutting
concerns are claimed to make systems difficult to
maintain, increase the complexity of the system and
reduce the reusability of the code [7]. By applying AO
techniques, these concerns can be put into separate
modules called aspects, untangling them from each other.
Though the AO approach was developed as a
programming method, it has been extended to encompass
more stages of the software development lifecycle [8].
AOSD tackles areas not addressed in a purely object-
oriented OO approach to software development. For
existing software to benefit it will be necessary to
support the migration of legacy systems to AO solutions.
Just as the adoption of OO software development lead to
the need to reengineer legacy systems, as for example in
[9]; the wider adoption of AOSD will require a similar
effort. Laddad advocates a safe adaptation path for
AOSD where AO refactoring is applied before AOSD is
exploited from a project’s inception [10]. There is less
experience of applying AOSD in industry and few
experience reports published as yet, see Section 5.

1.2 Overview of paper

The paper is structured as follows. Section 2 introduces
background material on AO programming, the GEF
library and the metric suite. Section 3 presents the
reengineering implementation. Section 4 contains the
evaluation. The paper finishes with a summary and
conclusions.

2 Background

2.1 Aspect-oriented programming in
AspectJ

AO programming introduces a number of unfamiliar
concepts to programmers. These concepts offer
additional functionality to assist with the modularization
of crosscutting expressions by encapsulating a concern in
one place that would otherwise cross existing units of
modularity such as class, subprogram and package. We
follow the formulation and terminology of Aspect]
throughout this paper.

Aspect] is described as a seamless extension to the
Java programming language [14]. Aspect] is free open
source software available under an EPL (Eclipse Public
License). The major Java extension called an aspect has a
Java class style syntax. All legal Java programs are
upwardly compatible with Aspect and all Aspect]
programs run on any Java Virtual Machine. The process
of linking classes and aspects together is called weaving.
In the case of Aspect), this produces executable
bytecode. The bytecode produced by the Aspect]
compiler should be comparable to the bytecode produced
by a Java compiler used on an equivalent (scattered and
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tangled) Java implementation [11]. The Aspect]
Development Tools (AJDT) * provide Eclipse platform
based tools for editing, building and debugging AspectJ
programs. Whereas Eclipse has good support for AOSD,
other IDEs have lagged behind. Alternatives to Aspect]
include Hyper/J but Aspect] is by far the most widely
deployed example of aspect technology at present.

Here is a brief summary of the operation of AspectJ;
see [10] or [12] for a more detailed description. An
aspect is a new unit of modularity providing
encapsulation and abstraction and allowing tangled or
scattered code to be removed from classes while still
maintaining overall functionality. Join points are events
that occur during the runtime execution of a program, for
example each time a method or a constructor is called or
a variable created. Each such run-time event is a separate
join point visible to aspects during program execution.

A pointcut is used to identify, by matching, join
points of interest. Examples of pointcut designators are
call, execution, target, this, get, set, and args. There are
both named pointcuts and property-based pointcuts that
can have wildcard expressions. Pointcut expressions can
be created with the &&, || and ! Java logical operators.
Pointcuts can also expose contextual information at the
join points that they match. Once a pointcut has matched
a join point, advice specifies what is to occur.

Here we briefly explain the function of the
designators that are used in the example code in Section
3.The execution designator picks out each method
execution join point and zarget picks out each join point
where the target object is of a specified type. The within
designator limits the lexical scope of the join point and
the this designator checks runtime type. A cflow picks
out a join point within the dynamic context of another.

Advice is unnamed as it is implicitly invoked. There
are three main types of advice. Before advice is advice
that executes before a join point whereas after advice
executes immediately after a join point. Around advice
runs in place of the join point and is the most flexible
type of advice since it can change contextual
information. In general terms, an AO programming
implementation is characterized by its join point model
which dictates the location of joint points (where advice
can run), quantifies joint points (how they are matched)
and specifies what to do (for example run advice).

Aspect) also has inter-type declarations (ITDs),
formerly introductions. ITDs are declarations that affect
a program’s static structure. They are mainly used to
provide definitions of fields and methods within an
aspect on behalf of other classes. ITDs can be viewed as
enabling open classes allowing structural additions. Note
that aspects intercept base code without needing to
modify it. This thus makes AQ refactoring possible even
when the base code cannot be changed.

2.2 Reengineering

Reengineering aims to restructure legacy software.
Without comprehensive design specifications
maintaining legacy code can be a major burden. Even
where extensive documentation exists, reengineering and



ASPECT-ORIENTED REENGINEERING OF...

software evolution can entail making changes throughout
a software system, and has been found to be both
difficult and tedious [13]. Reengineering is the
examination and alteration of a system to reconstitute it
in a new form and the subsequent implementation of this
new form [14]. Reengineering generally consists of some
reverse engineering or design discovery (often to achieve
a more abstract representation) followed by restructuring.
Existing OO reengineering does provide some techniques
for dealing with tangled code. Refactoring [15] enables
OO code restructuring and is an integral part of agile
software development methods [16]. Agile methods such
as Extreme Programming advocate a culture of
continuous reengineering [17].

Many IDEs, such as Eclipse, now have support for a
semi-automated refactoring process. Code refactoring
includes techniques for renaming, decomposing,
composing, relocating, and abstracting program code
elements such as identifiers, methods, and classes. Two
examples of code refactoring include extracting a
method, and converting conditional code into
polymorphic code. The aim is to improve quality
measures such as “understandability”, reusability, and
maintainability; not to fix bugs or introduce new features.

But there are limits to the application of OO
refactoring and the extent to which conventional
refactoring can disentangle code [18]. To give just one
indicative example, behaviour can be delegated to a
separate class, but new problems can consequently be
created because delegation decreases cohesion and adds
additional components [19]. In addition, there are
scenarios where it is very difficult to separate out a
concern using conventional OO techniques, thus
impacting ease of maintenance. This may lead to updates
being required for unrelated modules for a minor change.

2.3 GEF library overview

The object-oriented software library that was reworked is
GEF (Graph Editing Framework), a medium-sized free
open source Java library for the construction of graph
editing applications %, GEF is not a complete drawing
program but it supports the construction of custom
drawing programs. ArgoUML? is a popular open source
UML modelling tool built using GEF. GEF (Version
0.12.3) was chosen for the reengineering project for two
main reasons: (i) as a medium-sized application it is
nontrivial but manageable: and (ii) because it is already
well-designed using conventional OO design, any
reengineering can focus on the benefits of AO
restructuring.

Figure 1 shows screen captures of a simple demo
application that uses GEF. GEF is designed using the
Model-View-Controller architecture separating the graph
models from the display information in Java SWING.
GEF was developed to be easy to use and extend without
modifying the underlying framework. A flexible Node-
Port-Edge graph model is employed for drawing objects.
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Briefly stated GEF supports selection, grouping, layering
and views but not zooming and undo. GEF specifies data
as generic properties using JavaBeans. XML-based file
formats are employed based on the PGML standard. GEF
is a Java counterpart to graph editing libraries such as
Unidraw (C++) and HotDraw (Smalltalk).

&3 Untitled M[=] E3

File Edit View Amange Attributes

[3 Untitled
File Edit “iew Amange Attributes

| l ]

Figure 1: Screenshots of GEF demo application.

The most important classes are now briefly introduced,;
many of these are referred to in the refactoring in Section
3. Editor is the central class of the Graph Editing
Framework. There is one instance of Editor for every
diagram that is displayed on the screen. Editor does not
handle input events, or modify a diagram; instead it
passes events and messages to supporting objects. An
Editor has a LayerManager which manages a stack of
Layers. Layers contain the objects to be drawn, which are
called Figs. Layers group Figs into transparent overlays.
Figs are drawable objects that can be shown and
manipulated in the Editor such as rectangles, lines,
circles, and text. FigGroup is the class for groups of Figs
to be treated as single items. When a Fig is selected the
SelectionManager holds a selection object. Selections are
objects used by the Editor when the user selects one or
more Figs. Selections indicate the target of the next
command. The behaviour of the Editor is determined by
its current Mode. The Editors ModeManager keeps track
of all the active Modes. Modes interpret user input events
and decide how to change the state of the diagram.
Examples of Modes are ModePopup which deals with
right mouse button events and shows a popup menu and
ModeSelect which allows one to select one or more figs.
Cmd is an abstract class for all editor commands. Classes
starting with Cmd (CmdSelectAll, CmdCopy, etc.) are
classes that define a dolt() method that performs some
action in the Editor. In total GEF consists of 302 classes
and 30835 lines of code, broken up into 14 different
packages. There is little documentation apart from the
Javadoc API. Figure 2 shows the major classes of GEF in
a reverse engineered MVC architectural design view that
serves as the starting point for the re-design.
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Figure 2. Reverse Engineered MVC Design of GEF.

2.4 Software metrics employed

Metrics for assessing modularity cannot be analyzed
independently of other metrics of program quality. For
example, a software system implemented as a single
module has no inter-module communication but may be
deficient in many other regards. Many software metrics
have been devised based around the concepts of
coupling, cohesion and complexity. In the broadest sense
modularity relates to API compatibility, testability,
maintainability and extensibility. A summary of the
metrics employed in this study is given below. We
employed Aopmetrics®, an open source metrics tool for
0O and AO programming. It provides AO extensions to
many common OO metrics which can be used to measure
the code base and make predictions on reuse and
maintenance. Most of the metrics fit into the categories
of size metrics, coupling metrics, cohesion metrics and
complexity metrics, comparable to the Chidamber and
Kemerer (C&K) OO metrics [20]. Additional package
dependency and aspect-specific metrics are also present.
Note that we use the Java terms class and method in the
following summary descriptions where the Aopmetrics
documentation has the terms module and operation.

Size metrics
Lines of Class Code (LOCC): LOCC gives the total non-
blank and non-commented lines of class code.

Complexity metrics
Weighted Operations per Module (WOM): WOM counts
the number of methods in a given class, capturing the

internal complexity of a class which is an indicator of
how much time and effort is required to maintain the
class. Classes with a large number of methods may be
too complicated or very application specific thus limiting
reuse. Response for a Module (RFM): RFM of a class is
the number of methods and advices that potentially can
be executed in response to a message received by the
class. If a large number of methods can be invoked in
response to a message, the testing and debugging of the
class becomes more complicated.

Coupling metrics
Coupling on Method Call (CMC): CMC is the number of
classes or interfaces declaring methods that are possibly
called by a given class. Usage of a high number of
methods from many different classes indicates that the
function of the given class cannot be easily isolated from
the others. Coupling between Modules (CBM): CBM is
the number of classes/aspect or interfaces declaring
methods or fields that are possibly called or accessed by
a given class. Excessive coupling between classes is
detrimental to modular design and prevents reuse. Depth
of Inheritance Tree (DIT): DIT is the length of the
longest path from a given class/aspect to the class/aspect
hierarchy root. The deeper a class is in the hierarchy, the
greater the number of methods it is likely to inherit,
making it more complex to predict its behaviour.
Afferent Coupling (Ca): Ca measures the number of
classes outside a package that depend on classes inside
the package [21]. Efferent Coupling (Ce): Ce measures
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the number of classes inside a package that depend on
classes outside the package.

Cohesion metrics

Lack of Cohesion in Operations (LCO): LCO measures
the number of methods within a class that access one or
more of the same attributes. Low LCO is desirable.

Package dependency metrics

Normalized Distance from Main Sequence (D): D is the
distance of a package from the idealized line
Abstractness + Instability = 1 where Abstractness is
defined as the ratio of the number of abstract classes to
the total number of classes in the package and Instability
is the ratio of efferent coupling (coupling outside
package) to the total coupling. D is an indicator of a
package’s balance between abstractness and stability.
This metric has a range 0 < D < I, where a 0 indicates
ideal package design.

Aspect-oriented metrics

Crosscutting Degree of an Aspect (CDA) CDA is the
number of classes affected by the pointcuts and by the
inter-type declarations in a given aspect. CDA measures
all classes possibly affected by an aspect. High values of
CDA are usually desirable.

3 Reengineering the GEF Library

3.1 Adoption risks and process overview

There is significant adoption risk associated with AO
technology: (i) lack of tool support; (ii) lack of
education; (iii) implementation issues; (iv) unpredictable
behaviour due to code injection; and (v) security issues
[14]. Many of these issues will dissipate as tools and
methods mature and gain wider acceptance. Issue (iv) is
of particular relevance to AO reengineering as existing
code bases with agreed upon contracts can be altered.
Supporting processes and techniques, such as embodied
in test-driven development help ensure unanticipated
behaviour is not introduced. Introducing any major new
technology has been found to cause an initial decrease in
programmer productivity [22]. Laddad in [10]
recommends a cautionary approach for AOSD adoption
first employing simple AO techniques for common
concerns such as logging and exception handling, to be
followed by the more complex techniques for trickier
concerns. Applying AO techniques to legacy systems can
pose difficulties for various reasons: large code size, lack
of documentation, complexity and inconsistencies of
implementation and the need to preserve behaviour. A
recent review endorses an incremental adoption path
[23].

As yet there is no established process for software
reengineering. Organisations have typically adapted their
standard development process; for example, NASA [24].
We employed an agile process of short development
iterations where refactoring is a major component.
Adopting an agile approach, two engineers worked in
four approximately three-week, development iterations
consisting of analysis, design discovery and two
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iterations of AO code refactoring. Agile methods, such as
Scrum and Extreme Programming, use refactoring to
improve software quality and enhance project agility.
The typical approach in agile development is to first
write tests, by means of automated unit testing, which are
subsequently used to verify that code transformations are
behaviour preserving.

A refactoring process suitable for reengineering is
described by Kataoka et al., where refactoring is done in
iterations or “clumps” [25]. Pizka took a similar
approach of short iterations of discovery, application and
test [26]. In particular, similar approach we followed
was: (i) ldentify code to be refactored; (ii) Determine
which changes to apply and to where; (iii) Write tests;
(iv) Apply refactoring; (v) Assess effects and check that
change is behaviour preserving. This mirrors the typical
process required to manage incremental change in OO
refactoring: determine change, locate relevant code and
determine the change’s extent, and carry out impact
analysis.

For each new aspect we introduced we examined
relevant source code call method calls, constructors, and
blocks of code. Once an aspect was introduced, its
functionality and purpose were reviewed and adjustments
made to further refine how it interacted with and
contributed to the existing classes, as well as adjusting
the classes in the library that the newly created aspect
was now advising. An aspect that starts off interposing a
single class can be used to interpose multiple classes.
This process was repeated for each crosscutting concern
that was identified. Static and dynamic tests were
performed to guarantee that software behaviour was
preserved, that is to ensure that for the same set of input
values, the resulting set of outputs were the same before
and after refactoring. Stronger notions of behaviour
preservation are needed for domains such as real-time
and embedded systems where performance and other
properties such as safety could be affected. This was not
an issue with GEF.

3.2 Refactoring GEF

We carried out two iterations of AO refactoring using the
semi-automated techniques. In the first refactoring
iteration we concentrated on basic concerns and solutions
within our limited time window. Common AO
refactorings that we used included Extract Feature into
Aspect and Extract Fragment into Advice [27]. We
measured the restructured software after this phase. In
the second iteration we did further refactoring primarily
based on the AO implementation of established design
patterns and re-ran the metric suite so the modularity of
the software was again measured at this final stage.
Design patterns are an attractive proposition for software
design but while the benefits to the design are well
documented [28], their implementations “tend to vanish
in the code” [29], failing to “capture the concern
explicitly” in the code [30]. AO implementations of
design pattern retain explicitness while offering the
desired benefit.
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AO code refactoring differs from and is more
pervasive than he conventional OO refactoring
techniques mentioned in the introduction [31]; for
example, while extract method simply moves code into a
new method replacing it with a method invocation, using
aspects you can take an additional step and take out those
invocations in the source code altogether. You can make
changes not possible with just a Java compiler such as
moving out try/catch blocks into a separate aspect. Many
of the guidelines and practices in OO refactoring, carry
forward to AO refactoring. As stated in [32], AO
refactoring “augments and not replaces conventional
refactoring.” AO refactoring techniques have been
developed to modularize  exception  handling,
concurrency, lazy initialization, contract enforcement,
and a number of other design constraints. Catalogues of
AO refactorings have been developed [27, 31, 33, 34].
These are often described in the template format
popularized by the design pattern community.

We used the aforementioned Eclipse tools, AJDT
and JUnit for writing unit tests. The Aspect] graphical
structure browser and the Visualizer allowed us to
identify concerns without the use of a dedicated aspect
mining tool. Tool-supported refactoring can greatly
reduces the effort of manually scanning and changing
code. We return to the issue of automated aspect mining
and automated refactoring in Section 5. Note that we
used only a subset of the Aspect) language features.
Indeed, as of 2010, most industrial applications of AOSD
have used only basic features [23, 35]. We followed the
guidelines given by Colyer [16] where pointcuts are
named and individual pointcut definitions are kept
simple. Named pointcuts can thus be reused. We placed
all pointcuts in an aspect next to the associated advice. In
AJDT you can handily associate run-time tests with each
item of advice.

In particular the following separate of concerns
(SoCs) were addressed wherein one or more aspects were
introduced to deal with each.

SoC1: Exception Handling
SoC2: Logging
SoC3: Notification Services
SoC4: Event Handling
SoC5: Design Pattern Concerns
o Composite
o Strategy
o State

3.2.1 AO refactoring iteration 1

A summary of the five aspects introduced in the first
iteration of refactoring are given next.
ThrowableException is an aspect introduced to deal with
SoC1. Following are additional aspects dealing with
SoC2, SoC3 and SoC4 in turn.

ThrowableException aspect (SoC 1)

This is the simple aspect. Calls to printStackTrace() are
made by some catch clauses in the original code. Such
code snippets occur in multiple packages. We created a
new package called exception, modularizing the
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crosscutting code into  an aspect  called
ThrowableException. This will be single aspect instance
— by default all aspects are singletons. Pointcut
expressions are created matching join points that can
occur in the Java source code. Around advice executes at
the matched join points. As the program executes, the
pointcuts match events in the runtime of the application
triggering a stack trace method to execute. This allows
duplicated source code to be removed, providing benefits
such as improving the readability of the base code,
having the exception throwing all in one place, and
supporting future additions which may need to
implement calls to printStackTrace(). This example uses
the execution, target and args pointcut designators. The
args designator used here captures contextual
information, in this case the arguments passed to
methods at an execution joinpoint.

package exception;
public aspect ThrowableException{

pointcut printingStackTrace(Throwable aCause):
execution (* printStackTrace()) &&
target(aCause);

// other pointcuts elided

void around(Throwable cause)
sprintingStackTrace(cause){
proceed(cause);
if (cause = null){
System.out._printIn(*'Caused by:"");
cause.printStackTrace();

}

//other advice elided

}

ExceptionHandler aspect (SoCl)

Exception handling occurs throughout a number of
classes in the util package of the GEF library. Within this
package we have modularized all try-catch clauses into a
second aspect called ExceptionHandler. Exception
handling also occurs in classes in other packages of the
library but its use is applied in an inconsistent manner
and so it was not possible to modularize into this aspect.
Within the util package there existed a number of try-
catch clauses in classes tangled with other logic in the
class. We moved all this exception handling code into the
aspect.

LoggingCalls aspect (SoC2)

Logging is used by a number of classes in the GEF
library for debugging purposes. Logging is not applied
uniformly throughout the library but instead is used on an
ad hoc basis in a number of different classes.

It was possible to modularize checks that were done
before a message was logged. Before a message is
logged with debug priority (Log.debug(“message”)), a
check is made to ensure that debug logging is enabled
(Log.isDebugEnabled()). If the result of this check is true
then the message is logged, if the result is false then
logging is ignored. This check occurs in 70 different
locations throughout the library, in a different classes and
packages. Since this check is not a primary concern of
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the classes in which it occurs, it was moved to an aspect.
The aspect contains a pointcut that matches any join
points that occur when a call is made to Log.debug() in
GEF. When a match is made, contextual information is
extracted from the join point; the Log object is extracted
and made available to the aspect. A check is then made
using around advice, which results in control returning to
the join point if debug logging is enabled. If debug
logging is not enabled, messages are not logged and
control returns to the code after the join point.

PropertyChangeHandler aspect (SoC3)

In GEF the Globals class stores global information that is
needed by all Editors. Within the Globals.java class,
listener notification is implemented. A hashtable is
created which keeps track of a number of
PropertyChangeListeners for Figs. It allows for
PropertyChangeListeners to be added to Figs. Any
changes to the properties of a Fig will result in a
notification being sent to its listeners. A Fig can have up
to four listeners. There are five methods implemented in
the Globals class that manage these
propertyChangeL.isteners.

The methods for managing the properties are not
scattered across the library but we decided to modularize
these methods since they are specific to Figs and are not
the primary concern of the Globals class. By
modularizing them into an aspect,
PropertyChangeHandler, the code in the Globals class
becomes less complex and more robust if changes need
to be made to the way listeners are handled.

public aspect PropertyChangeHandler{

private static Log Globals.LOG =
LogFactory.getLog(Globals.class);

private static Hashtable Globals._pclListeners =
new Hashtable();

private static PropertyChangeListener
Globals.universalListener = null;

public static int Globals.MAX_LISTENERS = 4;

public static void
Globals.addPropertyChangeListener (Object

src, PropertyChangeListener 1){

PropertyChangelListener listeners[]=

(PropertyChangeListener[])_pcListeners.get(src);
if (listeners == null){
listeners = new
PropertyChangeListener[MAX_LISTENERS];
_pcListeners._put(src, listeners);
3
for (int i = 0; i < MAX_LISTENERS; ++i)
if(listeners[i] == null) {
listeners[i] = I;
return;
}
¥

public static void

Globals.addUniversalPropertyChangelListener
(PropertyChangeListener pcl) {
universalListener = pcl;

}

public static void

Globals.removeUniversalPropertyChangeListener(){
// code cut for brevity

}
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public static void
Globals.firePropChange(Object src, String
propName, boolean oldV, boolean newV){
FfirePropChange(src, propName, new
Boolean(oldV), new Boolean(newV));

// overloaded methods cut for brevity

}

This example also shows how the observer pattern is
quite naturally implemented in AO programming. Also
an alternative option, OO refactoring involving
delegation, is not an attractive option here because of the
added level of indirection and complexity. The trade-off
between using and not using inheritance or delegation is
an on-going area of debate. Empirically measuring
generalization costs against reuse savings has proved
difficult. An interesting proposed solution involves a
cost-benefit approach to develop a suitable metric [36].

UseActionEvents aspect (SoC4)

There are classes in the GEF library, UseReshapeAction,
UseResizeAction  and UseRotateAction,  which
implement almost identical event listening methods.
These classes deal with allowing an Editor to perform
certain actions on groups of objects that are currently
selected. These actions are a resize action, rotate action
and reshape action. Since this is an area of the library
where there may possibly be future additions of new
classes that provide additional actions, we modularized
this duplicated code which is crosscut among these
classes into an aspect.

A new aspect called UseActionEvents was created
which matches the execution of any actionPerformed()
methods in the above classes. When the pointcut defined
in the aspect matches a call to this method during the
runtime execution of the class, control is passed to the
aspect, which then executes some event listening logic
depending on where the call originated from. Once the
aspect is finished executing, control is passed back to the
class.

public aspect UseActionEvents{

pointcut

handlingActionEvents(UseReshapeAction aReshape):
execution (public void actionPerformed(..))

&& target(aReshape);

// other pointcuts elided

void around (UseReshapeAction reshape):
handlingActionEventsl(reshape){
Editor ce = Globals.curEditor();
SelectionManager sm =
ce.getSelectionManager();
Enumeration sels = ((Vector)
sm.selections().clone()).elements();

while (sels.hasMoreElements()) {
Selection s = (Selection)
sels.nextElement();
if (s instanceof Selection &&
1(s instanceof SelectionReshape)){
Fig f = s.getContent();
if (f.isReshapable()){
ce.damaged(s);
sm._removeSelection(s);
SelectionReshape sr = new
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SelectionReshape(T);
sm.addSelection(sr);
ce.damaged(sr);

}
}
}
//other advice elided
}
3.2.2  AO refactoring iteration 2

A summary of the four additional aspects introduced in
the second iteration of refactoring are given in the
following subsections. The first of these related to the
repaint method and addresses SoC3. The remaining three
new aspects address SoC5. Code samples of the
reengineered library are included for some of these.

Repainting (SoC3)

First we give a brief description of how the repainting of
graphical objects takes place in GEF. Mouse events,
screen damage, or changes to a figure’s boundary
necessitate repainting the screen. Damage is stored as a
list of rectangles. This is part of the RedrawManager
class’s responsibility as well as determining the object
under a given mouse point. In GEF, a Layer class can
dictate the redraw order of a group of Figs. A Layer is
responsible for notifying all dependent layers of changes.
Different layers can be hidden, locked, or grayed out
independently. A complex notification service maintains
state. We introduced a new Repaint aspect that provides
an aspect-based implementation of this notification
mechanism. This is again based on the Observer pattern
and operates similar to the PropertyChangeHandler
described in Section 3.1. This necessitated moving and
reworking code in RedrawManager.

Composite pattern for handling FigGroups (SoC5)
FigGroup has methods that perform various actions, such
as setting and removing properties on all of the Figs in a
FigGroup. In the original library different iterators
process the list of Figs for each of these. We introduce an
aspect to perform these updates. Note that the update
operation requires contextual information in the form of
the particular type of update operation.
static aspect UpdateAllFigs{
pointcut updateOp (FigGroup fg):
execution( * FigGroup-*(-.)) &&
(FigGroup) && within (FigGroup);

this

pointcut FigGroupOperation(FigGroup fg):
cflow (updateOp);

// advice elided
h

This example uses the this, within and cfow pointcut
designators. The cflow designator specifies that the
pointcut is in the control flow of each join point picked
out by the updateOp pointcut. The pointcut expression
with the execution designator matches all executions of
any FigGroup method.

Strategies for different commands and state pattern for
changing  behaviour of Editor depending on
FigModifyingMode (SoC5)
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Depending on the context the various subclasses of Cmd
can be used to perform a suitable action. This part of
GEF isn’t fully developed as operations such as Undo are
not supported. During refactoring the various subclasses
of Cmd were removed from the code simplifying the
source class design by means of an aspect-oriented
implementation of the strategy design pattern [33][37].
We attach advice corresponding to each command type
as described in [33]. After advice is used to modularize
the various states of FigModifyingMode. This has the
advantage of localising future changes since this is
extensively used.

4 Evaluation

The following sections presents the metrics after
reengineering of the library was completed. Due to the
large number of classes involved and the scattered nature
of some concerns, for each metric we took average
values for the entire library, to give an indication of what
effect reengineering had on the library as a whole, with
the exception of the Lines of Class Code (LCC) metric
and the Weighted Methods per Class (WMC) metric.

4.1 Evaluation results
Table 1 gives the coupling and cohesion results.

Metrics Original Re. Iter 1 Re. Iter 2
CMC 3.205 3.140 3.013
CBM 3.246 3.181 3.126
DIT 1.383 1.383 1.383
Ca 14.81 14.67 14.67
Ce 10.90 10.90 10.90
LCO 117.6 117.6 117.9

Table 1: Coupling and cohesion results.

The coupling and cohesion results did not show dramatic
changes between the original and the reengineered code,
but the changes do give indications of the effect that the
introduction of aspects had. Overall, there is a small
reduction in coupling. The Coupling on Method Call
(CMC) metric showed approximately a two and six
percent average decrease in coupling for refactoring
iteration 1 and 2 respectively. (Aopmetrics gives results
to seven digits of precision but in all the tables here these
are rounded down to four. The percentage increases and
decreases are rounded to the nearest percentage.) The
Coupling between Modules (CBM) metric showed a
small average reduction of two and four percent between
the original and reengineered library. The Depth of
Inheritance Tree (DIT) metric remained the same for
both versions of the library due to the fact that the
introduction of aspects did not affect the class hierarchy
in the way that subclassing would through OO
refactoring. This observation has been previously
published [38]. There were small reductions in Afferent
Coupling (Ca) whereas Efferent Coupling (Ce) remained
the same. There was a slight increase in the Lack of
Cohesion in Operations (LCO) metric between the
original and reengineered library. Generally high
cohesion is a desirable property and so a reduction in
lack of cohesion would have been the preferred result.




ASPECT-ORIENTED REENGINEERING OF...

However, the increase is relatively minimal, and since
LCO is a measure of the number of methods within a
class that access one or more of the same attributes, the
use of some inter-type declarations in aspects may have
contributed to the increase.

Metric Orig. Re. Iter 1 Re. Iter 2
LCC 30835 30422 30355
RFM 3.246 3.181 2.952
WOM 7158 7023 7010

Table 2: Size and complexity results.

Table 2 has results related to size and complexity. The
metrics Weighted Methods per Module (WOM) and
Response for a Module (RFM) are good indications of
both the internal complexity and overall complexity of
classes. The RFM decreased for the reengineered version
by approximately four and ten percent which indicates a
small reduction in complexity. The LCC metric indicated
a small reduction in code size. This small reduction is
due to the removal of replicated code into aspects as well
as the movement of some methods and fields.

The very slight increase in the LCO metric is not
significant because the overall change in this metric was
relatively small. Also there are uncertainties with respect
to the level of confidence that can be put in this metric
due to the varied results it has displayed in other studies;
see Section 6. It is best to consider the results of a set of
metrics rather than just one metric in isolation. The
results obtained for RFM and WOM support claims of a
reduction in complexity, which may have a knock on
effect for encouraging reuse and simplifying
maintenance. The D metric also provides reassurance
that the reengineering has not caused any major stability
issues in the library.

Table 3 below shows results for package stability
and dependency where there was no significant

movement.
Metrics Orig. Re. Iter 1 Re. Iter 2
D 0.426 0.427 0.427

Table 3: Package dependency results.

The crosscutting degree metric (CDA) displayed in Table
4, is not applicable for purely OO systems but comes into
play when aspects have been used.

Metrics Orig. Re Iter 2 Re. Iter 2

CDA 0 44 89

Table 4: Aspect-oriented results.

5 Discussion

The use of AO techniques to reengineer the GEF library
using semi-automated techniques in a tight timeframe
proved only marginally beneficial to the overall design
quality of the library in most areas. The results after
applying the metrics support AO programming claims of
reducing complexity and coupling but only to a small
degree. We believe this was due to the fact that only a
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limited number of refactoring can be achieved in six
weeks.

Similar negative results have been obtained from
experiments on conventional refactoring; see for example
[26], which used a medium sized Java code base and also
a tight developer timeframe. Wilkin et al. also report
disappointing results [39]. In another refactoring
experiment, Bourquin and Kellen [40] note that code size
reduced by ten percent but only after seven months of
refactoring, though this involved a much larger code base
(140 KLOC of Java) but the team size is not specified.
Previous experience of more extensive reengineering,
where a software system is modified by above 20 to 25
percent, has been found to be counterproductive [41].
Chen et al. has data on the human effort of OO
refactoring, although this was restricted to exception
handling [42]. 41 man-hours were spent refactoring 14
KLOC of Java with 371 LOC being modified. They
deem the effort to be worthwhile based on a cost-benefit
analysis calculated as the estimated savings in
maintenance cost minus development costs (man-hours
by engineer's pay per hour).

Though there are a number of case studies on aspect-
oriented refactoring, see Section 6, unfortunately there is
little concrete information provided in how many man-
hours were involved in the various tasks. This early-stage
work has so far, understandable, concentrated on
methods and tools.

Some  difficulties we  encountered  while
reengineering are worth mentioning. A lot of time was
spent analysing and re-designing GEF, for example
identifying sites where an AO approach could be taken.
Possibly because the system is a library as opposed to an
actual application, a lot of classes were already relatively
independent and modularized, limiting where aspects
could be used. In many applications there are stand-out
crosscutting concerns such as database access and
security/authentication that are good candidates for AO
refactoring. Persistence is another common concern that
is amenable to an AO solution [30] that did not feature in
the GEF library. In parts of the library it was difficult to
cleanly remove all the code associated with some
concerns such as logging. During the modularization of
exception handling in the util package, additional lines of
code and contextual data had to be extracted from the
join point into the aspect, which was not ideal.

Here we briefly discuss two limitations of our
methodological approach. While we did some we did not
do widespread OO refactoring prior to the AO
refactoring. It has been stated that initial code
restructuring such as via OO refactoring can aid
subsequent AO refactoring [43]. Capturing some
concerns as aspects may necessitate restructuring of the
base code to expose suitable join points. Second, we did
not measure stability in the face of actual changes.
Greenwood et al. performed an extensive empirical study
of design stability in the face of system changes that are
typically performed during software maintenance tasks
finding that AO implementations tend to have a more
stable design than purely OO implementations [44].



508 Informatica 35 (2011) 499-511

Tools to automate AO reengineering have begun to
appear but are still at the research stage of development.
Aspect mining techniques are vital to automate the aspect
discovery phase. Kellens et al. provide a comprehensive
survey of emerging aspect mining techniques [45].
Different approaches are being tried to help identify
aspect candidates such as text analysis, dynamic program
analysis, code slicing and natural language techniques.
Research tools such as DynaAMIT, DelfSTof, Dynamo,
and AOPMigrator have recently been developed
[45][46]. Work is needed to make these more scalable,
more usable and more widely known so as to transfer the
technology to industry.

Fully-automated refactoring is the second major
component needed to enable full automation. In
automated refactoring, refactoring consists of program
transformations that satisfied specified preconditions. At
present AO refactoring is mostly done by hand or in the
semi-automated way because of the immaturity of
automated AO refactoring support tools and the fact that
those that do exist cannot guarantee they are behaviour
preserving [45]. IDEs such as Eclipse currently support a
user-guided (or semi-automated) approach but a lot of
human effort and expertise is still required. Research in
fully automating OO refactoring is actively ongoing.

A property of software that can be affected by any
type of refactoring is performance. Generally AO
programming has been found to have a negligible effect
on performance [10]. Some research has even shown
unanticipated performance improvements after OO
refactoring [47]. We ran the original and refactoring GEF
Demo application are there was no noticeable
performance differences.

5.1 Related studies of aspect-oriented
reengineering

The majority of empirical studies have shown that
applying AO concepts to applications can improve
modularity and provide benefits in the areas of reduced
complexity, maintainability and reusability but most of
these studies don’t explicitly state how much effort went
into the reengineering.

The very small reduction in lines of code we
observed is in line with similar studies [48, 49, 50].
Studies of the reengineering of AO software systems,
such as those by Kendall [19], have shown improvements
in modularization. This study entailed role modelling of

intelligent agent protocols and concentrated on
refactoring inter-agent communication and agent
conversation/negotiation. Note that Kendall's

reengineering used both traditional OO refactoring as
well as AO refactoring. Work in the areas of exception
handling [48, 49] have shown that the use of aspects
helped reduce code tangling and loosen class coupling.
Unlike our work, these two studies were restricted to one
functional area, exception handling. Evaluations of AOP
programming for real-time systems [50] also showed
improved modularity for crosscutting concerns. Mixed
results were obtained in a project reengineering the
Hypercast system for multicast overlay networks [51].
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The original Java implementation had 300 classes and
was redesigned first using common AO programming
methods, pointcut descriptions and advice. They found
this approach led to programs that were "unnecessarily
hard to develop, understand and change.”" They repeated
the experiment with abstract interfaces that expose
pointcut descriptors and impose contracts and found this
easier and led to a clearer design. Zhang and Jacobson
found a 22 percent decrease in coupling in reengineered
middleware [52]. A study by Madeyski and Szala was
inconclusive [53]. While other studies show a desirable
change for the LCO metric [48], there are also studies
where lack of cohesion increased [49]. This may indicate
limitations of usefulness of this metric in AO systems or
possibly calls for modifications on how the metric is
calculated.

Using software metrics to mine aspects is a different
way of applying metrics to the refactoring process. The
explicit use of software metrics to locate problem code
for (non-AQ) refactoring has been tried [54]. Cole and
Borba propose what they call Aspect] laws, a catalogue
of code transformations [55].

JHotDraw, a Java version of the HotDraw library
mentioned in Section 2.2, has been used as a test-bed for
AOSD work. Note that HotDraw is similar to GEF in
design, complexity and function. AJHotDraw is an open
source AO reengineered version of JHotDraw created to
test the feasibility of reengineering legacy code with
aspects. Ceccato et al. used JHotDraw to compare aspect
mining techniques [56]. A different development process
from ours was used, a four step process consisting of
mining, exploration, documentation, and refactoring
based on so-called crosscutting concern  sorts.
Hannemann et al. show the viability of a role-based
approach to semi-automate AO refactoring by refactoring
three different design patterns - observer, singleton and
template method — also in JHotDraw [57].

6 Conclusions and Future Directions

Having analyzed the empirical results and reviewed
existing research in the area of aspect-oriented
reengineering it is clear there is potential in the areas of
reducing complexity, maintainability and promoting
reuse. There are varying degrees of success depending on
the extensiveness of the reengineering and the type of
system it is being applied to. The results we obtained
from applying a suitable metric suite to both the original
library and the reengineered library suggest that the
introduction of aspects did show slight improvements in
many fundamental measures of software quality in our
short iteration approach. The key question is if this
improvement warranted the effort. Future work is needed
on defining benefit in terms that factor in development
costs. Extensive AO re-design may be difficult within or
incompatible with the short iterations in the most
common agile processes. We conclude that without
greater automation in the form of tools and a supportive
process, AO reengineering of working OO software in an
agile process is hard to justify.
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Constraints and limitations of this study where
discussed in Section 5. Future work needs to look at
issues surrounding the practical application of AO
refactoring in agile development including team
development, training, tool support, testing, and quality
control. Beuche and Beushe highlighted major issues
with transferring aspect technology into practice [58] that
can serve as a guide to needed work in the area. They
state that AO programming has yet to prove its value in
terms of making software development cheaper and that
AO programming might be useful for certain functions
but not all. Ascertaining how AQO refactoring can be most
judiciously employed and incorporated into existing
processes is an important factor. It is also worth noting
that AO programming is still little used outside the Java
community and large-scale success stories are few; but
there are island of success, see [47, 59, 23] for the state-
of-the-art in large-scale deployment. For large code bases
it can be difficult to balance the amount of time spent
investigating areas where AO can be introduced, and the
overall benefit gained from doing so. In such cases prior
developer knowledge of the system being reengineered
could be advantageous to tip the balance in favour of AO
refactoring as well as use of the automation tools
discussed in Section 5.
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Genetic Algorithms (GAs) are powerful general-purpose optimization search algorithms based upon the
principles of evolution observed in nature. Mutation operator is one of the GA operators that used to
produce new chromosomes or modify some features of them depending on some small probability value.
The objective of this operator is to prevent falling of all solutions in population into a local optimum of
solved problem. This paper evaluates the effect of applying well known mutation operators on selected
non-deterministic polynomial (NP) hard problems and compares the results. The problems that will be
introduced in this paper are: traveling salesman problem (TSP), 0/1 Knapsack problem, Shubert

function, and system of linear equations.

Povzetek: Clanek raziskuje ucinkovitost mutacije v genetskih algoritmih pri resevanju NP-tezkih

problemov.

1 Introduction

GAs are powerful general purpose optimization search
algorithms based upon the principles of evolution
observed in nature. Even with today’s high-powered
computers, using an exhaustive search to find the optimal
solution for even relatively small problems can be
prohibitively expensive. For many problems, genetic
algorithms can often find good solutions, near-optimal, in
around 100 generations. This can be many times faster
than an exhaustive search. Solution to a problem solved
by genetic algorithms is evolved. Algorithm is started
with a set of solutions, represented by chromosomes,
called population. Solutions from one population are
taken and used to form a new population. This is
motivated by a hope, that the new population will be
better than the old one. Solutions which are selected to
form new solutions, offspring, are considered according
to their fitness; the more suitable they are the more
chances they have to reproduce. Then crossover and
mutation are applied on them to find new points in the
search space.

This paper will use GA to solve NP problems. A
decision problem is called an NP problem if particular
examples of it can be solved in polynomial time by a
nondeterministic process i.e. by generating possible
solutions at random guessing. There are many problems

for which no polynomial-time algorithm is known, this
paper will consider three of them; Traveling Salesman
Problem (TSP), 0/1 Knapsack problem, and Shubert
function.

Given a finite number of cities along with the cost of
travel between each pair of them; TSP try to find the
cheapest way of visiting all the cities each of which
exactly once before returning back to the starting
point. TSP difficulty comes from the fact that for N cities
there are N!/2N possible paths. There are several
algorithms, which approach this problem. This paper will
use GA to solve this problem by applying several types
of mutation methods and compare the results. These
types, depending on the representation used are:
Reciprocal exchange Mutation, Inversion mutation,
Insertion mutation, Displacement mutation, Boundary
mutation and Uniform random mutation.

The main idea of 0/1 Knapsack problem is how to fill
the knapsack with the subset of given items to reach
maximum profit without exceeding the knapsack
capacity. The knapsack problem arises whenever there is
resource allocation with financial constraints. Profit
would be the importance of the item, while the cost is the
amount of space it occupies in the knapsack. So we need
to maximize our profit while minimizing our cost. This
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problem shows how to deal with constraints. One way to
achieve that is based on the application of special repair
algorithms to correct any infeasible solutions. This paper
will use GA to solve this problem by applying several
types of mutation methods and compare the results. These
mutation types depending on the representation used are:
Flip bit, Boundary, Non-uniform, Inversion, Insertion and
Displacement.

In Shubert function the target is to benchmark global
optimization methods. The formulation of the global
optimization problem is to find the absolute minimum for
a given function over the allowed range of its variables.
So, Shubert function is used as an indicator for the
efficiency of these methods. The Shubert function could
be 1, 2, 3... or n dimension. The object function for one-
dimension Shubert function can be given as:

5
J(x) = ZJ' cos[(F+1x + ]

F=1

where —10<=x <10

For n-dimension Shubert function, there are n*pow(3,n)
global solutions. The object function for n-dimension
Shubert function can then be given as:

n 5
Fx)=112 7-cos[(j+1)x, + /]

i=1 j=1

where —-10<x, <10, i=1,---,n

GAs are general purpose search algorithms, so we can use
them for searching the global minima of the Shubert
function. This paper will use GA to solve this problem by
several types of mutation methods and compare the
results. These types depending on the representation used
are: Boundary mutation, Uniform random mutation and
Non-uniform mutation.

Many problems lend themselves to being solved with
systems of linear equations. However, solving systems of
linear equations is a common computational problem well
known to mathematicians, scientists and engineers.
Several algorithms exist for solving this problem. But,
when the equations contain interval coefficients, i.e.
intervals in which the desired coefficient values are
known to lie, the problem may not be solvable in any
reasonable sense. In fact, it has been shown that the
general problem of solving systems of linear equations
with interval coefficients is NP-hard which is extremely
difficult to be solved. Hence, this paper will use GA to
solve this problem by applying several types of mutation
methods and compare the results. These types, depending
on the representation used are: Boundary mutation,
Uniform random mutation, Non-uniform mutation,
Reciprocal mutation, Inversion mutation, Insertion
mutation, and Displacement mutation.

2 Related Work

In recent years, the genetic algorithms for solving NP
hard problems have achieved great results [1] [2] [3] [4].
In particular, the Traveling Salesman Problem (TSP) has
been receiving continuous and growing attention in
artificial intelligence, computational mathematics and
optimization. For instance, the work in [5] proposed an
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improved GA to solve TSP through adopting an untwist
operator which can unite the knots of route effectively,
so it can shorten the length of route and quicken the
convergent speed. In [6], a new selection strategy is
incorporated into the conventional genetic algorithm to
improve the performance of genetic algorithm in solving
TSP. The results show that the number of evolutional
iterations to reach an optimal solution can be
significantly reduced. Liu and Huang [7] proposed a
novel genetic algorithm to overcome the defections of
slow convergence of traditional GA. The algorithm
creates crossover and mutation by merging two kinds of
heuristics. Simulation results indicated that it can get
high-quality solution while consume less running time.

The 0/1 Knapsack Problem is a well-known NP hard
problem [8] [9] [10] [11] as it appears in many real life
world with different application. In [12] an evolutionary
genetic algorithm for solving multi objective 0/1
Knapsack Problem is introduced. Experimental outcome
show that the proposed algorithm outperforms the
existing evolutionary approach. In addition, the work in
[13] proposed a genetic algorithm using greedy approach
to solve this problem. The experiments prove the
feasibility and validity of the algorithm.

Shubert function optimization problem has also been
studied in literature. Based on the principle of free energy
minimization of thermodynamics, a new thermodynamics
evolutionary algorithm (TDEA) for solving Shubert
function optimization problem has been proposed in [14].
The results show that thermodynamics evolutionary
algorithm is of potential to obtain global optimum or
more accurate solutions than other evolutionary methods.

The problem of solving systems of linear equations
with use of Al based approaches has been studied by
many researches for decades. Different definitions for the
solution of such problem have been considered and
various Al techniques have been successfully developed
[15] [16] [17]. Recently, the research in [18] aimed to
approximate the exact algebraic solution of this problem
through minimizing its cost function. To do so, two
different AI approaches were adopted: the neural
networks (NN) based approach and the genetic
algorithms (GA) based one. The results shows that it will
be interesting to combine both GA based and NN based
approaches into one single method. GA can be used at
the beginning phase for global search, whereas the NN
based technique can be used in the final, local search
phase to improve the solution obtained by GA.

3 GA Operation

GA is an iterative procedure that consists of a constant
population size of individuals which are decoded and
evaluated according to a fitness function. To form a new
population, individuals are selected according to their
fitness. A crossover and mutation are then applied on
them to find new points in the search space. Figure 1
shows the iterative procedure of a general GA. For our
research work, we will adopt the GA procedure steps to
solve four well known NP problems: Traveling Salesman
Problem (TSP), 0/1 Knapsack problem, Shubert function,
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and system of linear equations. To do so, Table 1 shows
how these steps are applied on the four problems.

Generate random population of n chromosomes
Loop (until stop condition)
Evaluate fitness fix) of each chromosome
Loop (until new population is completed)
Select 2 parent chromosome
Crossover the parenits to form offspring
Mutate new offspring at each locus
Place new offspring in a new population
End Loop
Adepr newly generated population
Test for best solution
End Loop

Figure 1: A general GA procedure.

1 E . System of
GA Step TSP 071 Knap Shubert Linear E 8
Encoding mteger binary floating point floating point
- e . Generated randomly
P lnm;} }iﬂﬁ;&%ﬁy 13 ftems Two genes i each \T\‘lﬂil‘.ﬂ a specified
ot | et 17 et mdividual interval for each
ST wvarizble
Population size=30
Parameters Probability of crossover=80%
Probability of mutation=3%
Maxi number of G =3000
Evaluztion totzl cost of summation of the et el how far obtzimed
Function travel betwesn profits of the smga‘ﬂ‘l?ﬂ;a%;‘ﬂ“ = solution from the
cities items selectad = C cOfrect one
Selection
Operator roulette wheel roulette wheel roulette wheel roulstte whesl
Crossover o
Opetator heuristic single point single point single point
» Reciprocal » Flip bit * Boundary
* Inversion * Inversion * Uniform random
* Insertion * Insertion » Boundary * Non-uniform
Mutation « Displacement « Displacement « Uniform random  Reciprocal
Operator N . -
+ Boundary » Boundary = Non-uniform = Inversion
* Uniform * Non uniform * Insertion
# Displacement

Table 1: Choice of parameters for each GA step.

4 Mutation Operator

Text of the conclusion From biology view, mutation is
any change of DNA material that can be reproduced.
From computer science view, mutation is a genetic
operator that follows crossover operator. It usually acts
on only one individual chosen based on a probability or
fitness function. One or more genetic components of the
individual are scanned. And this component is modified
based on some user-definable probability or condition.
Without mutation, offspring chromosomes would be
limited to only the genes available within the initial
population. Mutation should be able to introduce new
genetic material as well as modify existing one. With
these new gene values, the genetic algorithm may be able
to arrive at better solution than was previously possible.
Mutation operator prevents premature convergence to
local optima by randomly sampling new points in the
search space. There are many types of mutation and these
types depend on the representation itself.
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4.1 Applying Mutation on TSP

Since integer representation is the best representation for
TSP, the following mutation types were applied to this
problem:

= Reciprocal: two cities are exchanged, swapped, after
they are selected randomly.

= Inversion: two cut points are selected randomly, and
then the sub tour between them is inverted.

= [nsertion: a city and a place to be inserted in it are
selected randomly.

*  Boundary: a city is chosen and replaced randomly
with either the upper or lower bound for that city.
The chromosome is then searched for the upper or
lower bound and that city is replaced with the bound
as shown in Figure 2.

x = rand{)$1000/1000.0;
if (% < DMUTATION)
{

//to decide upper cor lower boundary
p = rand()%1000/1000.0;
if (p < 0.5)

//replace with lower boundary
{
currentpop = i;
index = search(lbound, currentpop);
if (index !'= -1)
swap{scurrent, spopulation[i] .gene[index]);
populaticn[i] .gene[]j]=current;
i
elae
//replace with upper boundary
{
CUrrentpop = i;
index = search(ubound, currentpop):
if (index !'= -1)
swap (scurrent, spcpulaticn[i] .gene[index]);
populaticn[i] .gene[]j]=current;

Figure 2: Boundary mutation.

= Displacement: a sub tour and a place to be inserted in
it are selected randomly as shown in Figure 3.

CityNum = ( rand() % CitiesNum):
TnsertPos = (rand() % CitiesNum);
do
//length of the tour
lengthl = (rand()$CitiesNumt+l);
while ((InsertPos+lengthl-1>=CitiesNum)||(CityNum+lengthl-1>=Citieslum));
p = rand()£1000/1000.0;
if (p < EMUTETION){
w=0;
for (int h = CityNum;h<=(CityNumt+lengthl-1);h++)
|
w=w+ 17
SubList[w]=pcpulation[i].gene[h]:

i
if (InsertPos > CityNum){
for (int j = CityNum + 1; j <=InsertPo3a; j++){
population(i].gene[j-1] = population[i].gene[j+lengthll];
w=0;

1=1-1;

}
for (int 33 = J; ji<{j+lengthl); Ji++){
W= wtl;

pepulation([i].gene[jj]=SubList[w];
}

}
if (InsertPos < Citylfum){
for (int j=CityNum - 1; j>=InsertPos; j—-)

population(i].gene[j+lengthl] = population[i].gene[j]:

J=3+1:
}
for (int 33 = 37 ji<{j+lengthl):jj++)
{

w o= wil;
pepulation([i].gene[jj]=SubList[w];

Figure 3: Displacement mutation.

= Uniform: a city selected for mutation is replaced with
a uniform random value between the user-specified
upper and lower bounds for that city. Then the
chromosome is searched for the uniform random
value found and replaces it with that city.
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4.2 Applying Mutation on 0/1 Knapsack

since binary representation is the best representation for

0/1 Knapsack problem, the following mutation types were

applied to this problem:

= Flip bit: an item is selected randomly and its value is
inverted from 0, selected, to 1, unselected, or vice
versa as shown in Figure 4.

X (rand () $ItemsNum) ;
p = rand()%1000/1000.0;
if (p « PMUTATION)

population[i].gene[x] = 1 - populaticn[i].gene[x];

Figure 4: Flip mutation.

= [Inversion: items between two randomly chosen
points in the individual are reversed in order.

= [nsertion: an item is taken at random and inserted
randomly into another position in the sequence.

= Displacement: A randomly selected section of the
individual is moved as a block to another location in
the individual.

*  Boundary: an item is selected randomly and its value
is replaced randomly either by the upper bound (1) or
the lower bound (0).

= Non-uniform: This type increases the probability that
the amount of the mutation will be close to 0 as the
generation number increases. This mutation operator
keeps the population from stagnating in the early
stages of the evolution then allows the genetic
algorithm to fine tune the solution in the later stages
of evolution as shown in Figure 5.

x = rand({)$1000/1000.0;
if (x < PMUTATICN)
{
p = rand()%2;
Yy = rand()$1000/1000.0;
if (p==0){
pos=floor (ItemsNum* (1-pow (v, pow (l-generation/MAXGENS,5))));
populaticn([i].gene[pos]=1-population(i].gene[pcs];

b

else if (p = 1){
pos=ceil (Ttemslum#* (1-pow (v, pow (1-generation/MEXGENS, 5))) ) :
populaticn([i] .gene [pos]=1-population(i].gene[pos]:

3

Figure 5: Non-uniform mutation.

If s/ = <vi,...,v;>> is a chromosome (t is the
generation number) and the element vk was selected
for this mutation, the result is a vector s, ' =
<Viy..03Vi 5. ..V, Where vi’= mutate(vy ,v (t,n)),
where n is the number of bits per one element of a
chromosome, mutate(vy, pos) means mutate the k-th
value element on pos bit, and:

v (tn) = LA (g‘;;j if a random digitis 0
’7& t.n—‘ if a random digitis 1

4.3 Applying Mutation on Shubert
Function
for best practices, floating point representation is

commonly used for encoding Shubert function with two
genes, variables, in each individual. Accordingly, a 2-
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dimension Shubert function is adopted. This function has
760 local minima, 18 of which are global minima with
value -186.73067. Its object function is:

f(xpxz)zzj'cos[(j"‘l)% +J]

i=1
5
o> j-cos[(j+1x, + ]
i=1
where —-10=x <10 i=12

Since this is a two dimension function, with only two
variables, the following mutation types are used:

*  Boundary: a gene is selected and replaced
randomly by the upper (10) or lower (-10)
bound.

= Uniform random: a gene is selected randomly
and replaced by a random number from the
interval of [-10.0, 10.0].

*  Non-uniform: If s = <vi,..., Vo> is a
chromosome, ¢ is the generation number, and the
element v, was selected for this mutation, the
result is a vector s, = <vi,..oVilse. Vi,
where,

V= \-k—A (t. UB-vy)if a random digitis 0
Vi & (t. vi-LB) if a random digitis 1

LB and UB are lower and upper domain bounds
of the variable vy. In addition, the following
function is used:

A\&¥) =y (11 (1-UT)b)

Where r is a random number from [0, 1], T is
the maximum generation number, and b is a
system parameter determining the degree of
dependency of the iteration number.

4.4  Applying Mutation on Linear System
Equation
The floating-point representation is used for encoding
individuals in such system with every gene represents the
value of one variable. The individuals of the initial
population can be generated randomly within a specified
interval for each variable, and the evaluation function is
used to indicate how far the obtained solution from the
correct one. For the general system of linear equations:

anX; +apX, +...+aX,=by

aZIXl + .':122X2 +...+ a2an = b2

ale + an2X2+ T anan = bn

suppose that the vector V = (v,v,,...,v,) represents a
solution. Then the evaluation function will be:
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1.0

n

> iag’j.vj — bi
Jj=1

i=1

Eventually, the following mutation types will be applied
for this linear equation system: Boundary, Uniform
random, Non-uniform, Reciprocal, Inversion, Insertion,
and Displacement.

5 Test and Results

After running the program 50 times for each type of
mutation, we get the results represented in tables 2, 3, 4,
and 5 for TSP, 0/1 Knapsack, Shubert function, and
linear equation system problems respectively.

Reciprocal Inversion Insertion |Displacement| Boundary Uniform
Mean 18188 17919 17182 1967 .5 21689 20716
Std Div 4297 35 1383 370.0 4705 4738

Table 2: Output per mutation type applied to TSP.
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and accept H1. This means that the proposed order of
mutation types in H1 is correct.

Parameter Value
Number of Levels 6
Population Size 300
Observed J-T Statistic 25605.500
Mean J-T Statistic 18750.000
Std. Deviation of J-T Statistic 855.730
Std. J-T Statistic 8.011
Asymp. Sig. (2-tailed) 0.000

Table 6: Results of Jonckheere-Terpsta Test on TSP.

For evaluating the effectiveness of each mutation type
applied to 0/1 Knapsack, two hypotheses are considered:
First HypOthESis (HO) Mboundary = MFlipBit = MnonUniform =
Minsenion = Mdisplacement = Minversion

Second Hypothesis (H1): Muoundary <= Meiippix <=
MnonUniform <= Minsertion <= Mdisplacement <= Minversion

After applying the Jonckheere-Terpstra test, we get the
results shown in Table 7. Since P =0.016 which is > 0.01,
we reject H1 and accept HO.

Flip Bit Boundary Non-Uniform Inversion Insertion | Di it
Mean | 15143 | 15082 1519.9 15386 15201 1530.0
Std Div 17.6 6.7 276 901 287 47.0

Table 3: Output per mutation type applied to 0/1

Knapsack.
Boundary | Uniform MNon-Uniform
Mean | 10022 | 20735 1002.88
Std Div 17 73 4.0

Table 4: Output per mutation type applied to Shubert
function (x1, x2).

Boundary Uniform Non-Uniform Reciprocal Inversion Insertion | Displacement|

Mean 0.1812 49217 014770 02398 03253 03416 0.2414

Std Div 0.0987 3939 0.0883 0.1509 0.3473 0.339% 0.1180

Table 5: Output per mutation type applied to Linear
Equation System.

Now, for evaluating the effectiveness of each mutation
type applied to TSP, two hypotheses are considered:

FirSt HypOtheSiS (HO) Mnsertion = Mﬂversion = Mrecipmcal =
Mdisplacement = Munifbr_m = Mboundary
Second HypOtheSIS (Hl) Mnsertion< = Mﬂversion <=

M‘eciprocal <= Mdisplacement< = Muniﬁ)rm <= Mbaundar’y

Here, My is the mean of the number of generations
required to reach the desired solution using the X
mutation. In HO we assume that all types of mutation are
having the same mean M, but in H1 we assume that there
is a difference between them; such that the mean in the
first type is less than, better, the mean in the second type
and so on. Now, we apply the Jonckheere-Terpstra test of
the statistical package SPSS on the collected data for
TSP to either accept or reject the above hypotheses. The
results in Table 6 give some statistics. The very
important part of these results is the value of P (in the
last line). Since P = 0.000 which is < 0.01, we reject HO

Parameter Value
Number of Levels 6
Population Size 300
Observed J-T Statistic 20801.500
Mean J-T Statistic 18750.000
Std. Deviation of J-T Statistic 854.717
Std. J-T Statistic 2.400
Asymp. Sig. (2-tailed) 0.016

Table 7: Results of Jonckheere-Terpsta Test on 0/1
Knapsack..

To evaluate the effectiveness of each mutation type
applied to Shubert, the following two hypotheses are
considered:

First HypOtheSiS (HO) Mboundary: MNon-Uniformt: MUniform
Second Hypothesis (H1): Myoundary<= Muniform <= Mnion-
Uniform

After applying the Jonckheere-Terpstra test, we get the
results shown in Table 8. Accordingly, since P = 0.000
which is < 0.01, we reject HO and accept H1.

Parameter Value
Number of Levels 3
Population Size 150
Observed J-T Statistic 6382.000
Mean J-T Statistic 3750.000
Std. Deviation of J-T Statistic 287.284
Std. J-T Statistic 9.162
Asymp. Sig. (2-tailed) 0.000

Table 8: Results of Jonckheere-Terpsta Test on Shubert
f(x1, x2)

To evaluate the effectiveness of each mutation type
applied to the linear equation system, the following two
hypotheses are considered:
First Hypothesis (HO):

Mdisplacemem* Mreciprocal - Minversion - Minsertionf Muniform

MnonUniform: MBoundary
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Second HypOtheSiS (Hl) MnonUniform<:M Boundary <=
Mdisplacemem<: Mreciprocal <:Minversion<:Minsertion <= Muniform
After applying the Jonckheere-Terpstra test, we get the
results shown in Table 9. Accordingly, since P = 0.000
which is < 0.01, we reject HO and accept H1.

Parameter Value
Number of Levels 7
Population Size 350
Observed J-T Statistic 38576.000
Mean J-T Statistic 26250.000
Std. Deviation of J-T Statistic 1082.035
Std. J-T Statistic 11.392
Asymp. Sig. (2-tailed) 0.000

Table 9: Results of Jonckheere-Terpsta Test on Linear

6

Equation System

Conclusions and Future Work

Genetic algorithms are an effective way to solve many

problems especially NP-hard problem.

In this paper,

genetic algorithms were used to solve TSP, 0/1-
Knapsack problem Shubert Function, and linear equation
system. Mutation is one of the important operators of
genetic algorithms since the type of mutation used often
has great effects on the results. The research study shows
that insertion mutation is the best suite for TSP,
Boundary and non-uniform mutations are the best to use
for Shubert function and linear equation system, but for
0/1 knapsack problem all mutation types used gave
nearly the same result. For future work, other NP
problems can be solved with genetic algorithms, and new
mutations can be obtained by combining two or more
types of mutation operators.
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Signcryption is an effective cryptographic primitive, which simultaneously fulfils both the functions of
encryption and signature with much lower cost than traditional schemes; it is an ideal method to
provide confidentiality and unforgeability and ensure secure data storage and transmission in the 10T
(Internet of things). In the paper, we propose a publicly verifiable short signcryption scheme S-ECSC
for the Internet of things based on elliptic curves cryptosystem; and prove the provable security of S-
ECSC under the Random Oracle model, including confidentiality in IND-CCA2 model, unforgeability in
UF-CMA model and non-repudiation security. As per the efficiency analysis, S-ECSC achieves an
average 80% reduction in computation cost compared with typical discrete logarithm, RSA based
signcryption schemes, and has the lowest communication cost in Elgamal type signcryptions. With its
superiority in efficiency and security, S-ECSC proves to be more suitable for resource-restricted
environment in 10T and better satisfies the requirement of secure protocols in IOT, such as key
management, secure routing, etc. At last, we take key generating and distributing protocol of distributed
key management in 10T as an application example, and analyse the method and importance to apply S-
ECSC into secure protocols in 10T.

Povzetek: Clanek opisuje Sifrirno shemo za internet stvari.

Introduction

The concept of 10T (Internet of Things) was first put
forward by Ashton of the former MIT Auto-ID Center in
1999 when he was working on RFID (Radio Frequency
Identification). Presently, the most widely-accepted
definition of 10T is as follows [1, 2, 3, 4]. 10T is a self-
configuring network in which things are connected with
network according to certain protocols with RFID, ultra-
red sensor, GPS(Global Positioning System), laser
scanner, etc to interchange and transmit data, and
ultimately achieve intelligent identification, positioning,
tracing, supervision and management. 10T is the new
direction of future computer and communication
technology, and is regarded as the third landmark in the
development of information technology after computer
science and Internet.

According to the function classification, the
hierarchical structure of 10T is composed of application
layer, network layer and sensor layer. The basic function
of network layer is secure and reliable interconnection
between things via wire-based or wireless technology, in
which the secure and dynamic interconnection via
wireless network has been the overwhelming trend. In
wireless network technology, many researchers have
focused on IEEE802.11 WLAN (Wireless Local Area

Network)  which is mainly composed of wireless Ad
hoc network, WSN (Wireless Sensor Network) and

WMN (Wireless Mesh Network). As a new wireless
network, IEEE802.11 WLAN proves to be suitable for
commercial, medical, domestic, military, and other
applications with its superiority, such as inexpensiveness,
adaptability and reliability, etc. In the Internet of things,
IEEE802.11 WLAN has been playing an increasingly
important role in secure and reliable connection between
different objects. Whereas, the distributed network
management and restricted network resources in
IEEE802.11 WLAN have rendered many problems as to
the security of confidentiality, integrity, non-repudiation
and availability for data storage and transmission in 10T.
Besides, security measures designed for traditional
network, which has relatively abundant network
resources, fixed connection, stable topology, special
routing and comprehensive network service, are not
completely applicable to wireless network environment
in the Internet of thing. Therefore, it is of great necessity
to design special security technology, protocols and
corresponding algorithms for the secure and dynamic
wireless communication in the Internet of things.

The confidentiality and integrity of message is the
basic requirement for secure communication in IOT; in
the symmetric setting, efforts focused on the composition
of symmetric key encryption and message authentication
code (MAC). In asymmetric settings, the composition
method of “signature-then-encryption” has been
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employed. But these have all proved impractical not only
for the insecurity in case of arbitrary schemes but also for
the low efficiency regarding application into resource-
restricted environment in 10T, which results from the
sum cost of encryption and signature.

In 1997, Zheng proposed a cryptographic primitive
“signcryption” [5], which simultaneously fulfils the
integrated function of public encryption and digital
signature with a computing and communication cost
significantly smaller than that required by the “signature-
then-encryption” method. Since then, signcryption has
been a focus of cryptography as an ideal method to
simultaneously provide confidentiality and unforgeability
and many researchers have explored the application of
signcryption in different security protocols [6, 7, 8, 9, 10,
11]. The study of signcryption algorithms suitable for
IOT network environment and its application in 10T
security schemes is an important direction in
cryptography; it is more of a requirement from the rapid
development of the Internet of things than just a
requirement from the theoretical or applied cryptography
research.

In order to improve the security and efficiency of
communication in the Internet of things, we propose a
publicly verifiable short signcryption scheme S-ECSC for
the Internet of things based on elliptic curves
cryptosystem; and prove the provable security of S-ECSC
under the Random Oracle model, including
confidentiality in IND-CCA2 model, unforgeability in
UF-CMA model and non-repudiation security. At last, we
take key generating and distributing protocol for different
terminals of distributed key management in IOT as an
application example, and analyse the method and
importance in the application of S-ECSC into secure
protocols in I0T. Compared with other typical discrete
logarithm, RSA and elliptic curves based signcryption
schemes, S-ECSC is more suitable for resource-restricted
environment in IOT communication with its superiority
in computing and communication cost and can better
satisfy the requirement of secure protocols in IOT, such
as key management, secure routing, etc.

2 Short Signcryption Scheme on
Elliptic Curves

First, we pin down the basic notions concerning
signcryption which will facilitate the design and analysis
of the short signcryption scheme.

2.1 Basic Notions in Signcryption
Definition 2.1.1 (Elliptic Curve) An elliptic curve
E(F,) over finite field F, is a sextuple: 7 =

(q¢.a,b,P,l h) where P=(x,,y,) is the base
point of E£(F,), prime/is the order of P.Astot € zZ,
Qand G € E(F,)), O= tG denotes multiple double

additions on elliptic curve. O is the point at infinity,
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satisfying /P = O and G+ O =
pointG € E(F,).

Definition 2.1.2 (ECDLP, Elliptic Curve Discrete
Logarithm Problem). ECDLP is the following
computation:

G for any

x <« ECDLP(Q,P).
P isabase pointand Q € <P> er; ,O=xP.

Definition 2.1.3 (Signcryption Scheme) A signcryption

scheme ¥ = (GC ,GK ,SC ,USC) consists of the
following algorithms:
1. Probabilistic

algorithm GC (1") takes security parameter 1* as input

and returns a sequence of common parameters such as
description of computational groups and hash functions.

2. Key generation algorithm GK (ID,1*), which is

also probabilistic, takes identity and security parameter
as input and returns  secret/public  key-pair

(sk,,,PK,,).
(sk,,,PK,)< GK (ID,1").
3. Signcryption algorithrm SC ( sk, , PK, , m )that

common parameters generation

takes sender's secret key sk, , receivers public key

pky and message m €SP, ( SP, is the message

space) as input and returns signcryption text C or L (a
reject symbol). It is also probabilistic algorithm.

CU{L}« SC (sk,,PK,,m).
4. Deterministic unsigncryption algorithm USC
(sky,, PK ,,C)takes as input receiver's secret key sk,

sender's public key PK ,and signcryption text C, and
returns either message m or L.
m H{ L}« USC (sky,PK,,C).

If the signcryption scheme is publicly verifiable, it is
composed of an additional public verification

algorithm PV .

5. Deterministic public verification algorithm P}V
(PK,,PK,,C, R) takes as input public key pair
(PK, ., PK ,)signcryption text C and parameter R ,

and returns either “true” or L .
“True” | {1} < PV (PK,,PK,,C,R).

2.2 S-ECSC Signcryption Algorithm

Short  signcryption ~ scheme S—-ECSC =
(GC,GK ,SC,USC,PV)

Common parameters generation

GC (1) ==0on input (1) :
K E(F) {03 HA{L -2z,
(K .H,T)«GC (1)
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T =(q,a,b,P,l h)where P=(x,,y,) is the
base point of E(F,), ord(P)=1lis a prime, O is the

point at infinity.
Key pair generation

GK (A4,1") =oninput (4,1"):
sk, «*— 7 ,PK ,=sk,P#0,
(sk,,PK, )<."

GK (B,1") =*on input ( B,1):
sk, «*— 7, PK,=sk,P#0,
(sky, PK,)<."

Signcryption

SC (sk,,PK, , m)="Oninput (sk,,PK, m):
If sk, & Z, or PK, g< P >retun L,
r<«2— 7', R=(x,,y,) < rPK,,
o <« K(R),c < E_(m),
h<«—H(ml PK,I PK,I R),
s =(hsk ,+r)mod/,

C=(c,h,s)”

Symmetric encryption scheme Y = (£, D) is an
encryption scheme with passive indistinguishability
defined in Definition 3. 2.8.

Unsigncryption

USC (sk,,PK,,C)=“Oninput (sk,,PK,,C):
If sk, & Z, or PK , < P >retun L,
Parse Cinto (c,h,s),
If h,s & Z, orc & SP,return L,
Else / = sP—hPK, R =skyl =(x;, ;).
o« K(R),m < D_(c),
h' < H(ml PK,/ PK,I R),

If & =h'returnm , else return L .”
Public Verification
If controversy arises between signcryption senders and
receiver, a trusted third party can solve the repudiation.
The third party evaluates the following formula after

signcryption receiver publishing (R, C).
PV (PK, PK, C,R)=
“Oninput PK ,, PK,,C ,R):
Parse Cinto(c,h,s),
o« K(R),m < D_(c),
h' < H(mll PK,I PK,l R),
If &4 = h'return true, else return 1 .”
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3 Provable Security of S-ECSC

In this section, we will analyse the provable security of
the signcryption in random oracle model, including
confidentiality, unforgeability and non-repudiation.

3.1 Correctness of S-ECSC

Definition 3.1.1 Message space Message(sk ,, PK )
is the set of all m associated to each private/public key
pair (sk,, PK;) output by GK (ID,1*) for which
SC (sk,,PK,,m)neverreturns L .

Definition 3.1.2 A signcryption scheme X =
(GC , GK , SC , USC ) is correct if USC

(sk,, PK,, C)=m for any private/public key pair
( sk, , PK, ) output by GK ( ID,1"), any
,and any C #1
that might be output by SC (sk,, PK,,m).

Theorem 3.1.1 S-ECSC is correct for any private/public
key pair (sk,, PK,) output by GK (ID,1"), any
message m € Message(sk,,PK,) and any C #L
that might be output by SC (sk,, PK,,m).

Proof of correctness: Obviously, the signcryption
scheme S-ECSC is correct if and only if

USC (SC (sk,,PK;,m))=m.

As per the formula in the scheme,
skyl =sk,(sP—hPK )

=sk, (sP—hsk P )=sk,(s—hsk, )P

=sk,rP=rPK, =R =(x,, y,),
o <« K(R).
= m <« D_(c),

h'" < H(ml PK,/I PK,lI R),
= h=h", m «<USC (sk;,PK,,C).
Thus USC (SC (sk,, PK,,m))=m, the short

signcryption S-ECSC is correct, as desired.

message m € Message(sk ,, PK ;)

3.2 Confidentiality of S-ECSC
Definition 3.2.1 Computational Elliptic Curve Problem
(CECP). Let T = (g ,a,b,P,l,h) be an elliptic

curve and AC an attacker on CECP , CECP is defined as
the following:

Experiment EXPTCECP 40
d,e<>— Zl*,
D=dP E=¢eP,
Fe(P)« AC"(D,E),
If £/ =deP return 1 else return 0.
Note that F=deP =dE =eD. @)
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Definition 3.2.2 Decisional Elliptic Curve Problem
(DECP). Let T = (g,a,b,P,l,h) be an elliptic

curve and 4D an attacker on DECP , DECP is defined as
the following:

Experiment EXPTD P (4D)

b<«>{0,1},
If b=0Sce,:d,e, f «>— Z,,
If b=1Sce,:d,e<>— Z, , f =de(mod]),
D=dP ,E=eP,F = fP,
b « AD"(D,E, F),
If b'=b return 1 else return 0.
Definition 3.2.3 DECP Oracle O”*" | Let T =

(g,a,b,P,l, h)be an elliptic curve, DECP Oracle is
defined as the following:

02" =“oninput (P, D,E, F)
If D,E,F ¢< P >return_L, else
If DCEP (D, E, F ) =1return 1,

If DCEP (D, E, F)=0return0.”
Definition 3.2.4 Elliptic Curve Gap Problem (ECGP).
Let T =(q,a,b,P,l,h) be an elliptic curve and

AECG an attacker on ECGP , let’s consider the following
experiment:

Experiment EXPTECGP (AECG)
d,e<>— Zl*,

F=fP < AECG” “(d,e),
If f =de(mod/) return 1 else return 0.

The ECGP advantage of AECG is defined as
Advi" (AECG) = Pr (EXPF“" (4ECG) =1). (2)
Hypothesis 3.2.1 (ECGP is hard). Given elliptic curve T’
and secure parameter 1%, the probability of solving

ECGPintimetis & (1°,T) which is negligible, that is
EQ,T)=Pr{l* de«*— 7,
Q < xP: EXPF°" (4ECG) =1]. (3)
Definition 3.2.5 Left-or-right signcryption oracle. Let X

= (GC,GK ,SC ,USC) be a signcryption scheme, a
left-or-right signcryption oracle is defined as follows.

Oracle SC; . (LR(mg,my,b))=
“On input (m,, m, ).
b e{0,1}, my,m, € SP,,
C «SC (sk,,PK, . m,),

Return C'.”
Definition 3.2.6 Confidentiality of signcryption. Let 4SC
be an algorithm against the confidentiality of
signcryption scheme X that has access to a left-or-right
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signcryption oracle and returns a bit. We consider the
following experiment:

Experiment EXPie“? (4SC)
(K,H,T)« GC (1")
(sk,,PK )« GK (A4,1),
(sk,,PK,)< GK (B,1),
C" « SCy p, (LR(my,m;,b)),b «{0,1},

SCskA PKp (LR(,,b)),USC(sk,PKg,)

If 4SC queried USC(sk,,PK,,) on a
signcryption text previously returned by
SC (LR(my,, m,,b)) then return 0,

sk ,PKy

If ' =b return 1 else return 0.
The IND-CCA2 advantage of ASC is defined as

5 (k)= Advia-<"* (45C)

=Pr (EXPp{?(usC)=1).  (4)
A signcryption scheme is indistinguishable under
adaptive chosen cipher-text attack if the IND-CCA2
advantage of any attacker 4SC with reasonably restricted
resources (time-complexity, frequency and length of
queries) is negligible.
Definition 3.2.7 Left-or-right Encryption Oracle. Let Y
= (£, D) be the symmetric encryption algorithm in the
signcryption scheme, a left-or-right encryption Oracle is
defined as:

Oracle E_(LR(my,m,,b))="0n input (m,,m,):
b e{0,1}, my,m, € SP,,
C <« E_(my),

Return C.”
Definition 3.2.8 Passive Indistinguishability. Let A7 be
an algorithm against the passive indistinguishability of
symmetric encryption scheme Y, which has access to a
left-or-right encryption oracle and returns a bit. We
consider the following experiment:

Experiment EXP? (4l)
C’ <« EO_ (LR(mO,ml,b)),
b<«{0,1},b « AJEo (LRG)

If b'=b return 1 else return 0.
The pi advantage of Al is defined as
v (k)= Advy (4l) = Pr (EXP! (4)=1). (5)
An encryption scheme is passively indistinguishable if
the pi advantage of any attacker Al with reasonably
restricted resources (time-complexity, frequency and
length of queries) is negligible.
Hypothesis 3.2.2 (ldeal Hash Function). Hash function
has the property of Random Oracle. Namely, the outputs
of hash function are randomly and uniformly distributed.
Theorem 3.2.1 If there exists an algorithm 4SC against
the IND-CCA2 property of signcryption scheme X in

time # with non-negligible advantage 6 (k) , using ¢

b« ASC
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queries to its signcryption oracle and (g, ,q,,) queries
to its random oracles. Then we can thus formulate an
AECG attacker on ECGP with non-negligible advantage
E(Y,T) in timet,
signcryption oracle and g +g,, queries to its random
oracles.

Proof of confidentiality: In our proof, the random

oracles K and H are replace by the random oracle
simulators with two types of “query-answer” lists. For

example, Sim_K simulates random oracle K with two

using ¢g. Qqueries to its

types of “query-answer” Iistst and Lf . Lf consists
of simple “query-answer” ( R , o ) entries from
K ,while Lf consists of special input-output entries

(PK, Il Q.1 (?,0)) which implies o = K (Q"*)
with the implicit input Q" stored and denoted as “?”.
Sim_K (L, R) =*oninput (L*, R):
If 1< DECP (D, PK,,R) return L,
Else if 1«— DECP (€, PK,, R) retumno,,
Vlthere is an entry (PK , I Q.1 (?,0,))in Lf
Else if R=R, , retum o, //there is an entry
(R,0,)in L
Else o, {0,134 R <R,
Add (R, 0,)into L .
If EXPUL*( ASC) makes queries to random
Oracle 0", AECG will reply with simulator Sim_H .
Sim_H(L", %) =on input (L i) 1l hi=(m I
PK I PK Il R)
If 1<—DECP (D, PK,, R)return L,
Else if 1 < DECP (QQ,,PK,,R) and m |
PK I PK,=m| (PK,) I (PKj),
return o, //there is an entry (€, I (m, |
(PK ), I (PK,), I ?)in L]
Else if h=hi , return hi /there is an entry
(hi,hi)in Lf
Elseh, «>—Z, ,h, < h,Add (h,,h)into LI
If EXPit=“*(ASC) makes queries to random
Oracle O°° | AECG will reply with simulator Sim_SC.
Sim_SC(LS, L} ,PK ,,PK,,m)=
“Oninput (L5, LY ,PK ,, PK ,,m): Il h=(m I
PK I PK Il R)
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o {0 Y ¢ E (m),
he*-7 s<*7,

Q «sP-hPK,, Q. < Q,

o, <o ,m < m,h «h,

Addentry Q.1Il (?,0,)into L5

Addentry (m Il PK I PK, Il (?,h))intoL],
C=(c,h,s)andreturn C.”

If EXPe*(4SC) makes queries to O°C

AECG will reply with simulator Sim_USC .
Sim_usc(L*,L",D,PK,,PK,,C)=
“oninput (L*,L",D,PK ,,PK,,C):
Parse Cinto (¢, h,s),Q2 «<—sP—-hPK ,,
If QQ=Dreturn L,
If3 (R,,0,)inL; st. 1<~ DECP(Q,, PK,,R)
or 3Q I (?,0,)in List. Q,=Q
Theno' <o,
Elseo”’ «2—{0,1}*®) Q. «—Q,0,«0,
Addentry Q. Il (?,0,) into L5 ,m < D_(c),
If 3(h,, h)inLst 1< DECP(Q,, PK,,R,)
or3 (I (m Il (PK,). I (PK,), I ?),h) in

L st Q=0 m,=m (PK,), |
(PK,),=(PK )N (PK}),
Thenh' < h,,

Else Q < Q, (PK,) I (PK,) < (PK,), I
(PK,), , m < m, h<«*—2Z7,

Add entry (€, Il (ml, I (PKA I PKB)I, I
(?,h,))into L,

If h = h,returnm , else return L .”

Based on Theorem 3.2.1 we formulate an 4ECG
attacker on ECGP; apparently contradicting Hypothesis
3.2.1, thus prove the confidentiality of the improved
signcryption scheme.

The AECG attacker on ECGP is formulated as follows.

AECG (T ,D ,E)=

“Oninput (7',D =dP ,E =eP):
W, <2~ 7 PK,< (h)'(sP+D),
PK,« E,c «* 7

C'=(c" 0,5y SCy i, (LR(my,my,b)),
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e «E. (m,) , and the random oracle

queries O are replaced with random oracle
simulator Sim_O'" .
If SC,,, i, has ever queried Sim_K(R) =L,
Halt and return R ,
If SC,;, px, has ever queried Sim_H () =L,
Halt and return 7 (the rightmost|R| bits of 72),
EXPSZZdC_M2 (4SC)="~
Il random oracle queries O’ are also replaced with
random oracle simulator Sim_O* .
If  EXPye““?(ASC) has
Sim K(R)=1,
Halt and return R ,
If  EXPye ““?(ASC) has
Sim_ H(h)=1,
Halt and return 7 (the rightmost|R| bits of 72),
b < EXPLL<“?(ASC),

Return R .”
Let ASC be an attacker against IND-CCA2 security of

signcryption in time ¢ , using ¢, queries to its

signcryption oracle, g, . queries to its unsigncryption

ever  queried

ever  queried

oracle and (¢, , g, ) queries to its random oracles. AECG
is an attacker against ECGP security of elliptic curve in
time ¢’ , using q prcr queries to its DECP

DECP
0!

Oracle . Al is an attacker against PI security of the

symmetric key encryption in time¢" . From the AECG
algorithm formulated above, the following bound holds.
More details about the probability proof of the theorem
can be found in [5, 12, 13, 14].

Adviec“* (.4, Qe 5+ q,) S2 Advy
(" qpecr) ¥2 AdVY (2" )+

qk + qh + qsc + qusc + 2 + qh + unsc
2LK @*y-1 2LK 1Fy-1

g, ( - (6)

= Advgggcmz ( t ’ qsc ’ qusc ’ qk ’ qh )/2 -

Qk + qh + qsc + qusc + 2
2LK @

_ qh + ZQusc

2LK (1)
ECGP
< Advi™™ (1" q yorer ). @)
As ASC and AECG are reasonably resource bounded,

q,( )

— Advl'(t")
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+q,+9q,+q,, +2 +2
= qsc(qk qh qKsck qusc ) _qh . kqusc is
2L @) 2L (1)
negligible.
And with the assumption Y is passive

indistinguishable, Adv?’ (¢" ) is negligible too.
= Advg (1 Gy Gy Gy 9,2
AV (1" G prer)- ®)

On account of all the above analyses, if the IND-
CCA2security of signcryption will be broken by 4SC
with non-negligible advantage, so will the ECGP
security of elliptic curve by AECG with non-negligible
advantage. Therefore, S-ECSC achieves confidentiality in
the IND-CCA2 model, as desired.

3.3 Unforgeability of S-ECSC

Definition 3.3.1 Unforgeability of Signcryption. Let X
= (GC,GK ,SC ,USC) be a signcryption scheme,
and let 4 be an algorithm that has access to a
signcryption oracle and returns a pair of strings. We
consider the following experiment:

Experiment EXP " (A)
(sk,,PK )< GK (4,1,
(sky, PK,)<« GK (B,1"),

(m,C" )« g5k PRa) (PR PK ).
If the following are true return 1 else return O:
1. m <« USC (sk,,PK,,C"),

2.m € Message(sk ,, PK ),
3. mis not a query of A4 to its signcryption oracle.
The UF-CMA advantage of A is defined as
Advi ™ (A) = Pr (EXPg ™ (A4) =1). 9)
To be specific, the UF-CMA advantage can be
concluded as a function £(k) defined by

e(k)=Pr[(sk,, PK,)< GK (A4,1"),
(sk,, PK,)< GK (B,1"),
(m 'C/)(_LASGC(skA,PKB,)(PKA,PKB):

m «USC (sk,,PK, C"). (10)

A signcryption is un-forgeable under chosen message
attack if the UF-CMA advantage of any attacker 4 with
reasonably  restricted  resources  (time-complexity,
frequency and length of queries) is negligible.
Hypothesis 3.3.1 (ECDLP is hard). Let 7 be an elliptic
curve, and let 4 be an algorithm that has access to a
elliptic curve oracle and returns a string. We consider the
following experiment:

Experiment EX}}ECDLP(A)
x>~ 7,0« xP,
x « A" (P,0).
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If x" =x return 1 and return O otherwise.
The ECDLP advantage of A is defined as

AdeCDLP(A ) — Pr (EXPTECDLP(A) :1) (11)

Given elliptic curve T' and secure parameterlk, the

probability of solving ECDLP in time ¢ is O (1" 1)
which is negligible, that is

51, T)=Pr1* x«*—27,,

Q < xP:EXPFP" (4)=11. (12
Definition 3.3.2 Gap Elliptic Curve Discrete Logarithm
(GECDL). Let T = (g ,a,b,P,l,h) be an elliptic
curve and AGL an attacker on GECDL , OTDECP is DECP

Oracle, let’s consider the following experiment:
Experiment EXPTGECDL (AGL)

d<*— 7 D« apP,

d' <« AGL /(D).

If d'= d return 1 else return 0.
The GECDL advantage of AGL is defined as
AdviFPh (AGL) =Pr (EXP™ ™" (4GL) =1). (13)
Hypothesis 3.3.2 (GECDL is hard). Given elliptic

curve T and secure parameter 1% the probability of
solving GECDL intime ¢ is negligible, that is

S\ Ty=Prilf,d<«2— 7 ,d «

0PF ()

AGL, (D), EXPTFPF (AGL ) =1]. (14)

Proof of unforgeability: Let ASC be an attacker
against UF-CMA security of signcryption executing in

time ¢ , using g, queries to its signcryption oracle ,

q,,. 9ueries to its unsigncryption oracle and (g, .q,)

queries to its random oracles. AGL is an attacker against

GECDL security of elliptic curve executing in time ¢ ",

DECP
O,

using q prcr queries to its DECP Oracle . From

the algorithm formulated above, the following bound
holds. Similarly, more details about the probability proof
of the theorem can be found in [12, 13, 14].

Advgg_ccma ( ! ' qsc ! Qusc ! qk ' Qh ) <
2\/ Advi* P (1 G er) +
( qsc (Qk + qh + qsc) + qh +1

SR ). (15)
As ASC is reasonably resource bounded,
+q,+q,)+q,+1
= qAS‘C (qk QhK kqsc) Qh |S negllglble
2L -1
= Advig™ (G Qe G 90)
< 2\/AdvaCDL( ', q ) - (16)

If the UF-CMA security of signcryption will be broken
by ASC with non-negligible advantage, so will the
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GECDL security of elliptic curve by AGL with non-
negligible advantage. Therefore, S-ECSC achieves
unforgeability in the UF-CMA model, as desired.

3.4 Nonrepudiation of S-ECSC

Definition 3.4.1 Non-repudiation of signcryption. It is
computationally feasible for a third party to settle a
dispute between signcryption sender and receiver in an
event where sender denies the fact that he is the
originator of signcryption.

Definition 3.4.2 Relation Map. A relation is a map
defined as

R, {0, x{0,1¥ —>{0,13. (17)
For every string xe{0,} , random
oracle H € 2”and E, 7 €{0,1} , it satisfies
Ry (x,x) =R, (x,0)=0. (18

Besides, 9%5” must be computable by a deterministic

polynomial time algorithm A" (x,y,E,7) . A
malleability adversary s is a pair of probabilistic
polynomial time algorithms (P, Q) with access to

random oracle H € 2.

The security notion of non-malleability for encryption

scheme was introduced by Dolev, Dwork and Naor[15].
In this section, we generalize non-malleability into a
more comprehensive security notion applicable to
signcryption as well.
Definition 3.4.3 Non-malleability of Signcryption. A
signcryption scheme X = (GC , GK , SC ,USC)is
non-malleable if any adversary can not by witnessing
signcryption generating of a message m or querying a
signcryption oracle, produce the signcryption text of a
related message m’" .

To be specific, a signcryption scheme is non-malleable
if for every relation R and every malleability

adversary s = (P, Q) , there is a deterministic time
algorithm Q' so that |r(k) —T. (k)| defined as follows is
negligible.
t(k)= Pr[H « 27 ;(SC, USC)« K (1);
<« PO x " (1) B« SCT (x); B «
0" (sc.x. B Ry . (x,USC" (B) =1)1, 19)
7.(k) =Pr [H « 27 :(SC,USC) «— K (1");
7« P"(SC);x « " (); Bl <« 0"
(sC.7): Ry (x,USC"(B))=1)1. (20

Theorem 3.4.1 The short signcryption scheme S-ECSC
achieves non-repudiation security.

Proof of non-repudiation: In signcryption schemes,
unforgeability implies non-repudiation if there is no
duplication of the signcryption text. If the signcryption
scheme is forgeable or malleable, the signcryption
generator will have opportunity to repudiate.
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In S-ECSC, the map K : E(F,) —{0,1} ) and
H :{0,1} — Z, are both unique, distinct ( m, , 7' )
and(m, ,r ) will generate different signcryption text

C =(c, h,s). Furthermore, the scheme can be
reinforced by state padding. The state padding not only

ensures different signcryption text for distinct (m, , )

and (m,,r), but for the same original message (m ,7)
Thus,
signcryption scheme satisfies: as to |r(k)—r*(k)| for

with different state information. the above

every c there is a k, such that|r(k)_7*(k)| <k~ for
every k > k_ . Thus the signcryption text C produced by

SC (sk,,PK, m) is not duplicable, and with the

unforgeability proof of S-ECSC in UF-CMA model in
section 3.3, we can come to the conclusion that S-ECSC
achieves non-repudiation security, as desired.

4  Efficiency of S-ECSC

In this section, the short signcryption scheme S-ECSC
will be compared with other typical schemes including
discrete logarithm based signcryption SCS [5], B&D
[16], KCDSA[17], SC-DSA[18] and RSA based
signcryption TBOS[19] and elliptic curve based scheme
ECSCS[20] and ECGSC[21].

In these schemes, such computing as modular
exponential, modular inverse and elliptic curve addition
.elliptic curve scalar multiplication should be taken into
comparison for computing complexity, while computing
cost of modular addition, modular multiplication, hash,
symmetric encryption/decryption are negligible. To
ensure the security of the basic cryptographic primitives,
the minimum security parameters of these cryptosystems
recommended for the current practice are as follows: for

DLP, |p| =1024bits, |g| =160bits. For RSA,
| N| =1024bits; for ECC, |g|=131bits (79, 109 may also

be chosen), |l| =160bits. The block length of the block

cipher is 64bits. The length of secure hash function is
128bits.
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3kP+1 2kP+1 I+ |ILH
ECGSC | 2kp | 2kP+1l 0
1 1 QI+ 2l
[D ()
s-ECsC | 2k wp | KPR o | 2P
i i o

Schemes | GC+GK | sC usc | Ec | pr L"”gcth of
D ()
SCS 2E 1E+11 2E / I | HKE )
+ gl
D
B&D 2E 2E+11 3E 0 2E | () 1+ R+
lql
Save |D
KCDSA 2E 2E 3E rsor | 2E | () A+
3E lal
Save
rsor | 2E+1 D (?)
SC-DSA 2E 26+21 | 3E+11 | S0 ; 2l
I
TBOS 2E+2] 2E 2E 0 2E [N]|
1kP+1 D () |+
ECSCS 2kP ; 2kP / / b bl

Table 1: Comparison of computing and communication
cost

Notes of notations: 1. GC denotes the common parameters
generation algorithm, GK denotes the keys generation
algorithm; SC denotes the signcryption algorithm; USC denotes
the unsigncryption algorithm; EC denotes the extra
computation to accomplish public verifiability; PV denotes the
public verification by a third party. Length of C denotes the
length of signcryption text. 2. E denotes modular exponential; /
denotes modular inverse; KP denotes scalar multiplication on
elliptic curve. / denotes there is no relevant computation. 3. |D
() |denotes the block length of block cipher, |#| denotes the
outputs length of secure hash function, |KH (-)| denotes the
length of key hash function in SCS, the same as ||, |LH ()]
denotes the length of hash function with long message digest,
much larger than |A|.

Remark 1. (Comparison with DLP based signcryption
schemes). SCS is the fastest scheme in all of the four
DLP based schemes (SCS, B&D, KCDSA and SC-DSA).
Based on the result of Koblitz and Menezes [22], the
computing cost in key generation in our scheme is 1/8 of
that in SCS; signcryption operation in ours is about 1/8 of
that in SCS, and unsigncrption is about 1/8 of that in SCS.
To sum up, S-ECSC reduces about 87%computating cost
compared with SCS.

Remark 2. (Comparison with RSA based signcryption
scheme). As per the result of [22], the computing cost in
key generation in our scheme is about 1/8 of that in
TBOS; signcryption operation in ours is about 1/16 of
that in 7BOS, and unsigncrption is about 1/8 of that in
TBOS, achieving a total 89%computating cost reduction
over TBOS.

Remark 3. (Comparison with other ECC based
schemes). The computing cost in key generation are the
same; signcryption cost in ours is slightly lower than that
in ECSCS while unsigncrption of ECSCS is slightly
lower than ours, total resulting an equal computing cost,
yet ECSCS proves to be unsuitable for public verifying.
Although ECGSC is publicly verifiable, its computing
cost in signcryption and unsigncryption is much larger
than S-ECSC, resulting in a much higher total computing
cost.

Remark 4. (Comparison of communication cost). As
per the comparison of signcryption text length, except for
RSA based TBOS signcryption, S-ECSC has the lowest
communication cost in Elgamal type signcryption
schemes.

Therefore, we may come to the conclusion that our
short signcryption scheme S-ECSC has the highest
efficiency and the lowest communication cost in all of
the publicly verifiable schemes.
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5 Application of S-ECSC in Secure
Communication of IOT

In order to achieve confidentiality and integrity for secret
key in the Internet of things, a secure channel should be
established for the distribution and transmission in key
management schemes. Meanwhile, the special network
environment in 10T, such as wireless connection, micro-
terminals and restricted resources, makes it necessary to
design schemes of high efficiency which can fulfil the
same function with much smaller computing and
communication cost than traditional schemes. With its
superiority in computing and communication, S-ECSC
greatly improves the efficiency in key management in
IOT in terms of key distributing time and bandwidth
resources and better satisfies the requirement of secure
protocols in key management. In this section, we will
take the key management schemes in [23,24,25] as an
example and propose a key applying and distributing
scheme in key management of 10T based on S-ECSC.
With this S-ECSC based scheme, we analyse the method
and importance to apply S-ECSC in secure wireless
communication for the Internet of things. The key
applying and distributing protocol in key management of
10T based on S-ECSC is as follows.

(D)Initializing

PKG selects the system parameter, including the
parameters in S-ECSC.

sk,eZ ,PK,=sk,P+0, (sk,, PK,) is the
private/public key pair for one of the distributed
terminals 4. sk, €Z, , PK, = sk,P#0 |,

(sky, PK ,)is the private / public key pair of PKG.

(2) Key applying
Stepl: Terminal 4 encodes the applying request data
{ID,, Message} into plaintext m € Message

(sk,, PK,), and applies the signcryption algorithm
onm .
C « SC (sk,,PK, m).

Then signcryption text C will be transmitted to PKG.
Step2: PKG applies the unsigncryption algorithm on
signcryption text C .
m «USC (sk,,PK,.C).

Thus, PKG recovers plaintext 72, and simultaneously
fulfils authentication on identity of terminal 4 and
examines the integrity of message m .

(3)Key generating and distributing

Stepl: PKG generates secret key k € Message
( sk, , PK, ) with the key generating

algorithm KG(1*) , and applies the signcryption
algorithm on & .
C' < SC (sk,,PK , k).

Then the signcryption text C" will be transmitted to
terminal 4.
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Step2: Terminal
algorithm on C" .

k < USC (sk,,PK,,C").

A applies the unsigncryption

Thus, A4 recovers secret key k , and fulfils
authentication on identity of PKG and examines the
integrity of secret key k .

With the application of S-ECSC in key applying and
distributing, the above scheme achieves secure and
efficient transmission of terminal secret key via the
public channel of 10T. The scheme fulfils the integrated
functions of encryption and digital signature in a single
step and simultaneously achieves confidentiality,
integrity and non-repudiation for the secret terminal key
and other signcrypted message; whereas, the computing
and communication cost is significantly smaller than
traditional schemes.

6 Conclusions

The study of signcryption algorithms suitable for 10T
network environment and its application in 10T security
schemes is an important direction in cryptography; it is
more of a requirement from the rapid development of the
Internet of things than just a requirement from the
theoretical or applied cryptography research. In the paper,
we propose a publicly verifiable short signcryption
scheme S-ECSC suitable for secure communication in the
Internet of things; and prove the provable security of S-
ECSC under the Random Oracle model, including
confidentiality, unforgeability and non-repudiation
security. At last, we take key generating and distributing
protocol for different terminals of distributed key
management in IOT as an example, and analyze the
method and importance in the application of S-ECSC into
secure protocols in I0T.

Compared with other typical discrete logarithm, RSA
and elliptic curve based signcryption schemes; S-ECSC
achieves about 87% reduction in computing cost than
DLP signcryption schemes and about 89% reduction
compared with RSA schemes. And it has the lowest
communication cost in the Elgamal type schemes.
Therefore, security schemes based on S-ECSC are most
suitable for such circumstances as with restricted
computation ability and integrated space, circumstances
with limited bandwidth yet requiring for high-speed
operation. Besides, the computational problems ECGP
and GECDL in the paper can also be basis of security
proof for other elliptic curve based schemes.
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Each fall for the last 14 years the Jozef Stefan Institute
has hosted the Information Society multiconference. The
multiconference usually consists of 10 or so conferences,
each with its own topic and program committee, but all
related to the information society in the technological
and sociological sense. Most of the conferences are
organized every year, some take place biannually and
some are one-time events. In 2011 the multiconference
comprised the following conferences:

e Cognitive Sciences

e Cognitonics

e Collaboration, Software and Services in
Information Society
Data Mining and Data Warehouses
Education in Information Society
Facing Demographic Challenges
Intelligent Systems
Internet and Slovenia: 1985-1995
Robotics.

193 papers were presented by 299 authors from 13
countries. The multiconference opened with the talks by
Zoran Stanci¢, the representative of the EU Directorate-
General for the Information Society and Media, and
Norbert Kroo, a distinguished member of the Hungarian
Academy of Sciences. Information-society awards were
given to Vladimir Batagelj for life work in theoretical
computer science and the shaping of the Slovenian
computer-science community, and Janez Brank for recent
achievements in the organization of ACM computer-
science competitions. For the first time information
strawberry and lemon were awarded for the best and
worst information-society public services. The lemon
was given to the countrywide real-estate inventory which
was flawed in numerous ways, while the strawberry was
awarded for the streamlining of the access to healthcare
data.

In the conference Facing Demographic Challenges
have — after five years since it was organized for the first
time — participated not only scientists, but also
representatives of political parties. They were shown
basic demographic projections indicating that while the
total population of Slovenia will remain stable due to
immigration, the fraction of the native population will
halve in about 80 years. Such »demographic winter«, a
term coined by the French scientist Gérard Frangois

Dumont, is typical for most of Europe. The panel
composed of the representatives of the parties discussed
how their policies may address this phenomenon. While
the panel did not reach any insightful conclusions, we
welcome it as an important step in realizing that the
governing bodies must listen to the scientific community.

The conference Internet and Slovenia: 1985-1995
focused on the turbulent events during the introduction of
the Internet and the World Wide Web in Slovenia, and in
1991 when Slovenia declared independence from the
former Yugoslavia. In the opinion of several independent
observers, the contribution of the Slovenian computer
scientists and professionals to communicating the
situation during the struggle for independence may have
been more important than that of the politicians. The fact
that the Internet was better established in Slovenia than
in the rest of the former Yugoslavia gave Slovenia a
crucial advantage in the communication with the rest of
Europe and USA.

Attending the  multiconference, one  must
acknowledge that 2011 was another year of steady
advance of the information society, seemingly unaffected
by the economic crisis that plagues the world. Moore's
law still holds, making computers and other electronic
devices ever faster, smaller and more ubiquitous.
Virtually everybody in the developed world has the
access to numerous computing devices, robotics and
automation are increasingly present in the industry and
are beginning to trickle into everyday life in the form of
robotic vacuum cleaners and lawnmowers. Like the
progress in hardware, the amount of information and
knowledge generated, transmitted and stored is likewise
increasing rapidly. The ability of every person to educate
him- or herself and make informed decisions is greater
than ever before. This gives us the opportunity to make a
better live for everybody, if only we seize it. To do so,
the awareness of what information society can do for
those who live in it must be spread, which is one of the
main goal of the multiconference.

Organization committee:
Matjaz Gams (chair), Mitja Lustrek (co-chair)
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The concepts of information society, information
era, infosphere and infostress have by now been
widely accepted. But what does it really mean for
the society, science, technology, education,
governments, our lives? The Information Society
multiconference deals with information
technologies, which are of major importance for the
development of Europe. Inormation Society 2012
will serve as a forum for the world-wide and
national community to explore further research
directions, business opportunities and governmental
policies. For these reasons we host a scientific
meeting in the form of a multiconference, which
will consist of several independent conferences with
themes essential for the development of the
information society. The main objective is the
exchange of ideas and developing visions for the
future of information society. IS 2012 is a high-
quality multidisciplinary conference covering major
recent scientific achievements.

Independent conferences within IS 2012

e Cognitive Sciences

Collaboration, Software and Services in
Information Society

Data Mining and Data Warehouses
Education in Information Society

Facing Demographic Challenges
Intelligent Systems

Internet and Slovenia: 1985-1995
Language Technologies

Robotics

100 years of Turing and 20 years of SLAIS

Submission and dates

Submitted papers must be original and not currently
under review by another conference or journal.
They should address the topic of one of the
conferences within 1S 2012, and should preferably

be accessible to a wide audience. All papers will be
peer-reviewed.

The papers can be in English or in Slovene,
depending on the conference, and should be up to
four pages long in most cases. The deadlines for
submission are still to be determined, but are
expected to range from late spring to the end of
August, again depending on the conference. They
will be posted on the conference website
(http://is.ijs.si). Both printed and electronic
proceedings on a USB flash drive will be available.

Organization

Main organizer: JoZef Stefan Institute, Department
of Intelligent Systems

Organization committee: Matjaz Gams (chair),
Mitja LuStrek (co-chair), Vedrana Vidulin and
others
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JOZEF STEFAN INSTITUTE

JoZef Stefan (1835-1893) was one of the most prominent physi-
cists of the 19th century. Born to Slovene parents, he obtained
his Ph.D. at Vienna University, where he was later Director of the
Physics Institute, Vice-President of the Vienna Academy of Sci-
ences and a member of several scientific institutions in Europe.
Stefan explored many areas in hydrodynamics, optics, acoustics,
electricity, magnetism and the kinetic theory of gases. Among
other things, he originated the law that the total radiation from a
black body is proportional to the 4th power of its absolute tem-
perature, known as the Stefan—Boltzmann law.

The Jozef Stefan Institute (JSI) is the leading independent sci-
entific research institution in Slovenia, covering a broad spec-
trum of fundamental and applied research in the fields of physics,
chemistry and biochemistry, electronics and information science,
nuclear science technology, energy research and environmental
science.

The JoZef Stefan Institute (JSI) is a research organisation for
pure and applied research in the natural sciences and technology.
Both are closely interconnected in research departments com-
posed of different task teams. Emphasis in basic research is given
to the development and education of young scientists, while ap-
plied research and development serve for the transfer of advanced
knowledge, contributing to the development of the national econ-
omy and society in general.

At present the Institute, with a total of about 900 staff, has 700
researchers, about 250 of whom are postgraduates, around 500
of whom have doctorates (Ph.D.), and around 200 of whom have
permanent professorships or temporary teaching assignments at
the Universities.

In view of its activities and status, the JSI plays the role of a
national institute, complementing the role of the universities and
bridging the gap between basic science and applications.

Research at the JSI includes the following major fields:
physics; chemistry; electronics, informatics and computer sci-
ences; biochemistry; ecology; reactor technology; applied math-
ematics. Most of the activities are more or less closely connected
to information sciences, in particular computer sciences, artifi-
cial intelligence, language and speech technologies, computer-
aided design, computer architectures, biocybernetics and robotics,
computer automation and control, professional electronics, digital
communications and networks, and applied mathematics.

The Institute is located in Ljubljana, the capital of the indepen-
dent state of Slovenia (or SOnia). The capital today is considered
a crossroad between East, West and Mediterranean Europe, offer-
ing excellent productive capabilities and solid business opportuni-
ties, with strong international connections. Ljubljana is connected
to important centers such as Prague, Budapest, Vienna, Zagreb,
Milan, Rome, Monaco, Nice, Bern and Munich, all within a ra-
dius of 600 km.

From the JoZef Stefan Institute, the Technology park “Ljubl-
jana” has been proposed as part of the national strategy for tech-
nological development to foster synergies between research and
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industry, to promote joint ventures between university bodies, re-
search institutes and innovative industry, to act as an incubator
for high-tech initiatives and to accelerate the development cycle
of innovative products.

Part of the Institute was reorganized into several high-tech units
supported by and connected within the Technology park at the
JoZef Stefan Institute, established as the beginning of a regional
Technology park "Ljubljana". The project was developed at a par-
ticularly historical moment, characterized by the process of state
reorganisation, privatisation and private initiative. The national
Technology Park is a shareholding company hosting an indepen-
dent venture-capital institution.

The promoters and operational entities of the project are the
Republic of Slovenia, Ministry of Higher Education, Science and
Technology and the JoZef Stefan Institute. The framework of the
operation also includes the University of Ljubljana, the National
Institute of Chemistry, the Institute for Electronics and Vacuum
Technology and the Institute for Materials and Construction Re-
search among others. In addition, the project is supported by the
Ministry of the Economy, the National Chamber of Economy and
the City of Ljubljana.

JoZef Stefan Institute

Jamova 39, 1000 Ljubljana, Slovenia
Tel.:+386 1 4773 900, Fax.:+386 1 251 93 85
WWW: http://www.ijs.si

E-mail: matjaz.gams @ijs.si

Public relations: Polona Strnad
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