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Eötvös Loránd University, Budapest, Hungary
Johann Eder
University of Vienna, Austria
Viliam Geffert
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Brno University of Technology, Czech Republic
Mirjana Ivanović
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Jaroslav Pokorný
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Abstract
The theme of paper is focused on the processing of information sources on the bases of data clustering using neural networks. In the recent years there were presented various research findings on processing of information sources
based on the semantics, focusing on semantic Web and ontology, as well as models of neural networks based on the
principle of adaptive resonance theory (ART). Published
work in the area of classification and clustering of multidimensional data of various kinds confirmed the legitimacy of use and of further research potential of the ART
neural networks models. Based on the review of current
state of addressed problematics the submitted work is focused on analysis and proposal of possible improvements
to the process of clustering and classification of multidimensional text and image data using the Projective ART
neural network.

Categories and Subject Descriptors
H.3.3 [Information Search and Retrieval]: Clustering; I.2.6 [Learning]: Connectionism and Neural Nets

Keywords
PART neural network, clustering, vigilance parameter,
committed neuron, multidimensional data

1. Introduction
Due to the refinement of information retrieval based on
the semantic research is in this area focused on the semantic web and ontology. The process of classification
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and clustering of information can be enriched in diﬀerent ways, diﬀerent types of neural networks are just one
of them. In recent years, published models of neural
networks based on the principle of projective adaptive
resonance theory used for classification and clustering of
multidimensional data confirmed the validity of diﬀerent
kinds of use, and further research. Therefore, this paper (in general) focuses on the analysis and proposes improvements to the process of clustering and classification
of multidimensional data sets using PART neural network
(hereinafter PART). We can conclude that for successful
implementation of modified PART the idea is to support
classification and clustering algorithms and their application in real data processing.

2. Overview of the Current Situation
2.1 Proccessing of Multidimensional Data Sources
A necessary condition for the proper processing of information is the appropriate representation of the data.
Classification is the process in which recognized objects
are incorporated into classes of the mutual aﬃnity, the set
of classes is given in advance. Clustering solves the problems of unsupervised learning, in which the objects are
classified into groups, called clusters. The task of clustering is to create clusters, similar objects from the collection
of inputs without prior knowledge about objects belonging to some classes [12] [13] [17] A particular problem is
the clustering of multidimensional data, which tries to
find clusters in diﬀerent subspaces of the same dataset.
Clustering of data is a process that classifies data into
groups of similar objects. Object is conceived as a individual element of the dataset. Each cluster contains in
its inside, objects that are very similar to each other, in
contrast to other objects from other clusters, which are
very diﬀerent to each other. Degree of similarity of objects is based on a selected attribute values of individual
objects. The aim of clustering is to obtain a possibility to
assess individual objects as parts of one cluster and thus
the opportunity to work with clusters instead of working
with a number of objects. In the process of clustering we
don’t known in advance the number of generated objects
clusters [1] [2] [13] [16]. Clustering of data in multidimensional space is an extension of the original clustering,
which seeks to find clusters in diﬀerent subspaces of the
same dataset. Objects are mostly represented by vectors
that characterize their basic attributes, or by the degree of
similarity. The transformation of multidimensional data
space into subspaces is based on the decomposition of multidimensional coordinate space to the coordinate system
of planes of the respective subspaces.
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2.2 Neural Networks in the Process of Classification
and Clustering of Data
Neural networks belong to the universal means suitable
for solving problems of classification and clustering of objects or processes prediction [5] [14]. They are used everywhere where inaccurate data is given (various forms
of the word, occurence diverse keywords, changed shapes
and sizes of images ...) [11] that make it diﬃcult to search
for information from objects and where it is needed to
solve the problem of classification, search or prediction
of processed, stored and retrieved data collections. Obviously, the structure of the classifier in large number of
data is compiled and, from this is where other disadvantages come from, such as the large classification time diﬃculty, the capacity requirements of a classifier, etc. Therefore, the most frequently used is classification of objects
by attributes.
In processing of information resources using neural networks research is mainly devoted to the application of
feedforward neural networks [15]. For example, to solve
the context in document processing, it is preferable to
use predictive approaches that are accepted mainly in
the structure of recurrent neural networks. The information retrieval models using neural networks were applied
mainly in autoassociative Hopfield neural network [11],
ART neural networks [9] hierarchical neural networks, as
well as Self-organizing neural networks.

Figure 1: Model PART neural network.

network cycle compared to other recurrent neural networks. The disadvantage of ART neural networks is their
low noise resistance and memory requirements for the implementation of the classification process while a strong
noisy patterns can cause gradual resetting of bottom-up
and top-down weights.
ART neural network deployment in practice to address
the problem of aggregation and published experiments
have shown that the architecture of the existing ART neural network must be modified in order to successfully address the role of subspace clustering in a multidimensional
dataset.

2.3 ART Neural Network
Adaptive Resonance Theory (ART) [8] [12] was used to
analyze the problem of how the brain links can learn independently in real time in a changing world of rapid but
stable manner. Key processes of ART networks are the
selection and comparison. The selection process chooses
the best category for input sample. If the template of selected category is suﬃciently similar to the input sample
to suit predefined parameters vigilance ϱ, then category
resonates and learns. Weights of template are changed to
match the new sample of data. Otherwise, the winning
cluster is reset and the most likely category (cluster) is
selected. If, after the transition of selected clusters does
not match comparison criteria, a new cluster is created.
For this reason, ART is able to incrementally create new
clusters needed to represent all the clusters in the input
samples.
Simplified structure of the ART network including input
(processing or comparative) layer F1 and output (recognition) layer F2 . Important parts of the network shall
include vigilance test and reset element. In the network
of this kind there are two groups of connections (each
with its own weight) between each neuron of the input
and output layer. The input layer is connected to the
output by the means of bottom-up weights wij , and vice
versa, F2 layer is associated with F1 through the reverse
weights zji . Weights connection between the layers can
be modified by two diﬀerent learning rules. F2 layer also
called competition weight, which is subject to paradigm
”winner takes all”.
The main advantage of ART neural network is that it
does not expect the number of clusters in advance and allows the user to manage the degree of similarity between
samples located in the same cluster. A positive feature of
the network is the low number of repetitions of the basic

2.4 Projective ART Neural Network
To solve the problem of searching data clusters in multidimensional space, a new data structure of recurent neural network without a teacher was established, which is
based on the principle of adaptive resonance theory labeled PART (Adaptive Resonance Theory Projective Neural Network) [4] [3] [10] [5]. In principle, PART is based
on a neural network system Proclus and ART neural network, which is very eﬀective for aggregating data in a
separate data space. The essential characteristic of PART
network is the ability to switch between plastic and stable
mode, without breach of learned information. Therefore
the process of storing information in the PART network
can be divided into two parts: the short term memory
(STM Short Term Memory), which can be easily renewed,
without leaving the stable state and long-term memory
(LTM Long Time Memory), linked to the learning network. The second important feature of this network is
projective clustering, whose main task is to find projective clusters, consisting of such a set of neurons which are
suﬃciently closely linked with the relevant subset of dimensions. The basic structure of the standard two-layer
PART is shown in FIG. 1.
The neurons in the input F1 (comparative) layer are labeled Vi , for i = 1, ..., m, the neurons of F2 (aggregating)
output layer Vj , neuron activation Vi from layer F1 by
xi and activation layer Vj from layer F2 by xj . Neurons
between individual layers of neurons Vi to neurons Vi are
attached to each other through the weights zij and topdown weights zji .
Processing according to PART consists of initialization,
comparation, recognition, search and adaptation phase in
which the following formulas are applied:
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Tj =

∑

i⊂F1

zij · hij

hij = h(xi , zij , zji ) = hσ (f (xi ), zji ), l(zij )
hs (f (xi ), zji ) =

l(zij ) =

(1)
(2)

{

1
0

if d(f (xi ), zji ) ≤ σ
else

(3)

{

1
0

if zij > θc
else

(4)

hij

(5)

rj =

∑

3

4. Design and implementation of hybrid neural network model for image classification by clustering,
including the design and implementation of additional algorithms.

4. Modified Projective ART Neural Network on
Clustering of Multidimensional Data Sets
The originating PART on the clustering of real data in the
published applications have indicated that the plurality
of the clustering needs to be supplemented by refinement
algorithm to obtain a suﬃciently accurate results. The
idea of the proposed modified algorithm clustering MAPART lies in the amendment of the original clustering
PART algorithm. The structure of the neural network
PART will remain the same.

i

new
=
zij

{

L/(L − 1 + |X|)
0

for vi commited
else

(6)

new
zji
= (1 − α)zji + αIi

(7)

new
zij
= L/(L − 1 + m)

(8)

Signaling function f : R → R must be non-decreasing
function satisfying the Lipschitz condition:

new
zij
= Ii

(9)

|f (x) − f (y)| ≤ M |x − y|; x, y ∈ R

Since its first publication, PART has undergone several
changes, depending on the set of input data and applications in which it was used. Its modifications have found
application in the area of processing of information sources
on the Internet, text documents, data processing of realtime systems (PART with buﬀer), image data processing
(PARTCAT) and also in the area of biomedicine (BagPART) [16].

3.

The proposed modified PART by author does not change
the original structure of PART. Change is in the adjustment of the calculation of selective output signal hij and
adjustment of algorithm clustering.

The Thesis Objectives

The thesis objectives focuse on the analysis and proposal
of possibilities for improving the process of clustering and
classification of multidimensional data sets using unsupervised neural networks (without teacher). The motivation to write the work was the author’s eﬀort, based on
the analysis of the original clustering by PART, to design
own modification of PART. Modified PART would be designed to address the clustering of text documents. In
addition to the implementation of the modified model design also algorithm for optimization of parameters PART,
and not least to demonstrate the merits of using the proposed model PART also in processing of multidimensional
non-text data. A prerequisite for the successful implementation of idea of modified PART is to support clustering
algorithms and their applications in the processing of real
text and image data.

(10)

Undertaken experiments with real collections of text documents confirmed that the calculation of the distance between the input vector and the value of output weights
reached best results using the following equation:
d(xi , zji ) =

|xi − zji |
1 + (zji )

(11)

In addition to altering the distance function are in a modified model PART also included other changes:
• In the case of aggregation of text documents can be
the case that the two output neurons meet at the
same time the condition for the winner (rear weights
They have the highest value). In this case the algorithm applied to the a special section in which is
gradually converted scalar product of vectors predicted winners for processing of vectors, the largest
of the values determined by the winning neuron.
• In any projective cluster centroids are dynamically
converted and maintained.

4.1 Optimization of Modified Projective ART Neural
Network

2. Design and implementation of the algorithm to optimize the parameters modified PART.

Generating optimal parameters for aggregating multidimensional data by PART depends on the choice of used
model PART but also on the nature of multidimensional
data, which in this case is a set of training data. Applications and published clustering algorithms by PART [4] [5]
did not contain a description of setting optimal parameters of network. Therefore, based on the author’s own
experience and realized experiments PART has created
own algorithm for optimization of network parameters.

3. Design and implementation of modified model PART
clustering texts, including design and implementation of additional algorithms.

The idea of designing of optimization algorithm parameters PART essentially narrowed the search for optimal parameters ϱ and σ, because they have the greatest impact

The objectives of this article can be summarized into the
following sections:
1. Analysis, design and implementation of the modified
algorithm MA-PART for clustering of multidimensional text and image data.
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Figure 2: The process of generating glossary of
keywords from text documents.
on clustering hierarchy of cluster generation and classification accuracy of various vectors into clusters. Optimization of these parameters is based on finding of such a
range for each parameter, in which the desired number of
clusters is formed and the accuracy of the classification of
the individual clusters of samples is as high as possible.
The algorithm of search for optimal parameters PART has
iterative in nature. In loops are gradually incremented parameters ϱ and σ (from startsigma after stopsigma) with
iteration step deltasigma. Testing combinations of pairs
of parameters ϱ and σ throughout the interval ϱ = (1..m)
and σ = (0..1) is a computationally intensive task that
can result in aggregation stored in matrix P aram. Based
on the evaluation of the data matrix param i.e. the maximum number of pure clusters (free from defective classified vectors), maximum number of lines in created clusters
and the minimum number of vectors in outlier layer can
be relatively accurately selected intervals of input parameters ϱ and σ in which PART clusters multidimensional
data most precisely.
Testing combinations of pairs of parameters ϱ and σ
throughout the interval ϱ = (1..m) and σ = (0..1) is a
computationally intensive task that can result clustering
stores in a matrix P aram. Based on the evaluation of the
data matrix P aram is maximum the number of pure clusters (error free classified vectors), the maximum number
lines in the clusters and the minimum number of vectors
in outlier cluster is can quite accurately algorithmically
calculate intervals of input parameters ϱ and σ, in wich
PART clusters multidimensional data accurately.

4.1.1 Modified Projective ART Neural Network for
Generating Dictionary Keywords from Document
Suitability idea of modified PART in processing text documents was verified in an application for generating dictionary keywords, where except synthetic data were used
shared and published text documents. Processed documents used for training and testing of the modified PART
came from the repository 20 Newgroups. Processing of
text documents in which for clustering was used MAPART is shown in Fig. 2.
Clustering accuracy of words in example 4 documents in
computer section by using MA-PART and PART is shown
in Fig. 3.
Inaccuracies for generating resulting clusters in realized
experiments lead the author to edit clustering algorithm

Figure 3: Clustering accuracy in example 4 documents by MA-PART and PART.

Figure 4: Clustering accuracy of words by MAPART and PART.
to calculate the condition of selective output signal hij .
It was supplemented by the condition of equality of the
first three projective dimensions of input vector and one
of the vectors being compared cluster:


if (d(f (xi ), zji ) ≤ σ) ∧ (wij > θ)∧
1
hij =
∧(x1 = c1 ) ∧ (x2 = c2 ) ∧ (x3 = c3 )

0
else
(12)
Generated matrix of clusters of keywords achieved an average success rate of aggregation around 91%. To increase
the accuracy of data clustering was created advanced algorithm based on the application of Porter’s algorithm on
the first keyword in the cluster and consistent comparison
of remaining keywords with him.
In the experiments, was used in the training set of documents and the 30 test set of 340 documents. Choice of
training and test sets was focused on more comprehensive,
multi-kilobyte files free text, while the number of words
The documents was in the range 250-4000.
The result of processing are generated clusters of keywords from which it is further possible to make the keyword dictionary. In the experiments, the whole testing
set accuracy achieved clustering by MA-PART at 94.83%,
an improvement compared to the result the original algorithm PART 9.51%. By applying the refinement algorithm the dictionary of keywords for individual clusters
generated by MA-PART using the Porter algorithm was
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Figure 5: Clustering accuracy by MA-PART
+Porter and MA-PART.

5

Figure 6: Impact parameter ϱ of the number of
clusters created for σ = 0.4.

achieved recognition accuracy up to 99.56%. Success rate
of classification of keywords into clusters is readable from
graphs in the following figure.

4.1.2 Modified Projective ART Neural Network for
Clustering Text Documents
Input of the whole system are text documents from various thematic areas obtained from the Internet. Processing results are clusters of documents that were created by
the proposed model modified PART, aggregated to anticipated groups, i.e. thematic areas. For assigning of
generated clusters to real thematic areas regrouping algorithm was used.
The processing of text documents is divided into separate
parts:
• pre-processing of text documents using RapidMiner,
• clustering by MA-PART - creating of projective clusters with including relevant centroid for each created
cluster,
• assigment of created clusters into real clusters using
regrouping algorithm.
Based on the analysis results of processing with MAPART, the set of documents with a considerably higher
number of keywords failed to achieve success rate of classification into clusters above 90%. Modified PART model
can not adequately respond to the increase in the number
of dimensions of submitted vectors.
Pre-processing of text documents using RapidMiner consists of following parts:
• tokenize - divided contents of one document into
sentences and sentences into tokens,
• transform case - document transform letters to lowercase,
• filter tokens - filtering of tokens, the length of which
is within range minimum and maximum length,
• filter stop-words - delete the words belonging to the
database of English stop-words,
• stem Porter - crop extension tokens using the Porter
algorithm.

Figure 7: Impact parameter σ of the number of
clusters created for ϱ=3.
The first step to improve the success rate of clustering
was to increase stabilization time of network weights, by
increasing the number of repetitions of epoch. Constant in
the denominator function of distance was able to slightly
increase the ratio of the distance attributes of the input
vector xi and top-down weights zji to attributes of topdown weights and thereby increase the overall accuracy
of vector classification into existing clusters.
For the calculation of the centroid was used the least
squares method:

dist(xi , cj ) =

∑
i=1

(xik − cjk )2

(13)

On Fig. 6 and Fig. 7 is shown impact of parameter ϱ
respectively σ for number of created clusters in pursuing
maximum accuracy clustering.
The last phase in the processing of text documents is regrouping algorithm that maps created projective clusters
in real clusters. For the purposes of clustering of text documents obtained from the web in regrouping algorithm
were used and compared with each other Euclidean metric, cosine metric and Jaccard coeﬃcient. Undertaken
experiments have shown that the main cycle of clustering was necessary to repeat at least four times in order
to achieve the most accurate results. The proposed experiments were carried out with a collection of text documents in English, which were obtained from the repository 20 Newsgroups. To train the network was used set
of 30 documents from 4 areas. Test set with the number
96 text documents consisted of 4 selected thematic areas.
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Figure 8: The results of applying the regrouping
algorithm by using cosine metrics

Figure 10: The results of applying the regrouping
algorithm by using euclidean metrics

4.2.1 Hybrid Model of PART Neural Network for
Clustering and Classification of Image Textures

Figure 9: The results of applying the regrouping
algorithm by using Jaccard metrics

The total number of keywords for the testing set was the
212.
In experiments there were compared also dependencies of
incorrectly classified text documents by changing the distance parameter σ, with the correct setting of vigilance
parameter ϱ = 3. Number of created clusters in changing
parameter σ is around 18, but in fact the total number of
incorrectly classified documents was for each of the values
σ significantly diﬀerent. In addition, was simultaneously
monitored the impact of changing the number of repetitions clustering algorithm epoch on the total number of
incorrectly classified documents. On the total number of
96 selected text documents from four thematic areas was
for modified model PART reached clustering success rate
93.75%. The author proposed model used for clustering
text documents in English combines the advantages of
a modified PART and uses metrics to achieve the exact
number of real clusters of documents. By editing function for calculation of distance of input vector and reverse
weights of commited neurons was achieved improvement
in success rate of clustering.

The hybrid model has been designed to address the clustering of multidimensional image data using the PART
together with decreasing dimension of the processed data
by OM-PCNN. The main selection criterion used in neural
networks for the purposes of research was the low number of network parameters and clearly defined structure
of used neural networks. The proposed hybrid model was
used in experiments for clustering images textures as well
as for classification and filtering out of unnecessary data
to outlier cluster.
PCNN advantages lie in its invariance to geometric transformations (translation, rotation and partly dilatation),
the minimum set of used standards and firmly defined
structure that maps the image matrix pattern recognition. PCNN does not requires a learning process, which
is typical for standard neural network. Thanks to invariance of PCNN rigidly defined structure and uselessness
of learning are eliminated problems of standard neural
networks, which are most often solved experimentally. A
precise mathematical model of OM-PCNN, algorithm for
generating the symptoms can be found in [6].
The experiments with a modified PART were divided into
two types of tasks:
• clustering the reduced matrix of image data into related clusters,
• filtering and classification of unnecessary data based
on selected standards.
For clustering the reduced image data matrix was used a
modified algorithm PART using a simplified function of
distance:
|xi − zji | < σ

4.2 Modified Projective ART Neural Network for
Clustering Image Data
Based on the analysis of previous modifications of PART
is this part of the dissertation devoted to demonstration of PART usabalility in non-text data clustering of
multidimensional data sets, namely multidimensional image data. For this purpose was by the author created
and tested a hybrid model of PART in conjunction with
optimized modified by model of coupled neural network
(furher OM-PCNN).

(14)

The original database of sample images was processed to
raster 450 x 450 pixels. The proposed hybrid model PART
and PCNN also addresses the issue of classification of invariant image data [7]. Each class of original images was
extended by a set of bracketed images, dilated images
at interval of ⟨30%, 95%⟩, rotated images at intervals of
⟨15◦ , 345◦ ⟩. For training and setting network parameters
using the author proposed algorithm was used set of 260
images. The test database contained a total of 1612 images.
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Figure 11: Impact parameter ϱ of the number of
the clusters
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Figure 13: Impact parameter σ on the accuracy
of image classification in clusters 1 and 2

Figure 12: Impact parameter σ of the number of
the clusters
The optimal setting of OM-PCNN network was for the
input parameters α0 =0.6 and β0 =0.1. The process of
clusetring and classification by PART was optimal by setting parameter ϱ=3 and σ=0.05. The clustering was assessed as successful if whole set of test images were classified into 13 groups, while each group having 124 texture
image. The result of the clustering image textures with a
hybrid model is summarized in Table 1.
The experiments were conducted repeatedly over various
combinations of groups of image textures, but before every attempt was clearly intended that which groups of images were significant and which were insignificant. Experiments were conducted repeatedly in various combinations

Table 1: Precision of Classification by OMPCNN+ED and OM-PCNN+PART
OM-PCNN+ED OM-PCNN+PART
d
2
3
4 2 3 4
Bark
0.927 0.976 1 1 1 1
Bricks
1
1
1 1 1 1
Bubbles
1
1
1 1 1 1
Grass
1
1
1 1 1 1
Leather
1
1
1 1 1 1
Pigskin
1
1
1 1 1 1
Rafia
1
1
1 1 1 1
Sand
1
1
1 1 1 1
Straw
1
1
1 1 1 1
Water
1
1
1 1 1 1
Wool
0.983 9.992 1 1 1 1
Wood
1
1
1 1 1 1
Wave
1
1
1 1 1 1

Figure 14: Impact parameter σ on the accuracy
of image classification in clusters 1, 2 and 3

of groups of pictures of textures. Before each experiment,
was preset desired number of clusters including the identification of a set of images pertaining to particular clusters.
The number of iterations of the algorithm of aggregation
MA-PART was set to epoch = 2. The following sections
contain a more detailed analysis of the classification accuracy paintings textures in selected groups of clusters.
The individual clusters are numbered sequentially from 1
to 13. For each group a significant and insignificant images was automatically constructed a graph of distance
parameter σ on the number of generated clusters. Vigilance parameter in these cases was set to an optimal value
of ϱ=3.
The Fig. 13 shows the detail of the classification of images
of textures within the clusters 1 and 2. From the figure
it follows that the classification takes place by means of
incorrectly PART the distance parameter σ> 0.06. Fig.
14 shows the classification result for the 3 clusters 1, 2 and
3. A plurality of 372 paintings textures were classified into
the correct number of classes at the interval parameter σ
between 0.016 after 0.18. Fig. 15 shows the progress of
the texture image classification 5 clusters 1, 2, 3, 6 and 7
is an error in the classification in such case, the present
value of the parameter σ> 0,053. Last Fig. 16 includes 7
major classification for clusters 4, 5, 6, 7, 9, 10 and 12.
The classification was considered successful only when
preselected classes of pictures fell all to belonging images
textures.
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PART hybrid model in conjunction with OM-PCNN allows a significant reduction in dimensions of image space
classification, while clustering by PART achieved 100%
success rate aggregation of images with a known number
of existing categories. The hybrid model using a modified
clustering algorithm and using the PART outlier cluster
to classify image data confirmed again the ability of PART
to filter out unnecessary data when the number of created
clusters and a set of etalons of significant classes is known
in advance.

Figure 15: Impact parameter σ on the accuracy
of image classification in clusters 1, 2, 3, 6 and 7

Future from the perspective of this dissertation opens up
a number of ideas for a solution. The first of them could
be testing of modified PART model on a large set of text
documents using parallel processing. The second topic
could be finding a suitable method for reducing the multidimensional space in tf-idf matrix of text documents and
keywords and subsequent clusetring by PART. Another
topic could be application of PART in the processing of
audio data.
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Abstract

Categories and Subject Descriptors

Power consumption is becoming the key aspect in modern digital systems design. Widely accepted method for
applying power-reduction techniques is the adoption of
a power-management strategy. The standard-based lowpower design flow involves the application of the powermanagement techniques in a register-transfer level model.
At this stage, the current systems are usually too complex,
and thus the application of the power management is very
complicated. Moreover, a verification of such an invasion
into the system design takes too much time.

B.5.1 [Register-Transfer-Level Implementation]:
Design—styles; B.5.2 [Register-Transfer-Level Implementation]: Design Aids—automatic synthesis, optimization, verification; B.7.1 [Integrated Circuits]: Types
and Design Styles; B.8.2 [Performance and Reliability]: Performance Analysis and Design Aids

The dissertation thesis deals with a novel methodology for
low-power systems design, based on an extension of the
standard design flow to the system level of abstraction.
The proposed extension utilizes high-level synthesis for
automated transformation of the system specification into
the widely-used model at the register-transfer level. During this process, the abstract power-management specification is transformed into the more-detailed standardized
form in order to be supported by the existing tools for
verification and analysis. The automation of this process
prevents many human errors usually introduced by the
manual specification. Besides, this process involves several verification steps in order to identify and correct some
of the errors in the abstract specification. The experimental results showed that the proposed abstract powermanagement specification is approximately 19 times less
complex than the standard specification at the registertransfer level. The resulted methodology makes the lowpower systems design easier, prevents many human errors
in the design, and simplifies the verification process.
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1. Introduction
The power consumption has been a great concern for the
mobile devices manufacturers for a long time. Recently,
the finer process technologies (below 90 nm) along with
the market forces make power the key factor constraining any electronic design. The increasing demand for
high-performance portable SoCs (Systems on Chips) in
communication and computing has shifted the focus from
traditional constraints (area, performance, cost, and reliability) to the power consumption [3].
Since at smaller geometries the power density is rising,
it has a negative impact on the temperature and implied
reliability of the device (more faults - shorter lifetime).
Therefore, even for the industry segments in which battery power has not traditionally been an issue, considerations of packaging, reliability, and cooling costs brings
power to the forefront [1].
Many techniques have been developed to address the continuously aggressive power reduction requirements (see
Table 1)[5]. Some of them were successfully integrated
to the design flow (e.g. clock gating), but others were
hard to adopt. To help the design teams to adopt advanced power-reduction techniques (e.g. multiple supply
voltages), the low power standard for design and verification was developed [6]. This standard enables specification of the power-management low-level details early in
the design flow (at the register-transfer level - RTL), thus
making the verification of the power management more
eﬃcient. As the systems become more complicated, this
abstraction level can no longer serve as the starting point.
Power management has to be considered from the start of
the development process, namely at the system level. The
right power-management strategy at the system level has
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Table 1: Overview of Commonly Used Power-Reduction Techniques
Technique
Description
Multiple threshold volt- Uses diﬀerent threshold voltages in the circuit to reduce leakage but still satisfy timing
ages
constraints.
Diﬀerent blocks are operated at diﬀerent (fixed) supply voltages. Signals that cross
Multiple supply voltages
voltage domain boundaries have to be level-shifted.
Gate sizing
Upsizing reduces dynamic power, downsizing reduces leakage power.
Logic restructuring
Moves high switching logic to the front and low switching logic to the back.
Clock gating
Disables clock tree part not in use.
Operand isolation
Prevents switching of inactive datapath element.
Diﬀerent blocks are operated at variable supply voltages. The block voltage is dynamiVoltage scaling
cally adjusted based on performance requirements.
Frequency scaling
Frequency of the block is dynamically adjusted. Works alongside with voltage scaling.
Turns oﬀ supply voltage to blocks not in use, significantly reducing the leakage. Block
Power gating
outputs float and need to be isolated when connected to active block.
Dynamically bias the substrate or the appropriate well in order to raise transistor voltage
Substrate biasing
threshold in inactive mode, thereby reduce leakage.
Memory partitioning
The memory is split into several partitions. Not-used ones can be powered down.
The system bus is split into several segments. Only the required segments are charged
Bus segmentation
upon an access.
Uses dedicated elements to speed-up a task. These elements can be powered down when
Hardware acceleration
not needed.

the most beneficial impact on eventual power consumption. The used power-reduction techniques must be considered with the rest of the system requirements, because
they impact all aspects of ASIC (Application-Specific Integrated Circuit) and SoC development [3]. Early verification can significantly improve productivity and find
power-related design errors early when it is easier and
cheaper to resolve them.
The dissertation is oriented towards the extension of the
current low-power design flow in order to utilize the benefits of the system level (e.g. concise specification, faster
verification) and the high-level synthesis process (e.g.
faster implementation, more-accurate design analysis).
The goal is to develop a new method for abstract powermanagement specification that would simplify the introduction of selected power-reduction techniques into the
design. The next goal is to develop a new synthesis algorithm usable in the high-level synthesis process that would
transform the proposed abstract power-management specification into a more-detailed standard-based specification. This transformation into the standardized form assures compatibility with existing design-automation tools
that could be used for the design analysis and verification
at the later design stages. The last goal is to utilize a
combination of verification approaches to properly verify
introduced power-management aspects with as little manual intervention to the design as possible.
This paper is organised as follows. The background information in Section 2 is followed by Section 3 that refers
to the related work representing the state-of-the-art of
the key problem area of this paper. Section 4 summarizes the goals of the dissertation thesis. In Section 5,
the novel low-power design flow is proposed along with
an introduction of the related proposed methods. Section 6 summarizes the experimental results provided in
the dissertation thesis. The main achieved contributions
are summarized in Section 7.

2. Design for Low Power
Power is the most critical issue in SoC design today [5].
In order the SoC power management to be eﬃcient, it
must be built into the design starting at the architecture
stage and power-reduction techniques must be used at
every stage of the design. Managing power becomes complicated, since there is a need to design for low-power as
well as for performance and cost.

2.1 Power Basics
In CMOS (Complementary Metal-Oxide Semiconductor)
technology, the power consists of two elements, the static
and dynamic power [5]. The static power, also known
as leakage power (PL ), is a function of the supply voltage (Vdd ), the switching threshold voltage (Vth ), and the
transistor size (W/L).
PL = F (Vdd , Vth , W/L)

(1)

The dynamic power is a sum of switching power (PSW dissipated when charging or discharging internal and net
capacitances) and short-circuit power (PSC - dissipated
by short-circuit current during switching of the transistors). Formally, it is expressed by the following equation:
2
PSW + PSC = α.f.Cef f .Vdd
+ ISC .Vdd .f,

(2)

where α is the switching activity, f is the switching frequency, Cef f is the eﬀective capacitance, and ISC is the
short-circuit current. The total power is then formally
represented by
P = PSW + PSC + PL .

(3)

The dynamic power can be reduced by a reduction of
switching activity, clock frequency, capacitance, and supply voltage. The leakage power is continuous due to the
leakage current and therefore must be reduced by design
techniques [5], such as those described in Table 1.

2.2 Power Management
The key UPF (Unified Power Format) standard [6] concept is to provide the means for dividing a system into
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so-called power domains. A power domain is a collection
of blocks that always operate at the same supply-voltage
level (the same power state). It enables to power-down
some unused power domains, while others are normally
operating, or temporarily operating at diﬀerent voltage
level. This standard enables a designer to specify which
blocks are grouped into a power domain, what voltage
levels a power domain can operate at, what power-down
condition for each power domain is, where isolation or
level shifters should be used, and so on.
UPF assumes the control signals for power-management
elements (e.g. power switches, isolation and retention
cells) are generated in the functional design. For complex
systems, this power-management logic is grouped into a
separated system block, known as the power-management
unit (PMU). It is responsible for determination of a suitable system power mode (a combination of power states of
power domains) and handles the transition to that power
mode. In Figure 1, the use of a PMU in a system architecture design is shown. In the figure, the PMD represents
a power-mode determination module (usually consists of
several monitors and a power-management policy algorithm), the PSMs stand for power-state machines handling the transitions between power states of individual
power domains (the PDs), and the Blocks represent the
other system blocks, such as a microprocessor, memory,
and other IPs (Intellectual Properties).
Complete and accurate verification of a low-power design
is indispensable in modern SoC design flows. For impact
to be maximal, power-related decisions must be made at
the architectural level, and the eﬀects verified at each
stage of the design [9].
After the formal specification of a power intent in UPF,
the first verification step is to check functional, electrical, and structural correctness and completeness - this is
usually done through formal verification. The next step
is to verify the correct functionality of the system with
low-power behaviour on top of normal function - usually
achieved through power-aware simulation [5]. Additional
power-management elements need to be checked whether
they do not aﬀect basic operation of the device. The
design becomes more complicated when using multiple
voltage domains or scaling voltage and frequency levels.
Side-eﬀects of the advanced power-reduction techniques
are often the source of errors, and therefore the whole design must be verified for all specified operating modes [9].
Thus, complete power-aware verification should be hybrid, combining formal and informal approaches. Errors
in the control signals (driven by the PMU) are detected

Figure 1: System architecture with PMU.

using low-power assertions. How well the power intent
has been functionally verified is usually measured by using functional coverage in simulation. Formal tools are
used for static analysis, validating the power intent, and
for syntactical, structural, and functional checks throughout the low-power design flow [5].

2.3 System-Level Design
Limitations of power analysis at higher abstraction levels
imply the fact that most designers consider power requirements later in the design flow - after synthesis or placeand-route process. However, the possibilities to reduce
power at such a later stage are quite modest compared to
the architectural context of the system abstraction level
- early stage of the design flow. The tasks and processes
made at an early stage (e.g. hardware/software partitioning, bus implementation, memory management, or
hardware acceleration) have the greatest impact on eventual system power consumption [16]. The international
technology roadmap for semiconductors [7] predicted few
years ago that 80% of the power minimization would happen at the electronic system level (ESL).
Modern tools provide adequate modelling possibilities at
the ESL, and thus, considering the increased simulation
performance, enable the early design exploration. These
tools usually depend on the design reuse that allows them
to map the performance and power information from lowerlevel representations into the transaction-level (TLM)
models. Synthesizable RTL descriptions are available for
most parts of any new design, and the remaining parts
can often be synthesized from their TLM representations
(high-level synthesis). Power information obtained from
the newly-synthesised blocks can be back-annotated into
the TLM model to continue architecture exploration [16].

3. Related Work
The research area of ESL power management has been
gaining attention for the past few years. Some works has
already been published to extend UPF up to the system
level. PwARCH [15] enables to explore diﬀerent power
architectures at the transaction level, augmenting a SystemC/TLM model with abstract UPF concepts intended
for simulation. The problem is that power information
has to be annotated to the ESL model (manual eﬀort).
Although this method enables the selection of the most
power-eﬃcient power architecture, it does not take into
account other important parameters, such as area or performance. Similarly, in [8], the authors augmented the
system-level functional model with a power-intent model
(based on UPF concepts) and power data model (obtained
from the lower-level power estimations and technology libraries). The method enables to automatically generate a
UPF specification from the model, and thus use the power
intent in the existing EDA verification tools. Disadvantage of the method is that the amount of information
needed to model power intent is approximately the same
as in the UPF specification.
Similar research has been done in [17, 10, 4]. These approaches are also based on the system-level power modelling (with the power-management modelling support)
that enables faster simulation, and thus enables diﬀerent power architectures exploration. The main diﬀerence from the previous methods is that the used powermanagement modelling is not based on the UPF standard.
The RTL implementation has to be designed manually
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and since the approaches do not use the standard concepts at the ESL, the verification cannot easily check the
equivalency (error prone).
Another research [2] focuses on high-level power estimation based on statistical regression power models. It also
proposes the use of ESL simulation traces at lower levels for power estimation. The work is also focused on
system-level power reduction, specifically on the clockgating technique. The need for clock gating is manually
specified directly in the C programming code in a form of
macro. Based on this specification, the high-level synthesizer inserts clock-gating cells into the RTL model. The
disadvantage of this approach is that the designer needs
to identify where exactly the clock gating should be used.
It substantially complicates such high-level specification
and does not involve other eﬃcient power-management
techniques.

4. Objectives
Based on the identified pros and cons of the existing methods, the following goals and tasks have been stated in the
dissertation thesis.
• Identification of power-reduction techniques applicable at the system level of abstraction, their evaluation and selection of potential techniques for integration.
• Development of a method for specification of the
selected power-reduction techniques at the system
level.
• Integration of the proposed specification method into
the selected system-level model.
• Development of a new power-management synthesis
algorithm for transformation of the abstract powermanagement specification to the standardized RTL
form.
• Development of a power-aware hybrid verification
method based on the existing verification techniques.
• Evaluation of the proposed methods by an implementation of the developed synthesis algorithm.

5. A Novel Low-Power Design Flow
The key idea of the novel methodology [11] is illustrated in
Figure 2. The extension of the UPF standard low-power
design flow to the ESL keeps the current design flow steps
intact, enabling to use the traditional design/verification
methods and tools at lower levels. This methodology
starts from a crude system specification at the ESL, where
the main UPF concepts are integrated into the system
functional specification in an abstract form. The specification participates in the abstraction refinement process.
ESL specification
model with abstract
UPF concepts
High-level
synthesis
Simulation,
design
analysis, ...

Abstraction
refinement, static
analysis, equivalence
checking, simulation, ...
Equivalence checking

UPF-based
design flow

Figure 2: The low-power design flow extension.
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When suﬃciently refined, the high-level synthesis enables
to automatically extract the specified power management
and to generate its standard UPF representation along
with the RTL functional model (typically in HDL). Then,
the low-power design flow continues in a traditional way,
as described in [6].
In the dissertation, the research was not focused on the
functional high-level synthesis but on the high-level synthesis of the power-management specification. Each of
the proposed methods utilized in the proposed methodology extending the UPF-based low-power design flow is
briefly introduced in the following subsections.

5.1 Selection of Power-Reduction Techniques
The criteria for selection of power-reduction techniques
have been defined as their suitability for the system-level
of abstraction and their impact on eventual power consumption. Many techniques are highly coupled with an
implementation technology and a circuit structure. Therefore, such techniques cannot be used at the system level.
These techniques include multiple threshold voltages, gate
sizing, and logic restructuring. Other techniques, such as
memory partitioning, bus segmentation, and hardware acceleration, are rather architectural or microarchitectural
choices. They are not specifically utilized in the proposed methodology but can be realized by the use of other
techniques in a finer-grained manner (e.g. power gating).
Substrate biasing is predicted to be replaced by power gating; therefore, it is not used in the proposed methodology.
The other techniques, namely clock gating, operand isolation, multiple supply voltages, voltage and frequency scaling, and power gating, are utilized through power management at the system level in an abstract form.

5.2 Abstract Power-Management Specification
The proposed power-management specification abstracts
from lower-level details, contained in UPF, such as power
switches, isolation or retention cells, level shifters, or supply ports and nets. However, the basic concept of dividing
a system into power domains has remained. The abstract
power-management specification is based on these power
domains, assignment of abstract power states to these domains (the states that can be reached by the blocks in
the domain), assignment of instances to power domains
(blocks that will belong to the domain), specification of
allowed system power modes (allowed combinations of
power states in power domains), and switching between
the specified power modes.
The abstract power states represent performance levels
(voltage-frequency pairs), in which the power domains
and internal blocks can operate. These states include the
following.
• Normal - the blocks operate at the basic supply voltage and at the basic operation frequency.
• Hold - the blocks stop their operation.

• Diﬀ level# - a set of states that are distinguished
by an ordinal number #. The blocks operate at
the performance level diﬀerent from the basic one.
Either voltage or frequency or both are diﬀerent.
• Oﬀ - the blocks are powered down.

• Oﬀ ret - the state of the blocks is retained, while
they are powered down.
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Each of these states represent some power-reduction techniques that will be used in the design. The normal state
implies that no explicit power-reduction technique will be
used while this state is active. Hold implies the architectural clock gating and operand isolation techniques will be
applied during this state. Diﬀ level states enable multiple supply voltages to be used in the design and adoption
of voltage and/or frequency scaling techniques. The oﬀ
and oﬀ ret states imply the power gating with or without
state retention.
There is a dedicated system state variable representing
the current power mode. This variable has to be firstly
initialized to a default power mode, assigning some of
the specified power modes to this variable. The switching between the individual power modes is modelled in
the functional specification of the system by assigning to
this state variable diﬀerent power modes based on some
system conditions.

5.3 Power-Management Integration
In order to put the abstract power-management specification into use, we have integrated it into two system-level
specification models using two diﬀerent integration techniques. The integration into HSSL (Hardware/Software
Specification Language) model [11] was achieved by extending the language syntax. The integration into SystemC model [14] was achieved using the extension library.
The syntax extension oﬀers a great opportunity for intuitive, rigorous and very concise specification. The existing constructs can be extended (or replaced) in order to
support the power-management specification. Moreover,
this kind of extension enables such a form of specification
that is easily analysed (for a human being as well as for
a computer). The greatest advantage of the extension library based integration is that it preserves the support
in existing tools. When the language syntax is modified,
the tools working with this language have to be updated.
Another advantage is that this kind of extension is easily
accomplished and the existing compilers can be used to
perform static checks to reveal syntactical errors in the
library. Designers are using the same modelling style as
they are used to, when describing the system functionality in the given language. This can be also viewed as a
disadvantage, because the specification has to follow the
existing rules, and therefore it is more fractured (declaration in the declaration part, instantiation in the functional part). Moreover, several modelling options in the
language have to be preserved (e.g. static and dynamic
instantiation of the objects). This complicates the analysis of the power-management specification and provides
an opportunity for a designer to introduce a human error
to the specification.

5.4 Power-Management High-Level Synthesis
During the process of high-level synthesis, the powerintent is extracted from the abstract power-management
specification, and the UPF standard specification is synthesized. The power-mode variable is changed to the enumerated type in order the functional high-level synthesizer to be able to synthesized it properly along with the
functional specification. Beside the power intent in UPF,
there is a functional description of the PMU generated,
which drives the control signals of power-management elements specified in the UPF. Thus, the power-management
synthesis consists of two processes - the power-intent spec-

ification synthesis and the power-management unit synthesis.
In order to perform the first synthesis process, we have
proposed a synthesis algorithm that analyses abstract
power management specification and then, based on the
power management rules, it generates UPF that satisfies the abstract specification. However, in order to further simplify the low-power design, we have proposed another algorithm (algorithm with optimization) that can
also automatically recover from some inconsistencies in
abstract specification. It uses relations between power domains, given by the power modes and architectural dependencies of the system components, to determine whether
the power-management specification is consistent with the
functional specification. If it is not, it corrects the specification to be consistent (a designer is notified which parts
have been modified).
For the PMU synthesis, we have used the information
about the power intent, obtained from the UPF generation. Since all the required control signals for powermanagement elements are known in this method, controlsignals sequences generation is pretty clear. These sequences are generated in such a way that power management rules are kept. For example, if some power domain
is changing its state from normal to oﬀ ret, the control
signals must firstly isolate the domain boundary inputs
and outputs, then the retention must be activated, and
only afterwards the blocks in the domain can be powered down. These control sequences are achieved by generation of additional (intermediate) power modes of the
system. The advantage is that this process is fully automated; thus, a designer does not need to keep these rules
in mind and can focus on system functionality. Moreover,
we have proposed a modification of the internal PMU architecture in order to be more power eﬃcient [12]. It
enables to power the PMU transition logic down, when a
power-mode change is not needed. It is especially useful
in a system that is ”sleeping” (a power-saving mode) for
a long time during its operation time.

5.5 Power-Management Verification
To verify the introduced power-management aspects, we
have proposed a combination of formal and informal
checks. These verification checks are intended to drive
a designer to create a correct, complete, and consistent
power management specification at the ESL. At such an
early stage, these checks involve syntactic checks done by
compilers, runtime checks that are part of the extension
library, and the proposed static analysis - analysing the relations between power-management components and system architecture. After the high-level synthesis, we use
the proposed equivalence-checking method to ensure that
the power intent is preserved during this process. To verify the synthesized PMU, we generate assertions about
control signals sequences. The assertions are also used
for coverage measurement, driving a designer to verify
the untested system functionality.
All of these verification steps help to reveal power-management errors at early stages of the design, when it is
cheap and easy to correct them. The automation of these
steps reduce verification overhead, which is very high in
modern complex designs. Notifications, produced by the
verification, help to identify the source of an error.
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Figure 3: HSSL-integrated vs. synthesized UPF
specification.

Figure 4: SystemC-integrated vs.
UPF specification.

synthesized

6. Experimental Results
For evaluation and validation of the proposed methodology, we have implemented the proposed methods into an
experimental tool. We have generated over ten thousand
samples of the ESL abstract power-management specification scaling the number of power domains, the number of power modes, the average number of power states
in power domains, the average number of system blocks
in power domains, and the number of inter-domain communications. The generated samples were described in
both HSSL and SystemC extensions. The early verification steps ensured that the abstract specification was
correctly generated and described. Afterwards, we have
synthesized the ESL power-management specification using both proposed high-level synthesis algorithm (without
and with optimization) and verified the synthesized UPF
specification and PMU description.

6.1 Power-Management Simplification
To determine simplification of power-management specification, achieved using the proposed methodology, we
have compared the abstract power-management specification to the standard UPF specification, generated by the
synthesis process. As a comparison parameter, we have
used the number of characters required for specification.
Figure 3 and Figure 4 illustrate the results of this experiment. The results are provided in a logarithmic scale. The
provided complexity reduction ratio represents the number of characters required for UPF specification divided
by the number of characters required for ESL abstract
power-management specification.
The results showed that the ESL power-management specification has approximately 19 times lower average complexity than the standard UPF specification with the same
power intent. Simplified specification implies that a de-
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Table 2: Power-Management Validation Data
# ESL UPF PMU Assert Coverage
1
313
1680
3300
3863
100 %
2
500
2706
4452
4749
100 %
3
642
2850
4619
3194
100 %
4
643
6035
35205
25912
98 %
5
751
4658
8658
9488
100 %
6
760
4854
7017
10340
100 %
7
813
5678
10094
13433
97.5 %
8
862
5557
63304
17779
100 %
9
953
8778
142992
52330
81.1 %
10 1051
9399
131478
45150
96.1 %
11 1090 11605 586303 100721
85.5 %
12 1275
7443
199866
48111
89 %
13 1324
9039
107068
43833
91.2 %
14 1402 13397
67691
50911
99.2 %
15 1939 12232 214122
91620
82.4 %

signer has fewer possibilities to introduce a human error
into the specification. Thus, the specification and verification time is shortened. We have observed that the
highest diﬀerence between ESL and UPF specifications
was achieved in samples with higher number of abstract
power modes. The reason is that a higher number of
abstract power modes results in a higher number of intermediate power modes generated in UPF. When the two
ESL power-management specifications (HSSL and SystemC) compared to each other, the result is that the
HSSL-based specification is approximately by one third
less complex than the SystemC-integrated one. Thus, the
syntax-modification form of integration results in more
concise specification than the extension library based integration, however, at a price of loosing compatibility with
the existing EDA tools.

6.2 Synthesized Power-Management Validation
In order to validate the synthesized power management,
we have selected 15 generated samples (various complexity) of abstract power management, synthesized them,
and used industrial tool Modelsim SE 10.2c to verify the
synthesized design. Using Modelsim’s power-aware static
analysis, we have validated the synthesized UPF specifications. No reported error has proven that the synthesized
UPF specifications are syntactically correct and that no
isolation or level-shifter strategy is missing in the specifications. To validate the PMU synthesis process, we
have used Modelsim’s simulation capabilities. It has successfully compiled and simulated all of the synthesized
PMU samples. During this process, the generated assertions were used to check whether some control-signals
sequence rule is violated. No reported error has proven
that the control sequences are generated correctly. The
generated assertions have also been successfully used to
measure coverage of power modes and transitions between
them.
Data provided in Table 2 include the number of characters for ESL specification, UPF specification, PMU description, and assertions specification. The last column
provides directive coverage, achieved during 10 µs simulation time. This coverage is reported using the generated
coverage assertions. There was no intention to exhaustively verify all PMUs, since it would require a significant
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amount of time and eﬀort (especially for complex PMUs).
A goal was just to show that the synthesized PMUs are
syntactically correct and ready for verification. To achieve
100 % coverage for more-complex PMUs, another stimuligeneration approach should be adopted (e.g. directed test
generation). The summarized number of characters for
generated data is really high, compared to the number
of characters required for a designer to manually write in
the ESL specification. For these samples, the proposed
methods represent 132 times fewer characters to write
manually in average in order to obtain the RTL power
management ready for verification.

6.3 PMU Modification Effect
We have also performed the experiments evaluating the
eﬀect of the proposed PMU’s power-state machine modification on its power consumption. Some results of these
experiments have been published in [13]. A summarized
result is that the modification can save up to 76 % of
power for systems with rare power-mode switching. For
the modification to be beneficial (area overhead is acceptable for gained power savings), the PMU must be at least
60 % of the operation time inactive, what most of the
systems satisfy. For simple PMUs, the area overhead is
significant (up to 50 %), but it can decrease under 1 %
for more complex PMUs.

7. Conclusions
The dissertation thesis was oriented towards the utilization of the ESL abstraction level for design of low-power
systems. We have proposed a novel methodology, consisting of several methods for design and verification processes, extending the current standard low-power design
flow based on UPF. The main contribution lies in the simplified power-management specification, higher automation in the design flow, and early verification of introduced
aspects.
The simplified specification is achieved by the proposed
method for specification of low-level power-reduction techniques in an abstract form. Automation is contained in
the power-management high-level synthesis process, generating UPF standard specification at RTL, the PMU
controller, as well as the power-management assertions
for verification. The proposed verification starts form the
very beginning of the design process and continues until
the RTL is reached and the existing methods and tools can
be used. The verification process provides a proper guidance for a designer to get the power-management specification right - correct, complete, and consistent with functional specification. As a result the low-power systems
design is simplified, enabling also the designers not familiar with power-reduction techniques to design for low
power.
Further work in this area can be oriented towards a complete abstraction from power management, achieved by
even more automation in the design. There is a need to
automatically divide a system into power domains, assign
to them suitable power states, and create a proper powermanagement strategy (specify allowed power modes and
switch between them). The ESL simulation can help to
pinpoint these aspects.
Acknowledgements. This work was partially supported
by the Slovak Science Grant Agency (VEGA 1/1008/12
and VEGA 1/0616/14), the Slovak Research and Devel-

opment Agency (SK-CZ-2013-0173), Slovak University of
Technology in Bratislava (”ANSNS” and ”ASRSS”), and
COST Action IC 1103 MEDIAN.

References

[1] J. Ahuja. Towards a green electronic world: A collaborative
approach. In ISLPED ’08 Proceedings of the 13th international
symposium on Low power electronics and design, pages 1–2.
ACM, 2008. Keynote.
[2] S. Ahuja. High Level Power Estimation and Reduction Techniques
for Power Aware Hardware Design. PhD thesis, Faculty of the
Virginia Polytechnic Institute and State University, 2010.
[3] S. Bailey, G. Chidolue, and A. Crone. Low Power Design and
Verification Techniques. Mentor Graphics, 2007. White paper.
[4] T. Bouhadiba, M. Moy, and F. Maraninchi. System-level modeling
of energy in TLM for early validation of power and thermal
management. In DATE ’13 Proceedings of the Conference on
Design, Automation and Test in Europe, pages 1609–1614, 2013.
[5] Cadence Design Systems. A Practical Guide to Low Power
Design: User Experience with CPF. 2012.
http://www.si2.org/?page=1061.
[6] IEEE Standard Association. IEEE Standard for Design and
Verification of Low Power Integrated Circuits. IEEE, 2013. IEEE
Std 1801-2013.
[7] ITRS. International Technology Roadmap for Semiconductors:
Design. ITRS, 2011.
[8] J. Karmann and W. Ecker. The semantic of the power intent
format UPF: Consistent power modeling from system level to
implementation. In 2013 23rd International Workshop on Power
and Timing Modeling, Optimization and Simulation (PATMOS),
pages 45–50. IEEE, 2013.
[9] N. Khan. Cosed-loop verification methodology for low-power
SoC design. Special Technology Report - Low Power Design,
pages 7–8, September 2008.
[10] H. Lebreton and P. Vivet. Power modeling in SystemC at
transaction level, application to a dvfs architecture. In IEEE
Computer Society Annual Symposium on VLSI, pages 463–466,
2008.
[11] D. Macko and K. Jelemenská. Managing digital-system power at
the system level. In IEEE Africon 2013 Sustainable Engineering
for a Better Future, pages 179–183. IEEE, 2013.
[12] D. Macko and K. Jelemenská. Self-managing power management
unit. In Proceedings of the 2014 IEEE 17th International
Symposium on Design and Diagnostics of Electronic Circuits and
Systems, pages 159–162. IEEE, 2014.
[13] D. Macko, K. Jelemenská, and P. Čičák. Power-efficient
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Abstract

Keywords

Built-in self repair (BISR) for RAMs is an established and
widely used approach to increase system-on-chip (SoC)
yield. One key BISR component is the repair analysis algorithm (RA) used to replace faulty memory cells with
redundant ones. Many RAs were proposed during the
past three decades mainly for traditional memories but
recently some for block-based memories as well. However, existing RAs for block-based memories suffer from
lower repair effectiveness than some of the algorithms for
traditional memories. Moreover, none of them guarantees
finding an optimal memory repair solution.
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In this work, a new RA for block-based bit-oriented RAMs
is proposed and verified by software simulations. The
experimental results indicate that the new algorithm is
suitable for use in SoCs. For certain memory parameters
(size, the numbers of spares and quadrants, fault distribution), it is more effective than the most effective known
RA for such memories by up to 4 %. Furthermore, the
additional on-chip algorithm area is within acceptable levels in comparison to similar RA for traditional memories.
For certain memory parameters (the numbers of spares
and quadrants) the additional area fluctuates from -5 %
to +3 %. The new algorithm also guarantees finding an
optimal memory repair solution.
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1.

Introduction

SoCs are becoming more popular in today’s semiconductor industry integrating many types of cores onto a single
chip. Their density grows and inevitably they are becoming more prone to faults in deep sub-micron technology. Memories have become the dominant part of modern SoCs due to demanding device size, performance and
power consumption requirements of modern applications.
As suggested by many studies, memories typically occupy
about two thirds of the chip area [1]. Moreover, it is well
known that memories are more dense than other cores
therefore they are the main source of SoC faults and chip
manufacturing yield drops. These drops have a negative
impact on the overall chip production cost and efforts
must be made to keep yield within acceptable levels. Chip
and memory yields are defined identically as follows:
yield =

# of f ault f ree chips (memories)
[%]
# of all chips (memories)

(1)

When introducing new manufacturing processes, memory
yield (1) is typically low during the process ramp up period. It may be increased to some extent by maturing
and improving the process over time. Further increase
may be achieved by incorporating memory BISR on chip
which is a well established and widely used fault tolerance
approach for increasing SoC yield. On chip memory repair
has some inherent advantages over the external methods
used in the past including cost reduction (no expensive
external automated test equipment is needed), the ability
to repair deeply embedded memory modules without direct external access, at-speed and field testing and repair
all possible at any time during the lifetime of a system.
However, it is very important to keep the additional BISR
area as low as possible. Also, the inclusion of BISR on
chip increases the design complexity and extra effort is
needed during the design phase. Both of these factors
impact the overall production cost negatively.
BISR for RAMs typically consists of three basic modules. Memory testing module detects and localizes faulty
cells and sends fault information to repair analysis module which finds the repair solution based on the fault
information. Address reconfiguration module is used to
store the repair solution and to ensure redundant cells
are addressed instead of faulty ones. One key compo-
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FC phase

nent of repair analysis module is RA. It is responsible for
finding the repair solution for memories. The quality of
RAs is usually measured by four main parameters: repair
rate (RR) – the percentage of all faulty memories the algorithm is able to repair (2) [2], area overhead (AO) –
the size of the area needed to implement the algorithm
on chip, repair time (speed) and the ability to find the
optimal memory repair solution (OMRS). OMRS is the
solution using the least possible number of spares.
RR =

# of repaired memories
[%]
# of all memories

dynamic

hybrid

memory test start

• Supported spare types – What spare types will be
utilized for repairs, 1-dimensional (only rows or only
columns), 2-dimensional (both rows and columns)
or other special types (e.g. I/O blocks, configurable
spares [3] and so on).
RA typically consists of two main phases:
• Fault collection phase (FC) – RA receives and processes the fault information from memory test module.
• Spare allocation phase (SA) – Based on the fault information collected during FC, RA allocates spares
to repair faulty memory cells.
Based on the way FC and SA phases are executed, RAs
may be divided into three categories [2] (Figure 1):
• Static – Sequential execution. SA starts after FC
has finished. These RAs typically achieve very high
RR and can guarantee finding OMRS but are not
suitable for use in BISR due to high AO needed for
full fault bitmap and long repair times. They were
best used with external test equipment in the past.

There are many aspects which need to be considered prior
to RA on chip employment, most common including:

• Dynamic – Parallel execution. Both phases start
and finish roughly at the same time. SA usually
needs only a very short time to finish after FC has
finished. They have the shortest repair times of all
approaches and the lowest AO due to their simplicity. They typically achieve medium to high RRs but
cannot guarantee finding OMRS. Dynamic RAs are
suitable for use in BISR.

• Fault information storing – How RA stores incoming fault information. There are some simple algorithms that do not use any storing mechanisms but
more typical approaches use either some form of a
fault bitmap (full or compressed) or a group of CAM
memories instead of a bitmap.
• Repair solution storing – How RA stores the repair
solution. Typically the published papers on RAs do
not provide this information explicitly but in some
cases the solution is stored in CAM memories.

• Hybrid – Combination of previous approaches. Both
phases are started simultaneously but SA needs so–
me time to finish, usually much longer than in dynamic approach but not longer than in serial approach. They can achieve very high RRs and in
some cases can guarantee finding OMRS but are
the most complex of all approaches implying much
higher AO and repair times than dynamic approach.
Hybrid RAs are suitable for use in BISR.

• Duplicate fault information handling – How RA handles duplicate incoming fault information. If a fault
is detected in an already repaired memory row or
column (r/c) then RA should discard it.

• Early detection of unrepairable memories – If RA is
able to detect an unrepairable memory early then
repair time could be saved.

time

• Supported memory types – What memory types RA
will be able to repair, bit or word-oriented, 2D or
3D, traditional or block-based and so on.

2. RA Basics

• Faults in spares – How RA handles spare testing. If
a spare is faulty then RA should not allocate it for
repair.

memory test end

Figure 1: RA types

The denominator in (2) includes all memories, even those
which are unrepairable (e.g. because the number of faults
is excessively high). Therefore, the maximum achievable
RR may be under 100 % in many cases.

The rest of the paper is organized as follows. Section
2 lists some basic RA characteristics. Section 3 gives a
brief summary of existing RAs and lists some basic memory repair principles. The new proposed RA is described
in Section 4 and the experimental results are shown in
Section 5. Section 6 concludes the paper.

SA phase

static

(2)

Many RAs were proposed during past three decades main–
ly for traditional memories but recently some for blockbased memories as well. However, existing RAs for blockbased memories suffer from lower RR than some of the
algorithms for traditional memories. Moreover, none of
them guarantees finding OMRS. In this work, a new RA
for block-based bit-oriented RAMs is proposed. The experimental results obtained by software simulations indicate that the new algorithm is suitable for use in modern
SoCs for yield increasing purposes. For certain memory
parameters the achieved RR is higher than that of the
best known RA for block-based memories while keeping
the additional AO on chip within acceptable levels when
compared to similar RA for traditional memories. The
new algorithm also guarantees finding OMRS.
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3.

Related Work

During past three decades numerous research works have
dealt with the problem of effective on chip memory repair. The memory repair problem has been formalized
and transformed into the vertex covering problem and its
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(a) repairing r/c with the most faults first (Repair-Most
(RM) algorithm),

which expanded upon the idea of using comprehensive
search according to (b) and requires a single hardware
analyser for each possible memory repair solution. IntelliSolve [7], a hybrid RA which expanded upon the idea of
using branch and bound algorithm according to (b) and
used it more time-efficiently, constructing the search tree
placing faults as nodes and spares as edges. Maximumsized Local Bitmap-based Optimal Redundancy Algorit.
(MLB-ORA) [8], a hybrid RA which expanded upon the
idea of using compressed fault bitmap as in LRM. Instead
of compressing the bitmap as much as possible to save
AO, the bitmap was expanded so that it is large enough
for the algorithm to guarantee finding OMRS, but still
smaller than the full bitmap. The principle of maximumsized local fault bitmap was introduced here for the first
time. Selected Fail Count Comparison (SFCC) [2], a very
complex hybrid RA which further expanded upon the idea
of using branch and bound algorithm according to (b) and
IntelliSolve to find a repair solution. The search tree was
constructed by placing the numbers of repaired faults by
combinations of spares as leafs and spares as edges. SFCC
introduced a new type of fault categorization into three
types instead of only two types used previously by basic
approaches according to (b):

(b) utilizing comprehensive search trees and branch and
bound algorithms,

• Single faults – Single fault is the only fault in its
row and column.

advanced RAs
basic RAs

based on
basic

special

other

based on
other

Figure 2: RA categories
complexity has been proved to be NP-complete if using
2-dimensional spares [4]. However, it becomes a trivial
problem if using only 1-dimensional spares. Research in
the area of memory repair has led to various approaches
and ideas resulting in many RAs which may be divided
based on their complexity according to Figure 2.

3.1

Basic RAs

Among the first ideas in 80’s and 90’s were some simple
basic ones which resulted in the first RAs. These basic
RAs include:

(c) repairing using spares in some predetermined sequence, either pseudo-random or alternating.
RM and the approaches according to (b) are static therefore not suitable for BISR. Both require complete fault
bitmaps and have long repair times but can achieve high
RRs. In the case of (b) even OMRS can be achieved using
comprehensive search trees. The approaches according to
(c) are dynamic therefore suitable for BISR. They are
very fast and do not require fault bitmaps but typically
achieve only medium RRs without the ability to guarantee finding OMRS.
The approaches according to (b) were the first to utilize
some form of a fault type categorization. Based on the
positions of other faults in the memory array, they divided all faults into two categories. This basic fault categorization was the first step towards formulating three
observations for obtaining OMRS.

3.2

Advanced RAs

A large development in the area of RAs began around
2003 when the first advanced RAs started to appear many
of which were based on the principles of basic RAs (Figure 2 - ”based on basic”).
In [5], following three RAs were proposed. Local RepairMost (LRM), a hybrid RA based on RM which introduced
the compressed local fault bitmap with the goal to save
AO implied by a full bitmap. Local Optimization (LO) is
a hybrid RA optimization of LRM based on comprehensive approach according to (b). Essential Spare Pivoting (ESP) is a dynamic RA not based on any of the basic
RAs. ESP introduced the principle of distinguishing pivoting faults (pivots). Pivots are faults that are detected
as first faults on the corresponding r/c.
Other examples of advanced RAs based on basic RAs
are the following. Comprehensive Real-time Exhaustive
Search Test and Analysis (CRESTA) [6], a dynamic RA

• Sparse faults – Sparse fault is a fault that has on its
r/c a number of other faults but the overall number
of faults on that r/c is less or equal than the number
of available spare columns or rows (c/r).
• Must-repair faults – Must-repair fault may be described in the same way as sparse fault, but the
difference is that the total number of faults in r/c
exceeds the number of available spare c/r.
There are few other advanced RAs not based on the principles of basic RAs (Figure 2 - ”other”, e.g. ESP), but
later there were other advanced RAs proposed which were
based on these (Figure 2 - ”based on other”). Also, there
are many special RAs which introduced a unique principle
of memory repair which are also not based on basic RAs,
but no other known RAs is based on them yet (Figure 2
- ”special”, e.g. [9], a static RA based on grouping faults
into error matrices).
Many RAs were proposed during the past three decades
mainly for traditional memories, some of them described
earlier, but recently some for block-based memories as
well [10], [11]. The difference between the repair processes
in these two memory types is explained in Figure 3. On
the left hand side is a traditional 8x8 memory with 2
spare rows and 1 spare column. One spare row was already used for repair. Traditional memories are addressed
by a pair of row and column addresses. When a spare r/c
is assigned for repair the entire faulty memory r/c is replaced by the spare. Block-based memories suitable for
BISR implementation were introduced based on the divided word and bit line memory architectures [11]. This
architecture allows the memory to be physically divided
into addressable quadrants. Spares are divided into spare
blocks as well. On the right hand side in Figure 3 is a
block-based 8x8 memory divided into 4 quadrants with 4
spare row blocks and 2 spare column blocks. One spare
row block was already used for repair. Block-based memories are addressed by a quadruple of quadrant row and
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quadrant (0,0)
6

7

0

spare column

used spare

1
2
3
4
5
6
7

1

2

3

0

1

2

3

Table 1: RA comparison

0
1
2
3
0
1
2

RA
LRM
ESP
CRESTA
IntelliSolve
MLB-ORA
SFCC
ELRM
MESP

3

(5,6)

(1,1;1,2)

spare row
spare row blocks

Figure 3: Traditional vs. block-based memories

H
D
D
H
H
H
H
D

T
T
T
T
T
T
B
B

AO
avg.
low
v. high
low
avg.
avg.
high
low

speed
avg.
v. fast
v. fast
slow
fast
avg.
avg.
v. fast

RR
avg.
avg.
v. high
v. high
v. high
v. high
high
high

bitmap

5

OMRS

4

arch.

3

type

2

spare column
blocks

1

used spare block

0
0

no
no
yes
no
yes
yes
no
no

yes
no
no
no
yes
no
yes
no

Type: D-dynamic, H-hybrid; Architecture: T-traditional, B-block-based;

column addresses and row and column addresses within
the quadrant. When a spare r/c block is assigned for repair only the faulty block of the memory r/c in one of the
quadrants is replaced by the spare block. Therefore, repair effectiveness in block-based memories is higher than
in traditional memories because the spare repair granularity is lower. Note that both memories in Figure 3 have
the same overall number of spare cells but organized differently. To implement block-based memories, the additional logic is needed for switching gates and transistors.
This increases the memory area by up to 5 % but power
consumption can be reduced by up to 60 % and access
time by up to 20 % in comparison to traditional memories [11].
Examples of advanced RAs for block-based memories include Extended Local Repair-Most (ELRM) [10], a hybrid
RA based on LRM and Modified Essential Spare Pivoting (MESP) [11], a dynamic RA based on ESP, both representing successful adaptations of RAs meant for traditional memories, into block-based memories.
In Table 1, a brief comparison of some RAs is given according to the basic parameters mentioned in Section 1
(columns AO, speed, RR and OMRS) and other characteristics such as RA type, architecture for which RA is
meant and whether it uses or does not use fault bitmap
(columns type, arch. and bitmap, respectively).

3.3

Obtaining OMRS

According to the categorization into 3 fault types, three
observations for obtaining OMRS were formulated in [2],
each concerning 1 fault type:

3.4

4.

• Solution 1: Must-repair faults are detected and repaired immediately after detection during the FC
phase.
• Solution 2: Sparse faults are repaired in the SA
phase after the FC phase has finished.

• Observation 2: Sparse faults in r/c can be repaired
either using one spare r/c or using a certain number
of spare c/r.

These observations lead to the conclusion that OMRS can
be achieved by optimal repair of sparse faults provided
the repair process sticks to the requirements implied by
Observations 1 and 3. Therefore, an ideal RA with the
highest possible RR capable of finding OMRS would be
a hybrid RA which would first perform must-repair during the FC phase,after that it would repair sparse faults
optimally and finally the remaining single faults either
randomly or using some kind of preference during the SA
phase.

Proposed RA

The new proposed RA is called Modified Selected Fail
Count Comparison (MSFCC). It is a two phase hybrid
advanced RA for bit-oriented block-based memories based
on SFCC [2] and adapted for block-based memories with
the same architecture as used by MESP [11]. MSFCC
uses a group of CAM memories to store incoming fault
information and handles duplicate fault information by
comparing incoming information with stored information.
It allows early detection of unrepairable memories and
uses 2-dimensional spares for repairs. It guarantees finding OMRS by sticking to Observations 1-3 mentioned in
Subsection 3.3. The overall repair solution for memories
in MSFCC is composed of three partial solutions:

• Observation 1: Single faults can be repaired using
any type of spare.

• Observation 3: Must-repair faults in r/c must be
repaired using spare r/c.

Summary

The results of the thorough analysis of existing RAs show
that OMRS can be achieved in traditional memories by
some RAs, but by none of the existing RAs in block-based
memories. Therefore, a new proposed RA will be based on
a combination of SFCC [2] which has shown the best results in terms of RR among RAs for traditional memories
and guarantees finding OMRS, and MESP [11] which has
shown how RAs for traditional memories can be successfully adapted into the block-based memory architecture.
The resulting RA will combine the high repair efficiency
and the ability to guarantee finding OMRS of SFCC with
the advantages of using block-based memory architecture,
such as that used by MESP.

• Solution 3: Single faults are repaired after the solution 2 has been found.

4.1

FC Phase

During the FC phase faults are divided into the same
three categories as in SFCC, namely single, sparse and
must-repair faults. Moreover, MSFCC distinguishes between pivots (called parent faults) and other faults (called
child faults) in the same manner as does ESP (Subsection 3.2). Therefore, by combining these two approaches
all faults are divided into five types:
• PS – Parent (pivoting) single faults.
• PN – Parent sparse faults.

22
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Figure 4: Fault examples
Figure 5: Adoption and growth examples
• PM – Parent must-repair faults.

• CN – Child (non-pivoting) sparse faults.
• CM – Child must-repair faults.

The examples of each fault type are shown in Figure 4,
which depicts a faulty 8x8 block-based memory divided
into 4 quadrants with 2 spare row and column blocks containing 7 faults. Parent and corresponding child faults
are connected by arrows. Note that faults in quadrant
(0,1) become must-repair by row after the detection of
the last fault at (0,1;2,3) because there are only 2 spare
columns. Also note that the fault in quadrant (0,0) is single despite the fact that there is another fault in the same
memory column 0 but it is in the different quadrant. In
block-based memories, fault types are distinguished based
on the same rules as in traditional memories but on the
quadrant level instead of the whole memory array level.
To store fault information, four types of CAMs are used:

be obtained at the end of the phase and are subsequently
used by the SA phase. MSFCC ensures that the final
fault types are determined correctly at the end of the FC
phase by placing and connecting faults correctly in the
corresponding CAMs. To find the correct repair solution,
at the end of the FC phase following conditions must be
satisfied:
• FC1: Information about all must-repair faulty r/c
must be stored in MR and MC CAMs.
• FC2: Information about all single faults must be
stored in PA CAM.
• FC3: Information about all sparse faults must be
stored in PA and CH CAMs.
• FC4: Each child fault must be connected with at
least one parent fault.

• MR CAM – for must-repair faults by row. Stores
PM faults.

• FC5: Each parent fault must be connected with all
of its child faults.

• MC CAM – for must-repair faults by column. Stores
PM faults.

To ensure all conditions are satisfied new procedures are
proposed and used by MSFCC (Subsection 4.3). During
the FC phase some child faults may lose their parent faults
due to them becoming must-repair faults which violates
conditions FC2 and FC4. These child faults are called
orphans. To resolve this problem, two procedures called
adoption and growth are immediately executed each time
an orphan fault is found. The adoption procedure takes
place in case another parent fault is available to adopt the
orphan fault otherwise the growth procedure takes place
and the orphan fault becomes a parent fault. The examples of both procedures are shown in Figure 5. There
is no available parent fault to adopt the orphan fault in
quadrant (0,0) therefore it becomes a parent fault. On the
other hand, the orphan fault in quadrant (1,1) is adopted
by the available parent fault. At the end of the FC phase
some parent faults may not be connected to all their child
faults. This may be caused by specific fault detection order and it violates condition FC5. To resolve this problem, a procedure called connection is executed once at the
end of the FC phase and checks for unconnected parent
and child faults. The example of the procedure is shown in
Figure 6 where the particular detection order has caused
two faults to be unconnected at the end of the FC phase.

• PA CAM – for parent faults. Stores PS and PN
faults.
• CH CAM – for child faults. Stores CN faults.
There is no need to store CM faults in CAMs. It is sufficient to store the information about the parent fault in
the corresponding r/c. The information about all other
faults in that r/c regardless of their number can be disregarded since it is already being repaired. A CN fault
stored in CH CAM may become a CM fault causing the
PN fault in that particular r/c stored in PA CAM to become a PM fault (e.g. Figure 4). In that case, all CM
faults are removed from CH CAM and the PM fault is
moved into MR or MC CAM.
MSFCC uses the same CAM structure as SFCC with the
exception of the addition of fields identifying the quadrant row and column addresses into MR, MC and PA
CAMs. Early detection of unrepairable memories is performed in the FC phase by setting the maximum capacity
of each CAM. If this capacity is exceeded, the memory is
unrepairable. The maximum capacity of each CAM is determined based on the numbers of available spares in the
same manner as in SFCC with the exception of CH CAM,
which has increased capacity (Subsection 4.3).
The fault categorization during the FC phase is performed
dynamically meaning that the type of any fault may chan–
ge during the phase (e.g. Figure 4). Final fault types can

The flow of the FC phase is shown in Figure 7. The test
module sends fault information to MSFCC which finds the
partial repair solution 1 for must-repair faults, updates
CAMs and executes the adoption or growth procedures
when needed. This process repeats until either the memory is found to be unrepairable by checking the available
capacity of CAMs or the test is finished. In the former
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Figure 7: FC phase
case the repair process is halted immediately. In the latter case the connection procedure is performed once and
then the SA phase begins.

4.2

SA Phase

The main idea of the repair process during the SA phase
is based on a combination of Observations 1 and 2. According to Observation 1, to repair each single fault one
spare is needed. Therefore, the repair process according to Observation 2 should use a maximum number of
spares defined by (3) to repair sparse faults. Otherwise
the memory is unrepairable because there would not be
enough spares left for single fault repair.
M AX = A − S

(3)

In (3), A is the sum of all spares available for repair after
the FC phase has finished and S is the number of single
faults. These values are known after the FC phase has
finished.
In the SA phase MSFCC utilizes the auxiliary CAM structure called buffer in the same way as does SFCC. The
buffer is used to store the required information about all
faulty r/c in a memory that contain more than one fault.
In other words, it stores the information about all sparse
faults. For example, the simplified version of the buffer
for the memory depicted in Figure 6 is shown in Figure 8
on the left hand side. The buffer has 3 entries as there
are 3 faulty r/c in the memory that contain more than
one fault, namely row 3 (R3) and columns 0 (C0) and 3
(C3). All 3 are located in the same quadrant (0,1). The
buffer can be filled using the fault information that was
stored in PA and CH CAMs at the end of the FC phase.
MSFCC uses the same buffer structure as SFCC with the
exception of the addition of fields identifying the quadrant
row and column addresses.
Using the information stored in the buffer MSFCC is able
to quickly search the space of all possible repair solutions
for sparse faults. A solution is a list (combination) of
faulty r/c that should be replaced by spare ones. The solution space contains only solutions that consist of faulty

r/c stored in the buffer provided there is enough spares to
apply them. For example, if there are 3 spare blocks left
for repairs then the combinations containing more than
3 faulty r/c stored in the buffer will not be considered.
The result is that the solution requiring the least possible
number of spares while satisfying (3) and repairing most
sparse faults is chosen by MSFCC as the resulting repair
solution for sparse faults. This way MSFCC is able to
guarantee finding OMRS.
For example, the solution space for the memory depicted
in Figure 6 is shown in Figure 8 on the right hand side.
It contains 7 entries (spare combinations). For each entry
the number of faults repaired by the combination is listed
in the faults column. Whether the combination was or
was not chosen as the resulting solution for sparse fault
repair is shown in the result column. The resulting combination is highlightened. It repairs all 4 sparse faults using
2 spares thereby satisfying (3) because in this example
M AX = 4 − 1 = 3 and is the optimal solution. Note
that there is another combination that can also repair
all 4 sparse faults and satisfies (3), but it uses 3 spares
therefore it is not optimal.
A new procedures are proposed and used by MSFCC for
buffer filling as well as for finding partial solutions 2 and 3
(Subsection 4.3). They handle all following special cases
that may arise during the SA phase. Special cases during
the buffer filling procedure may occur when a faulty r/c
containing only child faults appears. Special cases during
the solution 3 finding procedure are the results of special
cases during the buffer filling procedure when some faults
may become single after the sparse fault repair.
The flow of the SA phase is shown in Figure 9. First,
the auxiliary buffer is filled. After that, according to
Observation 2 and based on the information stored in
the buffer, MSFCC finds the partial repair solution 2
for sparse faults. If the solution could not be found the
memory is unrepairable and the repair process is halted
immediately. Otherwise MSFCC finds the partial repair
solution 3 for single faults thereby completing the overall
repair solution for the memory and then terminates.
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Table 2: MSFCC features

#
1
2
3
4
5
6
7
8

4.3

MSFCC feature
CAM and buffer
structure modified
maximum CH CAM
capacity modified
adoption procedure
growth procedure
connection procedure
buffer filling procedure
solution 2 finding
solution 3 finding

SFCC
no
no
no
unknown
unknown
unknown
unknown

description
Added fields for quadrant addresses. Needed
for adaptation into block-based architecture.
CH CAM capacity increased.
Increased RR.
New procedure, no inconsistencies in CAMs.
New procedure, no inconsistencies in CAMs.
New procedure.
New procedure, handles all special cases.
New procedure.
New procedure, handles all special cases.

Proposed RA Feature Summary

Table 3: Repair rate

All features of the new algorithm are summarized and
described in Table 2. Corresponding solutions of these
problems in the original algorithm SFCC are listed, too.
While modification 1 was mandatory, modification 2 and
procedures 3 and 4 are all completely new features that
enhance the original algorithm in terms of RR and handle
possible inconsistencies in CAMs. Procedures 5-8 are the
new proposed versions of the procedures used in original
algorithm. While SFCC does state the need for these procedures, their exact implementation is unknown. It is also
unknown whether they can handle all special cases (Subsection 4.2) but the new proposed procedures in MSFCC
can handle them.

spare
r/c
2
3/2
3
4/3
4
5/4
5
6/5
6
7
8
9
10

5. Experimental Results
The effectiveness of the new proposed RA MSFCC was
evaluated in terms of RR by software simulations and
AO by analytic estimation. RR of MSFCC was compared
to that of MESP which is the most effective known RA
for block-based memories. AO of MSFCC was compared
to that of SFCC which is the most closely related RA in
terms of used principles.

Repair Rate

To generate faulty memory arrays, a generator called Randomized Clusters Generator (RNDCLUS) was proposed
based on the symmetric Gaussian fault cluster generator [12]. RNDCLUS is able to generate either random
fault maps or fault maps containing randomized clusters
of faults. To simulate various RAs on generated faulty
maps, a simulator called Repair Algorithm Repair-rate
Estimator (RAREST) was proposed. RAREST runs the
chosen RA on the group of generated faulty maps and
reports its obtained RR for different numbers of spares
and quadrants. RR comparison of MSFCC and MESP is
shown in Table 3 and in Figure 10. The number of faulty
memory maps was 100000 and their size 1024x1024 bits
(1 MB). All maps were generated containing randomized
clusters as that is the most commonly observed fault distribution in real memories [12]. The number of quadrants
was set to 4 and 16 (numbers in parentheses in the legend
in Figure 10) and the number of spares varied between
2 to 10. These results show that MSFCC has slightly
higher RR than MESP by up to 4 % for some spare combinations. For example for 1 million faulty memories that
is 40000 more repaired memories. Also, the more quadrants the block-based memory is divided into the faster
RR raises. This has been observed for 64 quadrants as
well.

16 quadrants
MESP MSFCC
3,38
6,64
11,72
15,74
27,31
31,36
47,20
51,16
67,73
70,80
83,79
85,68
93,08
93,94
97,32
97,60
98,78
98,89
99,44
99,47
99,60
99,61
99,72
99,72
99,83
99,84

100

repair rate %

5.1

4 quadrants
MESP MSFCC
0,04
1,58
0,18
2,48
0,63
3,12
1,61
4,54
3,51
6,94
7,24
10,74
12,56
16,16
19,56
23,45
28,01
32,19
48,28
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94,30
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Figure 10: Repair rate

5.2

Area Overhead

The following was assumed for AO estimation of MSFCC.
A typical modern SoC area comprises roughly 66 % memory and 34 % other parts [1]. A typical chip contains at
least 100 separate memory blocks with a capacity of at
most 1 MB bits and one analyser that is able to repair
them sequentially. In case of SFCC this analyser was estimated to occupy 2 % of overall AO caused by the addition of RA on chip assuming the typical number of 5 spare
r/c [2]. The area of block-based memory increases roughly
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Table 4: Area overhead
spare r/c
scenario – addition of:
SFCC
MSFCC (16 quadrants)
MSFCC (64 quadrants)
MSFCC (1024 quadrants)

3/3
5/5
8/8
10/10
minimum SoC area increase in %
4,87 11,20 24,70
38,56
7,95 13,78 25,99
38,62
7,84 13,42 24,98
37,00
7,63 12,70 22,96
33,76

by 5 % in comparison to traditional memories [11]. A
CAM cell requires 9 transistors in standard CMOS implementation [13]. SoC already has test module integrated
but no BISR capabilities.
Taking into account the aforementioned assumptions, a
minimal % increase of a typical modern SoC area was
estimated and the results are shown in Table 4 for two
main scenarios: the addition of SFCC and the addition
of MSFCC on chip. Both scenarios were considered for
various numbers of spares and quadrants. These results
show that the additional on chip area caused by addition of both algorithms is roughly the same. The area of
MSFCC fluctuates between -5 % and +3 % in comparison
to the area of SFCC. Also, MSFCC becomes more area
efficient when adding more spares and more quadrants
into memories but the overall additional chip area grows
rapidly when increasing the number of spares beyond the
typical number of 5.

6.

Conclusion

A new hybrid repair analysis algorithm MSFCC was proposed in this work for bit-oriented memories with a special
block-based architecture. It is an improvement and adaptation of existing efficient algorithm SFCC meant for traditional memories into block-based memories. Moreover,
it guarantees finding an optimal memory repair solution
as opposed to other existing algorithms for this special
memory architecture. The experimental results show that
MSFCC is suitable for built-in use in modern SoCs. For
certain memory parameters such as size, the numbers of
spares and quadrants and fault distribution, it achieves
higher repair rates than the most effective known algorithm for block-based memories MESP by up to 4 %. The
additional area caused by the addition of MSFCC on typical chip is roughly the same as that of SFCC. For the
most commonly used number of 5 spares MSFCC requires
on average only 2 % more area than SFCC, depending on
the number of memory quadrants.
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Abstract

In artificial intelligence systems, various machine learning algorithms are used as learning algorithms. The most used artificial intelligence approaches are symbolic rule-based systems
and subsymbolic neural networks. The main objective of this
work is to study the game strategy emergence by using subsymbolic approach - neural networks. From the viewpoint of artificial intelligence, games in general are interesting. The games
are often complex even if their definitions, rules and goals are
simple. In this work we are concerned about the Battleship
game. The Battleship game is a representative of games with incomplete information. We will design and implement solutions
based on using subsymbolic artificial intelligence approach to
solve the Battleship game. We will use machine learning techniques as the supervised learning and the reinforcement learning
for this purpose. We will compare machine learning techniques
used by using simulation results and statistical data of human
player.

Categories and Subject Descriptors

F.1.1 [Theory of Computation]: COMPUTATION BY
ABSTRACT DEVICES—Models of Computation; G.3
[Mathematics of Computing]:
PROBABILITY AND
STATISTICS—Markov processes, Probabilistic algorithms (including Monte Carlo), Stochastic processes; I.2.6 [Computing
Methodologies]: ARTIFICIAL INTELLIGENCE—Learning;
I.2.8 [Computing Methodologies]: ARTIFICIAL INTELLIGENCE—Problem Solving, Control Methods, and Search; I.5.1
[Computing Methodologies]: PATTERN RECOGNITION—
Models

Keywords

game strategy, neural network, probability based heuristic, reinforcement learning, supervised learning

1.

Popular breakthroughs have been done in AI system playing
board games [4, 11, 16, 21, 27, 28, 33].
In our work we study the Battleship game as a AI problem. We
will study the Battleship game by symbolic and subsymbolic
AI approaches. We will use multiple machine learning techniques. We will compare these approaches by solving the Battleship game.
We define our work objectives in section 2.

2.

Objectives of the Work

We generalize the main objectives of our work. The main objectives are following:
• Design and describe a probability-based heuristic to the
Battleship game strategy
• Use subsymbolic artificial feed-forward network adapted
by supervised learning - gradient descent method to solve
the Battleship game
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Introduction

Games in general are suitable to study many AI approaches.
Games, especially board games are simple, well defined and
playing strategies are well comparable. Therefore it is simple
to evaluate game strategies developed by AI systems, especially
by machine learning techniques.

• Use subsymbolic artificial feed-forward network adapted
by reinforcement learning to solve the Battleship game
• Compare quality of game strategy learned by used subsymbolic approach
• Compare game strategy emergence effectiveness of used
and subsymbolic approach.

3.

Artificial Intelligence Approaches

Artificial intelligence (AI) [1, 2, 11, 15, 18, 20] is a wide field
of study. AI is usually defined as "the study and design of intelligent agents". AI problems are mainly based on natural intelligent systems and processes.
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The emergence of AI research field is linked to the development
and progress in the computer technology that enabled advanced
AI development.
AI goal is to study and design artificial systems concerning:

y
output layer

u1

u2

u3

uq

hidden layer

• perception
• deduction
• reasoning
• problem solving
• knowledge representation and knowledge transformation
• learning

input layer

x1

x2

X1
X2
X3

• natural language processing
• motion and manipulation
• general intelligence - strong AI

• search and optimization algorithms
• evolutionary computation
• logic programming
• probabilistic and statistical tools
• machine learning techniques
• classifiers

• etc . . .
AI use these tools to develop advanced AI systems. Advanced AI
systems are used for theoretical, research and practical purposes.

These biologic neurons and biologic neural networks have inspired subsymbolic AI approach creating computational models
of artificial neurons and artificial neural networks (ANNs).
The simple ANN can be formally defined as a parametric mapping of input vector x to an output activity y, as shown by equation 1.
y = G(xx; w , ϑ )

(1)

In the equation 1, x is the input vector, w is the vector of neural
weights and ϑ is the vector of neural thresholds.
The simple ANN, as shown in figure 1 consists of three types of
layers:

• hidden layer(s)

A single neuron (a nerve cell) is composed of:

wn

• axon - output connection

3.1

Theoretical concepts of subsymbolic AI have their origin in neuroscience. Networks of neurons, called neural networks are inspired by an animal central nervous systems (in particular the
brain) [3, 13, 15, 22, 24, 26, 33].

y

• cell body which processes pulses

• input layer

Connectionist subsymbolic AI uses parallel and/or sequentially
processed information. In subsymbolic theory information is
represented by a simple sequence of pulses. Transformations are
realized by simple calculations performed by artificial neurons
to solve AI problems.

ϑ

wn-1

• dendrites - input branched connections

We distinguish between cybernetic, high-level symbolic, lowlevel subsymbolic and hybrid AI approaches.

Subsymbolic Artificial Intelligence Approach

w2w1
w3

Figure 2: The simple artificial neuron with the input vector
x , the vector of weights w , threshold ϑ and output activity y.

• expert systems
• neural networks

xn - 1 xn

Xn-1
Xn

• social intelligence

AI uses many adjustable tools to design advanced systems:

x3

Figure 1: The simple three-layer ANN with the input layer x ,
the single hidden layer u and the output layer y . The output
layer y consists of single neuron y.

• planning

The AI field is interdisciplinary and it overlaps many other disciplines as mathematics, computer science, psychology, philosophy, linguistics, neuroscience, cognitive science etc . . .
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• output layer

y=t

n

∑ wi xi − ϑ

i=1

!

(2)

An artificial neuron shown in figure 2 is a mathematical function
shown by equation 2 based on:
• input vector x
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• vector of neural weights w

• The Strathmore Co. published game as Combat, The Battleship Game (1933)

• transfer function t()

• The Milton Bradley Company published the pad-andpencil game Broadsides, The Game of Naval Strategy
(1943)

• threshold ϑ

• output (activity) y
An artificial neuron function can be represented by its linear
combination shown by equation 3 which is used as an input to a
transfer function t().
y = t (w1 x1 + w2 x2 + w3 x3 + · · · + wn−1 xn−1 + wn xn − ϑ ) (3)
In equations 4 and 5 we are using the weighted sum of all n
neuron inputs u, where w is a vector of weights and x is an input
vector.
n

∑ wi xi

(4)

y = t (u + ϑ )

(5)

u=

i=1

There are many types of ANN transfer functions, most used are:
• sigmoid function
• step function
• linear combination
The simple step function usually used by perceptron is described
by equation 6.
(
1 if u ≥ ϑ
y=
(6)
0 if u < ϑ
Simple ANNs can be designed to solve simple AI problems.
While dealing complex AI problems, ANNs are usually adapted
by machine learning techniques:
• Supervised learning
• Unsupervised learning
• Reinforcement learning
• Deep learning
When we are dealing with complex issues, it is difficult to define
symbolic rules explicitly. We can use subsymbolic approaches
to develop a knowledge base by using machine learning techniques.

4. The Battleship Game

The Battleship game is a guessing game for two players. It is
known worldwide as a pencil and paper game which dates from
World War I. It was published by various companies as a padand-pencil game since 1931. We should mention some known
commercial origins of this game:
• The Starex Novelty Co. of NY published game as Salvo
(1931)

• The Battleship game was released as a plastic board game
by the Milton Bradley Company (1967)
The game has been popularized under the name "The Battleship
game" by the Milton Bradley Company as it was published as a
plastic board game in 1967.

4.1

The Original Battleship Game

We provide description of the Battleship game as an interactive
game for two players; Player1 and Player2 . Game is iterative
by performing following tasks simultaneously:
1. initial deployment of Player1 ’s and Player2 ’s ships
2. iterative shooting to Player1 ’s and/or Player2 ’s battlefield
until enemy ship is hit
3. complete ship destruction in Player1 ’s and/or Player2 ’s
battlefield
Task 1 is performed just once by both players, initially at the
beginning of each game, before "action" part starts. Tasks 2
and 3 are repeated sequentially until all ships in Player1 ’s or
Player2 ’s battlefield are destroyed (i. e. one player destroys
opponent’s ships).
Player1 wins if he reveals all ships in Player2 ’s battlefield completely first, i. e. before Player2 does the same in Player1 ’s
battlefield. Similarly, Player2 wins if he reveals all ships in
Player1 ’s battlefield completely first.
Originally (the Milton Bradley Company version), ships were
placed in a battlefield of size of 10×10. This battlefield included
set of linear (oblong) shaped ships, with vertical and horizontal
orientations allowed. Originally, ship shapes were as follows (all
with the width of 1):
• Aircraft Carrier (length of 5)
• Battleship (length of 4)
• Submarine, and Cruiser or Destroyer (length of 3)
• Destroyer or Patrol Boat (length of 2)
Many definition and/or rule variations are present in the history
of this game, for example:
• after a successful hit, player gains one more hit attempt in
a row
• different battlefield sizes (size of 7 × 7, 8 × 8, 8 × 10, 10 ×
12, etc . . . )
• many different ship shapes, etc . . .
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F
G

Figure 3: Example of problem instance, with pattern placements corresponding to the Battleship game rules (pattern
deployment rules). This example is corresponding with our
modification (environment with size of n × n = 7 × 7 and two
"L"-shaped patterns with size of 2 × 3).

Figure 4: Figure showing the current state of environment
corresponding to the problem instance shown in figure 3.
Gray cells are not revealed. Black and white cells are already revealed. Each white cell does not contain a part of a
pattern. Black cell contains a part of a pattern.

4.2

All other trivial rules of the Battleship game remain unchanged
(including the deployment rules):

Simplified Modification of the Battleship Game
as an Optimization Task

We can consider the Battleship game from the single player perspective, who is solving just single instance of "shooting" position decision problem at a time [23]. In this case, our optimization task is to minimize cumulative number of our hit attempts
while revealing all opponent’s ships completely.
Player, whose task is to reveal ships in enemy battlefield makes
decision each time before hit attempt. Respectively, his task is to
pick a position in enemy battlefield to be shot at next. This decision making can be formally described as Markov decision process (MDP), because player’s decision making is independent of
result of decision made in previous iteration. Since the problem
space is not visible completely, this process can be described as
Partially observable Markov decision process (POMDP) [8, 9,
17, 26, 32]. All information currently available is stored in a
current state of environment. Therefore, no information about
previous decision making is needed. Apart a current state of
environment, a sequence order of previous hit attempts is irrelevant.
Player is formally modeled as an agent. Enemy battlefield (including ship placements) is taken into account as a problem instance. Current view of an agent (who’s view is incomplete information represented by partially revealed problem instance) is
considered as a current state of environment. Ship represents
a pattern present in problem instance. Ship placement may not
be completely known because of incomplete information about
problem instance, represented by a current state of environment.
Ship placement in an environment is formally considered as a
pattern placement (rotation and position) in a problem instance.
We provide simplified modification of the Battleship game for
description and simulation purposes (shown in figure 3). Our
modification is based on the changed environment size, changed
pattern sizes and changed pattern quantity. We can simply summarize this modification as follows:

• pattern overlap (even partial) is not permitted
• patterns may not share common edge
• pattern placement configuration remains stable while
solving single problem instance (to make hit attempt to
same position twice is pointless)
• response from an environment to hit attempt is always
truthful, undeniable (as an oracle which always responds
"YES" or "NO" truthfully), etc . . .
We provide the example of problem instance shown in figure 3.
This example problem instance is in correspondence with our
simplified modification of the Battleship game. We will be using this example problem instance in this work for simulations,
further explanations and descriptions.
Let us define an example of environment state. In environment
state we have incomplete information about problem instance.
The example environment state which we will be using in this
contribution is shown in figure 4.
In the current environmental state, we already performed hit attempts to cells D3, B4, G5 and D4. The first three hit attempts
to cells D3, B4, G5 (order is irrelevant) were unsuccessful, until
hit attempt to the cell D4 was finally successful. At this stage,
we (or agent solving this problem) should perform some reasonable decision making to maximize the probability that next hit
attempt will be successful. We provide description of the probabilistic heuristics in section 4.3. Note that initial hit attempts
(before the first successful hit) should have at least some reasonable strategy too to increase success probability of a hit attempt.

4.3
• only single player optimization perspective
• environment size of n × n = 7 × 7 = 49 "cells" (MAX. hit
attempts is 49)
• "L"-shaped patterns with size of 4 cells arranged in 2 × 3
shapes (with all 8 rotation permutations allowed)
• two patterns are present in environment

Probability-Based Heuristic to the Simplified
Battleship Game

We provide description of the probabilistic heuristic approach
[5, 6, 7, 19, 29, 31] to the simplified Battleship game described
in section 4.2. There was already performed the first successful
hit attempt in the example environment. The current state of the
environment is shown in figure 4.
Cells D3, B4, G5 do not contain a part of a pattern, but cell D4 is
containing a part of a pattern. What we do not know is specific
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1 2 3 4 5 6 7
P1

P5

P2

P6

P3

A
B
C
D
E
F
G

P4

P7

P8

Figure 5: All 8 possible pattern permutations, 4 vertical and
4 horizontal.
Table 1: Numbers of possible pattern positions with correspondence to the current state of the environment. Numbers
correspond to all possible pattern permutations.
Pattern PermuP1 P2 P3 P4 P5 P6 P7 P8 ∑
tation Option:
Numbers
of
Possible 2 3 2 2 2 2 2 2 17
Placements:

Figure 6: The current state of the environment enriched by
non-zero numbers of pattern placement coverings of each
cell. The white numbers placed in dark-gray cells are pattern placement coverings.
of each cell is three times higher than CoveringProbability. Calculation is given by equations 8 and 9.
HitProbabilityi = CoveringProbabilityi × MissingParts (8)
HitProbabilityi =

pattern rotation (rotation and flip actually) and position. Therefore, in this case we can not determine cell to be shot at next
with 100% probability of successful result. But we can maximize successful hit probability by a probability-based heuristic.

As shown in table 1, there are totally 17 possible pattern placements (all possible pattern permutations with corresponding
possible positions) that match the current state of the environment (PosCon f = 17), so that just one pattern is considered and
cell D4 contains it’s part. Each one of 17 possible placements
is covering cell D4 and other three cells in addition. Therefore,
each cell in the environment is covered by some number of possible pattern placements. In our example, each cell has a number
which is bounded by range from 0 to 17. These non-zero numbers (Coverings) for each cell are shown in figure 6 and in table
2.
CoveringProbability of each cell can be calculated by number
of Coverings for the cell divided by sum of all Coverings. This
calculation is given by equation 7.
CoveringProbabilityi =

Coveringsi
∑i Coveringsi

(7)

HitProbability of each cell is overall probability that hit attempt
to this position will result into successful hit. Because in the
current state of the environment we are missing three remaining
parts of the current pattern (MissingParts = 3), HitProbability

Coveringsi
× MissingParts
∑i Coveringsi

(9)

The sum (∑i Coveringsi ) is three times (MissingParts-times)
higher than the number of possible pattern placements PosCon f
(equation 10). Therefore, HitProbability can be described by
equation 11.

According to the simplified battleship game described in section
4.2, patterns placed in an environment are "L"-shaped patterns
with size of 2 × 3 squares, with 8 possible rotations (or permutations). All this possible permutations together form the set
P = {P1 , P2 , P3 , P4 , P5 , P6 , P7 , P8 }. All possible pattern permutations are shown in figure 5.
In correspondence with the example environment state shown
in figure 4, multiple pattern permutations do match this environment state. Furthermore, multiple pattern permutations have
more than one possible position, which do match the current
state of the environment. Numbers of possible pattern positions
according to pattern permutations are shown in table 1.

1
1 2 7 3 2
7 4
1 2 10 3 2
1 3 2

∑i Coveringsi
= MissingParts
PosCon f

(10)

Coveringsi
PosCon f

(11)

HitProbabilityi =

For each cell i, non-zero value of Coveringsi , calculated
CoveringProbabilityi and HitProbabilityi of all n × n = 7 × 7
cells are shown in table 2.
According to HitProbability values shown in table 2, the
most reasonable cell for next hit attempt is cell E4 with
HitProbability of 0.5882. Cells C4 and D5 are acceptable too,
with HitProbability values of 0.4118. Shooting to these positions is reasonable according to this probability-based heuristics.
Note that if hit attempt to cell with high HitProbability value
will result into unsuccessful hit, high number of pattern placements will be excluded from possible pattern placements in the
current state of the environment, and less pattern placements will
remain.

5.

Solving the Simplified Battleship Game by
Using 3-Layer Neural Network Adapted by
Using Gradient Descent Method

In the current state of the environment shown in figure 4 and
figure 6, area in which complete pattern is hidden ranges from
B2 to F6. This area has size of 5 × 5 = 25 cells and contains
remaining parts of the pattern.
NN input information consists of 7 × 7 = 49 cells. We will use
information about the cells as an input for feed-forward neural
network, shown in figure 7. Information will be enriched by
successful next hit attempt performed.
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Table 2: CoveringProbability and HitProbability distribution in the current state of the environment. Cells C4, D5 and E4 have
the highest probability values. Note that the sum of HitProbability values equals 3 because there are 3 unrevealed parts of the
current pattern.
Positioni identi f ier Numbero fCoveringsi CoveringProbabilityi HitProbabilityi
B1
1
1/51 = 0.0196
1/17 = 0.0588
C2
1
1/51 = 0.0196
1/17 = 0.0588
C3
2
2/51 = 0.0392
2/17 = 0.1176
C4
7
7/51=0.1373
7/17=0.4118
C5
3
3/51 = 0.0588
3/17 = 0.1765
C6
2
2/51 = 0.0392
2/17 = 0.1176
D5
7
7/51=0.1373
7/17=0.4118
D6
4
4/51 = 0.0784
4/17 = 0.2353
E2
1
1/51 = 0.0196
1/17 = 0.0588
E3
2
2/51 = 0.0392
2/17 = 0.1176
E4
10
10/51=0.1961
10/17=0.5882
E5
3
3/51 = 0.0588
3/17 = 0.1765
E6
2
2/51 = 0.0392
2/17 = 0.1176
F3
1
1/51 = 0.0196
1/17 = 0.0588
F4
3
3/51 = 0.0588
3/17 = 0.1765
F5
2
2/51 = 0.0392
2/17 = 0.1176
51

∑

51/51=1

6.

51/17=3

Solving the Simplified Battleship Game by
Using 3-Layer Neural Network Adapted by
Using Reinforcement Learning

In machine learning, various approaches are used. While using the supervised learning, input/output pairs are presented (labeled examples). While using reinforcement learning [8, 9, 10,
25] inspired by behaviorist psychology, policy is learned on-line
by performance.

Figure 7: Figure showing the artificial neural network
mapped to the of environment cells.

Reinforcement learning is used in symbolic and also in subsymbolic approaches. Symbolic rule based system like Learning
Classifier System (LCS) [5, 6, 12] uses reinforcement learning
method to evaluate classifiers during their evolutionary process.
LCS uses environment feedback as a reward response to an action performed. Neural network as a member of subsymbolic
approaches is also capable of learning output policy by using
feedback as a reward response to an action performed.
In general the reinforcement learning concept is based on:

We will use three-layer neural network shown in figure 7 as a
cognitive decision-making player [14]. In the current state of
the environment shown in figure 4, we will create all states that
are possible next states (each possible next state with one more
uncovered square, with successful hit result predicted). Area
where remaining pattern parts is within 5 × 5 = 25 area. We will
use configurations of these states as an input for neural network.
This concept is described in figure 8.
Possible next state with the highest output activity we consider
as the most probable to fit the current state of the environment,
as shown by equation 12.
yopt = arg max yi
i

(12)

By taking advantage of back-propagation in gradient descent
method, by calculating these partial derivatives we approximate
weight and threshold values. Therefore, the neural network
shown in figure 7 works as a correct parametric mapping of input vector x to an output activity y when adaptation process is
finished. The desired accuracy ε should be set properly to make
final mapping precise enough with respect to the effectiveness
of the adaptation process.

• a set of environment states S
• a set of actions A
• state transition rules
• transition reward rules
• agent observation rules
In the current state of the environment st ∈ S , a set of possible
next states S t+1 ⊆ S is defined by state transition rules. Our decision problem is to choose next state st+1 ∈ S t+1 with the highest
reward response (predicted). For this purpose we develop policy
heuristic on-line, which is built on state-action-reward history.
Performing an action at ∈ A (as an allowed action in state st )
defines the transition between states st and st+1 as described by
equation 13.
st+1 ← at (st ); st ∈ S ; st+1 ∈ S t+1 ⊆ S ; at ∈ A

(13)
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For neural network adaptation we will use Q-learning-inspired
approach [30] for updating neural network weights. Q-learning
algorithm uses Q-values, whose are updated by equation 16.

st
at,1

at,2

Qt+1 (st , at ) = Qt (st , at ) + α(st , at ) × [rt+1 (st , at , st+1 )+

at,k

+γ max Qt (st+1 , a) − Qt (st , at )]

(16)

a

st+1,1

st+1,2

Q-learning algorithm is parameterized by learning rate α(st , at )
to control Q-value change rate. Parameter γ called discount factor is used to reduce reward acquisition by Q-value update.

st+1,k

Figure 8: Diagram showing how all k possible states with
successful hit prediction are created. These states are evaluated by neural network for action decision.

Reward feedback is a scalar environment response value. Environment responses to an action performed, i.e. state transition.
Reward is defined by transition reward rules, defined by equation 14.
rt+1 (st , at , st+1 ) ∈ R ; st ∈ S ; st+1 ∈ S t+1 ⊆ S ; at ∈ A

(14)

If state space is completely observable to an agent, his next
state decision making is described as MDP. If state space is partially observable by reason of observation rules, its stochasticity, complexity and/or size, decision making can be described as
POMDP.
Agent makes decision based on a policy he develops during
his history. Reinforcement learning itself requires clever exploration mechanisms. Decision policy can be deterministic or
stochastic. From the theory of MDPs it is known that, the search
can be restricted to the set of the so-called stationary policies. A
policy is called stationary if the action-distribution returned by
it depends only on the current state of the environment.
Stochastic policy, e.g. roulette selection or random decision
(with small non-zero probability 1 − ε where 0 << ε < 1) is
appropriate to ensure exploration diversity.

We use similar approach to Q-learning algorithm to modify neural network weights and thresholds. If an action performed resulted into hit, success information is back-propagated into neural network by modifying neural network weights and thresholds. Update starts from output layer through hidden layer, updating weights of active neurons, which have actively participated on the current decision making. Thus the neural network
is learning environment response by reinforcing neural network
inner preferences. Thus, if environment response is negative,
activities of active neurons are suppressed.
This approach is similar to value back-propagation used in gradient descent method approach. The difference is that only binary (success or not success) information is used for neural network update. Information about the probability distribution and
correct input/output pairs is unavailable. Only success or not
success information is used to learn the policy.

7.

For purpose of approach comparison and quality of game strategy learned we will use these metrics:
• visualized data - graphs of success rate according to hit
attempts

As while using gradient descent method, we will use three-layer
neural network shown in figure 7 as a cognitive [14] decisionmaking player.
In the current state of the environment shown in figure 4, we will
create all states that are possible next states (each possible next
state with one more uncovered square, with successful hit result
assumed). This concept is shown in figure 8.
After an action is performed in the environment, environment responses by providing reward. This reward is directly dependent
on shooting result. Transition reward rules and values depend on
implementation. We choose values shown in equation 15.
(
1
if action has resulted into hit
rt+1 (st , at , st+1 ) =
−1 if action has not resulted into hit
(15)
State st+1 information we use for update of the current state st ←
st+1 , which will be the new current state in the next iteration.

Simulation Results

We provide data, presented by diagrams showing effectiveness
of approaches by revealing two patterns of the simplified Battleship game. Neural network will be adapted by two techniques:
supervised learning and reinforcement learning for comparison.
We also include results of human playing the simplified Battleship game.

• average number of hit attempts performed to reveal both
patterns
• our custom score
Our custom score we define as average success rate according to
hit attempts evaluated by vector k shown by equation 17.

k=

7.1



2 1
49 48 47
, , ,..., ,
49 49 49
49 49



≈ (1, 0.98, 0.96, . . . , 0.04, 0.02)

(17)

Neural Network Results of Solving the Simplified
Battleship Game By Using the Supervised Learning

After performing 40000 learning iterations the results have
shown that neural network was adapted by the supervised learning properly. We have set number of learning iterations for each
adaptation run to 40000, to insure proper adaptation quality.
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We provide average results after 40000 learning iterations of
10000 neural network simulations, shown in figure 9. Cumulative success rate of adapted neural network is shown in figure
10.
Results have shown that adapted three-layer feedforward neural network is responding to given input almost equally to the
probability-based heuristics, described in section 4.3. Outputs
were in correspondence with this heuristic with precision of
96.12%. This correlation has proven that probability-based
heuristic is appropriate strategy. Therefore 3-layer feedforward
neural network described in section 5 is adaptable to solve the
simplified Battleship game effectively.

7.2

Neural Network Results of Solving the Simplified Battleship Game By Using the Reinforcement Learning

Figure 11 is showing average success rate of neural network
adapted by the reinforcement learning.
The analysis of 10000 adaptation runs has shown that neural
network adapted by the reinforcement learning has:
• sufficient number of learning iterations: 160000
• average number of hit attempts performed to reveal both
patterns: 20.87423
• our custom score: 6.03007
The average number of hit attempts performed to reveal both
patterns was slightly higher than while using neural network
adapted by the supervised learning. RL average number of hit
attempts was 20.87423, SL average number of hit attempts was
19.85320. Graphical difference in average success rate of NN
adapted by RL and SL are shown in figure 12.

7.3

Human Solving the Simplified Battleship Game

We have performed a survey, including 12 human players. We
have played 100 games totally. Each human was informed about
probability-based heuristics described in section 4.3. Average
human results are shown in figure 13.
Average results have shown that human player has the following
characteristics:
• average number of hit attempts performed to reveal both
patterns: 21.02150
• our custom score: 6.02531
To compare a human player and neural network adapted by supervised learning, in figure 14 we show that neural network
adapted by supervised learning is more effective than average
human player.
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Results have shown that adapted neural network is more effective than human player, even if human player has information
about probability-based heuristics.
Table 3 compares results of human player and adapted neural
network. Table includes success rate of both player types until
second pattern completely unrevealed. Human player success
rate was 41.15% and neural network success rate was 47.35%,
which is 6.2% more.
Results have shown that adapted neural network is more effective than human player, even if human player has information
about probability-based heuristics.

7.4

Comparison of Machine Learning Techniques by
Solving the Simplified Battleship Game

The most effective was NN adapted by SL. The second was NN
adapted by RL. We provide gained results of simulations in the
table 4. Human has results comparable to NN adapted by RL.
We have discussed quality of learned strategy by AI approach.
We will focus on emergence of strategy while using NN adapted
by SL and RL techniques (figures 15 and 16). For this purpose
we use our defined metrics - hit attempts performed to reveal
both patterns and our custom score.

8. Conclusions

Results shown in figure 14 have proven that neural network
adapted by the gradient descent method is more effective than
human player. In table 3, it is shown that neural network has
better success rate than human player (6.2% higher).
If we rank used AI approaches, NN adapted by SL provides
slightly better strategy quality and much better learning effectiveness.
We have shown that neural network is capable of learning complex game strategy by using reinforcement learning without
knowing problem model. Reinforcement feedback is sufficient
for neural network training but it needs more iterations. It is
expected that neural network would need more iterations while
learning on reinforcement feedback.
We have completed objectives of our work, depicted in section
2:
• We have designed and described the probability-based
heuristic to the Battleship game strategy
• We have studied subsymbolic artificial feed-forward network adapted by supervised learning - gradient descent
method to solve the Battleship game
• We have studied subsymbolic artificial feed-forward network adapted by reinforcement learning to solve the Battleship game
• We have compared quality of game strategy learned by
used subsymbolic approach

Comparison of experiment results, including simulation and survey attributes are shown in table 3.

• We have compared game strategy emergence effectiveness
of used subsymbolic approach.

Table 3 compares human player and adapted neural network results. Table includes success rate of both player types until second pattern completely unrevealed. Human player success rate
was 41.15% and neural network success rate was 47.35%, which
is 6.2% more effective.

Artificial neural networks are inspired by natural neural networks. Both neural network and human player is able to solve
games as the Battleship game after learning the game strategy.
This strategy is described by probability-based heuristic.
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Figure 9: Average success rate of neural network adapted by the supervised learning. Diagram is showing average success rate
of 10000 adaptation runs. Each run included 40000 learning iterations.
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Figure 10: Diagram showing cumulative success rate of neural network adapted by the supervised learning. Diagram is showing
cumulative success rate of 10000 adaptation runs, each including 40000 learning iterations.
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Figure 11: Average success rate of neural network adapted by the reinforcement learning. Diagram is showing average success
rate of 10000 adaptation runs. Each run included 160000 learning iterations.
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Figure 12: Diagram showing comparison of neural network adapted by the reinforcement learning and neural network adapted
by the supervised learning by solving the simplified Battleship game.
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Figure 13: Diagram showing average results of human player playing the simplified Battleship game. Diagram is not quite
smooth because of lower data sample amount (100 games played).
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Figure 14: Diagram showing that neural network adapted by supervised learning is more effective by solving the simplified
Battleship game.
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Table 3: Table showing comparison of human players and neural network adapted by supervised learning simulation experiments, including experiment attributes and results.
Attribute ↓ \ Player Type →
Human
Neural Network
Rounds Played
100
10000
Total Hit Attempts
1944
168952
Successful Hit Attempts
100 × 8 = 800
10000 × 8 = 80000
Unsuccessful Hit Attempts
1944 − 800 = 1144 168952 − 80000 = 88952
Success Rate
800/1944 = 41.15% 80000/168952 = 47.35%
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Figure 15: Figure showing comparison of emergence of the Batlleship game strategy. Diagram shows comparison of subsymbolic approach (NN adapted by SL) and subsymbolic approach (NN adapted by RL). Strategy quality is measured in hit
attempts performed to reveal both patterns. It is visible that NN adapted by SL was faster (40000 learning iterations) and it
has learned the better quality game strategy. The NN adapted by RL has also learned the good quality game strategy but after
160000 learning iterations.
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Figure 16: Figure showing comparison of emergence of the Batlleship game strategy. Diagram shows comparison of subsymbolic approach (NN adapted by SL) and subsymbolic approach (NN adapted by RL). Strategy quality is measured in our
custom score. It is visible that NN adapted by SL was faster (40000 learning iterations) and it has learned the better quality
game strategy. The NN adapted by RL has also learned the good quality game strategy but after 160000 learning iterations.
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Table 4: Table showing results of human player, subsymbolic approach (NN adapted by supervised learning and reinforcement
learning), random, the best and the worst possible player. Results are shown in our defined metrics - hit attempts performed to
reveal both patterns and our custom score. NN adapted by SL has the best adaptation quality. The best AI results are marked
bold.
player type

hit attempts

custom score

learning iterations

human player

21.02150

6.02531

-

NN-SL player
NN-RL player

19.85320
20.87423

6.22116
6.03007

40000
160000

random player (unadapted NN)
random player (calculated)

44.37491
44.44444

4.09478
4.08163

-

8
49

7.42857
0.73469

-

the best possible player
the worst possible player

By study of AI behavior we can develop more advanced artificial systems to solve real-world problems. Furthermore we can
study artificial systems to understand natural processes, including processes of human decision-making and learning.
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