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ABSTRACT
Brain tumour segmentation is an important and challenge
task in monitoring the growth or shrinkage of the tumour in
patient during therapy. We propose an automatic segmen-
tation framework which applies Random Forest to classify
texture features extracted from multimodal magnetic reso-
nance (MR) images to different abnormal categories. Con-
ditional Random Field (CRF) are then used to incorporate
spatial constraints to achieve final results. The proposed
method is evaluated on BRATS 2013 dataset.

1. INTRODUCTION
Brain tumour segmentation is crucial for monitoring the
growth or shrinkage of the tumour in patient during ther-
apy. However, it is a challenge problem due to the con-
siderable intra-class variations in visual appearance of tu-
mours from patient to patient: the structures are non-gird
and they are varying in size and location. Multimodal mag-
netic resonance imaging (MRI) images are extensively used
in brain disease diagnosis and radiotherapy due to their abil-
ity to provide complementary information for the diagnosis.
The normally used modalities including T1 -weighted MRI
(T1), T1 -weighted MRI with contrast enhancement (T1c),
T2 -weighted MRI (T2) and T2 -weighted MRI with fluid-
attenuated inversion recovery (TFLAIR) are used to enhanc-
ing different compartment of the tumour. An example of
one slice in different modalities is shown in Figure 1. In
current clinical practice, the delineation of tumour bound-
aries is still perform manually, which is time-consuming and
tedious for radiologists and is also of limited use for an ob-
jective quantitative analysis. Therefore, we propose an auto-
matic brain tumour segmentation framework using texture
features from multimodal MRI and evaluate on BRATS 2013
dataset showing promising results.

2. METHODS
We consider the brain tumour segmentation as a pixel-level
classification problem. The framework is shown in Figure 2.

2.1 Feature Extraction
Feature extraction of voxels in the image dominates the
performance of classification and segmentation. For multi-
modality images, we extract feature of each voxel in each
modality individually and then concatenate them together
to form the final feature representation. Two types of local
features are used to describe each voxel:

• 3D Maximum Response Filter (3D-MR8): The

(a) Flair (b) T1

(c) T1c (d) T2

Figure 1: Example of MRI multi-modal images in BRATS
dataset: (a) Flair; (b) T1; (c) T1c; (d) T2.

Figure 2: the proposed brain tumour segmentation frame-
work

MR8 filter bank was proposed by [7] and has been
proven robust in texture classification. It consists of
38 filters (a Gaussian and a Laplacian of Gaussian, an
edge filter and a bar filter at 3 scales and 6 orienta-
tions). Measuring only the maximum response across
orientations reduces the number of responses from 38
to 8 resulting in rotation invariant filters. We extend it
into 3D version by calculating the original MR8 filter
responses in saggital, axial and coronal views of the
3D volume separately, and then concatenate them to-
gether to form the feature representation of each voxel.

• 3D Local Difference Pattern (3D-LDP): LDP
[6] avoid coarse quantizations of Local Binary Pat-
tern (LBP) [5, 4] by keeping the original difference be-
tween the centre voxel and its neighbour in the patch
rather than quantizing them into binary codes. We
extend LDP into 3D version similarly to [8] and multi-
resolution LDP patterns with radius from 1 to 3 based



on three orthogonal planes of a extracted 3D patch are
calculated and then concatenated as a feature repre-
sentation.

Each type of feature is encoded by Bag-of-words (BoW) and
then concatenated to form the final BoW representation of
the central voxel.

2.2 Classification
We choose Random Forest (RF) for classification of different
abnormal tissue types in the brain. The RF is an ensemble
learning algorithm that generates many weak classifiers and
aggregates their results in order to make decision. Compared
with SVM, RF is inherently designed for multiclass classifi-
cation problem and is able to output posterior probability
directly for post-processing. We rely on threshold-based en-
tropy information gain as the split function of each node and
the number of trees is set to 50.

2.3 Spatial Regularization
Classifier-based segmentation methods assume that the in-
dividual feature is independent and identically distributed
(i.i.d.). Approaches based on random fields relax the i.i.d.
assumption by incorporating spatial constraints and enforc-
ing adjacent pixels belonging to the same class. Thus, we
apply CRF framework similar to [2] on the probabilistic out-
puts of RF described above. Let G(S,E) be the adjacency
graph of voxels, with each voxel corresponding to a node
s ∈ S, and every edge (si, sj) ∈ E indicating the neighbour-
hood relationship between two voxels si and sj . Then CRF
minimizes an energy of the form [2]:

−log(P (c|G;w)) =
∑
si∈S

ψ(ci|si) + w
∑

(si,sj)∈E

Φ(ci, cj |si, sj)

(1)

We directly use the probability outputs P (ci = c|si) from
RF to define the node (ψ) and edge potentials (Φ):

ψ(ci|si) = −log(P (ci|si)) (2)

Φ(ci, cj |si, sj) =
|ci−cj |

1+|P (ci|si)−P (cj |sj)|
(3)

Where si is the feature representation of pixel i and the
weight w in Eq. 1 represents the trade-off between the spa-
tial regularization (edge-potential) and the confidence in the
classification (node-potential) which is learned based on the
cross-validation in the training set. We use the public library
for graph-optimization [1] for the label inference.

3. RESULTS
The dataset we used is provide by MICCAI 2013 challenges
on Multimodal Brain Tumour Segmentation [3]. It con-
sists 20 high-grade glioma subjects in four modalities(T1,
T1c, T2, TFLAIR) which were annotated by 3∼4 radiologists.
The complete tumour region is subdivided into 4 structures:
necrosis, enhancing core, non-enhancing core and edema.
All 3D volumes are linearly co-registered to the T1c image,
skull stripped and interploated to 1mm isotropic resolution.

We used 5-fold cross validation on the dataset and the seg-
mentation results were uploaded to the online evaluation

platform and were evaluated automatically using the on-
line evaluation tool1. And the evaluation was performed for
three different tumour subregions: complete tumour(including
all four tumour structures), tumour core(including all tu-
mour structures except edema) and enhancing core(enhancing
core only). The following Dice score is applied to measure
the overlap between the predicted segmentation results(P)
and the ground truth(T):

Dice(P, T ) =
|P1 ∧ T1|

(|P1|+ |T1|)/2
(4)

The Dice score of our proposed methods for complete, core
and enhancing are 0.78, 0.66, 0.61 respectively, which ranks
top 10 among over 30 participated groups.

4. FUTURE WORK
In order to build automatic brain tumour segmentation sys-
tem, complete pixel-level ground truth provided by radi-
ologists are desirable. However, it is expensive and time-
consuming to obtain. Our future work will focus on devel-
oping learning-based segmentation methods involving par-
tial annotations (e.g., bounding box, clicks, curves) while
obtaining competitive segmentation results compared to the
ones using complete annotations.
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Abstract

It  is  challenging  to  conduct  statistical  analyses   of  complex
scientific datasets.  Whether a scientist or a statistician, find- ing
the  relationships within  data is a time-consuming pro- cess.  The
process  involves  pre-processing the raw  data, the selection of
appropriate statistics, performing analysis  and providing correct
interpretations,   among   which,    the   data  pre-processing   is
tedious and  a  particular time drain.    In plenty  of data provided
for   analysis,   there   is   not   a   stan- dard  for  recording the
information,   and   some  errors   either  of  spelling,  typing  or
transmission. Thus,  there  will be many expressions  for the same
meaning  in  the  data,  but  it  will  be  impossible   for   analysis
system to  automatically  deal   with  these  inaccuracies.  What  is
needed  is an automatic method for  transforming the  clinical  raw
data into  data which  is possible to process.  This  paper  will
attempt to use Decision tree learning  combining with  the string
similarity algorithm to achieve  this  data transformation.

Categories  and Subject 
Descriptors
H.3.3 Information Search and Retrieval, I.2.6Learning

Keyword
Clinic  Raw  data, Decision  Tree  Learning, String  Similarity
Algorithm

1. Introduction
Cancer  research has become a greatly data rich environment. And
several  data analysis  package  can be used for analyzing the data
like   SPSS   (Statistical  Product  and   Service   Solu-  tions)[1],
Minitab.   However,  before  analyzing those  data, it  needs  to be
pre-processed - ’cleaned’  and  classified  - to translate the  data
from  ’dirty’ to ’clean’,  making  it fit-for- purpose. This  process
is both  time-consuming and  tedious.  For example,  a specific
binary variable may require  only the entries ’Yes’ or ’No’ in a
large  data column.  However,  ’Yes’ may  have  been  entered
onto  a spreadsheet as Yes,  yes,  Y, y, yES,  1, or been  misspelled
as Yed,  yef, y es, y e s (note the inappropriate use of spacing),
etc..   Clearly  there  are  an infinite   number  of  possibilities  of
entering this 3-letter word incorrectly, and  each  of these entries
is  treated  as  separate  entities  by  a  computer  program.For
expample,

  • yes : yes, Yed, yef, Y...

• no : No, N, not...

• null : don’t  know, waiting  for lab

There  is a common  set  of data. Obviously, we can see that there
is only  three  possible  answers  in  these  data like the left  part of
colon  of the  above  data -  Yes,  No  or  no  an- swer.However,
the  errors  will  be  existence   including   spelling,  typing  or
transmission. Besides,  there is no an standard

for scientists to collect  those  data and  record  them.Finally, the
data probably will be existence  like the right  part of colon of the
above  data  when the  statistians get  the  data  for  analysis.  It  is
difficult for system  to directly deal  with these inaccuracies for
statistical analysis.

Currently statisticians  will  manually change  these  entries into
the uniform  string  or  the uniform  number, which  al- low the
system  to do further analysis, so it will save lots of time  for
statisticians  who  are  short of the  research time  if an automated
method can be used instead of manual opera- tion [2]. According
to  the  feature  of  many   datasets  and   the  necessity  of  data
classification,  Decision   Tree   Learning  has  been  chosen  to
attempt automated the processing  of the raw data firstly.

 2.Decision tree learning
In   general,training,  validation  and   comparision  itself   with
training data set will be the process  of making a prediction in
machine learning. Decision tree learning as one of the machine
learning algorithm is a method for approximating discrete-valued
functions  [3],  which   is  one  of  the most  popular  inductive
algorithms. Decision trees are  a method to get classify different
values under  different attributes. It can set the rules based  on the
past  data to classify the new raw data and then get the value,
which is the same at past  when the manual data pre-processing
was undertaken.

ID3 was proposed by Quinlan in 1986 [4]. It is a representa- tion
of an  decision  tree  algorithm and  most  of the decision tree
algorithms are achieved  based on improvements of it.

It adopts the divide-and-conquer strategy and  uses  infor- mation
gain  as the standard to choose the attribute at the different levels
of  the  decision  tree  in  order  that  it  can  collect  the  most
information of the categories about the test records in the process
of testing each non-leaf  node.

And  its  demerits  are  that  it  can   only  process the   discrete
attribute, and sometimes it is not the best to process the attribute
with lots of values.

As a result of some problems of ID3 algorithms in the practical
application,  Quinlan  proposed  the C4.5 algorithm  [5],  strictly
speaking, which  is  just  an  improved algorithm  of ID3. C4.5
algorithm inherits  the  advantages   of  the  ID3  algorithm,  and
improving some aspects  of ID3 algorithm.  It  use information
gain  ration to choose attribute so that it overcomes  the weakness
that the system  tend  to choose the attribute with  more values
when using information gain [6], and it adds prune  in the process
of constructing the tree and can process  the  incomplete data.

 3.String Similarity Algorithm
3.1 String Similarity Algorithms
In this research, comparing the string  similarity of the two strings
is  necessary  when the entry is  transformed from raw data  to
processable data by the system. String-based similarity has a long



history.  Levenshtein(Lev) proposed  the edit distance, which  is
widely   used   for  string   similarity  through  calculating  the
minimum  number  of  insertions,  substitutions  and   deletions
between  two strings  [7]. Levenshtein distance will calculate once
when add,   delete  or substitute have been done  once  during
transformation.   It  provides   numeric   ap-  proach   for
transformation.

Needleman and Wunsch(N-W) [8] extended the model to al- low
contiguous sequences  of mismatched characters, or gaps, in the
alignment  of two strings,  and  described a  general   dy-  namic
programming method for computing edit  distance.

Jaro-winkler  distance(J-W)   find   the  approximating  string
matching  by  means   of  calculating  the  number  of  matching
characters and  the number of transpositions.  And  a prefix scale
is added  in this  method as well [9].

3.2 Experiments and Results
As mentioned in the introduction section,  the two-category data
will be undertatken in this experiment.  As a result  of the feature
of process  of transformation, the data will be divided  into  exist
data  and   unknown  data  to   analysis.The  raw  clinic  data  is
provided by statistians who worked  in the cancer  research.  The
testing data  have   26% different  data  rather  than  the   training
dataset.

Table 1:   Probability  of  transforming the test data to clean data
using different string similarity algorithms
Decision  Tree Existing Entry

(%)
Unknown  Entry
(%)

Total
(%)

C4.5 100 27 81
Lev 100 58 89
N-W 97 73 89
J-W 100 73 91

Overall,  the string  similarity have  a higher  performance for the
unkown  data transformation. However,  it is found  that the time
for  runing   the string   similarity algorithm is  7-8 times than the
algorithm C4.5 during  the transformation.

 4.Decision Tree Learning Combing With        
String Similarity Algorithm

According to the two previous experiments, the algorithms C4.5
have a high performance for existing data transformation and  fast
whilist   the  string   similarity  algorithm  have   a  higher
performance for unkown  data but is a little  slower. Thus,   the
combination of the two algorithms is worth ex- ploring  based  on
their  features and  performance.  

Because the string similarity algorithm have high performance for
unknown entry, the large  amount of correct transformation from
the unknown data can be learned  by the decision  tree learning  to
build  a  new  and  powerful  decision  tree  for  further  data
transformation.

The string similarity algorithm Levenshtein distance, Needleman-
Wunsch, Jaro-winkler distance and  a improved string sim- ilarity
algorithm based   on   Needleman-Wunsch   (NW-Len) will   be
undertaken to  process  the  incorrect prediction  in the following
experiment combined  with the algorithm C4.5. The  Needleman-
Wunsch algorithm  is  to  calculate  longest common  substring

(LCS).  We can consider  the effect of the length  of the string  in
the N-W algorithm to improve  it.

This   experiment  will  undertake  the  same testing data  set  as
previous  experiment.

Table 2:  Probability of correct prediction for differ- ent string
similarity algorithms combined with deci- sion tree learning
Decision  Tree Existing

Entry(%)
Unknown
Entry(%)

Total
(%)

C4.5 100 27 81
C4.5 + Lev 100 58 89
C4.5 + N-W 100 65 91
C4.5 + J-W 100 73 93
C4.5 + N-W + Len 100 73 93

To sum up,  the results  for transforming the raw clinic data to
processable data  have  improved a lot   after   combination the
decision  tree  learning   algorithm  with  string   similarity  al-
gorithms,  especially  with  jaro-winkler  distance  and  modified
Needleman-Wunsch algorithm.

 5.Conclusion and Future Work
Through the experiment, the  decision  tree  combining with the
string  similarity algorithm can automatically transform- ing  the
clinic  raw  data into  the  clean  data, to  some  ex- tent, which
reduce  the  manual operation  partially.  In  the next step,  the
correct  prediction for  unknown entries will  be learned  by the
system  and  updated the  training dataset to enhance the cleaning
ability. 
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ABSTRACT 
The human genome project was one of the largest and most well 
known scientific endeavors of recent times. This project 
characterised the entire set of genes found in human DNA. 
Following on from genomics, proteomics is the study of proteins, 
which are the products of genes found in cells. In a typical 
proteomics experiment, an instrument called a mass spectrometer 
is used to identify proteins and measure their quantities. This 
produces large data files that currently take many hours to 
process. This research is concerned with reducing the time needed 
to process data files to near real-time by designing a novel 
algorithm that can run in a parallel fashion and evaluating its 
performance characteristics across various cluster computing 
platforms that have not previously been used for this purpose. 

1. INTRODUCTION 
Proteomics can be defined as the large-scale study of protein 
properties, such as expression levels, modifications and 
interactions with other proteins. By studying proteins and their 
properties, it is possible to gain a deeper understanding of how 
proteins should function in healthy cells compared with diseased 
cells. Full proteins are in most cases too large to be measured 
intact by mass spectrometers, therefore a process of fragmentation 
breaks the proteins into constituent parts called peptides. It is 
these peptides that are analysed and identified by software in a 
data processing step after the mass spectrometer has processed a 
cell sample. This identification and quantification allows Life 
Scientists to research how different environments and compounds 
affect the protein expression in cells. 

MapReduce is a framework used to distribute processing across 
clusters of computers that was first proposed by engineers 
working for Google [1]. It is designed to allow programming code 
to run on clusters of commodity hardware and abstracts the 
complexity of allocating, monitoring and running many parallel 
tasks away from the programmer. Although the basic methods are 
simple to understand and implement, a process will need to be re-
engineered to fit into the strict system of Map and Reduce tasks.  

To answer the question “Can pre-processing of Mass 
Spectrometer data approach real-time using a MapReduce process 
on a horizontally scalable cluster”, parallel processing is 
investigated on several platforms offering different types of 
storage or computation frameworks. 

2. RELATED WORK 
A review of the current literature reveals that there are currently 
very few references to the use of MapReduce style parallelization 
for proteomics data processing. Where it is referenced it is in 
relation to searches for matching peak-lists with databases to 

identify proteins [5][6] and not the algorithms required for parallel 
processing or the suitability of the various types of cluster 
available. 

3. GOALS 
In this research work we investigate methods of reducing the 
elapsed time to process the output from Mass Spectrometers 
created in the course of proteomics experiments. Several cluster-
based technologies that allow parallel computation are to be 
included. 

• Hadoop – Distributed file system 

• Cassandra – NoSQL database 

• Teradata Aster – MPP SQL database 

• Spark – In-memory distributed processing 

• Storm – distributed stream processing 
Benefits and drawbacks of each system are to be evaluated from a 
number of different points of view including ease of use and 
maintenance, ability to integrate with other systems into a 
proteomics processing pipeline, disk space requirements above 
and beyond that of the original data file and overall time to 
process the data. 

4. ALGORITHM DESIGN 
Much has been published regarding the process of detecting 
peptides in the spectral data output from mass spectrometers. The 
algorithm implemented by the software “MaxQuant” [2] has been 
chosen as the base from which to develop a novel algorithm that 
can be executed in parallel on a shared-nothing cluster. MaxQuant 
is used in many Life Sciences laboratories and supports the output 
from the Thermo-Fischer mass spectrometers that are used at the 
University of Dundee. 

5. CURRENT WORK 
The standard data format for the output from proteomics 
experiments is called mzML which is an XML file format [3] 
consisting of a header section containing information about the 
environment in which the experiment was performed, plus a 
section containing information about each scan performed. The 
mzML files are large often in excess of 5Gb and as with all XML 
files are difficult to distribute across a cluster and process in 
parallel. In order to process these files efficiently a new file 
format (.scmi) has been designed that contains only the 
information relevant to peptide identification. The parser that 
performs this conversion also copies the data from the source file 
system to the target cluster. The remainder of the information in 
the mzML file is still important to the complete understanding of 
the outcome of an experiment. A hybrid load architecture was 
discussed in previous work by Hillman [4] with metadata stored in 



a relational database and the scan information in a distributed file 
system.  

The data processing is broken down into several steps as 
described in detail below. The first step is to identify peaks in the 
spectral signal within individual scans, these peaks occurring 
along the mass dimension and are called 2D peaks. The second 
step is to link the 2D peaks across the scans in the time dimension, 
these are know as 3D peaks. 

A Map task is used to process the 2D peaks and this is where the 
scmi file format greatly simplifies processing over the original 
XML, as each record in the file up to a carriage return represents a 
single scan from the mass spectrometer. Each scan can be 
processed completely independently of the others, and therefore 
the 2D peak-picking process can be made to operate in an 
embarrassingly parallel fashion. The Map task decodes the 
Base64 binary arrays storing the mass-to-charge and intensity data 
and loads them into in-memory arrays of java objects. Each peak 
is detected by using a slope detection algorithm with overlapping 
peaks introducing some degree of complexity here. In addition, 
noise in the signal and the way the instrument measures the 
peptides mean that the peaks can be shifted slightly; however, it is 
possible to compensate for this by calculating a theoretical peak 
by fitting an ideal Gaussian curve to the data. Because of the 
presence of carbon isotopes, it is necessary to identify peaks 
within an isotopic envelope that represent the same peptide. This 
can be done in the same Map task as the 2D peak picking. As 
peaks are matched within an isotopic window the charge can be 
calculated which allows us to deduce the final mass of the peptide. 

The 2D peaks identified so far are indicators of the presence of a 
peptide. The mass spectrometer carries out multiple scans over 
time and any one peptide will take several seconds to pass through 
the machine. To match 2D peaks across time, the data will need to 
be re-distributed around the cluster and written out to disk. As the 
peaks detected are clustered into compact groups across the mass 
range, a custom partitioner function is required to ensure that 
correct data distribution takes place. Efficient distribution of 
processing and avoidance of data skew is key to a performant 
parallel process. Once this has been done a Reduce task is used to 
build the 3D peaks across time. An algorithm has been developed 
for this taking into account certain biological rules such as peaks 
occurring within a mass window (chosen to be 7 ppm in this 
work) and the complexity of matching peaks which have missing 
segments and noise in the signal. 

The 3D peaks also require a de-isotoping step, for this process the 
techniques for 2D isotopic peak detection can be reused with a 
modification to ensure peaks with similar profiles are matched. At 
this point we have calculated the mass and intensity of molecules 
and can either output the results or move on to further processing 
such as detection of stable isotope labeling by amino acids in cell 
culture (SILAC) and/or database search. 

In this way, the 2D and 3D peak-picking process fits well into the 
MapReduce programming framework, and where data needs to be 
redistributed, the dataset has been greatly reduced by the initial 
peak picking in the Map Task. 

6. EVALUATION 
For development and testing purposes, a virtual cluster has been 
constructed on a custom built server using an 8-core AMD 
processor with 32Gb Ram and 5 individual SSD Drives (SSD 
Drives were found to produce far more consistent run times than 
spinning disks) 

Currently Virtual Clusters have been created to run Hadoop 1.3, 
Teradata Aster 6.1, Cassandra 2.07, Hadoop 2.4 and Spark 1.2  

The output from the parallel algorithm coded in the mapreduce 
framework using Java has been checked against 3 current methods 
of processing this data. 

Proteowizard, a common command line tool that is freely 
available and capable of peak picking in the mz domain (2D 
picking). 

MaxQuant a GUI tool that can produce output peaks in the mz 
(2D) and also time (3D) domains as well as many other features 
not discussed here. 

The Spectracus system developed in the Lamond Lab at the 
University of Dundee[7].  

In each case the results from the mapreduce code accurately 
reflect that produced from the other software. 

7.  FUTURE WORK 
Following on from the validation of the output from the parallel 
algorithm, research into the most efficient platform to perform the 
processing can begin. Note that this is an evaluation of a parallel 
algorithm and the MapReduce framework; hardware acceleration 
technologies such as GPU or FPGA are therefore not included. 
The platforms to be evaluated are mentioned above and include 
batch as well as stream processing architectures. As each claim to 
be linearly scalable, once experimentation into the elapsed time 
for the processing on different platforms is complete it will be 
possible to calculate the system requirements to complete the 
steps in a given time frame that fits within the definition of real-
time in this context.  
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ABSTRACT 

SpaceWire-D is a deterministic extension to the SpaceWire 

standard designed to allow a single SpaceWire network to be used 

for command and control applications and payload data handling 

simultaneously. It does this by using time-division multiplexing to 

slice network time into a series of slots in which data-transfers are 

allocated allowing real-time constraints to be satisfied. 

This paper provides an overview of SpaceWire-D and then 

describes the prototype system designed to demonstrate, test and 

verify the standard. 

1. INTRODUCTION 
SpaceWire is an onboard data-handling network used on spacecraft 

to connect instruments, mass-memory, onboard computers, 

telemetry and other subsystems [1]. SpaceWire enabled devices 

are connected by full-duplex data-links, providing bi-directional 

data-flow at transmission rates of between 2Mbit/s and 

200Mbit/s. 

The routing mechanism used by SpaceWire routers, wormhole 

routing, introduces variance in packet transmission time because of 

a problem called blocking which is when a packet is delayed due to 

a required SpaceWire link being in use by another packet. If 

network traffic is uncontrolled, this can mean that important 

traffic such as command and control packets, which have hard 

real-time constraints, miss their deadlines. 

The following sections briefly describe the SpaceWire-D standard 

and how it overcomes the problems of non-determinism in regular 

SpaceWire networks. Following that, the prototype system used 

to demonstrate, test and verify the standard is described [2] [3]. 

2. SPACEWIRE-D 
SpaceWire-D is a deterministic extension to the SpaceWire 

standard being designed by the University of Dundee for the 

European Space Agency [4]. To provide a deterministic 

capability, network time is divided into a series of time-slots in 

which RMAP [5] transactions are executed with the constraint 

that any transactions must finish execution before the next time-

slot begins. 

To synchronise time across the network, SpaceWire time-codes 

are broadcast by a time-code master at a rate of up to 1000Hz, 

giving a minimum time-slot duration of 1ms. The current time-slot 

is identified by a 6-bit time-value within each time-code, allowing 

for a schedule with 64 time-slots. 

Within each time-slot, data transfers are encapsulated within a 

group of one or more RMAP transactions. Each transaction is an 

interaction between an initiator and a target, in which the initiator 

reads or writes to memory in the target. The initiator sends a 

command, the target authorizes or rejects the command and then 

the target sends a reply to the initiator with the status of the 

command and any data if relevant. 

RMAP transactions are grouped into a virtual bus system, where 

a virtual bus consists of an initiator, one or more targets and the 

links in the paths between the initiator and targets. There may be 

more than one initiator in a SpaceWire-D network, so the 

schedules for each initiator have to be designed so that no virtual 

buses execute in the same slot if there is a chance that any of their 

transactions can collide and cause blocking. 

The SpaceWire-D standard provides services to open, load, 

execute and close four types of virtual bus. 

2.1 Static Bus 
The static bus is allocated a single time-slot and takes a group of 

transactions which is executed in the same slot in every iteration 

of the schedule. This is the most deterministic of the virtual buses 

as it executes in a predictable manner. 

For periodic, repeating transaction groups, this is a suitable bus. 

2.2 Dynamic Bus 
The dynamic bus takes a group of transactions and executes it in 

one of multiple time-slots. This is a less deterministic bus than the 

static bus as the transaction group may execute in many time-

slots. 

For aperiodic transaction groups with deadlines, this is a suitable 

bus as the time-slots can be placed at suitable intervals allowing 

for a deadline to be met no matter when the transaction group is 

loaded. 

2.3 Asynchronous Bus 
This asynchronous bus takes single transactions and inserts them 

into a prioritised queue. In the time-slot preceding one allocated to 

the bus, a subset of transactions is pulled from the head of the 

queue for execution in the next time-slot. Network information is 

stored in each initiator so it can accurately calculate the execution 

time of transactions so that the subset of transactions does not 

exceed the duration of a time-slot and interfere with the following 

time-slot. 

For data transfers with no real-time constraints such as payload 

data, this is a suitable bus. 



2.4 Packet Bus 
The packet bus allows a channel to be created between an initiator 

and a target through which prioritised packets are transferred. The 

transfer of a packet takes place in three stages: 

1. An initiator reads the status of a target’s packet channel 

to see if it has a packet ready to read or a buffer ready to 

receive a packet. 

2. One or more segments of the packet are transferred 

between the initiator and target via read or write RMAP 

transactions. 

3. The initiator writes an end-of-packet (EOP) transaction 

to tell the target that the operation is complete. 

In the time-slot preceding one allocated to the bus, a transaction 

group is prepared consisting of as many channel status reads, 

packet segment transfers and EOP transactions as will fit in a 

time-slot for execution in the next time-slot. 

3. DEMONSTRATION SYSTEM 
The system used to demonstrate, test and verify the SpaceWire-D 

standard consists of initiators, targets, routers, and analysis 

devices as shown in Figure 1. 

SpW-D Initiator PXI 
Processor Board

(Initiator 1)
Link Analyser

PXI Bus

SpW Router PXI 
Router Board

(Router 1)

SpW Router PXI 
Router Board

(Router 2)

SpW-D Target PXI 
Interface Board

(Interface 1)

SpW-D Target PXI 
Interface Board

(Interface 2)

SpW-D Target PXI 
Interface Board

(Interface 3)

SpW-D Initiator PXI 
Processor Board

(Initiator 2)
Link Analyser

Host PC PXI 
Processor Board

Network Manager 
PXI Interface Board

Figure 1: Demonstration System Topology 

3.1 Initiators 
The initiators are LEON2-FT processor boards with extensive 

SpaceWire support including an 8-port router and hardware 

RMAP engines. Each initiator runs RTEMS based embedded 

software [6] containing the SpaceWire-D protocol layer and a 

scripting engine to execute test procedures. 

3.2 Targets 
There are three interface boards each containing four targets and a 

demultiplexer to filter traffic to a target identified by a logical 

address. 

3.3 Network Manager 
The network manager writes configuration information to the 

initiators, targets and routers and is used to store status 

information and errors from the initiators. 

3.4 Host PC 
The host PC is used to create schedules, create virtual buses, 

configure devices and create scripted test procedures. 

3.5 Scripting 
A simple scripting language has been designed to allow the 

creation of time-triggered test procedures. The host PC software 

includes a parser for the language that compiles the high level 

commands into low level instructions and operands which are then 

written to memory in the initiator. 

The scripting language includes commands to create transactions, 

transaction groups and packet bus operations and load virtual 

buses at specific points in time synchronised with the arrival of 

time-codes. Figure 2 shows an example of a simple script to create 

three transactions, a transaction group and load a static bus. 

Figure 2: Example Script 
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transaction(0, 40, read, 32, 0x8101F000, 32, 0x8101D000) 

transaction(1, 40, write, 32, 0x8101F020, 64, 0x8101D020) 

transaction(2, 40, read, 32, 0x8101F006, 128, 0x8101D060) 

transaction_group(0, 0, 1, 2) 

slot(63): 

        load_sbus(1, 0, 0, 0, 0, repeat) 
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ABSTRACT
Human activity recognition is one of the important research
areas in computer vision. In recent years, understanding
fine-grained activities (especially activities which contain human-
object interactions) in daily living has gained increasing at-
tention due to its wide applications. However, the transfor-
mations of objects (i.e., the consequences of actions), which
are strong connections between human motion and objects,
have not been systematically studied in fine-grained activity
recognition. In this project, we would like to explore whether
it is possible to build a robust system for understanding fine-
grained activities with the use of location, transformation
and category information of objects and information about
the motion of the person. Thus, we would not only infer
what the person is doing, but also infer the current states
of objects. Specifically, we mainly focus on the analysis of
cooking activities in this project.

1. INTRODUCTION
As a promising and basic direction in computer vision, hu-
man activity recognition has been extensively researched
in recent years. It has wide applications such as human-
computer interaction, cognitive situational support, surveil-
lance, motion capture and animation, unconstrained video
search and so forth. Even though lots of attention has been
paid to human activity recognition, it is still a challenging
problem: heavy work for manual collection of training sam-
ples, large variations in appearance, and the definitions of
different action vocabularies. Fine-grained activity recogni-
tion in daily living (e.g., cooking activities) is a challenging
area in human activity recognition and is attracting increas-
ing attention recently because of its potential applications
in assisted living and child/elderly care.

Fine-grained activities in daily living usually contain a large
number of interactions between human and objects. Re-
cent works on fine-grained activity recognition are trying
to extract local features for the human and associated ob-
jects to represent and classify the activity [7, 3]. However,
all these methods ignored an important cue in the activi-
ties: the consequences of actions, i.e., the transformations
of objects. Actions are goal oriented. The transformation-
s which happen to the objects indicate the information of
action goals and directly connect with their corresponding
action classes. Motivated by the work of Yang et al. [6],
we are going to utilize the information about how objects
being manipulated are transforming to help solve the fine-
grained human activity recognition problem. Moreover, the

transformation information also can be used to infer the cat-
egories of objects: e.g., ingredients can be divided while tools
cannot. This characteristic is useful in the object analysis.

2. HUMAN MOTION ANALYSIS
We separate this project into three steps: human motion
analysis, non-human object analysis, and activity recogni-
tion. The transformations of objects are included in the
object analysis part. In this section, we introduce our cur-
rent results for the first step: human motion analysis. The
50 Salads dataset from Stein and McKenna [4] is used as the
experiment dataset.

There are two phases for the human motion analysis in this
project. Phase one is to estimate the foreground objects
above the work surface. The second phase is built upon the
result from phase one. Superpixel segmentation, an optical
flow method and the location of the edge of the work surface
are used to sample the possible regions of hands and arms.
Features extracted from the possible regions are encoded to
build a model for hands and arms. This final model was
applied on the foreground regions to detect whether they
are hands or arms.

2.1 Foreground-Background Estimation
From the top-down view in the kitchen worktop, the work
surface usually occupies most of the camera view. Since the
depth images are provided in the dataset, a 3D space can
be created by setting the depth as the z coordinate. Then,
we adopted the Random Sample Consensus (RANSAC) al-
gorithm [2] to find the plane which represents the work sur-
face in the 3D space. After the work surface plane is found
in the frame, the probability of the point to be on the fore-
ground F (i.e., P (F |Depth)) can be directly measured based
on the signed distance between this point and the work sur-
face plane. The logistic sigmoid function was used to map
the distances to probabilities.

In order to leverage colour information to improve foreground-
background estimation, we randomly sampled data points
which have high P (F |Depth) as the foreground training
set, and data points which have low P (F |Depth) as the
background training set. Two Gaussian mixture model-
s are built on the foreground training set and background
training set respectively by using the Expectation Maximi-
sation (EM) algorithm. Then, by using the GMM equa-
tion, the P (Colour|B) and P (Colour|F ) are easily com-
puted for each point. Assuming the prior probabilities of
the point to be foreground or background are the same:
P (F ) = P (B) = 0.5, the probability of the point to be the



foreground given its colour (P (F |Colour)) can be computed
by Bayes’ theorem. The P (F |Depth) and P (F |Colour) are
linearly combined by assigning different weightings for them
to generate the final foreground probability map, as shown
in Equation (1). The weighting parameter w is set to 0.7
since the depth-based probability map seems more robust
than colour-based probability map.

P (F |Depth,Colour) = w×P (F |Depth)+(1−w)×P (F |Colour)
(1)

2.2 Hands and Arms
In order to capture the human motion information for the ac-
tivity recognition, the movements of hands and arms above
the work surface have to be detected. Firstly, we applied the
Superpixels Extracted via Energy-driven Sampling (SEEDS)
[5] method to over-segment the video frames into superpixel-
s. The superpixels whose P (F |Depth,Colour) are over 0.5
are labelled as foreground superpixels. Foreground super-
pixels are grouped into the same region if they connect with
each other. A state-of-the-art optical flow algorithm [1] is
used to compute the velocities for superpixels. In the fore-
ground regions which cross the edge of the work surface, we
extracted the superpixels whose velocity magnitudes exceed
a threshold as the positive training set to create a colour
model for hands and arms. The superpixels whose fore-
ground probabilities are over 0.5 and not in the positive
training set are used as negative training set.

The entire training set is extracted from the first 10 frames
which have the positive superpixels mentioned above (exper-
iments show that 10 frames are enough to build the model).
All the colour descriptors of pixels are quantized to 128 clus-
ters by using k-means method. Based on the 128 clusters,
we built two histograms for the positive training set and neg-
ative training set respectively and call them human model
(representing hands and arms) and non-human model (rep-
resenting other objects). For each new superpixel, we first
compute the colour descriptors of its pixels, and then quan-
tize them to the same 128 clusters to build a histogram rep-
resentation. This histogram is intersected with the human
model and non-human model, and the superpixel will be la-
belled to the class which has a higher intersection score. The
human and non-human models are updated every 10 frames
by adding the histograms of these new superpixels to their
corresponding classes. We applied the morphological open-
ing operation on the final result to smooth the segmentation
regions.

3. RESULTS
We randomly selected three subject videos from the 50 Sal-
ads dataset and annotated the hand and arm regions above
the work surface for 20 frames in each video as ground truth.
The 20 frames were selected from the start frame of the first
activity in each video with an interval of five frames. We
calculated the precision and recall as the measurements for
each subject video. Table 1 shows the results.

The segmentation precision is relatively low compared to the
recall. One of the reasons is that objects whose colours are
similar to the hands and arms were also segmented since
currently the human model is only based on colour informa-
tion. The other problem is that objects held in the hands

Figure 1: From left to right are the examples of
hands and arms segmentation results for the first,
second and third subject videos respectively.

are easily segmented with hands and arms. This issue will
be solved by combining with the object analysis. Figure 1
shows examples of the segmentations in the three videos.

First subject Second subject Third subject Mean value
Precision 0.39 0.67 0.79 0.62
Recall 0.85 0.81 0.80 0.82

Table 1: Precision and recall for each subject and
their mean values.

4. FUTURE PLANS
Currently, the human motion analysis result still needs to
be improved. I am now trying to use graph cuts method to
generate multiple hypotheses for the regions of hands and
arms and other foreground objects. This will also benefit
the object analysis in the future. A Bayesian network can
be used as the model to represent the activities and solve
the final activity recognition problem in the future.
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ABSTRACT 

Features of the retinal vasculature, such as the Artery Vein Ratio, 
the vessel tortuosity and vasculature fractal dimension are 
candidate biomarkers for systemic diseases like hypertension, 
arteriosclerosis and cardiovascular disease [1]. In population 
studies, it is important to automate the process of measuring these 
retinal biomarkers in order to ensure an objective quantification of 
their value and to avoid the time cost of having a trained observer 
manually annotating large numbers of images to produce such 
measures. Reliable retinal biomarker measures are based on an 
accurate segmentation of the blood vessels, a correct estimation of 
the blood vessel widths and a correct classification of vessels into 
arterioles and venules. In this paper we focus on the latter task in 
the particular case of ultra-wide field of view (UWFoV) scanning 
laser ophthalmoscope (SLO) retinal images [2]. A local 
classification of centreline pixels sampled along vessel segment 
paths is followed by a step of majority voting on each segment. 
The results are further improved by modelling this binary 
classification problem as a graph cut problem. The technique has 
been tested on three different dataset and preliminary results are 
shown. 

Keywords 

Retinal image, ultra-wide field of view, scanning laser 

ophthalmoscope, artery/vein classification, graph cut, edge 

classification, biomarker.  

1. INTRODUCTION 
Changes in morphological features associated with retinal blood 

vessels such as widths, tortuosity and branching angles are 

considered early biomarkers of systemic diseases such as stroke, 

hypertension, arteriosclerosis, myocardial infarction and 

cardiovascular disease. Devices such as the scanning laser 

ophthalmoscope (SLO), with an Ultra-Wide Field of View 

(UWFoV) of approximately 200° (compared to 30-60° with a 

fundus camera), can capture in a single image a larger part of the 

retina, allowing more extensive analysis of the associated 

vasculature.  

The automatic quantification of morphometric vascular features is 

crucial, especially in population studies, where the manual 

annotation of large number of images would be an extremely 

time-consuming process. Prior to this quantification, the first step 

is an accurate segmentation of blood vessels. In our previous work 

[3], we developed a supervised segmentation technique based on a 

neural network classifier that achieved an accuracy value equal to 

0.965 (Accuracy value of 2nd human observer = 0.970). The 

algorithm also proved to be the most reliable in terms of 

estimation of vessel widths among the state-of-the-art automated 

techniques used for comparison. The following step is the binary 

classification of blood vessels into arterioles and venules. In this 

paper we present a framework that combines a preliminary local 

classification at pixel level, a majority voting step at vessel-

segment level and a separation of artery and vein trees at a global 

level, solved as a graph cut problem. Preliminary results are 

evaluated on three different datasets (Dundee, WIDE and 

Tascforce). 

2. METHODOLOGY 

2.1 Pixel-level classification 
A set of 76 features was extracted from a set of equally spaced 
pixels along the centreline of the refined [4] vessels, according to 
the guidelines in [5], taking into consideration the substantial 
differences of SLO images with respect to conventional fundus 
camera images: the blue channel, hence the saturation, of SLO 
images is entirely set to 0 and the scale of vessel widths is 
considerably smaller due to the different image resolution. Twenty 
additional features representing the vessel cross-sectional profile 
at the pixel in question in the red and green channels of the RGB 
image were also added to form the final 96-feature-long feature 
vector. The results of a leave-one-image-out cross-validation on 
the three datasets using a Linear Bayes Classifier are reported in 
Table 1. Values of accuracy of the same analysis performed using 
linear and non-linear SVM’s, K-Nearest Neighbour and Parzen 
Classifier were lower than those shown in Table 1, therefore 
omitted.  

2.2 Vessel segment-level classification 
The vessel labels were computed by thresholding the average of 
the artery/vein likelihood, results of the previous classification 
step, of all the pixels belonging to the vessel segment. Results 
reported in Table 1. 

2.3 Global-level classification 
A graph was created to represent the entire vasculature. In the 
graph, a node represented a vessel segment and an edge between 
two nodes represented a possible link between vessel segments 
connected to the same bifurcation or crossing point. We defined as 
a true link, a link between two nodes that belonged to the same 
artery/vein class, and as a false link, a link between a node 
representing an artery segment and a node representing a vein 
segment. Two additional nodes, both fully connected to the 
original nodes, were added to the graph. A representation of part 
of the retinal vasculature modelled as a graph can be seen in 
Figure 2. The problem of artery and vein trees separation was then 
modelled as a graph cut problem [6], creating two additional 
fictional nodes as source and sink.  

The weight of the edges among the original nodes was defined as 
the likelihood of the link between the two vessel segments of 
being a true link. This likelihood was the output of the binary 
classification of links based on a set of features depending on the 
morphology of the vasculature at the bifurcation or crossing point 
and derived mainly by the number of segments attached to the 
point, their orientations and their widths (details omitted). The 
weight of the edges between the original nodes and the source 
node was defined as the likelihood of each vessel segment of 
being an artery as obtained at point 2.2. Finally, the weight of the 
edges between the original nodes and the sink node was defined as 
the likelihood of each vessel segment of being a vein. 

Results of the artery vein classification after this final step are 
reported in Table 1. 

 



Figure 1. Representation of a small portion of the retinal 

vasculature (top) as a graph (botton). “Art” and “Vein” are 

the two additional nodes that represent source and sink of our 

graph cut problem. 

3. EVALUATION 

3.1 Materials 
Three sets of images were used to test the results of this study. 
The first set, Dundee, comprising 40 UWFoV images that 
underwent a stereographic projection [7]. Six arterioles and six 
venules in zone B [8] were manually labelled by two trained 
observers achieving perfect agreement. . Fifteen vessels from this 
set were not properly segmented, then discarded from further 
analysis. The lack of a comprehensive ground truth for this set 
made it unsuitable for the last stage of our framework.  

The second set, WIDE [9], comprising 15 UWFoW, non-
reprojected, scaled down by a factor of two, images. In this case, 
the entire retinal vasculature was annotated by two trained 
observers. The images were rescaled to their original size before 
further processing. The third set, Tascforce, comprising 473 
reprojected, full-resolution, UWFoW images were the entire 
retinal vasculature was annotated by only one observer. 

3.2 Results 
In Table 1, the classification accuracy of single pixels after every 

step of processing is shown.   

Table 1. A/V classification accuracy after every step of the 

framework. 

Dataset Dundee WIDE Tascforce 

Number of 

pixels 
9490 19472 738973 

Pixel-level 

class Acc 
0.804 0.722 0.769 

Segment-level 
class Acc 

0.889 0.774 0.862 

Global-level 

class Acc 
n.a. 0.792 0.888 

4. DISCUSSION 
In this paper we presented a supervised technique for the 

classification of blood vessels in arterioles and venules in UWFoV 

retinal fundus images consisting of three stages: a local binary 

classification at pixel-level, a majority voting at vessel segment- 

level and a graph cut separation of vessel trees at global-level. The 

results are promising but the features used for the first stage of 

classification seems to be heavily influenced by the resolution and 

the quality of the images (see WIDE dataset results in Table 1). 

Additional improvement of the accuracy could be achieved by 

constraining the graph cut algorithm to take into consideration 

only the clinically plausible configurations of junctions and 

crossing points in the retinal vasculature.  
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ABSTRACT
Theory Exploration (TE) aims to automate the tedious
yet necessary task of verifying Mathematicians’ and program-
mers’ work, but the blind search used by existing approaches
limits them to small examples. Meanwhile, huge reposito-
ries of formal knowledge are being routinely data-mined for
structure and correlation. We provide a method for guiding
TE using these abundant statistics, and assess whether this
hybrid approach is feasible for tackling problems of a realistic
size.

1. INTRODUCTION
Small mistakes made in Mathematics and programming can
cause large problems in the real world. Computer verification
can reduce this risk by checking our reasoning step-by-step;
but traditional software’s inability to follow “obvious” argu-
ments without explicit guidance often makes it impractical.
The recent theory exploration approach[1] tackles this by
generating a database of facts about a user-provided “theory”
(eg. a software library). This database can either serve as
“background knowledge” for a traditional verification tool,
to help it follow more coarse-grained proof steps; or it can
be queried directly to discover interesting facts about the
theory.
Existing TE systems, such as QuickSpec[3] and HipSpec[2],
rely on undirected, brute-force search to generate their
databases. Although complete, these algorithms’ exponential
complexity limits their scalability to small theories with
only a handful of definitions. To be practical, the technique
must be able to work with theories spanning thousands of
definitions, without relying on expert users to cherry-pick a
sub-set.
Machine Learning (ML) offers many scalable techniques
for studying large theories, such as premise selection[5]:
choosing lemmas which are most likely to help us prove
a conjecture. This is similar to our cherry-picking problem,
but TE is concerned with a theory’s structure rather than
individual conjectures.
Theory structure has been studied by ML4PG[4], using clus-
tering to find statistical similarities and hierarchies among
definitions. We investigate whether such clustering infor-
mation can help TE systems navigate large theories more
effectively.

2. METHODOLOGY

Following the approach of QuickSpec, our “theories” are
software libraries written in Haskell; a popular programming
language where correctness is concerned. We divide these
definitions into small clusters, using a similar technique to
ML4PG. We then run QuickSpec on each cluster individu-
ally, to produce “facts” in the form of equalities relating the
definitions. The facts for each cluster are then combined.
We compare the total running time and the resulting database
against running QuickSpec on the whole, unclustered library.
We observe the tradeoff between speed and completeness, for
various library sizes.

3. RESULTS
We have developed an ML approach for analysing Haskell
code, including a bespoke feature extraction method which,
to our knowledge, is the first in the literature. The success
of our clustering tool shows the suitability of Haskell for the
same statistical approaches used to study other languages.

4. FUTURE WORK
Our tool can be improved with a more systematic consid-
eration of the design decisions and heuristics used, but the
preprocessor approach is inherently limited. A more thor-
ough integration of our methodology into state-of-the-art
TE systems would provide more opportunities for exploiting
statistical information, and also to “close the loop” by using
the TE database to inform the statistical algorithms.
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ABSTRACT
Type classes were designed as a mean of an ad–hoc poly-
morphism. However, elaborate hierarchies of subclasses and
superclasses can also be viewed as control structures of com-
putations — e. g. Applicative, and Monad classes represent
computation with fixed and context–dependent structure re-
spectively. These hierarchies are bound by expected behav-
ior of instances through the typeclass laws. We present a
way how to ensure some of these law automatically and also
how to reduce an amount of a boilerplate code a in form of
redundant instances.

1. INTRODUCTION
Haskell type classes were introduced into the Haskell[2] as
a mean of an ad–hoc polymorphism, e. g., conversion to a
string in form of the Show class. But type classes evolved
into more elaborate hierarchies of control structures. We use
a model hierarchy of the Monad class and its superclasses
Applicative[3] and Functor. Type classes are subject to the
expected behavior. This behavior is expressed in a form of
type class laws.

2. SUPERCLASS INSTANCES
Assume the above example of Functor, Applicative, and
Monad class hierarchy. McBride and Paterson [3] described
the laws that relate methods of these classes:

fmap f px = pure f <∗> px (1)

pure x = return x (2)

fmap f px = px >>= return ◦ f (3)

When we compose laws (1) and (3) and use equational rea-
soning in order to modify the equation (4) such that the
application of the pure method is replaced by the value we
obtain the equation (5), which shows that behavior of any
instance of Applicative is solely determine by the behavior of
corresponding Monad whenever the Monad instance exists.

pure f <∗> px = x >>= return ◦ f (4)

pf <∗> px = px >>= λx→ pf >>= λf →
return (f x) (5)

The equation (5) is a polymorphic specification that solely
defines a behavior of the <*> method. Based on this ob-
servation we introduce a new language feature. We modify
a type class definition such that it may contain a Default
Superclass Instance[1]. The respectful instance for equation
(5) is:

class Applicative m ⇒ Monad m where
...
default instance Applicative m where

pure x = return x
pf (<∗>) px = px>>=λ x → pf>>=λ f →

return (f x)

The Functor instance can be described in the same way us-
ing the equation (3). This language construct reduces the
number of instances necessary for a code using Monad – and
any of its superclasses – only to one — the Monad instance
itself. The other two instances are derived. Such default in-
stance can also be provided while introducing new superclass
constraint in a backward compatible manner. This makes
refactoring of type class hierarchies possible.

3. RELATED WORK
There are also other approaches how to introduce a new su-
perclass constrains. As far as we now there is no summary
on these approaches besides our own previous work [1]. The
obvious question is how to resolve conflicts of ordinary in-
stances and default instances or multiple instances in case
of non–linear hierarchies. However, the answer to the ques-
tion is beyond the scope of this abstract and we provide the
answer also in our previous work[1].

4. CONCLUSIONS
We have introduced a new Haskell language construct that
reduces amount of instances that need to be provided man-
ually. The polymorphic instance in class definition provides
stronger guarantees on instance consistency as the polymor-
phic definition is directly devised from the type class laws.
Our mechanism also allows simpler refactoring of class hi-
erarchies as the superclass constraint can be introduced di-
rectly while maintaining backward compatibility.
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ABSTRACT
An enhancement of a Research Information Factory using
heterogeneous computing and parallel knowledge-extraction
patterns.

Categories and Subject Descriptors
H.4 [Information Systems Applications]: Miscellaneous

General Terms
Theory, Framework, Application, Research, Hardware

Keywords
knowledge-extraction, patterns, information factory, RIF, RIFF, RIFC, heterogeneous com-

puting, parallel patterns, cassandra, spark, opencl, fastflow, cuda, 3D torus network

1. INTRODUCTION
The increasing demand for data into knowledge conversion
requires more volume, variety, velocity and veracity [8] in
processing solutions with energy and natural resources re-
quirements that are undesirable.

Research goal is to develop effective pro-
cessing patterns with less overall energy
cost.

2. BACKGROUND
Heterogeneous computing systems [8] uses central process-
ing units (CPU ), graphical processing units (GPU ) and field
programmable gate arrays (FPGA) to enable low energy
processing.

Parallel Patterns are common libraries like (CUDA [11],
OpenCL [9, 5, 13, 14], FastFlow [2] and ZeroMQ [6]) to
guide the processing.

Efficiency and Energy-awareness is controlling efficiency of
processing [15] in Floating-point Operations Per Second per
Watt (FLOP/S/W ) to achive energy requirements adviced
by new euopean energy laws.

3. PROPOSED SOLUTION
The research uses parallel patterns for knowledge extraction,
mechanisms for storing and extracting data while using min-
imum amounts of energy. It covers three basic stages:

3.1 Heterogeneous systems.
The research will study the fundamental behavior of het-
erogeneous computing components using a nVidia Jetson
TK1 development kit. [12] and Tilera TILE-Mx100 proces-
sor [10].

3.2 Research Information Factory Framework
The framework (RIFF ) [1] uses a parallel processing pattern
via Retrieve-Assess-Process-Transform-Organise-Report rules.

3.3 Research Information Factory Cluster
The cluster (RIFC ) is a 3D torus appliance [1] using Cas-
sandra database [3, 4] and Spark Engine [4, 7] for data pro-
cessing.

4. CONCLUSION
Heterogeneous systems with parallel patterns is the opti-
mum option to achieve the goal. The Research Information
Framework is a new set of guidelines to achieve the research
goal is to process with less energy.
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1. INTRODUCTION
Our research focuses on studying the argumentative process i.e.

how the arguments exchanged between conflicting parties form a
reasonable discussion in order to lay the foundations for a compu-
tational tool which could be used in dispute mediation, either to
make sessions more effective or to help students during their train-
ing. A close analysis of mediation discourse is therefore needed:
for this we turn to the Inference Anchoring Theory (IAT) approach
[1]. IAT describes dialogue dynamics in a precise way, and elicit
how sequences of utterances work together to form arguments in
a dialogical context. IAT has already proven useful to study dis-
course in mediation [3].

2. ANALYZING WITH IAT
We focus here on one type of source of impasse, the trickiest

moments of a mediation session [4, 2]. In the following dialogue,
Eric is a party and Mildred is the mediator. Here, Eric’s claims
challenge his opponent’s competence.

Eric: I’m just a bit reluctant to hand over to Viv at this early
stage, because of the complexity and if you make a mistake, you
waste such a lot of time. But I don’t know whether Viv thinks that
she’s up to it or whether you think you could handle that project.

Mildred: What about if we perhaps separate it, had a bit of time
and we spoke with each of you to look at the finance project and
just see our different expectations and what you would see dealing
with that project and then perhaps when we had a picture from both
of you, if both of you came back to discuss your different pictures.
Do you think that would work?

Due to space limitations, the IAT analysis of this dialogue, real-
ized on OVA+ is not presented here. OVA+ is a web-based inter-
face for the graphical representation of arguments. The argument
map is however available online1.

The IAT analysis shows that Eric casts doubts about Viv’s capac-
ities and provides arguments for this. However, it does not make the
discussion move forward since the other party does not respond.
The mediator detects this source of impasse and uses an assertive
question to change the topic of the discussion.

3. MODELING MEDIATION DISCOURSE
To model the mediation discourse we take into account the se-

quences of moves that represent a particular argumentative feature

1http://ova.arg-tech.org/analyse.php?url=
local&plus=true&corpusid=110&aifdb=4596

of the dialogues. Here is the resulting table for the impasse pre-
sented in Section 2. The first column of the tables represent the
locutions. The transitions between locutions appear in the third col-
umn. The illocutionary forces corresponding to the locutions and
the ones anchored in the transitions appear in the fourth column.
Finally, the letters in the third column symbolize the propositional
contents of each locution (a different letter for each different propo-
sitional content).

LOC. PART. TRANS. IF PROP
CONTENT

Loc1 party1 A a
Loc1;Loc2 arguing default inference([b,c];a)

Loc2 party1 A b
Loc2;Loc3 ø ø

Loc3 party1 A c
Loc4 mediator AQ d

Table 1: Negative collateral implications and redirecting

The Table shows the source of impasse: only one of the two
parties is talking (see the two Assertion in the fourth column) and
arguing. The Table also shows the mediator’s tactic: asking an as-
sertive question (AQ) that allows her to shift the topic (no transition
between her locution and the previous locutions).

4. CONCLUSION
This type of analysis can be extended to most of the mediation

discourse in order to come up with a clear image of the argumenta-
tive process. IAT analyses have only been carried on one transcript
of mediation, that is why the next step of the research is to ver-
ify if e.g all the analyses of this type of source of impasse in other
mediation session present the same particularity, namely that the
mediator poses an assertive question when there is only one party
arguing.
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ABSTRACT
Segmenting dendritic trees and corneal nerve fibres is chal-
lenging due to their uneven and irregular shape. Our first
contribution is a novel ridge detector, SCIRD, which is ro-
tation, scale and curvature invariant [2]. Then, we present a
novel feature boosting method combining hand-crafted ap-
pearance features with learned context filters. Experimental
results on 3 challenging and diverse datasets show that our
methods outperform state-of-the-art approaches.

INTRODUCTION
Automated systems analysing curvilinear structures in the
medical domain would allow cost-effective large screening
programs aimed at early diagnosis. To measure morpho-
metric properties such as tortuosity [1, 6], these structures
have to be segmented accurately. Many solutions have been
proposed to cope with problems such as low signal to noise
ratio at small scales, confounding non-target structures and
non-uniform illumination [3, 4, 7, 9]. Most approaches are
based on a local tubularity measure estimated via hand-
crafted features (HCFs) [3, 4, 9], or learned from training
data [8]. While HCF methods are fast, they are based on
assumptions that are violated by highly fragmented and tor-
tuous structures, i.e. continuous and locally straight tubu-
lar shapes. While discontinuity can be addressed by elon-
gated kernels (e.g., Gabor [9]), no hand-crafted model for
non-straight tubular shapes has been proposed so far. So,
our first contribution is a novel HCF ridge detector, SCIRD
(Scale and Curvature Invariant Ridge Detector) which is ro-
tation, scale and curvature invariant. Recently, combining
HCFs with learned filters has proven successful as it exploits
the efficiency of a fast HCF approach to reduce the amount
of learned filters [7]. Although this method outperforms
state-of-the-art approaches such as [3, 4], our second con-
tribution is motivated by its modest success in segmenting
fragmented structures such as corneal nerve fibres and neu-
rites. Integrating context information with appearance fea-
tures has been recently found to reduce these shortcomings,
by learning multiple discriminative models sequentially [10].
In this paper, we propose a novel approach for combining
HCFs (i.e. appearance) with learned context filters which
improves results in [7] at the same computation cost (i.e.
learning a single discriminative model).

METHODS

Curved-Support Gaussian Models

Figure 1: A subset of SCIRD filters.

We model a 2-D curvilinear structure using curved-Gaussian
models [5]:

Γ(x1, x2;σ, k) =
1√

2πσ2
1

e
−
x21
2σ21

1√
2πσ2

2

e
−

(x2+kx21)2

2σ22 . (1)

where (x1, x2) is a point in the principal component coor-
dinate system of the target structure, (σ1, σ2) control the
elongation of the shape (“memory”) and its width, respec-
tively; in fact, the first term of Γ(x1, x2;σ, k) controls the
longitudinal Gaussian profile of the model, while the second
controls the cross-sectional Gaussian profile. Importantly,
we add a new parameter, k, to control the curvature of the
Gaussian support.

Scale and Curvature Invariant Ridge Detector
Various detectors of tubular image structures compute the
contrast between the regions inside and outside the ridge
(e.g., [3, 9]). We extend this idea to curved-support Gaus-
sian models by computing the second-order directional deriva-
tive in the gradient direction at each pixel. To improve ef-
ficiency, we formulate the problem of tubularity estimation
(Iww) as a filtering operation:

Iww(x, y;σ, k) = I(x, y) ∗Kww(x, y;σ, k), (2)

where I(x, y) represents the grey-level of a monochrome im-
age at the location (x, y) and

Kww = (Γ̃xΓxx + Γ̃yΓyx)Γ̃x + (Γ̃yΓxy + Γ̃yΓyy)Γ̃y. (3)

Here, Γ̃ is a curved-support Gaussian model with a con-
stant longitudinal profile. Single subscript indicates first
derivative (e.g., Γ̃x), double subscripts is used for second

derivatives (e.g., Γ̃xx). To achieve scale and curvature in-
variance, we create a filter bank generated by making σ2

and k span scale and curvature range for the specific appli-
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Figure 2: P-R curves for SCIRD and baselines.

cation at hand. Rotation invariance is obtained adding ro-
tated filters replicas. Fragmented structures are dealt with
by tuning the “memory” parameter σ1. Figure 1 shows some
of the kernels used in our experiments. Finally, SCIRD se-
lects the maximum response over all kernels. Notice, SCIRD
can be employed for both segmentation (after thresholding)
and centreline detection (after non-maxima suppression).

Learning Context Filters
Auto-context [10] is a well-known method to take context
information into account. However, it is based on learn-
ing multiple discriminative models in a sequential pipeline,
making this approach impractical for high resolution images
or large datasets. Our goal is to exploit context information
without increasing computational cost with respect to the
solution in [7]. This is achieved by learning a single discrim-
inative model which takes as input both appearance (i.e.
likelihood computed on the original image [10]) and con-
text information (i.e. relations between objects [10]). We
use the Optimally Oriented Flux (OOF) feature [4] as HCF,
shown to outperform other HCFs on the datasets we use for
our tests in [7]. Then, we learn context filters applying the
K-means algorithm to the patches of OOF feature maps.
Intuitively, we learn a set of probing filters capturing key
configurations actually present in the OOF filtered maps.
Notice that our context feature learning includes HCF into
the filter learning process, while appearance feature learning
as proposed in [7] does not. So, while the latter could poten-
tially learn redundant filters, i.e. filters reconstructed by a
combination (linear or non-linear) of the HCF already mod-
elling the appearance, our context filters learning method is
complementary.

RESULTS AND DISCUSSION
We evaluate our method and baselines performance on 3
very diverse datasets, showing corneal nerve fibres and neu-
rites (IVCM, BF2D and VC6). First, we compare SCIRD
against 3 HCF state-of-the-art ridge detectors: Frangi [3],
Gabor [9] and Optimally Oriented Flux (OOF) [4]. The re-
sults in Figure 2 show that SCIRD outperforms the other
methods on all datasets suggesting that our filters behave
better than others at low resolution and low SNR when deal-
ing with tortuous and fragmented structures. The low num-
ber of false positives when false negatives are low, implies
that SCIRD selects target structures with higher confidence.

Second, we compare our method of feature boosting (i.e.
context learning) against the method proposed in [7] (i.e. ap-
pearance learning). As Figure 3 shows, our method outper-
forms the baselines on all datasets. In particular, boosting
OOF with learned context features outperforms the boost-
ing technique proposed in [7] at the same computational cost
(i.e. learning a single discriminative model). In terms of ef-
ficiency, learning a filter bank of 100 filters using K-means
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Figure 3: P-R curves for our feature boosting
method and baselines.

algorithm is significantly faster than sparse coding. In fact,
less than 30 seconds are typically required to learn our filter
banks which compares favourably with several days report-
edly needed to learn 121 filters using sparse coding [7].

CONCLUSION
We addressed the problem of curvilinear structure segmenta-
tion by proposing a novel HCF (SCIRD) and a new method
combining HCFs with learned context filters. Experimental
results show that our methods outperform state-of-the-art
approaches. Our future work will investigate the combina-
tion of SCIRD with learned context filters. Part of this work
(i.e., SCIRD) will be presented at MICCAI 2015 [2].
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ABSTRACT
Contrast-enhanced Whole-Body Magnetic Resonance An-
giography (WBMRA) is performed by injecting a contrast
agent into the vein and acquiring images using an MRI scan-
ner as the agent passes through the arteries of interest. This
technique generates high contrast in the channel within the
artery where the blood is flowing (the lumen), thereby pro-
viding a non-invasive, comprehensive imaging method for
assessing cardiovascular disease (CVD) throughout the en-
tire body. Analysing the resulting large datasets, however,
is very labour-intensive and thus there is a great need for
robust, automated, quantitative analysis tools to help stage
the disease from WBMRA examinations.

The main aim of this project is to created an automated soft-
ware tool which can detect and grade stenoses from WBMRA
datasets, highlighting problematic areas for clinicians.

It has been found, through a close examination of a lumen
calibre measurement system called “GroBa”, that in most
cases simple measures of vessel calibre are not stable enough,
or contain enough contextual information, to provide accu-
rate stenosis detection or severity gradings, particularly over
the large range of vessel sizes found in WBMRA. Current
work is therefore focussed on developing a machine-learning-
based approach, utilising ground truth data which is being
collected at Ninewells Hospital.

1. INTRODUCTION
Each year CVD causes over 4 million deaths in Europe; 47%
of all deaths [1]. Due to the large burden CVD places on
both public health and the economy (costing the EU an es-
timated e196 billion a year due to health care costs and
productivity losses [1]), there is therefore much interest in
the early staging of CVD (identifying its severity and dis-
tribution, similar to what is done for cancer) to improve
patient outcomes.

This project is a collaboration between the CVIP group at
Dundee University, the Cardiovascular and Diabetes Imag-
ing Research Unit at Ninewells Hospital and Toshiba Med-
ical Visualization Systems in Edinburgh. The key aim is
to develop an automated software solution for accurately
segmenting the main arterial tree and detecting and grad-
ing stenoses (narrowing of the lumen) in WBMRA exami-
nations, the results of which should be presented in a way
which integrates well with current diagnostic approaches,
thereby aiding clinicians in their diagnoses.
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Figure 1: Example screen from the interface proto-
type of a proposed WBMRA vascular analysis pro-
gram, showing the automated CVD assessment dis-
play.

First we will describe the outcomes of an interface prototyp-
ing exercise which helped define the clinical problem we are
targeting, and the technologies which must be developed
in order to meet that need. We will then briefly describe
the typical approach for measuring lumen diameters and de-
tecting stenoses, using the outcomes of an evaluation of the
“GroBa” system to provide the motivation for the current
machine-learning-based approach currently being pursued.

2. PROTOTYPE INTERFACE
In close collaboration with clinicians from Ninewells Hos-
pital, and members from Toshiba, an interface “paper pro-
totype” was constructed, aiming to bring together all the
key functionalities required for the diagnostic task, allowing
us to visualise the final clinical application. This not only
served as motivation for the direction and emphasis of our
future research, but is also an important step towards trans-
ferring our research out of the lab and into general use, lay-
ing the groundwork for future software development through
our partnership with Toshiba.

Figure 1 shows an example screen, demonstrating the pa-
tient the automated CVD assessment window. Based on
our discussions with the clinicians, a number of desirable fea-
tures and interactive functionalities were identified, such as
the ability to visualise and process MRA datasets alongside
other relevant information (blood tests, kidney time-activity
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Introduction
“GroBa” is a lumen calibre measurement technique developed for Contrast-enhanced Whole-

Body Magnetic Resonance Angiography (WBMRA) at Dundee University [1], based on growing

“balloons” inside the segmented vessel. GroBa has been integrated into a fully automatic system

that segments the vasculature, obtains the corresponding vessel centrelines and measures the

lumen calibre throughout each vessel, presenting the calibre as a colour overlay on the maximum

intensity projection (MIP); all without any human intervention.

Here we present the results of a study examining a MATLAB implementation of the "GroBa" 

system developed at Dundee University.

It was found that the current implementation works well with simple synthetic models (Figure 1), 

showing improved stability over cross-section based methods, while still recovering the vessel 

calibre with good accuracy when compared to the known ground truth.

Vessel Enhancement

Vessel Centrelines

“Growing Balloons”

Conclusions

Figure 2. Physical interpretation of eigenvalue analysis of the

Hessian [2], showing the values corresponding to plate-,

tube-, and blob-like structures.

Conclusions

The conclusions of this study are that although the theory behind the

GroBa method for calibre estimation is reasonably sound, and works

well when applied to simple synthetic models, a number of caveats

in its current implementation prevent it from calculating accurate

calibres in many situations when applied to real data. Proposed

future improvements include re-centring the balloon within vessel

during dilation, dilating along the direction of the vessel, and

implementing more sophisticated stopping criteria for the dilation.
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The Frangi method of vessel enhancement (eigenvalue analysis of the Hessian) is used to

enhance vessel-like structures in the data.

The central idea of Hessian analysis is to extract the principal directions in which the local second

order structure of the image can be decomposed, revealing the direction of smallest curvature

(along the vessel). Figure 2 shows the physical interpretation of the eigenvalue analysis.

After the enhancement step, a boost function is applied to suppress organs in the abdominal

cavity and further enhance the weaker signal at the extremities.

It was found that one drawback to this approach was that while standard values for the input

parameters of the Frangi algorithm provide reasonable results, a degree of manual tweaking is

required to obtain the best output for a given WBMRA dataset.

Figure 1. Synthetic vessel generated in MATLAB, with the

corresponding calibres calculated along the (noisy) centreline

by cross-section, averaged projection and GroBa techniques.

Figure 3. (Right) Cross-section through a symmetric

synthetic vessel with the colour scale representing the calibre

obtained by initialising the balloon at that voxel in the plane,

with a ground truth width is 14 voxels. (Left) Calculated

centreline for a real vessel.

Figure 4. GroBa results for a Grade 1 stenosis (between 1-

30%) annotated by a clinician (circled in red), with the

corresponding centreline and GroBa HSV overlay. The graph

shows the calculated calibres along the centreline shown.

Using the binary segmented volume, a skeletonisation methodology based on fast-marching

techniques [3] is applied in order to obtain the corresponding centrelines with sub-pixel accuracy.

One of the key benefits of the GroBa method is that it can obtain precise calibre measurements

even in the presence of noisy or otherwise inaccurate centrelines. To test this, the code was

modified to calculate the calibre of the synthetic vessels shown in Figure 1, initialising the

balloons at every voxel in a single cross-section (see Figure 3).

It was found that initialising the balloon close to the centre of the vessel gave the correct calibre,

however as the seed voxel moves closer to the vessel wall the measurements are

underestimated due to the balloon not inflating fully into the vessel before triggering the simple

stopping criterion.

The GroBa method relies on initialising a “balloon” as a single voxel on the centreline, which is

grown via binary dilation until either the length is twice the width, or no more neighbouring voxels

can be added. The vessel calibre is then computed from the equation of a cylinder, using the

calculated balloon volume and it’s half-diagonal.

The particular method used for inflating the balloon in the current implementation was found to

affect the results in vessels which weren’t aligned parallel to the axes of the dataset. We therefore

recommend using a spherical dilation instead, adjusting the stopping criterion accordingly.

The final stage of this evaluation was to manually examine the calibre measurements obtained by

the code using real WBMRA datasets. Figure 4 shows the results for an annotated stenosis of

Grade 1 (1-30%) in the abdominal aorta. It was found that the GroBa correctly graded the

stenosis to within the 1-30% range, measuring 23% calibre reduction.

Figure 2: Example whole body MRA dataset, show-
ing the the enhancement, centreline, and measure-
ment stages of the GroBa system.

curves, etc.), and to highlight problematic areas visually on
the scans themselves.

In order to meet these requirements, a number of key tech-
nologies were identified. The main focus of this project was
therefore determined to be developing the automated steno-
sis detection algorithm itself.

3. TYPICAL LUMEN MEASUREMENT &
STENOSIS DETECTION

“GroBa” is a lumen calibre measurement technique based
on growing “balloons” inside a segmented arterial lumen [2].
The balloon is initialised as a single voxel on the centreline,
which is iteratively grown until the length is twice the cal-
culated width. The vessel calibre is then estimated from the
equation of a cylinder, using the calculated balloon volume
and it’s half-diagonal.

A thorough evaluation of the MATLAB implementation of
the GroBa system was carried out, testing it against both
synthetic lumina, and real WBMRA datasets provided by
Ninewells Hospital. The fully automatic system begins by
first applying a“vesselness”filter, enhancing vessel-like struc-
tures by analysing the eigenvalues of the Hessian matrix.
The resulting “vesselness map” is thresholded to produce a
binary vessel map. The centrelines of each vessel is then cal-
culated via a skeletonization method based on fast-marching
techniques [3]. Finally the lumen calibre throughout each
segmented vessel is measured using the “balloon” method
described above, with the calibre information presented as
an HSV colour-space overlay on the maximum intensity pro-
jection (MIP) (see Figure 2).
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Figure 3: Graph showing the estimated lumen cali-
bres in the aorta of a diseased patient, highlighting
the difficulties of detecting stenoses from a single
measure (the true 30% stenosis is around position
150)

Figure 3 shows a typical plot of lumen calibre, where stenoses
are detected as a local max-min-max in the measurements.
However when comparing with ground-truth annotations,
we find that in most cases the measures themselves are not
stable enough, or contain enough contextual information,
to provide accurate stenosis detections or severity gradings,
particularly over the large range of vessel sizes found in
WBMRA.

4. CONCLUSIONS & FUTURE WORK
The main aim of this project is to develop an automated sys-
tem for detecting and grading stenoses from WBMRA, a key
indicator of cardiovascular disease severity. A prototyping
exercise was undertaken with clinicians at Ninewells Hospi-
tal, which identified the visualisation and analysis technolo-
gies which are required in order to meet these demands.

Through an examination of the GroBa system for lumen cal-
ibre measurement, it was found that using a single measure
such as this gives poor results when compared to ground-
truth stenosis measurements carried out by a trained clini-
cian. Our current work is therefore focussed on developing a
machine-learning approach, leveraging appropriate machine
learning techniques (such as decision trees or Gaussian pro-
cesses) with a number of local features (calibre, area, shape,
curvature, etc.) to train a stenosis detection and grading sys-
tem using manual ground truth annotations currently being
collected at Ninewells Hospital.
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ABSTRACT
Speech reading is an invaluable technique for people with
hearing impairments or those listening in adverse conditions.
Speech reading is limited as several speech sounds are pro-
duced from identical mouth shapes. This decreases com-
prehension and causes confusion during conversation. This
research introduces a visualisation technique named Phone-
meViz, which aims to allow the user to determine which
phoneme is hidden behind a particular viseme. PhonemeViz
will be evaluated alongside six other techniques from related
work to determine if it improves speech reading accuracy.

1. INTRODUCTION
Speech reading (often called lip reading) refers to using infor-
mation from a speakers lips, facial expressions and gestures
to understand conversation. Speech reading is commonly
used by those who are deaf and those with impaired hear-
ing. However, it has also been shown that those with typical
hearing subconsciously make use of visual cues [1]. When
speech reading, each speech sound (phoneme) corresponds
to a facial and mouth position (viseme). For example, acous-
tically speaking in English, /l/ and /r/ can be quite similar
(especially in clusters, such as ‘grass’ vs. ‘glass’), yet vi-
sual information can show a clear contrast. A phoneme is
a unit of a language’s phonology, which is combined with
other phonemes to form words. For example in English,
the difference between the words mat and bat occur due to
the exchange of the phoneme /m/ for the phoneme /b/. A
viseme is a facial and mouth position which several speech
sounds may correspond to. Therefore, speech reading is lim-
ited in that many phonemes share the same viseme and thus
are impossible to distinguish from visual information alone.

2. RELATED WORK
Speech readers born or who have grown up deaf may have
never heard spoken language and are unlikely to be fluent
users of it, which makes speech reading more difficult. There
are a number of techniques which have been used in order
to overcome the challenges presented by speech reading.

Cued Speech is a phonemic-based system which makes tradi-
tionally spoken languages accessible by using a small number
of hand shapes, known as cues, (representing consonants) in
different locations near the mouth (representing vowels), as
a supplement to speech reading. However, like sign language
in order for it to be effective it relies on both parties of a
conversation to be fluent, and therefore is not a complete
solution to the limitations of speech reading.

Lip Assistant [8] is a system which uses a video synthesizer
to generate video-realistic mouth animations. These mouth
animations are superimposed on the original video as an as-
sistant for hearing impaired viewers to make a better under-
standing on the audio-visual contents. Experimental results
show that lip assistant can significantly improve speech in-
telligibility.

Closed captioning displays the audio portion of a television
programme as text on the TV screen, providing access to
news, entertainment and information for individuals who are
deaf or hard-of-hearing. Whilst live captioning is becoming
more prominent, it is still prone to errors and it can never be
real-time as the system needs to wait until the entire word
has been spoken until it can determine which word it is.

A spectrogram is a visual representation of the spectrum
of frequencies in a sound wave over time. Spectrograms
are used to identify words phonetically. However, becoming
competent can take considerable training [2]. Watanabe et
al [7] introduce a visualisation that creates readable patterns
by integrating different speech features into a single picture,
with the final pattern resembling a spectrogram which has
been coded by patterns, colours and labels. However, this
system was only evaluated by three participants with exten-
sive experience of reading spectrograms.

VocSyl [3] is a software package that provides real-time vi-
sual feedback in response to vocal pitch, loudness, duration,
and syllables. The authors believe that a reinterpretation of
voice will allow for both a new understanding of one’s vo-
calisation by audio/visual feedback. Pietrowicz and Kara-
halios [6], build upon this work by introducing visualisa-
tions which show phonetic detail. The colour mappings in
the visualisation represent phonological detail with a dis-
tinct colour representing high closed vowels, mid vowels,
low open vowels, diphthongs, liquids, nasals/glides and frica-
tives/affricates/stops.

iBaldi [5], is an iOS application which transforms speech into
visual cues to supplement speechreading. The cues are three
coloured discs; nasality (red), friction (white), and voicing
(blue), which appear when a phoneme from a corresponding
group is presented. The cues are located near a computer
generated face’s mouth. However like reading a spectro-
gram, the technique requires a large amount of training in
order to become effective.



3. PHONEMEVIZ
After reviewing the literature, three key features of an ef-
fective visualisation to support speechreading were outlined.
A spectrogram demonstrates that persistence is important,
as the ability to “catch up” on what has been said provides
a better chance of achieving comprehension. This can be
demonstrated further by the shortcomings of iBaldi, as the
coloured discs appear too fast for the user to notice. Many
of the previously discussed techniques also require a large
amount of training in order to be effective. Speechreading
is already a high work load task and therefore it was clear
that an effective visualisation should have a low work load
and a low amount of training in order for a user to become
competent quickly. Many of the visualisations discussed also
rely on colour information. However, for the visualisation to
be usable by as many users as possible colours are not the
best approach, as users with colour vision deficiency would
not be able to discriminate the subtle differences [1].

PhonemeViz focuses on reducing viseme confusion which oc-
curs at the start of words. PhonemeViz places consonant
phonemes in a semi circular arrangement, an arrow begin-
ning from the centre of this semi-circle points at the last
heard consonant phoneme. PhonemeViz is positioned at the
side of a users face, beginning at the forehead and ending
at the chin. This allows the user to follow the speaker’s
eyes and lip movements whilst watching for changes in the
arrow’s position with their peripheral vision.

4. EVALUATION
PhonemeViz will be evaluated against six visualisation tech-
niques: Captions, Lip-Magnification, Spectrogram, iBaldi
and VocSyl and no visualisation which will act as the con-
trol condition. Captions will be presented as white text on
a black bar at the bottom of the screen. Lip-Magnification
will be a modified version of the technique introduced in
[8], instead of animating a set of computer generated lips,
a magnification of the speakers lips will be presented at the
right hand side of the speakers face. The spectrogram will
draw from right to left of the screen and adopt a rainbow
colour palette. An implementation of iBaldi will follow its
description in [5]. The implementation of VocSyl will follow
the description outlined in [3], and will adopt the colour
palette introduced in [6]. Each technique will be imple-
mented as an openFrameworks application and made use
of an open source add-on called ofxTimeline (github.com/
YCAMInterlab/ofxTimeline).

For each technique participants will view a sequence of videos
(with muted audio) in which a speaker is saying a group
of selected words that can cause confusion due to visemes.
The participant will be told to press the spacebar when they
think that the speaker is saying a particular word.

4.1 Procedure
This study uses a repeated measures design and participants
will attend two study sessions. There will be two days be-
tween each session. Techniques and word groups are to be
counterbalanced across participants. Participants will need
to be over 18 and have good or corrected vision. Participants
who answer ‘yes’ to any of the questions on the demograph-
ics form that relate to frequent use of speech reading will be
eligible to take part in our post-evaluation analysis.

To account for variance in speech reading proficiency, we will
record participants’ ability to speech read. In total 40 words
were chosen from the British National Corpus, and were
selected from each quarter of the list ordered by frequency in
daily speech. Each word was recorded with a female speaker
facing the camera from the shoulders up. The participant is
in control of when the test proceeds and has two viewings
of each word. The participant will be given a randomised
list of 10 words at a time has to match the words with the
number in which they think are presented.

The words for the evaluation were chosen by looking at the
phoneme to viseme table in [4]. Three words were chosen for
each viseme group that were similar apart from the initial
consonant phoneme at the beginning. In total the evaluation
uses five groups /p/,/t/,/k/,/ch/, /k/ with two (/p/ and
/t/) being repeated but with different words.

4.2 Results
Each participant will complete 36 trials for each of the 7
techniques. For each trial we record the accuracy of their re-
sponse; True Positive, False Positive, True Negative or False
Negative. Precision will be calculated by TP / (TP + FP).
Recall will be calculated by TP / (TP + FN). An F1 Score
will be calculated for each participant with each technique
where F1 = (2 * (Precision * Recall)) / (Precision + Recall).
F1 Score will be one of our dependent variables. For each
technique participants will also complete a NASA Task Load
Index (NASA-TLX). This is a subjective, multidimensional
assessment tool that rates perceived workload in order to as-
sess a task, system, or team’s effectiveness or other aspects
of performance. Participants will also rank each technique
in order of preference giving reasons for their ordering.
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1. INTRODUCTION
Argument Mining is the automatic identification of the ar-
gumentative structure contained within a piece of natural
language text. By automatically identifying this structure
and its associated premises and conclusions, we are able to
tell not just what views are being expressed, but also why
those particular views are held. One of the first approaches
to argument mining, is the work carried out by Moens et
al. beginning with [3], where text is first split into individ-
ual sentences and then a machine learning technique used to
classify these sentences as being part of an argument or not
before being additionally classified as premise or conclusion.
This is built upon in [1] which looks at classifying the ar-
gument scheme of an argument that has already undergone
successful extraction of premises and conclusions.

2. ARGUMENT MINING TECHNIQUES
In order to improve on these existing techniques, we have de-
veloped a range of methods for determining argument struc-
ture based around the manual analysis process. Firstly, we
have looked at using the presence of discourse indicators, lin-
guistic expressions of the relationship between statements,
to determine relationships between the propositions. We
have also developed a topic based approach [2], investigating
how changes in the topic being discussed relate to the argu-
mentative structure being expressed. Finally, we have im-
plemented a machine learning approach based on argumen-
tation schemes [5], enabling us to not only identify premises
and conclusions, but to determine how exactly these argu-
ment components are working together.

Based on the results from the individual implementations,
we have combined these approaches, taking into account the
strengths and weaknesses of each to improve the accuracy
of the resulting argument structure.

3. CURRENT RESULTS
The results for discourse indicators show that when they are
present in the text, they give a strong indication of the con-
nection between propositions (precision of 0.89); however,
the low frequency with which they can be found means that
they fail to help identify the vast majority of connections
(recall of 0.04).

For the topic based approach, again, precision (0.82) is higher
than recall (0.56) suggesting that although this method may
fail to find all connections, those that it does find can gen-
erally be viewed as highly likely.

Finally, by considering the features of the individual types
of premise and conclusion that comprise an argumentation
scheme, we achieved similar performance (F-scores between
0.75 and 0.93) to that of [1], where the occurrence of a partic-
ular scheme was identified with accuracies of between 62.9%
and 90.8%. However, these previous results only considered
spans of text that were already known to contain a scheme
of some type and required a prior understanding of the ar-
gumentative structure contained within the text.

Although there are strengths and weaknesses to each of these
approaches, by using them in combination we can achieve
results that are remarkably close to a manual analysis of
the same text. The accuracy we have achieved for deter-
mining connections between propositions (f-score of 0.83)
compares favourably with other results from the argument
mining field. For example, in [4] sentences were classified as
either premise (F-score, 0.68) or conclusion (F-score, 0.74).
In the case of our combined results, not only are we able to
determine the premises and conclusion of an argument, but
its schematic structure and the precise roles that each of the
premises play in supporting the conclusion.
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1. ABSTRACT
The intended message behind non-verbal behaviour can dif-
fer between cultures. This leads to communication break-
down and misunderstandings between people. To overcome
this, I will develop wearable technology to augment the
user’s perception of culturally different non-verbal cues. The
wearable technology will be developed with a focus on user-
centred design and user experience. Evaluations from in-lab
and real-world user studies will iteratively improve the tech-
nology. By allowing people to understand the non-verbals of
others, our technology has the potential to reduce the diffi-
culties of intercultural communication worldwide, improving
business, travel, and deepening our interpersonal experience.

2. INTRODUCTION
Non-verbal behaviour is a component of human communica-
tion. Non-verbal cues have been shown to help when judging
rapport between speakers [2], they assist in communicating
ideas and managing interactions [4], as well as improving
the efficiency of communication by disambiguating any in-
tended meaning (e.g., sarcasm) [5]. Whilst the importance
of non-verbal cues during conversation between people from
the same culture often go unnoticed, the different meanings
of those behaviours could have a substantial negative in-
fluence on the understanding between people from different
cultures. For example, nodding your head in the UK can
indicate agreement or understanding, however, this mean-
ing is not universal and in other cultures it indicates the
person hears you talking or signals “no” [9]. To address the
challenges associated with intercultural human-to-human in-
teraction, I will develop non-verbal visualisations that will
provide people (e.g., a group of students and international
students) with a tool to help them identify the meanings be-
hind various non-verbal cues when talking to somebody from
a different culture. This will reduce the chances of commu-
nication breakdown, as well as misunderstanding, hostility,
and social isolation or exclusion that could result.

3. RELATED WORK
It has been demonstrated that there is a need to consider
the effect a person’s cultural background can have. Kayan,
Fussell and Setlock [3] suggest features offered by Instant
Messaging clients should be selectable by users to highlight
their preferred method of communication for improved inter-
cultural communication. Similarly, Reinecke and Bernstein
[8] explain that by changing the interface according to the
cultural background of the user, there is an overall better
user experience reported.

4. OBJECTIVES
There will be three stages during the course of this research
to develop a wearable technology solution, which will aug-
ment the user’s perception of non-verbal cues, thus allowing
the user to successfully identify and interpret culturally dif-
ferent non-verbal cues. The first stage requires development
of a visual feedback system which will inform users of the
intended meaning of the non-verbal components of conver-
sation and social interaction that differ between cultures.
These abstract visualisations can be evaluated qualitatively
and quantitatively with participants. The second stage will
involve producing a method for detecting non-verbal cues
that are culturally distinct by adapting current image pro-
cessing techniques (e.g., for identifying gestures), as well as
speech processing techniques (e.g., to analyse vocal tones).
Various factors can be explored such as looking for imme-
diate cues (e.g., head-shaking or pointing), as well as deter-
mining how feasible the detection of those would be. Addi-
tional sensors (e.g., physiological sensors) could be used if
the system’s automated detection is inadequate. The third
and final stage will combine the visualisation and detection
components from the previous two stages to create a working
prototype that will be evaluated with user groups consisting
of people from different cultural backgrounds. The solution
can be refined by feedback from the user groups, thereby
improving it even further.

5. GENERALISATIONS
Cultural differences for the meaning of non-verbal cues is
only one example of a reason for augmenting a user’s per-
ception of non-verbal cues. There is an opportunity to ex-
plore how this proposed feedback system assists those with
Autism Spectrum Disorder (ASD). ASD typically involves
problems with nonverbal social interaction and communica-
tion [7]. Furthermore, I can investigate the effectiveness of
using the system as a tool for self-monitoring during situ-
ations where the other person is sensitive to nonverbal be-
haviour [1], but is also unable to wear or use the tool them-
selves. An example of this is a carer for a person with de-
mentia who could use a reflective form of the tool to provide
feedback to help improve communication [6]. Alternatively,
the feedback mechanism can be changed (e.g., providing vi-
bration or tactile feedback in place of visualisations). This
would benefit people with a visual impairment who cannot
see subtle body language or facial expressions.
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ABSTRACT
The process of examination and application of ontologies
is currently being tried in multiple fields. Previously, the
research interests were mainly focussed on the development
of ontologies. But now, the subject is shifting towards the
usage of these ontologies to improve machine intelligence.

1. AIM
My research aim is to manipulate ontologies to discover
new concepts, relationships and rules by utilizing a concept
known as “Concept Blending“

The research can proceed in two different ways:
- To build ontologies by abstracting the concepts from a
particular domain of interest and reasoning them
- To discover new relationships using Conceptual Blending

2. DOMAIN CONSIDERED
Hindustani Classical Music

3. MOTIVATION
Knowledge representation in the area of Indian Music, par-
ticularly Hindustani music is a burgeoning area. Although
some work has been done in Carnatic music, Hindustani mu-
sic remains unexplored. Such an exclusive knowledge base
for the same, does not exist at the moment.

4. INDIAN MUSIC ONTOLOGY
It provides a formal framework for dealing with music-related
information using Semantic web,
- To design and analyse domain knowledge
- To enable knowledge sharing and
- To enable reuse of the domain knowledge

Music mainly relies upon Raga (the basis of Indian Melody)
and Tala (Indian Rhythmic pattern). In order to classify a
composition, the features of Raga plays a major role.

5. CONCEPT BLENDING
“Producing novel ideas through unfamiliar combinations of
familiar ideas“. Using conceptual blending, unexplored mu-
sicological relations between different combination of ragas
can be discovered. The taxonomic classification/ ontology
helps to identify related ragas and the relationships between
them. This can be further extended to discover a new raga
by unleashing the potential of Concept Blending.

6. KEY CHALLENGES
- The structure of a raga is highly complex and requires do-
main expertise for understanding.
- The musical notations are difficult to understand and anal-
yse
- Classifying and exploring non-linear ragas requires exper-
tise in music domain.

7. FUTURE WORK
- To try this method using statistical machine learning for
lemma discovery in theorems [2],
- To explore connections with analogy work in theorem prov-
ing [2],
- To explore swara-pattern recognition and emotion recog-
nition of ragas.
- To integrate audio information to aid in the classification
of the raga

8. REFERENCES
1. Kutz Oliver, Neuhaus Fabian, Mossakowski Till, and
Codescu Mihai (2014), “Blending in the Hub - Towards a
computational concept invention platform.“

2. Jónathan Heras, Ekaterina Komendantskaya, Moa Jo-
hansson, Ewen Maclean (2013), “Proof-Pattern Recognition
and Lemma Discovery in ACL2.“

3. Marco Schorlemmer; Alan Smaill; Kai- Uwe Kuhnberger;
Oliver Kutz; Simon Colton; Emilios Cambouropoulos; Ali-
son Pease (2014) , “COINVENT: Towards a Computational
Concept Invention Theory.“

4. Natalya F. Noy and Deborah L. McGuinness, Ontology
Development 101: A Guide to Creating Your First Ontology



Differentially Private Bayesian Programming

Gian Pietro Farina
g.p.farina@dundee.ac.uk

Marco Gaboardi
m.gaboardi@dundee.ac.uk

ABSTRACT
There has always been friction, due to privacy issues, be-
tween who devises and uses bayesian learning algorithms
and who provides sensitive data from where to learn. With
the establishment of differential privacy as the standard def-
inition of privacy, former are now asked to prove to the latter
that their algorithms meet this definition. Technical proofs
are, most of the times, obscure to data owners. Moreover,
the proofs are complicated and very error prone. A func-
tional probabilistic programming language whose type sys-
tem captures bayesian differentially private computations is
proposed to ease this burden.

Keywords
Differential Privacy, Type Theory, Automatic Verification,
Bayesian Inference

1. INTRODUCTION
By probabilistic programming language we mean one that

a) treats random variables as first class types b) allows re-
alizations of random variables and c) allows conditioning
of random variables. Differential Privacy [3], on the other
hand, gives strong guaranteed bounds on the increase of the
harm to an agent when his data is part of the input w.r.t
when it is not. Abstracting the property of a particular value
forming part of the input to a general relation of neighbor-
ing on the input space, we get the following definition. Let
ε ∈ R+, M : A → B be an always terminating random-
ized program and φ ⊆ A × A be a neighboring relation:
we say that M is ε-differentially private w.r.t φ iff ∀S ⊆
B.∀a, a′ ∈ A.aφa′ =⇒ Pr[M(a) ∈ S] ≤ eε Pr[M(a′) ∈ S].
Intuitively what this definition means for an algorithm M
is that: whatever breach in the privacy of an agent is con-
sidered, the probability of that breach happening increases
only of a small factor when the agent’s data is part of the
input w.r.t when it’s not; indeed ε should be thought as a
small constant. Once a neighboring relation on the input
space and a distance on the output space of the program M
are defined, differential privacy can be seen as a relational
property [2] of M . This allows automatic verification theory
to help in proving differential privacy of M .

2. THE LANGUAGE
The programming language proposed is based on Hoare2

[1]. Hoare2 is built on approximate relational refinement
types which are also adopted in this work. With this sort
of types it is possible to reason about relational properties
of programs, and hence capture differentially private com-
putations. In this work, Hoare2 is extended with the prim-
itive observe in order to cope with conditioning of random

variables to handle Bayesian inference. The informal oper-
ational semantics of observe is the following: given a prior
probability distribution and an observation, observe should
provide an updated posterior probability distribution. The
language deals with both discrete and continuous probabil-
ity distribution.

3. EXPERIMENTAL RESULTS
Two classical tasks in Bayesian learning are analyzed in

the differential privacy framework and encoded in the lan-
guage. The first one is the process of inferring in a differen-
tial private way the bias of a bernoulli random variable given
a set of realizations of that random variable, the second one
is differential private bayesian linear regression given a set of
points in the plane. Well typedness of the programs guaran-
tees the privacy of the single agent’s input data. A standard
way to make an algorithm differentially private is to add
statistical noise to the output. Adding noise to the input is
also an option. Both ways are analyzed and typechecked for
the two tasks.

4. METHODS
Noise is added proportionally to the sensitivity of the pro-

cess. The sensitivity of a function f is an upper bound on
how much f can magnify the distance over neighbor inputs.
The accuracy of the process is another important parameter:
how far apart from the real answer is the result of a differ-
entially private algorithm? Upper bounds on accuracy and
sensitivity are provided for both the inference algorithms.
For instance, it is proved that in the first tasks the sensitiv-
ity of the process cannot be made arbitrarily small as the
size of the input grows. Similar upper bounds are proved for
the bayesian linear regression process.

5. FUTURE WORK
A proof of soundness w.r.t language semantics for the typ-

ing rule of the observe is to be provided. More examples
coming from machine learning literature should be analyzed,
made differentially private and encoded in the language. An
important issue which is planned as future work is the veri-
fication of the accuracy of a differentially private algorithm
and in general of other properties such as robustness.
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