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ELEVATED ACTIVE CONTOUR WITH GLOBAL
IMAGE ENERGY BASED ON ELECTROSTATIC FORCE

Cezary Botdak

IFaculty of Computer Science, Bialystok University of Techuyy, Biatystok, Poland

Abstract: In this article a new modification of the well known segmeiotattechnique,
namely active contour - snake, was proposed. This modificatdnsists in a new formula-
tion of its external force based on the electrostatics. Hewthe base idea of giving electric
charges to the image and the snake has been already preBes®eral works, none of
them clearly adressed the problem where the charged snakelace of a charged pixel.
In this situation the electrostatic force is not defined¢sithe distance between charges is
zero. The snake proposed in this work evolves on a planetet&above the image, what
never allows this distance to become zero. The method wdsingmted and verified on real
microscopic images of oocytes, proving its superiority lom ¢lassic snake.

Keywords: image segmentation, active contour - snake, electrogtatie

1. Introduction

The active contour (alias snhake), since its introductiorkKbgs [7], has been one of
the most powerful and most often used techniques in the iregm@entation domain.
Its ability to deal with moderated local noise and discauities in segmented objects
has been widely exploited in segmentation of many classesbjetts, biomedical
images being one of them [8].

Despite its robustness, the original snake suffers fromegmmblems, including
its sensibility to the parameters choice and locality in ifigdits optimal position
(having minimum energy). The former still existing in the jordty of its formula-
tions, the latter was tried to be solved (or at least imprpuednany works, cited in
secion 2.

This work proposes a new formulation of the snake externatggnbased on
the electrostatic force, where the image and the snake aee giectric charges of
the oposite signs. Such the global energy allows the snakeetofurther”, beyond
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its local neighbourhood, potentially containing noise asrdaller, less relevant
structures, and correctly reach the object boudaries atihesn. But this formulation
needs a special treatement when the charged contour takpsdition of the charged
pixel, because the electrostatic force between them is efibetl in this situation
since the distance is equal to zero - in the nature two chargeer can take the same
position. This problem was addressed and solved in this work

This article is organized as follows. Section 2. gives aaevof the original
Kass’s snake and several works improving its ability to findrendistant objects,
including approaches using the electrostatic force. 8ec8. introduces a new
formulation of the snake external energy based on the ekatic force. Section 4.
presents experiments on real biomedical images showingthewew “electric”
snake overcomes problems in finding objects surroundedfteretit, less intensive
or smaller structures.

2. Background

In its original form [7], the snake is a 2D curws) = (x(s),y(s)) (closed or open)
evolving in an environment under forces to minimize its ggecomposed of two
forms: internal and external (the third form proposed by¥Kasergy of constraints,
has been used in practice very rarely):

Esnake= / ( Einternal (V(S) ) + Eexternal(v(s) ) ) ds (1)

The internal energy (or energies) controls the snake shraeely its tensility and
rigidity by terms of its first and second spatial derivativEle external energy drives
the snake to desired regions in its evironment and in segtientit is mainly based
on image intensity or image gradient. All the energies arigiied in order to allow
steering the snake behaviour, e.g. to be more smooth or terld@tan object to
extract. In applications, very often the curve goes to itemdite form as an ordered
collection of points and the total energy becomes sum ofviddal energies of
each point. The minimalization process consists in itegatleplacing each point
separately in quest of a position with locally minimal energwo strategies exist
here:

— examining every possible next location of each point inatsal neighbourhood
and choosing this one with the lowest energy (if lower thaa ¢hrrent point
energy); potential point locations should be discrete asuhlly are limited to
pixels;
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— calculation of a resultant force acting on each point andadépy this point
accordingly to this force; points can be situated on anyitygositions, even
between pixels (image intensities on inter-pixel locatiane interpolated).

In every case crutial is initialization of the snake positi the first strategy the local
neighourhood should be small (order of pixels) to avoid st Enake evolution, in
the second one the external force, being usually the loagégradient, is calculated
very localy (also order of pixels). All this causes that timalse will not “see” an
object to segment if it is situated outside this limited seofaking into consideration
a natural tendence of the snake to shrink [3], initially afd outside the object
to segment, the snake can successfully reach it only if tieeret other objects
on its way. But real images, with noise and complex scenay, nagely have this
property and the correct segmentation depends very syramgh close and precise
initialization.

Many works had as their goals to widen the ability of the snakésee”
further. In virtually every its application to the segmeita, the original image is
preprocessed by the Gaussian blur filter in order to expandszwhere the image
gradient is not null aroung edges. It improves the segmentdiut this extension
still remains of order of pixels and does not help in moreadisinitializations.

One of the first improvements to the original snake was thee@stballoon [3].
Additional force, pushing the snake points outside, siniplerts its natural tendence
to shrink and makes it growing, like a balloon inflated with @his force allows to
initially place the contour inside an object to extract, wimmany cases is more
convenient than starting the evolution from its outsidethéligh this modification
can help the snake in many cases to reach its goal, it stildhesbacks inherited
from the original snake:

— the initial countour should be placed completely insideabject to extract; if the
entire initial shape or its part is situated outside, it wibw and will not converge
to the object;

— the method is still very sensitive to its parameters; moseothere is one
parameter more, i.e. the weight of the balloon force; itsis#hds crucial to
good segmentation and very often depends on many fact@grss@le, object
and image intensities): too low will prevent the snake tahethe object (it will
stop on a noise/other smaller object or because of its Haturiaking tendence),
too high will cause the snake to overgo the object.

Gunn and Nixon [5] propose an interesting method to extteenost distinct
object in some region by placing two classical active corgowne completely
inside and one completely outside the object to segmeny &balve independently
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until they reach their local minima. Then, this one with leghotal energy is
pushed toward the better placed one (with lower energy) loyngdfor a moment
a supplementary force, similar to the Cohen’s balloon foiceorder to get it out
from the local minimum. The segmentation ends when two aost@onverge to
the same position. This technique works well, but it demaodglace two initial
contours, what can be sometimes troublesome. Also conpglaal snake energies
(to decide which contour will be given the supplementargéyrcan push the snake
out from locally well extracted regions, if it has higherabénergy.

A very eficient method of extending the snake ability to sestatiit objects can
be found in the work of Xu and Prince [10], where the activetoanevolves under
a new force field - Gradient Vector Flow. This force replades original external
force (the image gradient), and it is its extension to thegenaegions with the
gradient magnitude close to zero. In an iterative pre-msiog stage (consisting in
solving the generalized diffusion equation) the gradiemtropagated from the object
boudaries and along its local directions to empty imagespatius the snake in every
position is given a direction to an edge (high gradient negend it can move to it.
The most often it is the closest edge, but in concave fornssftinice leads to more
distant, “internal” object fragments. This ability to cectly segment concave objects
(inversely to the classical snake) is pointed out as the mih advantage of this
technique. Also, the initial contour does not need to begdammpletely inside or
completely outside the object - it will always see the edgksvever, the real images
very rarely have the empty regions. Beside the object t@metthey contain other
ones, as well as noice and artefacts. Even if less interthigg,will attract the being
propagated gradient and consequently - the snake. To wdkkiestechnique would
demand some extra pre-processing, e.g. zeroing too snaaliegt by thresholding,
what will introduce a new parameter - the threshold value.

The idea to give the snake and the image electric chargestiseva Jalba
et al. [6] introduced the charged-particle model (CPM) cosgal of free particles
positively charged and evolving independently in the eiedield given by the
negatively charged image pixels. The pixel charge valuesbased on the image
gradient. The particles are not organized in an ordere@dan, conversely to the
classic snake, and each of them evolves in the electric fieleipendently, however
influenced (repulsed) accordingly to the electrostaticddry other equally charged
particles. This repulsion plays role of the internal foraeshe original snake and
replaces them. Only after the convergence the continuau®eo(or surface in 3D)
is reconstructed. That model has ability allowing it to bageld in almost arbitrary
initial position, e.g. outside and beside the object or ewethe form of regular
mesh evenly distributed on the entire image. Once the objegtiary is reached,

8
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in at least one its fragment, the particles are evenly bisted along the edges (not
encountering obstacles from the external electric fieldheyrepulsion force to cover
the entire shape. In the electrostatic force calculatian gixel (charge) from the
position occupied by the being simulated particle is simplypporarily removed to
avoid this partial force to be undefined (distance zero)s @htion is a deviation from
the physical model, but apparently it was not reported asoal@m in the whole
process.

The CPM behaves worse, as pointed out Yand et al. [11], where smart of
the object egdes is weaker or blurred, resulting in a noniweous final contour.
They blame the internal nature of the CPM, where not ordeeetictes constantly
leave those regions attracted by close more distinct edgesolve this problem they
proposed to incorporate the electrostatic force in the é&arhthe standard active
contour (however, under form of the geodesic one), whichagbwguarantees the
continuous result. Their electric field, driving the comtas also dynamic, changing
locally when some part of the contour reached strong edgedidndary competition
force starts to repulse other its fragments pushing therth&r endiscovered regions.
The geodesic formulation of the contour as the zero levedfsse higher dimension
function (instead of the discrete snake) allows not to azkitke problem where the
charged snake takes the same position with the charged pixel

Chang and Valentino [12] proposed an electrostatic defblenanodel as a
charged fluid model to segment medical images. A propagditorg is composed
of fluid elements (cells), and each of them is filled with eletaey electric charges
moving freely between these cells (so only on this front) detining the electric
field. This field is summed with the image gradient field andrésilting one drives
the whole front evolution. Thus there is not direct intei@ctcharged particles-
charged pixels, no need to calculate the electrostatiefarnt no problem with the
zero distance.

3. Elevated electric snake

Global external force

This work proposes a new formulation of the external eledoice, which similarly
to the GVF replaces its original form based on the image grdadiThis new force
is based on the electrostatic force, attracting two poiettelc charges of opposite
signs proportionally to the product of their values and isedy proportionally to the
square distance between them:

FelectrostaticN % (2)
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whereq, g - values of two electric charges; distance between them.

The same relation is also given by the gravitational foroethe latter is limited
to attracion, while the former describes two directions haf influence: attraction
(when two charges are of opposite signs) and repulsiondebaf the same signs).

In the proposed technique the contour is discrete - compaisEdoints:
p(i) = (Xp(i),yp(i)), i = 0..N — 1, constituting a closed curve. Each such point is
given a unitary electric charge of the same sign, let’s sasitipe one:qy(i) = 1.
These points evolve in the electric field defined by the imadke following manner:
each pixell (x,y) of the imagd is given the negative electric charggx,y) with the
value corresponding to the gradient magnitude in this osit

a(xy) = =01, y)]. 3)

Each such the fixed chargg(x, y) attracts every single snake popi) with the force
_f>(i,x, y) of magnitude proportional to the product of these two cheigex,y) and
gp(i)) and inversely proportional to the square distance betvileerpixel and the
snake point. Since the snake point charge is unitary, oelyikel charge remains in
the numerator:

- 01 (x,y)]
f y e — 4
D R el @

Fig. 1. Force attracting a snake point to a single pixel in the image.

Each snake point is attracted simultaneously by all thegelsain the images.
The vector sum of all these single forces defines the extéonzg driving the snake
in this point:

f>external(i) = z _f>(i7X>Y)- (5)
Xy

Such the formulation allows the snake to see, and be attrdgtedistant high

gradient regions and to neglect close, low gradient olesad@ut the electrostatic

10
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force is defined only for two charges separated by some distdrhe closer they are
each to other, the stronger this force becomes , tendinditotynwhile the distance
tends to zero. The goal of each snake point is the highesiegita@gion, what means
the situation when two charges will take the same positidmerer the electrostatic
force between them would be not defined. To resolve this adiuttion, two surfaces:
the image itself and the snake evolution plane, are sephbgtsome distanch by
elevating the latter above the image (Fig. 2). Thus the spakes can move only on
this elevated plane, parallel to the image, and will nevachahe image pixels. The
external force (Equations 4 and 5) becomes in this way 3D.

snake evolution surface / /

Fig. 2. Two surfaces: image and the snake evolution plane, areaegary distancé.

Snake energies and evolution

The snake evolution here consists in searching in the logighbourhood of every
of its points in order to find a new position with lower energiius, the snake points
locations are limited to the image pixels and every poinusthde given its energy
instead of force.

The internal energies from the Equation 1 are responsilblhécontour form:
its regularity and smoothness. In this work the original &asrmulations (based on
spatial derivatives) were replaced by invariant to scalesoiarking a vector from
p(i) to p(i — 1) by Vij_1:

— the point regularity energy is expressed as normalizeérdifice between actual
distance to the previous point and the mean inter-poinadcstd in the whole

contour: |d HV’ H |
Eregularity(i) = +71; (6)

— the point smoothness energy is equal to cosinus of the arghebn two vectors
going to the neighbour points (in practice it is calculatadsaalar product of

11
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these normalized vectors):
_ Viia Viin @
IViicall I Vijsall
The external point energy is based on the “electrostatistiitant force (Equa-
tion 5). For a single, stationary snake point it is assumeblei@ero and only its
deplacement can cause incrementing or decrementing &.rélstive energy change

is calculated as a negative scalar product of the electim$teice and the vector of
the examined point potencial deplacem@, Ay) (Figure 3):

AEexternali, AX, Ay) = _ﬁexternal(i) - (AX,Ay). (8)

Esmoothnesd) = Cos(é(vi,i—b Vi,i-s—l))

/ . /

—_ .
F. external(l)

Fig. 3. Calculating the external energy change from the “elecitast force and the snake point
potential deplacement.

If the point deplacement is close to the force directionnthiee product will
be positive and the energy change negative, so the deplatginethe energy
minimalization process) will be probably accepted (if ndtéeone is found). If
it is going in the opposite direction, the energy change Wwél positive and it
will be certainly rejected. Finally, if the force is compét vertical, all examined
deplacements will be perpendicular to it and they will gikke €nergy change equal
to zero, so no better than the current position.

The overall segmentation procedure is organized as follows

1. The initial countour is placed in the image by an operdtatoes not need to be
very close to the object to segment, but on its way to thisatbjecan not find
bigger objects having higher gradient and it should corttaénobject to segment
in its inside (see Section 4.).

12
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2. Inevery iteration step, each snake point is examinedatghy if its deplacement
in its local neighbourhood gives the energy decrementatioen this point is
moved to this new position.

3. Ifin the current iteration no points are deplaced, thegdore can be finished.

Snake elevationh

@) (b) (c)
Fig. 4. Snake elevation steers its scope of view: (a) - the darkernat circle represents an object to
segment while the brighter external one - an obstacle tesc(b3 - zoom on the upper-left part - the
electric field on a lower leveln= 1, only x andy components shown) points toward the outer circle
from both its sides; (c) - zoom on the upper-left part - thetele field on an upper leveh(= 9, only x
andy components shown) points everywhere toward the innerecircl

Besides the standard active contour parameters (mainyhtgeof the energies
terms), the proposed technique adds one more: elevhtminthe snake evolution
surface above the image (Figure 2). In spite of complicattirgwhole model it can
be also used to steer the snake scope of view. The higherkie ftad, the farther it
can look beyond smaller local obstacles. This feature isadised in Figure 4, where
the inner, darker circle plays role of an object to segmedithe outside one, brigther
is an obstacle (Figure 4a). If the elevationf the snake is smalh(= 1), the electric

(a) (b)
Fig. 5. Microscopic images of oocytes in different stage of thewletion. 13
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field from the outside of this configuration leads the actioetour only to the outer
shape (Figure 4b shows ontyandy components of the 3D field) - it can not cross the
outer circle because the field in its inside points towardhd aot toward the inner,
stronger circle. When the elevations is highk=(9, Figure 4c), the electric field,
even between circles, points toward the inner, stronger one

4. Experiments

The proposed method, implemented in Java, was verified dmiesoscopic images
of oocytes. These images are especially well suited to stsomdivantages since they

(@) (b)

() d)
Fig. 6. Experiments with image 5a: (a) - initial contour (in blackd) - result of the classic snake
segmentation (in black); (c) - “electrostatic” force vectield superimposed on the image gradient;
(d) - result of the “electric” snake (in black).

14
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they contain one well distinguished shape surrounded lsydestinct structures. In
other works the oocytes (and other reproductive cells iregehwere segmented
using various technigues, including deformables modeistd?inho et al. [9] used
two deformable models: Active Shape Model to detect theeuschnd GVF snake
to detect the whole zooplankton gonad. Alén et al. [1] apphded compared two
techniques to segment and count fish oocytes form hist@bginages: region

growing and edge-based one, where unstructured deteaed @ade modelled with
ellipses. Giusti et al. [4] segmented zygote (fertilizediov- evolved from an oocyte)
in very interesting manner, exploiting artefacts from tipgieal imaging to improve

segmentation. The original zygote image, converted to tier goordinated, defines
a directed acyclic graph with arcs values computed usingntiage characteristics.
The minimum-cost path in this graph traces the zygote liniitee same approach is

(© (d)
Fig. 7. Experiments with image 5b: (a) - initial contour situatedvsen the oocyte and adjacent
structures (in black); (b) - result of the classic snake sagation (in black); (c) - “electrostatic” force
vector field superimposed on the image gradient; (d) - resuhie “electric” snake (in black).

15
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also used to segment pronuclei inside the zygote. Basile[@] ased morphological
operators in microscopic images to segment a single celi aflaitrary shape and the
Hough transform to identify its circular cytoplasm-nudérwoundary before applying
a texture analysis to the segmented regions.

In the first image (Figure 5a) the oocyte is much more distimen the
surrounding structure. The initial contour was initiatizeutisde both the cell and
the structure (Figure 6a). Despite lower intensity of thatcture, the classic Kass’s
snake stopped its evolution on it and did not reach the c@lIfi{Figure 6b). The
“electrostatic” force vector field (Figure 6¢) gives coitrelirection toward the cell
boundaries through adjacent structure from the outsideecd¢ll. Thus, the “electric”
snake easily crossed that structure and correctly segrhdraecell (Figure 6d).

(b)

(© (d)
Fig. 8. Experiments with image 5b: (a) - initial contour situatedisde the oocyte and adjacent
structures (in black); (b) - result of the classic snake sagation (in black); (c) - result of the “electric”
snake (in black)h=1; (d) - result of the “electric” snake (in black)=2.

16
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The image shown on Figure 5b seems harder to segment bed¢anseealistinct
structures around the oocyte - their intensities are coafgbarto the oocyte intensity.
Initialized between them (Figure 7a), the classic snake attaacted by the closest
edges: somewhere - the oocyte, elsewhere - the adjacectusés;, and sometimes,
initialized on noise, did not move at all (Figure 7b). Theglostatic” force vector
field (Figure 7c) points toward the actual cell boundarigenghrough intensive local
obstacles (their “charge” is smaller than the cumulativieatge” of the boundaries)
and the “electric” snake correctly segmented the oocyigufiei 7d).

Sight range

For the “electric” snake its sight range can be controlleditbyelevationh above
the image (Figure 2). The snhake situated close to the imagalles elevationh)
will be more attracted by local pixels than by distant onegnemore intensive.
Going up, it will acquire ability to look beyond local pixeis see (and reach) more
intensive structures in its neighbourhood. Example offtkisaviour can be observed
on Figure 8. The initial snake was placed outside the ooaytieadljacent structures
(Figure 8a). Certainly, the classic snake failed to extthet oocyte ((Figure 8b),
but so did the “electric” snake evolving on the plane too elts the imageh=1,
Figure 8c). Only after elevating it highen<2) it was able to correctly extract the cell
passing over the adjacent intensive structures (FigureHalyever, the “electric”

(@) (b)
Fig. 9. Influence of the “electric” snake elevation on the “elediatis” force vector field: (a) - elevation
h=10; (a) - elevatiorh=20.

snhake elevated too high will become too global - it will foaus only few image
locations with the highest gradient. Only to these regioilidead the “electrostatic”

17
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force vector field, ignoring the rest of the object to segn&igure 9) - all snake
points will move there. So the elevation value should be stdfi correctly, what
unfortunatly adds a new parameter to the model.

(b)

x component of the electric force (- -)

gradient magnitude (-) /

" X coordinate aloﬂg the profile

(©)
Fig. 10.Results of initialization inside the oocyte : (a) - initi@rtour; (b) - final contour; (c) - horizontal
profiles (y=1/2 height) of gradient (solid line) and x-compat of the electric force (dashed line).

Unfortunatly, the proposed model fails when initializedde partialy) inside
the oocyte (Figures 10a and 10b). Relatively high and in bintjty gradient inside
the cell “hides” the border and the electric field points te #ttual oocyte border
only in its local neighbourhood. Figure 10c presents twdilg® along horizontal
line crossing the oocyte center (y=1/2 image height). Thid §ne marks the image
gradient, with two higher inner peaks on the oocyte bordemanlower outer ones
on the adjacent structures border. The dashed line marks-tioenponent of the
electric field: outside the peaks it points to the image ce(gesitive on the left

18
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side, negative on the right side), as well as between theshigid lower peeks pairs
(between the oocyte and the adjacent structures), bueitisalcell (the profil center)
it is influenced by the cell interior and does not point to theder.

5. Conclusion

The proposed in this work elevated electric snake improiggsficantly ability of
the active contour to segment objects when it is initialiledome distance from
them (however - it can not be placed in an arbitrary positiothie image, e.g. on
one side of the object to segment). It differs from other deftbles models using
the electrostatics by taking into account that two eleathiarges can not be placed
in the same position. It is done by elevating the contour alibe image. Thanks to
it, it can also pass over local obstacles (other structm@se) even with comparable
intensities (under condition that they are smaller, or meotvords - their cumulative
“charge” is smaller). This technique behaves worse whdializied inside circular
objects filled with significant gradient (internal struasy noise). The GVF snake,
also aiming to attract the snake by distant object edgesnaawork with obstacles
on its way - the “elevated electric snake” can do it, even éytlare of comparable
intensity.
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PODNIESIONY AKTYWNY KONTUR Z GLOBALNA
ENERGIA OBRAZU OPARTA NA SILE
ELEKTROSTATYCZNEJ

Streszczenie: W artykule tym zaprezentowana jest nowa modyfikacja tedlsegimentaciji
znanej pod nazwa aktywnego konturu - zse Polega ona na nowym sformutowaniu
sity zewnetrznej opartej na sile elektrostatycznej. Whiggacych pracach, w ktérych
obrazow i kontur posiadaly tadunek elektryczny, omijanohbem konturu zajmujacego
pozycje natadowanego piksela. W takiej sytuacji sita eetetatyczna jest niezdefiniowana,
gdyz odlegt&t miedzy tadunkami jest zerowa. Proponowany w tej pracytikonperuje
na ptaszczyznie wyniesionej ponad obraz, co spramdapdlegt@c ta nigdy nie spada
do zera. Metoda zostata zaimplementowana i zweryfikowanezeezywistych obrazach
mikroskopowych oocytéw, gdzie wykazata swojazsyat nad klasyczna technika ae.

Stowa kluczowe: segmentacja obrazéw, aktywny kontur -ayaita elektrostatyczna
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Abstract: The aim of the paper is to extend our formal model of persuasith an aspect
of change of uncertainty interpreted probabilisticallpeTgeneral goal of our research is
to apply this model to design a logic and a software tool thkwafor verification of
persuasive multi-agent systems (MAS). To develop such aemeet analyze and then
adopt the Probabilistic Dynamic Epistemic Logic introddid®y B. Kooi. We show that the
extensions proposed in this paper allow us to representtedl@aspects of persuasion and
apply the model in the resource re-allocation problem intiragent systems.

Keywords: persuasion, beliefs, probabilistic logic, formal verifioa

1. Introduction

Persuasion plays an important role in resolving differembfems in multi-agent
systems (MAS). It allows agents to cooperate and perforrtaloofative decisions
and actions since it is a tool for resolution of conflicts agsiragents (see e.g. [10]).
The general goal of our research is to develop a robust mddeérsuasion
that will allow us to describe different phenomena specdipdrsuasive multi-agent
systems. We concentrate on application of persuasion tutes of the resource
re-allocation problem (RrAP). This is the problem of effeely reallocating the
resources such that all the agents have the resources #xyTie formal model that
we elaborate is used to develop a formalism (Logic of Actiand Graded Beliefs
4G, [2]) and a software tool (the Perseus system [4]). The nigjari existing
work on agent persuasion considers protocols, which dictdiat the possible legal
next moves in persuasion are (e.g. [10]). We focus on vetiificaof the persuasive
systems for which protocols are already specified. The legables us to deductively
test validity of formulas specifying agents participatingpersuasion, as well as the

Zeszyty Naukowe Politechniki Biatostockiej. Informatykenl. 6, pp. 23-39, 2010.
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properties of systems that can be expressed via our modelsditware allows us
to semantically verify satisfaction of the logic formulaghich describe properties
under consideration in a given model, as well as to perforrarpatrical verification

that enables search for answers to questions about sucbrpesp

In this paper, we focus on enriching the formal model of pasgn with an
account of changing agents’ uncertainty, interpreted gidistically (this interpre-
tation was insightfully studied in e.g. [1,5]; in this papkowever, we do not focus
on the issue of probabilistic beliefs, but on the change ofidqeliefs). This provides
a key first step towards extension 4fG,, into Probabilistic Logic of Actions and
Graded BeliefsPAG , and a further development of the Perseus system. As far as
we are aware, there are no other formal or software toolsahatv verification
of formulas with modalities expressing updates of prolistisl beliefs induced by
persuasion.

The aspect of the uncertainty change in persuasion is igpowhen we want
to examine not only the final outcome of a given persuasiohalao to track how
the successive actions modify agents’ uncertainty abathtanging resources at each
stage of persuasion (after the first persuasive actior, thigesecond, etc.) [3]. This
allows us to check and evaluate agents’ strategies and, esul, to plan optimal
ones. TheAg , logic enables expression of the uncertainty change in psiso. The
operatorM !idl’dza, intuitively means that an ageintonsidersd, doxastic alternatives
(i.e. possible scenarios of a current global state)dyraf them satisfya. Further, the
operator:Q(j : P)M!idl’dza, intuitively means that after executing actidady agent
j, agent may believen with degreeg—;. The strength of thgl G, uncertainty operator
is that it gives detailed information about local properii a model we examine. For
exampleM !il’za provides information thatassumes that holds in exactly one state,
while for M!i2’40( the ageni assumes that holds in two states. On the other hand,
in pure 4G, itis difficult to explore the uncertainty in terms of a ratiBuppose that
we want to examine if believesa with degree%. To this end, we have to verify the
formulasl\/l!ilza, I\/I!i2740(, M!f”Ga etc., since all of them describe the uncertainty ratio
of % A possible solution to this problem is to add the uncenjagerator interpreted
probabilistically, since the probability is a natural wayegpressing ratios. However,
we must select a model, which would allow to describe not tméyuncertainty, but
also its change induced by persuasion.

In this paper, we examine a well-known framework proposedkbgi [8]:
Probabilistic Dynamic Epistemic Logic (PDEL). There arbeatlogics that represent
the change of degrees of beliefs, however, they do not refénd probability in
a direct manner. One such proposal is van Ditmarsch’s modgrazled beliefs
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within Dynamic Epistemic Logic for Belief Revision [12]. this framework, degrees
of beliefs are related to agent’s preferences which in tunmespond to a set of
accessibility relations assigned to this agent. The otbendlism is proposed by
Laverny and Lang [9]. They define a graded version of the daxésyic KD45 as
the basis for the definition of belief-based programs andysthe way the agents
belief state is maintained when executing such programs.

Since our aim is to represent the change of probabilistieetsein persuasive
MAS, the PDEL framework seems to be very promising. Howeitehas some
serious limitations when directly applied to describe passon. A key contribution
of this paper is that we not only identify those limitationst twe also propose
modifications that allow to avoid them.

The paper is organized as follows. Section 2 gives an owsrefetwo frame-
works that we explore in this paper. RrAP and PDEL. In SecBpwe propose the
modifications to PDEL which are necessary if we want to apptg the model of
persuasion. In Section 4, we show how expressible the extemadel is with respect
to persuasion used in RrAP.

2. Background

In this section, we give a brief overview of the frameworkatttve adopt to extend
our model of persuasion. Moreover, we introduce an exarhpliete use to illustrate
our analysis in the next sections.

2.1 Resource re-allocation problem (RrAP)

The resource re-allocation problem can be intuitively dbsed as the process of re-
distributing a number of items (resources) amongst a nummbagents. During the
resource re-allocation process, agents may disagree ia sBpects. Persuasion can
provide a solution to such problems, since it allows resmiubf conflicts. As a result,
persuasion enhances the exchange of resources. Obseria RAP scenarios,
persuasion may be accompanied by negotiations (see e.dof#d framework
enriching RrAP with negotiations), since conflict of opimiand conflict of interests
often coexists. However, for the clarity of the paper we limit our consid@mas to
persuasion.

Recall that the general aim of our research is to build a lagita software tool
which will allow to verify the persuasive MAS. In this mannare will be able to

1 see [13] for details of a specification for persuasion andatiaton.
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examine agents’ strategies for exchanging resources ahabé® the correctness and
effectiveness of applied algorithms for persuasion.

Consider the simplified example of RrAP. Assume a system twth agents:
John and Ann. Both agents know that in the world they exigetlaee five keys, two
of which are needed to open a safe. Ann knows identifiers ohppeopriate keys
and knows that John owns them. Therefore she tries to exelthecgeys persuading
John that after the exchange he will have the appropriats. Kkmhn does not know
which keys open the safe. Does he consent to the exchange?

Suppose that keys are marked with identifiers: 1, 2, 3, 4, 3hétbeginning
Ann has the keys with identifiers 1, 2, 4, while John has keys® % The keys
which open the safe are also 3 and 5. Ann offers to John an egehaf key 2 for
key 3. She justifies an action’s necessity with a statememit;twis obviously false,
that in order to open the safe one odd and one even key is aege¥he John's
response is strongly determined by his attitude to Ann.hfhJiousts Ann and knows
that she is a reliable source of information, then he wileagio the keys’ exchange
and will believe that the pair of odd/even keys opens the. $eihn does not trust
Ann, then he can respond in different ways (again, for sicitylive assume only two
possible responses). The one manner is that John agrees keytsi exchange, but
he doesn't reset his beliefs. The other way determines ttat dssumes that Ann is
not a credible source of information. Therefore, John da#sancept the exchange
and begins to believe that the safe may be opened only witliraopadd/odd or
even/even keys. As a result in the next sections we examiae ttases:

C1 John trusts Ann,
C2 John does not trust Ann and is indifferent to her,
C3 John does not trust Ann and believes the opposite of whatsgise s

2.2 Probabilistic Dynamic Epistemic Logic (PDEL)

In this section we show the syntax and semantics of PDELdntred by Kooi [8].
Let Agt= {1,...,n} be a finite set of names ayentsandVy be a countable set of
propositional variables

The set of all well-formed expressions of PDEL is given by thkowing
Backus-Naur form (BNF):

a = p|-aja Aa|Tial[ag]az|giPi(ag) + ... + gkPi(ak) >q,

whereay, ..., 0k are formulasp € Vp, i € Agt, andqg, ..., 0k andq are rationals. For
qiPi(01) + ...+ akPi(ak) > g, the abbreviatior{'j‘zlqj Pi(aj) > qis used. Formulas
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Pi(a)=q,Pi(a) <q, Pi(a) <q, Pi(a) > gare defined fron; (a) > gin the classical
way, e.g.(Pi(a) < g) for (—Pi(a) > —q) or Pi(a) =g for (Pi(a) = ) A (Pi(a) < 0).

The non-graded belief formulijia, says that believes thatx. The probabilistic
belief formula,P;(a) > g, means that the probability,assigns tax, is greater than
or equal tog. A formula for updatesjai]ay, says that, is the case, after everyone
simultaneously and commonly learns thatis the case.

By a probabilistic epistemic model we mean a Kripke strietf = (SR v,P)
where

— Sis a non-empty set of states (possible worlds),

— R: Agt — 25<Sassigns to each agent an accessibility relation,

— v: Vg — 2Sis a valuation function,

— P assigns a probability function to each agent at each statetbat its domain is
a non-empty subset &
P:(Agtx S) — (S—[0,1]) such that
Vi e Agtvs e SZS’EdOI’l’(P(i,S}) P(I,S)(SI) =1,
where— means that it is a partial function, i.e., some states mayaadh the
domain of the function.

The semantics of formulas of PDEL are defined by two interddpst defini-
tions with respect to a Kripke structu®. The first definition gives the semantics
for the PDEL language, and the second, for updates.

Definition 1 For a given structur@/ = (S R v,P) and a given statec Sthe Boolean
value of the formulax is denoted byM, s = a and is defined inductively as follows:
M,sk= piff sev(p), for p e Vo,

M, sk —aiff M, s a,

M,skE=anBiff M,sE=aandM,sE= B,

M,skE=Diaiff M,sk=a forall S such thats,s) € R(i),

M,skE [a]Biff (My,s) = B (see Definition 2),

M,sk= y5_10; Pi(aj) > qiff 3%_;qjP(i,s)(a;) > q,

whereP(i,s)(a;) = P(i,s)({s € dom(P(i,s))|M,s = aj}).

Definition 2 Let a modelM = (SR, v,P) and a states € S be given. The updated
modelMy = (S, R, Va, Py ) is defined as follows:

- =5
-Rq(i) ={(s,9)| (s,5) € R(i) and M ;s = a},
-Vg =V,

- domPq(i,s)) = dom(P(i,s)) if P(i,s)(a) = 0 and dom(Py(i,s)) = {s €
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domP(i,s)) : (M,s) = a} otherwise,

- Pu(i,9)(S) = P(i,9)(8) if P(i,5)(a) = 0 andPy (i,5)(s) = piLE) otherwise.

The public announcememt updates the model by changing the accessibility
relations and probability functions. The only states tlahain accessible for each
agent are the states whexeholds. The probability functions work in a similar way.
Their domains become limited to the states whetelds.

2.3 PDEL in RrAP-example

Let us analyze the initial step in the persuasion dialogwriteed in Section 2.1
with the use of PDEL. We need to define a probabilistic epigtenodel M. Assume
that Agt = {John Ann} andV, = {p,even odd}, wherep means that John has the
correct set of keys, which enables him to open the safeesed odd means that
the combination of the pair of one even and one odd key opensdte. The set of
states is the s&= {(A,J,C) : A,J,CC {1,2,3/4,5}, |[C|=2, ANJ=0, AUJ=
{1,2,3,4,5}}. Thus a stats = (A,J,C) € Sconsists of three sets. The first one is a
set of Ann’s keys. The second is the set of John’s keys. Tieesettion of the sets
A andJ is the empty set because the resources can not be sharechidhetithese
sets equalq1,2,3,4,5} because Ann and John own all accessible resources. The
third set,C, is a set of the keys which open the safe. Cardinalit¢ efquals 2 since
there are exactly two correct keys.

In this model there are two propositionsandeven odd. Propositionp is true
in every state in which the set of keys opening the safe is aetulif the set of
keys owned by John, i.ev(p) = {s€ S:s= (A, J,C) and C C J}. Proposition
even odd is true in states in which evéndd combination of keys opens the safe,
i.e.,,v(evenodd) ={s€S:s=(AJ,C) andC={1,2} or C={1,4} or C=
{2,3} or C={2,5} or C={3,4} or C={4,5}}.

Moreover assume that Ann has all the information about theadstate, i.e.,
when she is at stateshe knows that she is at this state. As a result, her acdagsibi
relation is defined as followR(Ann) = {(s,§) € & : s= §'}. John knows the keys he
has and knows that Ann has the other keys, so his accegsikilittion isR(John =
{(sg)eSF:s=(AJ,C), §=(AN,J,C), J=J A=A}

Furthermore, say that the probability functiéhis as follows: P(i,s)(s) =
m for everyi € Agt, s, € SwheredomP(i,s)) = {s’ € S: (s,5") € R(i)}.
Notice that we propose to define the probability function iclassical way, i.e. we
assume tha®(i,s)(s) is the quotient of 1 (one statg and the number of all elements
belonging to the domain of probability. This means that p\&nates accessible
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from shas assigned the same probability. Furthermore, we as$ianthée domain of
probability function is a set of all accessible states. Ia tase there are no reasons
to separate these sets. For example, if at statdn considers 10 accessible states
thenP(Johns)(s') = #; for every states’.

At the beginning Ann has the keys 1, 2, and 4, John has the kayd 8 and the
same keys open the safe. So the initial sta® is ({1,2,4},{3,5},{3,5}). John’s
accessibility relation and probability function fey are depicted in Fig. 1.

1/10, = p, — even_odd 1/10, = p, even_odd
({1.2.4}1.{3.5}.{1.3}) ({1.2.4}.{3.5}.{14D)
1/10, = p, even_odd
({1,2,4}.{3,5},{1.2})
1/10, p, —even_odd
({1,2,4}.13.5}.{3.5})

So

1/10, = p, — even_odd
({1.2.43.{3.5}.{1.5})

1/10, — p, even_odd
({1.2:4}.{3.5}.{2.3})

1/10, = p, — even_odd
1/10, = p, even_odd ({1.2.4}.{3.5}.{2.4})
({1,24}.{3.5}.{4.51)
1/10, = p, even_odd

1/10, = p, even_odd (§1,2.41,§3,5},{2,5})
({1.2.4}.{3.5}.{3.4})

M, 50 EPopmp =1/10 A Pyoeven_odd = 6/10

Fig. 1. John’s accessibility relation and probability functiorfdre persuasion.

3. Adaptation of PDEL to persuasion model

In this section we analyze the limitations of PDEL with resp® representing the
persuasion in RrAP. Moreover, we propose modificationsdhtaty those limitations
to be overcome.

In order to study a persuasive situation from the exampleereel o express the
issues related to three stages of the persuasion:

— before the persuasion: John’s attitude to the statempentJohn has the good
(opening the safe) couple of keys”. In other words, how gfipdoes he believe
it to be true? Formally we can ask: to what degree does Jolevbdhatp holds
in the initial statesy?
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— John’s attitude to Ann’s persuasive actions (e.g. propuoistle keys’ exchange).
In what manner might he react? What can he do and what wilebeltrof John’s
behavior be?

— after the persuasion: John’s attitude to the staterpeimoes the degree of his
belief change? If yes, how big a change is it?

The issues from the initial and the final stage can be suadbssiescribed in
PDEL. Recall that John does not know the identifiers of key&lwbpen the safe.
Therefore at the beginning he considers all the possésli(see Fig. 1). Since there
are 10 possible situations and in only one of thpns true, in John’s opinion the
probability that in actual state he has good key%isFormalIy:

1
M, %0 = Pionn(Pp) = 10
Similarly, we could compute the probability which John gasitop when the
persuasion is finished. However, we must first know and repteshat happened in
the intermediate stage of the persuasion. This sectionshss the problems that we

encounter when we want to express the issues belongingttstéuge.

3.1 Trusting the persuader

Say that the first action that Ann performs is a public anneorent thatp is true.
According to the PDEL definition of the satisfiability relati, it holds thatM,s =
Pionn(p) = 1 for a states reachable frong, after execution of Ann’s action. Observe
that in PDEL semantics, the outcome of an action is not relede¢he performer of
the action. That is, John’s reaction will be exactly the sasgardless of whether
Ann or someone else says th@atSimilarly, it is impossible to make John’s behavior
dependent on his attitude to Ann.

In agents’ interactions (such as persuasions or negat&@tiohe reputation of
the agent who performs the action can influence possibifityh@ action’s success.
In MAS, this problem is studied within the Reputation Managat framework (see
e.g. [11,14]). Say that an agent knows a persuader, singesitehanged resources
before. If the agent evaluates those exchanges as beneinddiair, then he will
trust the persuader and be easily persuaded the next timarthgoing to exchange
resources. On the other hand, if an announcement is exeloytad agent which is
unknown to other agents, then it may be disregarded. Thdiffivishation of the PDEL
expressivity is:

L1 The success of persuasion cannot be affected by reputdtfmrsuader.
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To avoid the limitationL1, we need to label every action with an agent who
performs it. However this is not sufficient on its own. Firgtati we need to be able
to express agents’ attitudes to each other, i.e., whichtdggrerceived as credible
by which agent. Therefore, we need to add a trust funciido the model, so now
MT = (SRV,P,T). Atrust function assigns to every pair of agents one of thees

0,3 1,ie.,

1
T :Agtx Agt— {O’E’l}'

With respect to the three cases from the example, the imiatpyn of T can be
as follows:

C1 if T(JohnAnn) = 1 then John trusts Ann and accepts everything she says,

C2 if T(JohnAnn) = % then John is indifferent to Ann, and as a result Ann’s
announcement does not influence John’s beliefs,

C3 if T(JohnAnn) = 0 then John does not trust Ann and what is more he is sure
that she always tells lies.

In future work we plan to extend this approach and introduceentrust degrees
and allow agents to adopt various attitudes to each otheorder to do this we
intend to adopt the well-known solution from the Reputatitemagement framework
proposed by Yu and Singh [14].

3.2 Public announcement as argument

Recall that in PDEL after Ann’s announcement tipai true, it holds thatM,s =
Pionn(P) = 1. It means that after the action of announcmglohnmustbelieve that
p. Thereby we deprive John of deciding whether Ann is right @i in persuasive
scenarios it is a strong limitation, since it assumes thaawadience will believe
everything a persuader says. The only exception is whenutierce believes the
persuader’s claim with probability 0. In other words it igiassible to express within
this framework reactions of indifference (i.e. an audieisaeeutral with respect to a
persuader) and other reactions of distrust (e.g., maximsaigt, i.e. when before a
persuasion dialogue an audience beliggasnd — after the announcement tipat he
begins to believe-p). So, the second limitation is:

L2 Audience must believe everything that a persuader claimigess the claim is
believed by audience with probability O.

In order to avoid the limitatiom.2, the syntax of formuléa|B can be exchanged
with [j : a]B wherej € Agt. Then
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MT,s=[j - alBiff Mg, sja =B
whereM[’y = (Sj.a;Rja:Vja;Pja: Tj.a) is an updated model such that:
—ifT(i,j) = 1 thenﬂv[jTTu = M({
—if T(i,j) = 3 then®Mj\, = M ",
— if T(i,j) = 0 thenaf]T, = M

=0 !

whered is a modelMy (see Definition 2) extended with the trust function
In the running example:

C1if T(JohnAnn) = 1 then
M7, 5 = [Ann: even odd](Pjons(even odd) = 1),

i.e., if John trusts Ann then he agrees with everything sie &see Case 1 in Fig. 2
for John’s probability function),

C2if T(JohnAnn) = 3 then

M, s k= (JAnn: even oddPjenq(even odd) = 1—60)
i.e., if John is indifferent to Ann then he does not changebbigefs (his probability
function is the same as before the announcement — see Fig 1),

C3if T(JohnAnn) = 0 then
M7, s = [Ann: even odd|(Pjonn(even odd) = 0)

and
M7, 5o = [Ann: even odd](Pjonn(—even odd) = 1),

i.e., if John does not trust Ann then he adopts the oppositéhaf she says (see Case
3in Fig. 2).
3.3 Unpersuadable audience

Observe that, according to the semantics adapted from PBEthe formulaj : o]
it holds:

—if M7 sk (PiB=1)thenM " s|=[j:a](PiB=1)and
—if M7 sk (PiB=0)thenM T s|=[j:a](P=0),

32



Changing probabilistic beliefs in persuasion

CASE 1 1/6, — p. even odd
({1.2.4}.{3.5}.{14})

1/6, — p, even_odd U6, — p. even_odd CASE 3

((124).(3.50.{1.2}) (£1.2.4}.(3.5),12.3) V4. p. - even_odd

({1.2,4},(3.51.(13))

1/6, — p, even_odd
({1.2.4}.{3.5}.{3.5D) ({1.2,4}.{3.5}.42,5})

S0

1/4, p. — even_odd
({1.2.4}.{3.5}.{3.5D)

1/4, — p, — even_odd
({1.2,4}.{3.5}.{1.5})

1/6, — p. even_odd So
1/6, — p. even odd (11,2.4},{3,5).13.4}) 174, — p. — even_odd
({1.243.{3.50.445 T ({1.2,4}.{3.5}.{2.4})
M r’guen_udd/-‘:a F Pichop = 0 A Pionseven_odd = 1 M ™ ven ot 50 F Piokn p = 1/4 A Pusks even_odd = 0

Fig. 2. John’s probability function after Ann’s public announcerhthateven. odd— cases 1 and 3.

for any formulaa. Intuitively it means that if an ageitis sure thaf3 is true then
there is no way (no action which can be executed) to conviimodliatf is true with
probability less than 1. A similar situation occurs whiaa absolutely certain th4d

is false, i.e., if the probability of is 0. In the context of persuasion scenarios, itis a
serious limitation. For example, if an agent is sure thatdeds some resources, then
the other agent has no chance to persuade him to exchange heShext problem
with the PDEL expressivity is:

L3 A persuader has no chance to influence an audience aboutaciaicase where
it is absolutely sure that the claim is true or false.

The limitation L3 is a consequence of an assumption tlBtmPy(i,s)) C
dom(P(i,s)). For instance, suppose that at stage Ann sayseven odd. Then
M en odd: S0 = Paohn(—€ven.odd) = 0. Next Ann says-even odd. Now, since John
believes—even odd with probability 0, both probability function and its domaare
not changed (see Definition 2). As a result, John’s beliefisaie unchanged, i.e.
M en odds S0 I Piohn(—€Ven.odd) = 0.

In persuasion we must often deal with updates with inforomatihat has
probability zero. The approach given in PDEL is simply todgnthe information.
This is to ensure that one does not divide by zero. Moreokier]dgic cannot deal
well with updates with inconsistent information. Typigalthe accessibility relation
become empty after an inconsistent update. There is nogoplical reason for
such a choice. However, this makes the system and its caenpket proof relatively
simple. There are some more advanced approaches in piibb#igbry for updating
sentences with probability O (see [6] for an overview). Wepmse to cope with this
limitations in the way described below.
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In order to resolve the probler3, we can allow that after an update an agent
may take into consideration a state which was not consideefore. Formally, we
assume that there exists a stageich thas € dom Py (i,s)) ands¢Z dom(P(i,s)), i.e.,
dom(Py(i,s)) Z domP(i,s)). Of course in the general case it may be a big challenge
to establish which states with what probabilities can beeddd a domain of function
P. However, in some concrete applications it seems to be aa$yatural. In our
example it can work as follows. Let

domP(Johnsy)) ={({1,2,4},{3,5},C) € S:
CC{1,2,3,4,5} and|C| =2}

and in the updated mod8i . .44

dom(Peven odda(JON o)) =
{({1,2,4},{3,5},{n1,nz}) € S:ny is an even and, is an odd numbeér

HenceM ., oaa o E Paohn(—€VEn.odd) = 0. Next if Ann says-even odd then

Vi
dom(P-even odda(Johnsy)) =
{({1,2,4},{3,5},{n1,n2}) : ng,n are even or odd numbérs

and John's beliefs are changed, (. ., oqq: So = Paonn(—€ven odd) = 1.

3.4 Nonverbal actions during the persuasion process

In persuasion, the proponent aims to change beliefs of teace. The persuasion
process begins with the first action of the proponent which daiven aim, and
finishes with the last action with this aim. Yet, during pexsion agents can perform
actions (with or without persuasive aims) which change ndy deliefs of the
audience, but also the environment of the agents. For exaihpling their persuasion
dialogue, John and Ann can exchange the keys (i.e. beforeatted the action
of exchange Ann performs some persuasive actions). Obgleavehis action can
change the circumstances in which the persuasion procdissontinue. That is,
the new circumstances can be favorable to Ann and her nestiggive action can
make John believe her claim, while in the old circumstances sin effect may not
be obtained. In other words, during the persuasion proaasg sionverbal actions
influencing the environment can change a course (an efféggrsuasive actions
performed after this nonverbal action.

The pure PDEL allows expression only of the actions of publioouncement
which do not influence the beliefs of an agent (a doxastidioglp no those which
influence the environment (a state). In particular, it is pogsible to describe such
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situations in RrAP in which before a persuasion agents hawesesources and after
it they have other resources. Moreover, verbal actiong (filkblic announcement)
do not change values of propositions. This means that irfriduaisework persuasive
actions can not change the actual world (only the probdbiliseliefs may be
modified). Thus the exchange of resources which is necessaylve RrAP can
not be described. Therefore the last limitation is:

L4 There is no possibility of expressing actions other tharlipamnouncements.

Since nonverbal actions are often applied in persuasiomegd to resolve the
limitation L4. To this end, we propose to combine PDEL with our logiG,. The
strength of4G , is that it is already adjusted to express persuasion. Assusaé 1y,
of nonverbal actions and enrich the modgl" with interpretationl of this actions
where

| : Moy — (Agt— 25°5).
Now we have a new model/ ™ = (SR,v,P,T,I). After the execution of an action
a Ny, a system reaches a state in which not only new accessitgldgions can be
assigned to agents but also new logical values may be adsigipeopositions. Next,
let formula[j : ap for j € Agt anda € MM, says that after the execution of actian
by agentj the conditionf3 holds. The semantics of this formula is as follows:

M s [j: alpiff U™ S =P
for every states’ such that(s,s) € 1 (a)(j).
In our example Annintends to exchange the key 2 with the kegtexstand for
the action of the keys exchange. The interpretaticexdf given below. Ifs= (A, J,C)
is a state such that2 A and 3¢ J then for every statd = (A’,J',C') it holds
(s,9) e l(ex)(Ann) iff A'=A\{2} U{3},J =J\{3}U{2}, andC' =C.
Otherwise(s,s) € I (eX (Ann) iff s=¢.

4. Expessivity of extended model persuasion

Now we are ready to analyze the running example. At the bagjnat statesy John
assigns to the propositiop (the statement “John has the good keys") probabﬂgty
(see Fig. 1): L

MM, 59 = (Pyonnp = E)-
Next Ann says that the combination of one even and one odd pepsothe safe.
Again consider the three cases:
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CASE 2

1/10, = p, — even _odd 1/10, = p, even_odd
({1,3.4}.{2,5}.{1,3})) ({1.3.43.42.5}.{1.4})

1/10, — p, even_odd 1/10, — p, — even _odd

({1.3.4}.{2.5},{1,2}) (11.3.4}3.42.5}.{L,5})
1/10, = p, — even Gdd/\ 1/10, — p, even_odd

({1,3.4}.42,5 {3 51

51

({1,3.4}.42:57.{2,3})

1/10, = p. — even_odd
1/10, = p, aen_odd ({1.3.43.{2,5}.{2.4})
({1.3.43.(2.55. 1450 1/10, p, even_odd
UlO_.ﬁp, m‘enﬁodd ({153!4}!-{2!5};{255})
({1.3,4}.{2.5}.{3.4})

Mmevenﬁodd;-"'l |=thnP = 1/10

Fig. 3. John’s probability function after the execution of the ao&x— case 2.

C1 John trusts Ann and thinks that she is right. As a result, iroves from the
domain of the probability function all states in whighs satisfied and thus assigns
to p probability O:

M™ 55 |= [Ann: even odd|(Pjonnp = 0)

since (see Fig. 2yM.] venodeO E (PjonnPp = 0). Then Ann and John exchange keys
2 and 3. Itis easy to compute that after this action the pritigabf p will be %

M s |= [Ann: even odd|[Ann: eX (P3onnp = %)
since (see Fig. 4M . oaa St E (PaohnP = &) wheres is a state reachable after the
execution of the actioex Therefore the replacement causes the growth of probabilit
which John assigns to the statement that he has right keys.

C2 John preserves a neutral position with respect to Ann. Héreassigns to
p the probability as at the start of persuasion dialogue:

M™ 59 = [Ann: even odd (Pyonnp = 1_10),

Then Ann and John exchange keys 2 and 3. After the action theapility of p
remains unchanged:

M™ 5 [= [Ann: even odd [Ann: eX(Ponnp = 1_10)
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CASE1 1/6, — p, even_odd
({1.3.4},{2,5}.{1.4})
1/6, — p, even odd 1/6. — p. even odd
({1,3.4},{2,5}.{1.2}) ({1.3.41,{2,5},{2.3D) CASE3 1/4, — p, — even_odd
1.3.4}.{2,5}.{1.3
1/6, p, even_odd ({1.3.43,{2.51.{1.3)
({1,3,4},{2,5}.{3.5D) ({1,3.4}.{2.5}.12.5}) 14, — p, — even_odd 1/4, — p, — even_odd
51 ({1.3.4},{2.5}.{3.5}) ({1.3.4}.{2.5}.{1.5})
1/6, — p, even_odd 5
1/6, — p. even_odd ({1.3.4}.{2.51.{34}) 1/4, - p. — even_odd
(134302554850 (L3.43,250.12.4)
Mo oda,S1 EProhn P = 1/6 AP ops even_odd = 1 M™ eve 038,51 E Pionp = 0 A Pjonn @ven_odd = 0

Fig. 4. John’s probability function after the execution of the ao&x— cases 1 and 3.

since (see Fig. 3.1 oy St = (Piohnp = &). As a result, such an activity does

not modify John’s beliefs about whether he has right keys.
C3John thinks that Ann lies. As a result he assignp ttegree%:

1
M™ s = [Ann: even odd|(Pyonnp = 7

since (see Fig. eTv’elmodeO = (PiohnP = %)-

Then Ann and John exchange keys 2 and 3. After the action timpility of p
will be 0:
M 55 |= [Ann: even odd[Ann: eX(Pjonnp = 0)

since (see Fig. 4 e, oqa St = (PaohnP = 0). For that reason the exchange results

in John believing that he has the right keys with degree 0.

5. Conclusions

PDEL is a powerful tool which can be used for reasoning abpdate of an agent’s
uncertainty. In this paper, we analyze the possibility glging this framework to
represent change of probabilistic beliefs induced by @sism and executed in the
resource re-allocation scenarios. First, we indicate somtations of PDEL, when

it is directly interpreted in a persuasive MAS. Next, we me@ how to avoid those
limitations such that the advantages of the PDEL tool codduily exploited to
represent the persuasion in RrAP.

We discuss four limitationd.1 requires that the success of persuasion cannot

be affected by the reputation of the persuadeX,limits the audience to believe
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everything that the persuader says, with the exception vit®holds, i.e., when
the audience is absolutely sure that the claim is true oefafs which case it is
impossible to change the audience’s mind, &dddoes not allow expression of
actions other than public announcements. In order to dolvenve apply elements
of the Reputation Management framework. E@rwe propose changing the syntax
and semantics of the PDEL formulas which describe publioancements. Fdr3
we suggest changing the specification for the domain of tlbahility function.
Finally, to resolveL4 we propose using elements of the; , logic.

The adaptation of PDEL to the persuasion model enriches tliehexpressivity
with respect to change of probabilistic beliefs induced ésspasion. This provides a
key first step towards creating4g,, i.e., the Probabilistic Logic of Actions and
Graded Beliefs, and extending the Perseus system designeerify persuasive
MAS. Moreover, in future work we are going to enrich the aspacpersuader’s
reputation e.g. by adding actions modifying trust. Suchoast change neither
accessibility relations nor values of propositions.
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ZMIANA PROBABILISTYCZNYCH PRZEKONA N
W PERSWAZJI

Streszczenie: Celem pracy jest rozszerzenie zaproponowanego przez mamlfego
modelu perswazji o aspekt zmiany niepewcioprzekona agentéw interpretowanych
w teorii prawdopodobisstwa. Wzbogacony model jest podstawa do zdefiniowaniikilog
i zaprojektowania narzedzia, ktére unfivia automatyczna weryfikacje perswazyjnych
systemow wieloagentowych. W celu realizacji tego zadanaizujemy i adaptujemy Prob-
abilistyczna Dynamiczna Epistemiczna Logike wpron@mh przez B. Kooi. Zastosowanie
zaproponowanego podeja do analizowania wybranych aspektéw perswazji omawiam
na przyktadzie problemu alokacji zasob6éw w rozproszonyahputerowych systemach.

Stowa kluczowe: perswazja, przekonania, logika prawdopodébtea, formalna wery-
fikacja
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LOAD BALANCING IN PARALLEL
IMPLEMENTATION OF VASCULAR NETWORK
MODELING

Krzysztof Jurczuk, Marek Kretowskt, Johanne Bézy-Wendliid

IFaculty of Computer Science, Bialystok University of Tecluyy, Biatystok, Poland
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Abstract: In this paper, load balancing mechanisms in a parallel #hgorof vascular
network development are investigated. The main attentiofocused on the perfusion
process (connection of new cells to vascular trees) as ltdanost time demanding part
of the vascular algorithm. We propose several techniquegsaiim at balancing load among
processors, decreasing their idle time and reducing theramitation overhead. The core
solution is based on the centralized dynamic load balarmimgoach. The model behaviors
are analyzed and a tradeoff between the different mechanisnfound. The proposed
mechanisms are implemented on a computing cluster with sheotithe message passing
interface (MPI) standard. The experimental results shawttie introduced improvements
provide a more efficient solution and consequently furticeeerate the simulation process.

Keywords: parallel algorithms, load balancing, cluster computingmputational model-
ing, vascular network

1. Introduction

The last decade has seen a revolution in high performaneatsic computing [1].
This is mainly due to a tremendous development of paralleimgders. Because
of physical and economic limitations of processor freqyescaling (e.g. power
consumption and consequently heat generation) both irydasid science prefer
to use many moderately fast processors, rather than a diigilespeed processing
unit. Nowadays, computing clusters and multi-core/mpitteessor computers are
becoming widespread platforms [2]. As a results, many $istsnhave gained an
easy access to parallel machines able to support an ewgg-gismand for high-speed
processing.

Zeszyty Naukowe Politechniki Biatostockiej. Informatykenl. 6, pp. 41-61, 2010.
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In this paper, we focus on applying parallel computing to eliod) and
simulation in biomedical research on vascular networkscwWar networks play
a very important role in the detection process of variouhgagical anomalies
since changes in their structure and function can be direeatlised by diseases [3].
Moreover, when a contrast agent is administrated, thesmmiwal or functional
modifications can appear in medical images. Therefore, tbdefimg of vascular
systems can help to understand the mechanisms of dynamgeifoamation and
support the development of methods to detect early disedseators.

Nevertheless, one of the most important and simultanedbasiymost difficult
challenges in model designing is to choose the level of ldetaiinclude in the
model [4]. A high quality vascular model has to take into astdhe most essential
physiological and anatomical properties and to disregahbd elements whose
role is insignificant. Such a model should also be effectivgriactical cases, i.e.
computational simulations must be performed in a reasentivie. Therefore, it
seems to be very useful and desirable to take advantage alfgbanomputing in
modeling of living organisms and particulary in the case led vascular system
modeling. Firstly, we are able to provide a significant iase in computational
performance by splitting problem into parts that are pented by separate processors
in parallel [5]. Secondly, using multiple processing umiften allows us to provide
a more precise solution or to solve a larger problem in a rede amount of
time. Moreover, parallel computers are very useful whensidmae problem has to
be evaluated multiple times, with different parametersrstance.

In parallel systems, computations are decomposed ints.taskrder to achieve
an efficient solution, overheads of the parallel tasks havagetminimized [6]. One
ought to strive to reduce the total amount of time some psmssare idle while the
others are still busy. Secondly, the amount of time spentdanmunication between
processors has to be also minimized. These two objectieesfaan in conflict with
each other, therefore one should find an optimal tradeoffdse them and propose
load balancing mechanisms able to spread the tasks evenlysabe processors.

Load balancing techniques used in parallel algorithms eglorbadly classified
into two major categories: static and dynamic. In the fortype, usually referred
to as the mapping problem [7] or scheduling problem, tasksdastributed among
processors before the execution of the algorithm based orioa fnowledge.
Several techniques for static load balancing have beerlgfmae e.g. round robin
algorithm [1], simulated annealing (stochastic optimatalgorithm) [8], [9] or
real-coded genetic algorithms [10]. However, there exidtsge class of applications
that workloads of tasks are uneven and unpredictable andamayge during the
computation. Therefore, for these applications we are bl#t 8 spread the tasks
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evenly across processors beforehand. In this case, dyriaeadcbalancing (DLB)
schemes are needed. In DLB, the decision on task arrangesienade during
the execution of the program based on the current load stistoeover, such an
approach can be more appropriate in the case of heterogepewmallel machines
with additional sources of an external load. Due to a big astlgrowing number of
different dynamic load balancing techniques, we refer tagler to [11] for a detailed
survey of DLB algorithms.

In our previous studies, we developed a two-level physioiignodel of vascu-
larization [12], [13]. It consists of a macroscopic modelesio simulate growth and
pathological structural modifications of vascular netwankd a microvascular model
responsible for simulation of blood and contrast agentspart through capillary
walls [14]. Initially, we made use of a sequential algoritbinvascular development
to obtain the structure of the vascular network. The vasclgaelopment results from
a progressive increasing number of cells and consequemitpgressive increasing
number of vessels that support blood supply for these c8llidsequently, we
introduced the basic [15] and improved [16] parallel soln$i of vascular growth
algorithm. These two parallel solutions were implementadaaccomputing cluster
with the use of the message passing interface (MPI) staritidtd

In this paper, we propose mechanisms that try to achieva@adeload among
processors and reduce the communication overhead in th#gbanodeling of the
vascular network growth. Both static and dynamic algorghare used. We consider
a centralized model, in which tasks are generated at theatestheduler (master
processor) and are allocated to slave processors. Wokklafatthe tasks are uneven
and it is impossible to estimate their execution times beeaach particular job has
an indeterminate number of steps to reach its solution. tlitiad, we have to deal
with a dynamically changing structure of vascular trees.anelyze various model
behaviors in a parallel environment and propose a tradedffden the different load
balancing strategies in order to provide a more efficieniti and consequently to
further accelerate the simulation process.

The rest of the paper is organized as follows. In the nexiagcthe vascular
model is described and sequential and both parallel algostof vascular network
development are recalled. In section 3 the load balancirgharmésms are presented.
An experimental validation of the proposed mechanisms ifpeed in section 4.
The last section contains the conclusion and future works.
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2. Model Description

In the macroscopic part of the model we can distinguish twinreéements: the
tissue and the vascular network. The tissue is representedsket of Macroscopic
Functional Units (MFU) that are regularly (but randomlyytdibuted inside the
specified, three-dimensional organ shape. The vasculavorietis composed of
vessels supplying the MFUs. The microvascular part of thdehis hidden in MFUs
and is responsible for the propagation of an MRI contrashisge the tissue. The
five-compartments [18] and axially distributed Blood Tis&Xchange (BTEX) [14]
contrast propagation approaches were proposed.

The most important and original part of the work presenteck lencerns
the algorithms of vascular development on macroscopicl.léMeerefore, in the
next part of this section, the macroscopic part of the moslelescribed in more
details followed by the presentation of sequential andljghi@gorithms of vascular
development.

2.1 Macroscopic model

Tissue modeling A MFU is a small, fixed size part of tissue to which a class is
assigned that determines most of functional/structulraitim of mistosis/necrosis)
and physiological features (e.g. blood flow rate, blood sues). Several classes of
MFUs can be defined to differentiate functional or pathatabregions of tissue (e.g.
tumoral, normal). Moreover, the MFU class can be changedtowe, which makes

it possible to simulate the evolution of a disease (e.g. firtepatoCellular Carcinoma
to necrotic tissue or from benign nodule to malignant tumior)order to introduce
more natural variability, certain parameters (such asdftmv rate) are described by
defined distributions.

Vascular Network Modeling Most of model features are not linked with any
specific organ. However, it is very hard to model a vasculavoek without any kind
of specialization. In our work, the model expresses theifipig of the liver. The
liver plays a major role in the metabolism and has a numbeuraftions in the body
including protein synthesis, detoxification, glycogerrate, etc. [19]. Moreover, it
stands out from other vital organs by its unique organipatifovascular network that
consists of three vessel trees. Hepatic arteries and peitad deliver blood to cells,
whereas, the hepatic venous tree is responsible for blaodport back to the heart.
In the model, each vascular tree is composed of vesselsahaticide creating
bifurcations (see Fig. 1a). A vessel segment (part of véss®leen two consecutive
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bifurcations) is represented by an ideal, rigid tube witledixadius, wall thickness,
length and position. The geometry of capillaries is not aered in the model.
These smallest vessels are hidden in the MFUs (microvasmuael). According
to the morphometrical investigation dealing with biggessals, e.g. conducted by
Zamir [20], it is assumed that a single vascular structuseahform of a binary tree.
In effect, anastomoses (e.g. mutual vessel intersectibas)may occur particulary
in pathological situations or among vessels with very smaalli are not taken into
account.

hepatic three new vessels
arteries sprouting out from candidate vessels

mother vessel: i

successive Lt
bifurcations
/ new MFU--------- Q- hepatic
\ L, veins
ll“.\‘ L
left and right portal
daughter vessels veins
a) b)

Fig. 1. Part of binary vascular trees: a) mother vessel and its twghtar vessels connected by a
bifurcation, b) new MFU perfusion by three new vessels sfimguout from candidate vessels each
from different vascular tree.

In the model, the blood is treated as a Newtonian fluid thatissferred from
hepatic arteries and portal veins to the hepatic veins giroMFUs. Its flow is
modeled as a non-turbulent streamline flow in parallel Isygaminar flow) and
governed by Poiseuille’s law:
8ul
F ’ (1)
wherel is the vessel length,is its radiusQ is the blood flow and\P is the pressure
difference between the two vessel extremities. Moreoveraeh bifurcation the law
of matter conservation has to be observed:

AP=Q

Q:Qr+QI~ (2)

It says that the quantities of blood entering a bifurcatiolodd flow in parent vessel
Q) and leaving the bifurcation (blood flows in the right and kfughter branches
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Qr + Q) are equal. Another constraint deals with the decreasisgeleadii in the
vascular trees when we move from proximal to distal segmaintascular network,
creating/describing the relation between the mother Veadeis ¢) and the radii of
its two daughters (right. and leftr)):

=rl+r/, 3

wherey varies between 2 and 3 [21].

2.2 Sequential Vascular Network Growth Algorithm

An adult organ is obtained in a vascular development protiessis modeled as
a analogy to a hyperplasia process (progressive increamingoer of cells [22]).
The simulation starts with an organ whose size is a fractibra onature one.
After parameters’ initialization, in discrete time momeiitalled cycles), the organ
enlarges its size (growth phases). The relative positiomdrdJs remain unchanged
but distances between them are increased, leading to @ppeaof empty spaces.
Subsequently, these spaces are filled by new MFUs in comgeaiubcycles. In
each subcycle, each MFU can divide and give birth to a new MFthe same
class (mitosis process) or die (necrosis process). Pridiegoof mitosis and necrosis
are sensitive to the time and they decrease exponentially the age of the MFU.
New cycle starts only when the current organ shape is tofidligl by MFUs. The
increasing number of MFUs induces the development of a l@soatwork which is
responsible for the blood delivery.

New MFUs that appear during the mitosis process are injtigtthemic, i.e.
they are not perfused by the existing vascular network. &foez, for each new
macroscopic functional unit a fixed number of the nearestfickate vessels is found.
Then, each candidate vessel temporarily creates a biimncaerfusing the MFU
(one vessel is replaced by three vessels connected by adiifur point). The spatial
position of the bifurcation is controlled by local minimtitan of the additional blood
volume necessary to the MFU perfusion (Downhill Simplexoalkipm [23]).

The above process can be regarded as a kind of competiticausemnly
one vessel in each tree can be finally desighated to perntaneatfuse the
new macroscopic functional unit. Additionally, the prableof avoiding possible
collisions between perfusing vessels is taken into accotim algorithms detects
intersections between vessels coming from the same treeoor two different
trees and rejects the related candidate vessels. Finadly, &mong the remaining
candidate vessels, the combination (a single combinatiasists on one vessel from
each tree) with the lowest sum of volumes is chosen to pemtigrerfuse the MFU
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(see Fig. 1b). Afterwards, a recalculation of vessels’ ati@ristics (i.e. pressure,
radius etc.) in the vascular trees is performed. This stepres the consistency of
the characteristics according to the assumed physical laysigtogical laws.

After the reproduction process (i.e. mitosis and perfugloocesses), comes
the degeneration phase. At this step of the algorithm, fewJ§Ean die (necrosis
process) and then all the vessels supplying these MFUscretired disappear
(retraction process). Next, the algorithm goes back todpeoduction process.

2.3 Parallel Vascular Network Growth Algorithm

In the presented sequential algorithm of vascular growthMBUs are connected
to the vascular network one by one. Each MFU perfusion ire®lthe necessity of
creating and testing a number of temporary bifurcationsedquires a great number
of calculations to face the imposed constraints to ass@redhsistency of vascular
trees. A vascular tree is consistent if: i) it has the samedfwressure and fixed blood
flow in all terminal vessels attached to MFUs and ii) the Rdilkss law in each its
vessel and the matter conservation and bifurcation lawsah &s bifurcation are
fulfilled. As a result, the perfusion process is the time dwant operation in the
organ growth simulation. Profiling results (e.g. executiomes of specific methods)
showed us that it can generally consume around 70-90% oftialeGPU time needed
to develop an adult organ. Therefore, in order to acceléhatsimulation process we
proposed two parallel vascular growth algorithms [15]] ibét spread the most time
consuming computations between processors and consgaentble to decrease
the simulation time. Moreover, these implementations imlel environment can
bring the model closer to reality where perfusion processesnherently parallel.

The two previously proposed parallel algorithms are basecthessage passing
paradigm [17] and therefore are perfectly suited for distied memory architectures.
Both algorithms use the master-slave model [5], it meansizaster/managing pro-
cessor/node generates tasks and distributes them amwafgalaulating processors.

The general scheme of the first algorithm [15] is presentedrign 2. It
parallelizes the perfusion process. The remaining prese§<. necrosis, retraction
and shape growth) are performed sequentially at the mastier. in that case, before
each perfusion phase, slave nodes do not possess the mmestt a@scular system
and tissue. Thus, at the beginning of each subcycle the nmraste has to broadcast
the latest MFUs and vascular trees. Subsequently, aftesabeential mitosis, the
parallel perfusion is carried out. In comparison to its ssqial version, here the
managing node does not make any attempt to find candidatelsesw bifurcation
points but instead it spreads these tasks over calculatidgs
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trees and tissue

[new cycle/subcycle]  [adult organ]

broadcasting
remaining processes

[sequential mitosis ]—»[ parallel perfusion ]

Fig.2. The outline of the first parallel algorithm of vascular growtAt the beginning of each
cycle/subcycle, the trees and tissue broadcasting isnpeefh Next, the sequential mitosis, parallel
perfusion and remaining vascular processes (e.g. nectasiaction) are carried out in turn. The
algorithm ends when the organ reaches its adult form.

When a computational node receives the message with sétEkdd, it attempts
to find the closest vessels and finally the optimal bifurcafioints to perfuse these
new tissue elements. Each time, when the search ends witessjdhe parameters
of the optimal bifurcation are sent to the master node. NE#tgere are any queued
messages with permanent changes in vascular network semadigr node, the slave
node applies these changes and continues to perform itsniegnéasks.

The master node manages the perfusion process. It is réisigofts gathering
messages coming from the slave nodes and making decisions tie permanent
perfusions. When it receives a message with optimal bifimegparameters of one
of the new MFUs, it has to check if this MFU can be connectedht® durrent
vascular network. A rejection is possible because vasadaworks at individuals
nodes (both at computational ones and managing one) caigbtystlifferent (trees’
nonuniformity) as a result of communication latency andeppehdent work of slave
nodes. Therefore, the master processor tries to find in gswature the vessels
related with the proposed optimal bifurcation. If the psm cannot find at least
one of these vessels, then the MFU is rejected. But in the ots®e, the new MFU
is permanently connected to the vascular network and adroofpanges related with
the new tissue element are broadcasted to the slave progesso

However, we found that the efficiency of this algorithm caordase in the case
of a huge number of vessels (i.e. tens of thousands). Themrdagelated to the
periodical broadcasting of the whole organ. We minimizegrttessage size and only
the parameters that cannot be reconstructed by slave naglssrd. Moreover, many
initial parameters are read from input files. As a result,tilme to send the packed
messages is insignificant. But, unfortunately, it turnetl tbat the time needed to
reconstruct vascular trees from the received packed mesdagslave processors
can be responsible for slowing down the algorithm.

48



Load balancing in parallel implementation of vascular netlwmodeling

Therefore, we also proposed an improved parallel algorith@}. Its general
diagram is presented in Fig. 3. Each node during the wholelaiion has its own
copy of vascular trees and tissue. Thus, only at the begjnrtiee master node
broadcasts the whole initial organ to ensure that all theesagubssess the same
starting information. Each new subcycle starts with theusatjal mitosis. Next,
the perfusion process is carried out in parallel. Slave satempt to find optimal
bifurcations points, while the master node is responsiterfanaging the process of
permanent perfusion and broadcasting changes.

trees and tissue

broadcasting

[new subcycle]

[adult organ]

new cycle
[parallel shape growthw

[sequential mitosis ]—»[ parallel perfusion ]—»[sequential necrosis]—»[ parallel retraction ]

Fig. 3. The outline of the improved parallel algorithm of vasculaowth. Only at the beginning, the
trees and tissue broadcasting is performed. Next, the séglmitosis, parallel perfusion, sequential
necrosis and parallel retraction are carried out in turrenTln the case of new cycle, the parallel shape
growth phase comes and algorithm returns to the sequentiasim In the case of new subcycle, the
algorithm returns directly to the sequential mitosis. Tlypathm ends when the organ reaches its adult
form.

After the reproduction process, the degeneration phasen®l At the master
node, the sequential necrosis is performed. Due to givingorgadcasting the
whole organ in each subcycle, all the slave nodes have to foemad about
possible necrosis changes. Therefore, the master nodddasia to all other nodes
information about the MFUs that have to be removed. The erdlgorithm of
retraction is performed at each node simultaneously. Ifsti@pe growth phase is
needed, it is also carried out simultaneously at each nduepé&rformance analysis
showed that the time needed for these parts of the algoritmbe neglected, as it is
very short in comparison to the perfusion time.
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3. Load Balancing Mechanisms in Parallel Algorithm of Vascuar
Network Development

One of the most important issues in parallel computing isl lbalancing. It aims
at roughly equal workload arrangement across processdrgnarimization of their
idle time. Such an arrangement typically improves the parémce and increases
the efficiency of parallel applications, which reduces tine time of computations.
Obviously, we can also improve the performance by incrgagower of processors
or by delivering more processors. Nevertheless, this esipenvay of achieving the
goal is not often able to increase the efficiency and usubtylsl be used in the cases
in which all processing units are overloaded or there is resipdity of an equal load
distribution.

However, in many studies it has been shown that, even whenatks are
strongly linked with each other and their workloads areltptanpredictable, load
balancing algorithms can be very useful [6]. On the othedhane has to be careful
to avoid that the cost of load balancing exceeds its possigiefits, which would
decrease the overall performance.

In the next part of this section, we propose several loadnoalg mechanisms
in the parallel algorithm of vascular network developméiitstly, the load balancing
mechanisms across slave processors are presented andetlasovdescribe how to
efficiently load a master processor.

3.1 Load Balancing Across Slave Processors

In the proposed parallel algorithms we focus mainly on théugén process as it
is the most time demanding phase of the vascular growth atioal This process
is decomposed into a set of tasks that solve the problem gllglarA single task
consists in finding a fixed number of candidate/nearest isess®l then optimal
bifurcation points for a single MFU. In order to find the nesireessels, the whole
vascular network has to be searched. The time needed tormpetfis operation
can differ for successive MFUs because of changes in vastaka structures: new
branches (i.e. vessel segments) can appear and old onesapapeadr. Thus, itis very
hard to estimate the time of this operation before the woskribution because one
does not know a priori how the vascular system will look aéiach next permanent
perfusion.

Subsequently, for all candidate vessels optimal bifuocagioints are calculated.
This operation is the most time consuming part of the pesfugirocess since it
takes approximately 60-90% of the time needed to this psodesorder to find
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the position of bifurcation that minimizes a local volume lbod the Downhill
Simplex algorithm is used [23], [24]. Again, we do not knownhmuch time this
searching can take because number of steps necessary tditacal minimum
is hard to precise, even in the case of invariable structofdbe vascular system.
Moreover, for different MFUs the number of candidate vestebe processed can be
various since some of these vessels may be rejected duertneighboring vascular
structures preventing the creation of any bifurcation.(&agk of free space in the
neighborhood).

The last stage of searching the optimal bifurcation pomtseé selection of one
of the candidate vessels from each vascular tree in such ahagthe global blood
volume (i.e. for the whole vascular network) is minimal. Mover, the algorithm
detects all possible intersections between the perfusisgels (vessels constituting
the new bifurcation) in the same tree and two different t(eeg between arteries and
veins) and rejects the related candidate vessels. Alsadrc#ise, it is impossible to
predict the number of steps. This phase can end after clgetikinfirst combination
of candidate vessels as well as after checking the last one.

To sum up the above general description of operations thet ttabe done in
each task, we can state that the work required to find the aptifurcation points
can vary for different MFUs. Moreover, it is impossible topapximate the time
needed to perform each task before the work distribution el a8 immediately
before its execution. Thus, it is very hard to find any aldonitable to precisely
decide when, where and how much work has to be assigned. itioaddve have to
deal with the small grain parallelism (in one subcycle, tamber of tasks can come
to several thousands) and use of any sophisticated (i.epuwationally extensive)
load balance algorithm can introduce an overhead that mageexpossible benefits.
Therefore, we decided to propose a mechanism that is basthe dasic centralized
dynamic load balance algorithm [5].

After the sequential mitosis, the master node holds thecintin of tasks, i.e.
new MFUs to perfuse. At the beginning, a fixed part of theskstasspread between
processors (part A in Fig. 4 - 1st load balancing mechani&ag¢h slave processor
receives approximately the same number of jobs. The masieegsor keeps the rest
of new MFUs that will be assigned to slave nodes only on dem¥#ffien a slave
node finishes its jobs, it sends a request to the master naddento get more work
(unbalance load detection). If the master node still has BlteLbe checked, it sends
part of these MFUs to the under-loaded node (operation 5Bomr Fig. 4 - 1st load
balancing mechanism). The number of MFUs to send is cakuilatcording to the
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following formula:

number of the remaining MFUs
number of processors

(4)

This mechanism detects unbalance load dynamically andfenantasks to idle
processors. The decision on how many new MFUs are distddoienediately after
the mitosis is made once at the beginning of the simulatidve Jreat advantage of
this mechanism is that it is simple for the master node to kmdwen to terminate.
In our case, the perfusion process ends when: the task geieugpty, all permanent
perfusions are broadcasted across slaves nodes and alhsides have finished their
jobs.

When a slave node finishes a single task, it sends the pamnuteptimal
bifurcation points to the master node (operation 2, part Bigq 4). Next, if there
are any queued messages with permanent vascular tree shanogelcasted by the
master node, the slave node applies these changes anduesntm perform its
remaining tasks. Such a solution decreases idle time o slades because they can
perform calculations without any break to wait for a resgofiem the master node.
On the other hand, due to continuous work of slave nodesafiteout waiting for a
response whether the proposed optimal bifurcation poartsbe used for permanent
perfusion) the trees’ nonuniformity can increase. If tiee#’ nonuniformity increases
then the possibility of MFU rejection by the master node aises, which can
cause that the time of simulation is longer. As a result, @eto#f between these two
approaches has to be found. We decided that if the numbengfwational nodes is
quite small, the nodes work continuously. Otherwise, theesdry to minimize the
trees’ nonuniformity and wait for a response (part B in Fig.2hd load balancing
mechanism).

Another crucial point in the algorithm is sending/broadices permanent
vascular changes by the master node (operation 3, part Bgirdli If one wants
to minimize the time of communication between nodes, thenhbst solution is
to send a set of changes (not a single change each time thathainge appears).
However, such an approach can increase the trees’ nonumitijyoiThus, we made a
decision to synchronize this mechanism with the mechaniesoribed above. When
computational nodes work continuously between succeddivels (non-blocking
receive of changes) then the changes are collected by themmasle and sent as a
set of changes (part B in Fig. 4 - 3rd load balancing mechgni&m the other hand,
when the computational nodes wait for a response after eddll (dfter each task)
then the master node broadcasts changes as quick as p@ssiblden they appear).

52



Load balancing in parallel implementation of vascular netlvmodeling

T \
sequential mitosis =-----------ia e , load balancing .
1 mechanism
end of mitosis process
coTTTTETEEmEEEEEEEE
M ! :
@ X O '
I % 1-st :
- spreading fixed part of MFUs y 8 !
E master ~— :
node : '
= '
- O '
E n-th '
afterwards, = !
operation §s :
rom 1 to 5 '
7 : slave nodes pmm -
are carried out . 1st ‘I
YV periodically : load balancing :
! 1 mechanism
________ @ sending optimal bifurcation .
’ Ay T
1 3rd 1 ' -
! load balancing beoons // . @ sending/broadcasting changes: E 1-st
I mechanism =
STTTmmmet (® if needed sending more MFUs ! 7=
pmmmm=m-- N 7 (D) searching bifurcation
! 5th ] E master ) <-eennn .
' Joad balancing ' - <> hode @ adding changes :
. 1 = .
i mechanism 8 @ : P
S —-—-——- = . N
] 2nd 1
\ ©) ' : load balancing :
E n-th 1 mechanism
5 ) | T
D=
end of perfusion process slave nodes
\Z
degeneration

Fig. 4.Load balancing mechanisms in the parallel algorithm of wsagrowth. The first load balancing
mechanism is related with spreading only a fixed part of newUslIand sending the remaining
MFUs on demand. The second and third load balancing mechargiee responsible for an appropriate
organization of sending and receiving permanent vaschimges. The fourth one enables us to start the
perfusion process even before the end of mitosis procesdifithone tries to efficiently load the master
processor in the case of a small number of slave nodes. Pashéems the work distribution before
the perfusion process, while part B illustrates the peoiugirocess during which slave nodes search
optimal bifurcations and the master node manages permaegsions and broadcasts changes.
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The next load balancing mechanism that we want to bring ic@ors the mitosis
process (see Fig. 4 - 4th load balancing mechanism). Wheanalséer node performs
the algorithm of new MFU creation all slave nodes are idleeréfore, we introduced
the possibility that some MFUs can be spread even beforenteokthe mitosis
process. In this case, slave nodes can start their work ejuick

3.2 Efficient Load of Master Processor

In the standard centralized dynamic load balancing algoritl], the master proces-
sor is responsible only for the managing of task distributidowever, in order to
provide still more efficient solution, in the presented aildon, the master processor
can also perform calculations related to finding parameitoptimal bifurcations,
i.e. the same as slave processors (see Fig. 4 - 5th load glamechanism).
This mechanism can be particulary useful in the case of alsmaiber of slave
nodes since the master node can also have time to do adtlitenalations besides
managing the perfusion process.

4. Experimental Validation

This section contains an experimental verification of theppsed load balancing
mechanisms. The presented results were obtained in mamyiments. We tested
the behavior of the vascular model starting from small siaefigurations (about
1000 MFUs) and ending with large size configurations (ab@@09 MFUs and
consequently about 300000 vessel segments). In Fig. 5 aliation of one of the
obtained vascular network of a liver is presented. Typidsisplogical parameters
of the hepatic vascular network were used [12]. At the bagmnthe efficiency of
proposed load balancing mechanisms is evaluated usingpterlsp and next the
detailed results of the particular mechanisms are predente

In the experiments a cluster of sixteen SMP servers runningx.2.6 and
connected by an Infiniband network was used. Each server quagped with two
64-bit Xeon 3.2GHz CPUs with 2MB L2 cache, 2GB of RAM and anritfand
10GB/s HCA connected to a PCI-Express port. We used the MEAPVersion
0.9.5 [25] as the MPI standard implementation [17]. Morepwee carried out the
experiments on a similar cluster of sixteen SMP serversdxh server was equipped
with eight processing units and the MVAPICH version 1.0rBofder to execute the
performance analysis we used the Multi-Processing Erwisori (MPE) library with
the graphical visualization tool Jumpshot-4 [17] and Tgnamd Analysis Utilities
(TAU) Performance System [26].
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Fig. 5. Visualization of an adult liver (about 49000 MFUs and 3000€8sels): a) hepatic veins with a
tumor shape, b) hepatic arteries with a tumor shape, c) nmepatlt arteries, portal veins and hepatic
veins with liver and tumor shapes.
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Fig. 6. Mean speedups of the parallel algorithm with and withoutllbalancing mechanisms from
experiments for different vascular network size (from salthousands to several hundreds thousands
of vessel segments).

In Fig. 6 one can see the obtained average speedups of higsrivith and
without load balancing mechanisms. It is clearly visiblattthe solution with load
balancing mechanisms is from 20% to 25% quicker than theisaluvithout this
mechanisms. As a result, the simulation time on sixteen Ciidsled to receive
the adult organ consisting of about 50000 MFUs and 300008evesegments equals
approximately 2 hours with load balancing, instead of 3 hevithout load balancing
or 23 hours on a single processor machine (64-bit Xeon 3.2@thz2MB L2 cache,
2GB of RAM).

The following figures present in more detailed the influendethe load
balancing algorithms. The mean time results from the sitimlaon eight CPUs
(seven slave processors and one master processor) withdaey vascular network
(about 48000 MFUs) are shown in Fig. 7a . One can see the iiflerwnication
time for particular slave processors with and without loathbcing mechanisms.
It is clearly visible that without load balancing mechanisthe processors waste
more time for waiting and communication, which can be caumed higher number
of rejected MFUs by the master processor and consequerglyebessity to test
more new MFUs. Moreover, particular slave processors agganly loaded. On the
other hand, we observe that with load balancing mechanismslave nodes waste
approximately the same amount of time (i.e. are evenly ldade addition, the total
idle time is shorter.
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Fig. 8. The influence of load balancing mechanisms: a) related tced fbart of MFUs that are kept by
the master processor and sent only on demand to under-lpadeessors, b) related to additional tasks
that are assigned to the master processor.
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Fig. 7b presents the mean idle+communication and calouldimes obtained
in experiments with large size vascular network (about @8@6Us) for a different
number of processors without and with load balancing (LBrma@isms. We can
see that each time when the load balancing mechanisms atebatie calculation
and idle+communication times are shorter. The idle+comoation time is shorter
mainly because of keeping by the master node the fixed pa/wefviFUs that are
sent on demand to under-loaded processors. While, thelatidrutime is shorter
as a result of an appropriate organization of sending areiwiag changes, which
decreases the trees’ nonuniformity. Based on many expetanee suggest that if
the number of processors is smaller than eight, the slaveepsors should work
continuously between successive MFUs and the master ndlgetsochanges and
sends them in groups. Otherwise, the slave processorsavaitresponse after each
MFU and the master node broadcasts changes as quick aslpo§dibiously, the
found limit is suitable for the used clusters and may varyottver hardware.

Moreover, we thoroughly investigated the load balancinglmaism consisting
in keeping by the master node a fixed part of new MFUs which ané en demand
to under-loaded processors (see Fig. 8a). From one poimtwf we can see that it is
very hard to choose one common value (number of MFUSs) thasdive best gain in
time for a different number of processors. On the other hanglyisible that values
higher than 90% can increase the simulation time. Finallysuggest that any value
within the range from 30% to 70% is acceptable.

Furthermore, we tested in which cases it is worth to invoheerhaster processor
also in calculations connected with finding optimal bifurgas points (see Fig. 8b).
It is clearly visible that in the case of small number of pssms (i.e. smaller than
four) if the master node, besides managing, performs the sahulations as slave
processors the simulation time can be reduced. On the o#imel, he. the number of
processor is bigger than three, we should not arrange arityaadd job to the master
node.

5. Conclusion and Future Works

In this paper we propose several mechanisms with the ainmaac@aworkload across
processors and to reduce the communication overhead inattadlgd algorithm of
vascular network development. We consider a master-slaxdelrin which tasks
appear at the central scheduler (master processor) andstibuted between slave
processors. Thus, the core mechanism is based on the turalynamic load
balancing algorithm that detects an unbalance load dyraiypiand tries to send
more job to under-loaded processors. Moreover, we invastidpe influence of trees’
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nonuniformity between particular calculation nodes aneshaging node on simula-
tion time. In consequence, we found the tradeoff betweemuamnication overhead
and processors’ idle time. The proposed mechanisms wereutaly validated in
many experiments. The results have shown that the intradimprovements are
able to further accelerate the process of vascular growrthlation. As a result, the
simulation time even when we introduce more physiologicgtails to the model
or increase the number of MFUs can be done still in a reasenadyliod of time.
In addition, it is easier to perform multiple experimentsoialer to calibrate model
parameters.

In the future, we plan to pay more attention to parallel cotimguin shared-
memory environments. We want to implement the vascular tirgmwocess in the
framework of multi-platform shared-memory parallel pragyming (OpenMP) using
a fine-grained parallelism. Moreover, our goal is to develaphybrid solution able
to take advantage of machines with both shared and diggdbmemory architectures
(MPI1+OpenMP implementation).
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MECHANIZM ZROWNOWA ZENIA OBCIA ZENIA
W ROWNOLEGLEJ IMPLEMENTACJI ROZWOJU
SIECI NACZY N KRWIONO SNYCH

Streszczenie W artykule rozwaane sa mechanizmy zréwnaregace obcizenie w réwno-
leglym algorytmie rozwoju sieci nacaykrwiongsnych. Gléwna uwage zwr6cono na proces
perfuzji (podtaczanie nowych komérek do drzew krwisngch) jakoze proces ten jest naj-
bardziej czasochtonnym fragmentem rozpatrywanego algaryZaproponowane przez au-
toréw rozwiazania maja na celu zrébwnareaie obciaenia pomiedzy procesorami, skro-
cenie ich czasu bezczynsm oraz zredukowanie narzutu komunikacyjnego. Jadrwieez
zania jest oparte na scentralizowanym dynamicznym goidejéwnowaenia obciaenia.
Zachowania modelu zostaty przeanalizowane i kompromisi@dzy ré&nymi technikami
zostat zaproponowany. Przedstawione mechanizmy zosaédyprementowane na klastrze
obliczeniowym przy wykorzystaniu standardu MPI. Otrzymamzultaty jednoznacznie
pokazuja ¥ wprowadzone usprawnienia zapewniaja bardziej efekiéyworwiazanie co
w konsekwencji pozwala na jeszcze wieksze ppgszenie procesu symulaciji.

Stowa kluczowe: algorytmy réwnolegte, mechanizmy réwnaremia obcigenia, klastry

obliczeniowe, modelowanie komputerowe, system krwémyo

Artykut zrealizowano w ramach pracy badawczej W/WI/3/2010
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IS MINIMAX REALLY AN OPTIMAL STRATEGY
IN GAMES?

Katarzyna K&ciuk!

IFaculty of Computer Science, Bialystok University of Tecluyy, Biatystok, Poland

Abstract: In theory, the optimal strategy for all kinds of games agasns intelligent
opponent is the Minimax strategy. Minimax assumes a péyfesttional opponent, who also
takes optimal actions. However, in practice, most humarooepts depart from rationality.
In this case, the best move at any given step may not be onéstimaticated by Minimax
and an algorithm that takes into consideration human ineptidns will perform better.

In this paper, we show how modeling an opponent and substduedification of the
Minimax strategy that takes into account that the opponentot perfect, can improve
a variant of the Tic-Tac-Toe game and and the game of Bridg®&ridge we propose a
simple model, in which we divide players into two classesisapvative and risk-seeking.
We show that knowing which class the opponent belongs todugs the performance of the
algorithm.

Keywords: Minimax, optimality, player modeling, bridge

1. Introduction

Typically, programs for game playing use the Minimax sggtgs], which assumes
that the opponent is a perfectly rational agent, who alwayfopms optimal actions.
However, most humans depart from rationality [7]. In thisesaat any given step, a
move that is practically the best may not be one indicated byinvax. If we know
that the opponent plays defensively, for example, we camtcon her not noticing
or not performing moves that seem to be too daring. In ordeptwider a player’s
departures from rationality, we need to create her modella@ach over time her
strategies.
In this paper, we describe our attempt to model players irriamaof the Tic-

Tac-Toe game and in the card game Bridge. The underlyingrgsson, supported
by both anecdotal and empirical evidence, is that gameseaefib from adapting to

Zeszyty Naukowe Politechniki Biatostockiej. Informatykel. 6, pp. 63-75, 2010.
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a particular opponent, rather than using the same geneaitdgy against all players.
We implement the programs with conventional Minimax sggtand the Minimax
with Alpha-beta pruning. These algorithms search the gaeeeih order to choose
the best move for the computer. We add an algorithms that srdd@sions based on
a model of opponent’s weaknesses. The algorithm includesraihg module that
observes the opponent carefully and learns his/her steatég/e test it against the
Minimax strategy against human players.

This paper is organized as follows. Section 2. presents tingMx algorithm.
Section 3. describes our improvements in a variant of theTawToe game.
Section 4. describes the card game Bridge. Section 4.2idesc¢he classes of Bridge
players and our experiments. Finally, Section 5. proposessdeas of future work.

2. The Minimax Algorithm

Player MAX

Fig. 1. Minimax algorithm

One way to pick the best move in a game is to search the gamedieg the
Minimax algorithm or its variants (Fig. 1). The game tree iha directed graph in
which nodes are positions in a game and edges are the moveisndiis used in
zero-sum games (when we have two players A and B, zero-sumanikat in any
outcome of the game, player A's gains equal player B’s Igs&&ch position or state
in the game is evaluated using an evaluation function, thies how good it would
be for a player to achieve this position.

Minimax is the method that minimizes the maximum possibsIé\t each step
of the game the assumption is made that player A is trying twinrmae the chances
of A's winning, while player B is trying to minimize the chae of A's winning. We
call the player A— MAX, the player B -— MIN, and we assume thahX/starts the
game. The player MAX makes the move that maximizes the minminaalue of the

64



Is Minimax Really an Optimal Strategy in Games?

position resulting from the possible next moves of the ogoband assigns a value
to each of his or her legal moves. Minimax assumes that oppalerays chooses
the best move, but opponents are human and may depart frmmaléty — they can
choose an inferior move (e.g., not know of or not notice agoettove).

2.1 Bayesian Network

Because we use Bayesian networks for modeling the oppomgaiies, this section
introduces them briefly.

A Bayesian network [6] is an acyclic directed graph, whosgesaepresent ran-
dom variables, such as observable quantities, latentblasaunknown parameters
or hypotheses. The edges represent direct influences. Noakeare not connected
represent variables that are conditionally independerdgash other. Each node is
associated with a probability function that takes as inppadicular set of values
for the node’s parent variables and gives the probabilgyrithution over the variable
represented by the node. An example of simple Bayesian nietesshown in Fig. 2

(o] Opering type

attack 100% ||
ide:

Fig. 2. Example Bayesian Network

The network has four nodes:

— The node Years_of _ experience represents the player'sierpe, it has three
states: More_than_5,1 5, Less _than_1.

— The node Strategy corresponds with the player’s stratégyas three states:
agressive, careful, medium.

— The node Opening_type has two states: attack, hide.

— The node Reaction_to_attack has three states: run, fightdle

When the network is learned (for example, from the data ctte during the
games) we can set the evidence and check the player's str&mgexample, when
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the player opens the game attacking, his reaction to atsdahit and he has less than
1 year experience, the probability that he is aggressiv8d6.6

3. A simple game: Tic-Tac-Toe

3.1 Rules and Algorithm

We implement and compare several algorithms, such as Minimita and without
Alpha-beta pruning, in a variant of the Tic-Tac-Toe game [3]

We choose the board dimension 4x4. The winning positionhaieet' X’ or three
‘O’ inthe same line. For simplification we assume that corapptays ‘O’ and human
player plays ‘X'. We establish the following evaluation @ion F:

— F=0 for a draw,
— F=1 when computer wins,
— F=-1 when computer looses.

In such variant of the Tic-Tac-Toe the player who starts tragalways wins, at least
when she/he chooses optimal moves. We notice, as we asswfed,lihat people
sometimes loose because they do not choose the best move.

Conventional Minimax evaluates every possible move, andnaih calculates
that ‘O’ looses (always when ‘X’ starts the game) it returimsrmove — surrenders,
or it returns the first empty place on the board (dependindnerimplementation). It
does not take into account that people often do not see thangimove.

We modify the algorithm. We count on opponent’'s weaknessdsantinue the
game even if it looks lost (evaluation function returns -f égery possible move).
For every possible move we calculate how many moves remaitisetend of the
game — end-depth value. Our Minimax choose the move thathetsomputer play
longer in order to wait for the opponent’s mistake. In thateca lost game often
turn out to be a winning game. When there are several movésthadt evaluation
function equal 1, our Minimax choose a move that lets the aderpwin fastest.
When there are more than one move with the same F value andrnieend-depth
value, our algorithm returns random move. Conventionaliiax, depending on the
implementation, always returns the first or the last movaichssituations.

Experiments were carried out with two persons. Human playérmrlways
started the game, because there were no chance of winnirmgpthea situations.
Here are the average results:

— After 20 games our Minimax won in the 13 cases in 20 games, erdional
Minimax won only in 1 case.
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— After 60 games our Minimax won in the 27 games, conventionalifiiax won
in 2 games.

Experiments show that waiting for the opponent’s mistakediout to be a better
strategy than surrendering. After about 30 games humarmiplagrnt where she/he
should put the first move to win the game (for example in thedfeidf the board).

3.2 Modeling

In order to consider a player's weaknesses, it is necessamyotlel the player —
learn and know his/her strategies. Our next step was addimdgarithm that makes
decisions based on a model of opponent’s weaknesses [4]al§ibdthm includes
a learning module that observes the opponent. We study tpheou@ments of the
algorithm over time and test it against the Minimax stratadfg build a Bayesian
network to model the player. We learn the conditional prdighbtables in the

network from data collected in the course of the game.

Strategy Tendency

Fig. 3. Bayesian Network

Our program stores the following information about the appu:

— the place where the opponent puts the first move,
— the opponent’s long-term strategy,
— types of moves,
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— situation on the board,
— how long the player thinks before a move.

We capture this information in the Bayesian network showRign 3.

— The node First_move represents the place where the playethaufirst mark. It
has three possible states: corner, side, and center. It segim that there are 16
possible positions (corresponding to the 16 free placeheroard). However,
because of the symetry of the board, many of them are equivédeg. placing
the mark in any corner).

— The node Block has two states: yes and no. It assumes theystatghen the
player puts a mark "X’ in order to block two 'O’s in row, otheise it assumes the
state no.

— The node Build_3 has two states: yes where the player put&¢wo row, and
has a opportunity to put the third "X’ in row, otherwise thatstis no.

— The node Time_taken represents how long the player thinkseéhis/her move.

— The node Strategy corresponds with the player’s strategyeiparticular move:

e Attack — the player attacks and sometimes does not see tlessigc of
defense.

e Defense — the player blocks 'O’s (even unnecessary, wheshbdias a
opportunity to win).

e Attack_Defense — the player chooses the move that block &0 build
three "X’ in row, or the move that does not change the situatio the board.

— The node Strategy_Tendency represents the player's detrategy:

e Attack — the player has a tendency to attack more often thaefiend.
e Defense — the player has a tendency to block more often thatteok.
e Attack Defense — the player sometimes blocks, sometiniaskat

— The node Situation corresponds with the situation on thedod&e distinguish

seven situations:
¢ UnderAttack -— two unblocked 'O’s in row,

BeforeWin -— two unblocked "X’s in row,

Trap (fork) — an opportunity where 'O’ can win in two ways,

Initial — before the first move,

Scarce — a lot of free places n the board,

Dense — a few free places on the board,

AttackedBeforeWin — two unblocked 'O’s in row and two untied 'X’s

in row (player has an opportunity to win, but sometimes dasssee it and

blocks 'O’s instead).
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Fig. 4. A screen shot of the Tic-Tac-Toe program

When there are several moves with the same F value and theesaivdepth value,
our program (Fig. 4) consults the Bayesian network aboubfipmnent’s strategy.

The experiments were carried out with the 7-old boy. The Humplayer ‘X’
always started the game. We did not know before which styapdayer prefers -
offensive or defensive. The network was learnt during theem Here are the average
results:

— After 20 games Minimax + Bayesian Network won in the 14 casesyentional
Minimax won in 1 case.

— After 60 games Minimax + Bayesian Network won in the 25 garoesyentional
Minimax won in 1 game.

Experiments show that the gain from modeling the opponefiidATac-Toe is not

large — our previous program, that waits for opponent’s akist performs just as
good. One of the reasons for this modest gain may be simptitthe game therefore
we start the experiments with more complex games, such dgéri

4. A Complex Game: Bridge

4.1 An Introduction to Bridge

Bridge is a card game played by four players with a standaak dé 52 cards.
The players form two teams: North (N) — South (S) and East (EWWest (W).
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The partners sit opposite each other. Bridge consists ofstages, (1) the auction
(bidding), and (2) the play. During the auction, each plajesiares how many tricks
she can probably take and what her best suit(s) is(are). Tnly ends with a
contract — a declaration by one team that they take at ledatedsnumber of tricks.
They could agree on a specified suits as trump (clubs, diaspdrearts, spades) or
the game without trumps (no trump — NT). The partners thattlyetcontract are
called Declarer and Dummy, the other players are calledéfenders. The first lead
is made by the defender seated to the left of the Declareer Alfe opening lead is
played, the Dummy lays her hand face up on the table, i.@hl@ito every player,
including the opponents, and she does not take part in the gder cards are played
by the Declarer. The play proceeds clockwise around the tabl

If the winning team takes at least as many tricks as they hactackd, they
get the score [9]. Otherwise, the defenders get points o &&ck that the Declarer
lacks for making the contract. The score depends on:

— the trump ranked from the lowest to highest: clubs, diamphdarts, spades, no
trumps;
— the number of tricks taken.

Bridge is an imperfect information game, as the players desae each other
hands, with the exception of the cards of the Dummy, visibjeekerybody. It
is possible to predict the probability distribution of th@seen cards from the
information gathered during the bidding.

The auction is an opportunity for all players to gather infation about unseen
cards. Very often, auction is based on the so cdlkesic natural systenbased on the
High Card Points (this system is also called the Milton Wodi® Count: Ace has
4 HCP, King 3 HCP, Queen 2 HCP and Jack 1 HCP). A hand that h@dsdP is
considered sufficient to open. Opening, for example heastglly promises at least
4 or 5 cards in that suit. When the partners agree on heartsamwassume that they
have at least 8 cards in that suit. When a player passed, wessame that she does
not have more that 6 points (if her partner opened beforellgrdints (if she starts
the bidding).

4.2 The SBA Program

The SBA (Simple Bridge Assistant) program (Fig. 5) uses tlomtd Carlo technique,
which is used by Ginsberg’s [1] computer Bridge program (GIBccording to
Ginsberg himself, GIB is currently the strongest computedde program in the
world. The Monte Carlo technique was originally proposeddard play by Levy
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Fig. 5. A screen shot of the SBA

[2]. The unseen cards are dealt at random, using the infasmgathered during the
auction and the cards played thus far. This perfect infdonatariant of the game is
called double dummy Bridge. All possible moves are evatliat@ll generated deals.
Algorithm adds the scores obtained by making every move atogns the move with
the maximal sum. GIB uses brute force techniques, calletitiparsearch, to solve
the double dummy game — we implemented the Minimax algorithith Alpha-
beta pruning. The game tree is very large because the avenageer of legal moves
is four in any position. To deal with the computational coexily of computing all
possible moves, we focused in our experiments on the endggaomsisting of the
last seven tricks.

We also implement the player modeling, that recognizes kiwgeps strategy.
We divided the players into two classes — conservative ahdtaking. Our program
recognizes and counts all risky and cautious steps for dagbmp

4.3 Classes of Bridge Players

Below we present examples taken from three real games.

The first example (Fig. 6) shows a conservative play. Northé®eclarer, South
is the Dummy, and the contract is for 4 Clubs. Let West playNiree of Diamonds.
If North is a careful player, she will play the Ace of Clubsgiead of Nine of Clubs,
for example) being afraid that East has no diamonds and @it b smaller trump.
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Fig. 6. Game examples: 1 — conservative player, 2 — finesse

A risky player would put a smaller trump, counting on that tHass at least one
Diamond.

The second example is a finesse (Fig. 6) in which a player ¢anadvantage
of the position of the particular cards. Assume that SoutiésDeclarer, North is
the Dummy, and the contract is 2 NT. A finesse is a techniquieall@avs a player
to promote tricks based on a favorable position of one or mards in the hands of
the opponents. A direct finesse is a finesse that gains a titbkuwt losing one. Let
South stars with a Seven of Spade and the Queen of Spade fraormis hand. If
West had the King of Spade, North-South will win two tricks -reowith the queen,
second with the ace. The problem is that South does not knawWhst or East, has
the King. If he puts the Queen of Spades from Dummy, East ali ttwo trumps.

North North
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*A104 *K10762
*AKB53 *QJ52

Fig. 7. Game examples: 3 — risky step, 4 — how we can use the knowlduige aur opponent

Fig. 7 shows another example of a risky step. South is thedbagINorth is
the Dummy, the contract is for 3 Diamonds. The first trick waleeh by South. He
is a risky player and now he plays the Jack of Hearts. If theeQu# Hearts were
in West's hand, South would take the trick (if South makes #sgumption, he will
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play the Five of Hearts from Dummy’s hand). West would notthetQueen of Hearts
therefore he knows that the Dummy has the King of Hearts./Sautl North would
take two tricks instead of one trick — first with Jack of Heastscond with the King
of Hearts. Unfortunately for South, West does not have thesQuf Hearts, and East
will take the trick. Not to put the King of Heart from North’sahd it is a risky step.

Fig. 7 also demonstrates how we can use the knowledge of quonept’s
inclination to strategy. South is the Declarer, North is Bhenmy, the contract is
2 NT. South took the first trick. Assume that he knows from trevjpus games that
West is a very cautious player. South plays the Jack of Hdékdéest puts the Eight
of Hearts, North will have to put the Ace of Hearts. If West hiae King of Hearts,
he would have put it instead. Therefore, with high probghilhe Declarer knows
that the King of Hearts is in East’s hand.

The cautious players often puts the high cards, even it isxeetled, because
they afraid that someone else could take the trick.

4.4 Experiments

In our experiments we used the examples from the real gam@8tonducted the
experiments with 30 games. We compared:

— player modeling and Minimax with Monte Carlo sampling;
— the real game.

We recognized the player’s category (4.3) by counting tieyrand the cautious
steps in 100 his last games. We chose two players that pld@d thousand games
and strictly belongs to aforementioned categories (if thenlver of risky steps was
greater more than 10 percent than the number of cautious stepassumed that
player is risky, accordingly we did for conservative plgyer

— the risky player: 123seksity;
— the conservative player: tutoo.

We chose 15 games for each chosen player and our system plsyedme
instead of his opponents. The original moves was changeladagrogram only if the
player’s strategy could be used against him and then thefrfds game was playing
by the Minimax for every player. The player modeling imprawiescores: 4 in games
with risky player, 2 in games with conservative player.
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5.

Discussion

Experiments show that games can benefit from adapting totecydar opponent,
rather than using the same general strategy against alenglayhe gain from
modeling the opponent in Bridge is more significant than ic-Tac-Toe. We plan
to make more experiments in Bridge, inter alia add algoréthor other bidding
systems.
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STRATEGIA W GRACH?

Streszczenie Algorytmy grajace w gry czestozywaja strategii Minimax. Algorytm Mi-
nimax zaktada perfekcyj® przeciwnika, ktéry wybiera zawsze najlepsze ruchy. Geacz
jednakze moga nie dziafacatkiem racjonalnie. Algorytm, ktéry wezmie to pod uweag,
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moze dawaé lepsze wyniki i Minimax. W pracy przedstawiono jak modelowanie gracza
i modyfikacje algorytmu Minimax moga poprasivyniki w grze kétko-krzyyk i w brydzu.

W brydzu zaproponowany zostat prosty model, dzielacy graczy wi dkategorie -
konserwatywny i ryzykowny. Eksperymenty pokazatg wiedza, do ktérej klasy graczy
nalezy przeciwnik, poprawia dziatanie algorytmu.

Stowa kluczowe: Minimax, optymaln&t, modelowanie gracza, bryd

Artykut zrealizowano w ramach pracy badawczej W/WI1/1/2009
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USING GPU TO IMPROVE PERFORMANCE
OF CALCULATING RECURRENCE PLOT

Tomasz Rybak!
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Abstract: Simulation and analysis of sophisticated systems require much computations.
Moore’s law, although still allows for increasing number of transistors on the die, does not
lead to increase of performance of single chip — instead it leads to increased parallelism
of entire system. This allows for improving performance of those algorithms that can be
parallelised; recurrence plot is one of such algorithms. Graphical Processing Units (GPU)
show the largest increase of parallel computations capabilities. At the same time they do not
behave as traditional CPUs and require different style of programming to fully utilise their
capabilities. Article shows techniques that can be used to increase performance of computing
of recurrence plot on GPGPU.

Keywords: recurrence plot, non-linear analysis, fractal analysis, optimisation, parallel
computations, GPGPU, CUDA

1. Introduction

Increase of performance of computers allows for using more sophisticated methods
of analysis. Google’s Page Rank algorithm or analysis of social networks done by
Yahoo or FaceBook require enormous calculations to give results. Such algorithms
perform so many computations and operate on such large amounts of data that single
machines have problems with finishing calculations. Non-linear methods of analysis
of systems, like recurrence plot described in this article, perform vast amounts of
computations to provide user with characteristic of the system. Multi-core machines
and distributed clusters allow for providing results faster as long as it is possible to
parallelise computations.

While embedding many cores inside CPU is recent invention, producers of
graphical cards have solved many problems with parallel systems that CPU manu-
facturers face. For many years even the cheapest GPUs were equipped with many
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units responsible for computing positions of points on the screen, fetching colour
values from textures, drawing pixels after calculating their colours after analysing
light present in 3D scene. Many scientists use GPUs for performing computations,
using their enormous parallel capabilities. This requires changing description of
scientific problem in the language of 3D graphics though. Article shows which
libraries provided by GPU manufacturers can help with increasing performance of
computations while requiring the least changes to algorithms.

This paper is organized as follows. The next section describes theory behind
recurrence plots and its usage. Section 3. describes advances in hardware that allow
for optimisations of calculations by using parallel capabilities of GPU. Section 4.
describes details of implemented solution and achieved performance improvements
using different methods. The last section presents summary and possibilities of
improving program in the future.

2. Non-linear methods of analysis

Many systems show dynamic non-linear behaviour. Such systems are influenced by
many parameters; values of those parameter change system in non-linear fashion. We
assume that every system emits one dimensional signal (vector of samples); changes
of values of those samples are caused by all variables describing the system.

Every analysis of non-linear system starts with determining dimensionality (size
of phase space — the number of variables) of such a system. Finding dimensionality
is done by using the loop. We begin with very small initial dimension d (1 or 2).
Then, in the loop, we calculate dimension dy of attractor reconstructed from such
a system (described by our temporary dimension ). In the next iteration we increase
dimension d and again calculate dimension d4 of reconstructed attractor. Loop is
finished and final dimension d is known when reconstructed attractor’s dimension d4
does not change after increasing d in the subsequent iterations.

Another variable influencing behaviour of non-linear system is the time delay
7. It is used to limit number of samples that are used to reconstruct attractor. Value
of T determines how many samples are used in analysis. Limiting number of points
allows for avoiding clutter that would arise if all samples would be used to reconstruct
attractor. Choosing proper value of T influences validity of analysis of the system.
If T is to small, chosen points will be close to each other and system will appear
stationary. When 7 is too large, chosen points are far away and we lose information
about trajectory of attractor in the phase space. To calculate proper value of T one can
use autocorrelation or mutual information (equation 1). The first minimum reached
by the mutual information function becomes the value for delay T.
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1X.Y)= ¥ ¥ plx.y)log 22 (1)
yE¥ xeX p(x)p(y)

Recurrence plot can be defined as Haeviside function over difference of distance
of points is space (over chosen metrics) and some threshold. Recurrence plot treats
values from one-dimensional signal as properties of points in multi-dimensional
phase space. It takes d samples separated by T values and calculates distance between
points created from such samples. Points are close in the phase space when distance
between them is less than € (threshold distance). Distances between all pairs of points
are computed. If points P; and P; are closer then threshold distance €, value in matrix
on point Rp;; is 1, otherwise it is 0. Matrix showing distances between all points is
called recurrence plot. Matrix contains either ones or zeros for all pairs of points —
depending on whether pair of points is close or far away according to chosen metrics
(equation 2). Because distance calculation is symmetrical operation, recurrence plot
matrix is also symmetrical. Details of calculating recurrence plot can be found in
the previous papers, [14] and [15]. Many implementations of recurrence plot can be
found on the web page http://recurrence-plot.tk/.

Rij = O(||x; — x;|| —€) (2)

Single recurrence plot is 2D matrix of values from set of {0, 1}. It can be plotted
on the screen of paper. Black dot (value of 1) at coordinates (i, j) means that on
system at time { and j was in similar state, because its attractor was represented as
points that were close together (their distance was less than chosen threshold). This
means that dot is plotted if two sequences coming from input data are similar (their
inner product is larger than threshold). This allows for visually analysing similarity of
signal at different scales. However this technique requires large amounts of memory
and long processing. Similar techniques are used in analysis of gene sequences
(FASTA, BLAST) to find similar gene sequences.

After computing recurrence plot we can perform visual analysis looking for sets
of black dots (meaning points that are close together). Repetition of results requires
however automation of analysis of data. According to theory horizontal (and vertical,
as this matrix is symmetrical) lines mean that system was stationary or was changing
in laminar way, very slowly. This is because each non-zero value in recurrence plot
mean that two points are close together. Line means that sequence contains points
that are close together. Diagonal lines mean that system was recurrent — points were
returning to the same space after some time. Repetition of system is described by
divergence — the instability of the system.
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3. Modern Graphics Hardware

Graphical hardware performs many calculations which are necessary to generate
photo-realistic image: 3D coordinates of all objects in the scene need to be trans-
formed, non-visible points need to be eliminated, lightning must be computed, all
3D coordinates need to be transformed into 2D screen coordinates, textured need to
be mapped to generated pixels, and finally the finishing effects (like bump-mapping)
need to be computed for all the pixels. Every object in the displayed 3D world must
come through such a path dozens of times per second to achieve sufficient fluency of
animation ([8]). For this reason for many years companies producing graphical cards
were making them faster and faster thanks to Moore’s law. At the same time they
were putting more functionality to graphical cards, to allow for game’s programmers
to perform more visual effects on graphical cards, without occupying already busy
CPU.

It is impossible to increase performance of graphical cards indefinitely by
increasing frequency of hardware clocks — similarly to limitations known from the
CPUs. But from the early days producers of graphical cards had easier problem
to solve. In the case of images, the same calculations are performed on large sets
of points. This means that graphical problems are extremely easy to parallelise.
Graphical cards, instead of using faster clocks, were equipped with more and more
processing units; each of them had limited performance, but overall GPU was very
efficient because it was able to compute value for hundreds of pixels at the same time.
The big milestone in development of graphical hardware was invention of shaders,
introduced in GeForce 3 in 2001. Shaders were small pieces of code that described
transformations done on vertices (points in 3D space) and pixels (point in 2D space —
on the screen). Introduction of shaders allowed for increasing performance of GPU
without increasing its clock speed: tiny fragment of code was executed by dozens
of processors, each of them operating on different input data. Such approach to
calculations is called SIMD — Single Instruction Multiple Data principle.

This inherent parallelism present in graphical domain is the main reason why
GPUs differ from CPUs. While the latter use large amount of cache to hide inevitable
latency when accessing memory or peripherals, GPUs are using vast amounts of
threads that are ready to be executed. When one thread is waiting for data to be
transmitted, GPU switches to another thread that is ready to be executed. This is
possible because of extremely fast thread context switching, provided by hardware
architecture. CPU in the same situation must predict which part of memory will be
needed for the next few instructions and fetch it while current instructions are still
being executed. If this prediction is incorrect, entire CPU must wait for the missing
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data to be read from the memory. For the same problem GPU just switches for another
thread to be executed ([8]).

Shader is a function intended to operate on graphical primitives. This means
that programmer is forced to describe problem in domain of 3D graphics: matrix
has to become texture, calculations are changed into vertex transformation, etc.
Shader languages do not have advanced control statements that would allow for easy
implementation of scientific code. GPUs are built to focus on the raw calculations,
not transistors needed for implementing jumps and loops. All those features of GPUs
and shaders mean that using full potential present on graphical card was not easy.

3.1 CUDA

In 2008 NVIDIA introduced CUDA (Compute Unified Device Architecture), which
is intended to ease writing general-purpose programs that use graphical hardware.
CUDA allows to write programs for GPU as easy as for CPU by using C language.
Programs written in CUDA consist of two parts: one is executed on CPU and one
on GPU. Part executed on CPU (function “main”) is responsible for managing data,
calling code on GPU, transferring data to and from GPU, etc. This part runs as long
as program is running — its end causes execution of other parts to finish. Parts that
are executed on the GPU are grouped in functions called “kernels”. CPU loads data
and points GPU (by using CUDA library and driver functions) which kernel to call
with which parameters. Each kernel is run in parallel, by as many processors as there
is on the chip. Each kernel is executed by many threads and each thread is responsible
for operating on fragment of input data. CUDA is responsible for mapping threads
to different fragments of input. This mapping is done automatically, without need
to manage it by programmer. This way hardware is almost always (depending on
optimisations) fully used: on weaker GPU there will be 1000 threads running, on
more powerful 16000 threads, so problem can be solved 16 times faster, but in
both cases the same program will be run, and the same set of calculations will be
performed. The only difference will be that in one case there will be more threads
executing chosen kernel. To experience performance gains it is advised to run more
threads than there is physical processors. Additional threads will be used to hide
memory access latency; when GPU needs to access slow memory it switches to
another thread and executes its code while waiting for data to arrive ([8]).

CUDA is not the only possible solution for using graphical hardware for
calculations. ATI has its own solution called “Stream” that is using Radeon GPGPU
for calculations ([2]). Intel is promising Larrabee chip which is supposed to be multi-
core processor similar to the ones used by NVIDIA and ATI, but it is promised to be
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compatible with x86 instruction set and offer strong cache coherency, meaning that it
should be able to run existing programs without changes or recompilation. Another
example of hardware offering parallel execution is Cell processor, made by Sony,
Toshiba and IBM, used in PS3 and high-end computational hardware sold by IBM.
The latest proposal in the world of parallel execution engines in OpenCL (Computing
Language, [6]). As OpenGL allows for using the same code to run on different
graphical cards, OpenCL allows for writing programs that can run computations on
CPUs and GPUs without any source code changes. OpenCL programs use shader
units on GPUs and cores on CPUs to provide programmer with access to parallel
execution units in the same way, regardless of used hardware.

It is easy to see graphical roots of CUDA; threads are grouped in blocks, and
blocks in grids. Blocks and grids have 3 dimensions and are placed in 3D space.
This reflects hardware architecture — which first purpose is to operate on 3D and
2D graphical primitives. But this architecture is not limiting CUDA — one thread
can perform execution on one element of matrix; this thread-block-grid placing
make it rather easy to manage large amounts of threads and to know which thread
is performing calculations on particular part of input data. Such an architecture is
the compromise between abstraction and being close to the hardware. It allows to
achieving as much performance as possible by managing threads and their groups..

To help with scientific problem solving CUDA is offering many built-in
functions, like basic arithmetic functions, trigonometric functions, logarithms, etc.
Full list of available functions and details of their implementation can be found in
[5]. Because of hardware limitations many of currently available graphical cards
do not offer fully hardware optimised and at the same time IEEE-754 compliant
implementations of some functions. Programmer must often trade accuracy for speed.
Situation changes quite rapidly though, as new hardware adds new mathematical
functionality.

There are many levels of CUDA capabilities. New graphical cards add new
features, like better thread management, support for double precision float point
numbers, more mathematical functions implemented in the hardware, etc. Each
graphical card presents programmer with version of offered functionalities, in
the form of number; consumer-oriented GPUs have computing capabilities 1.1,
scientific-oriented Tesla cards offer 1.3 capabilities. It is impossible to run program
intended for CUDA 1.3 on card with capabilities 1.1, so it is important to know
what is possible and which options of compiler are used. Details of all capabilities
and matrix describing which chip and graphics card offers which capabilities can be
found in the CUDA Programming Guide ([4]).
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CUDA is not hiding different types of memory present in the GPU. Programmer
can access all memory types that are available in the hardware. Each of those memory
types has own advantages and disadvantages. Some of them are cached and some
are not, some are private to threads or block of threads, other are shared among all
executed kernels. While writing CUDA kernels and CPU code maintaining GPU code
execution programmer must be aware of hardware limitations of memory access:
cache coherency, cache conflicts, cost of accessing memory belonging to different
banks. It is important to use different memory types to hide inefficiency of every
one of them. For program to be executed with maximum possible performance,
programmer must use combination of many of those memory classes. There is need
to choose own trade-off between size, performance, and flexibility of used memory.

There are many research groups trying to increase performance of programs
using GPUs. Gu et. al. [10] use different types of memory and different states of
programs to increase performance of FFT. They change code to best use available
hardware which allowed them to achieves better performance than libraries provided
by NVIDIA. Another team trying to improve performance of FFT is lead by Nukada
[13]. Bakkum et. al. use CUDA to speed up performance of database operations [1].
They were able to achieve performance gains from 20 to 70 times. Malony et. al.
created sophisticated system that runs programs, analyses its trace, and then uses this
information to try to increase performance [12].

32 PyCUDA

CUDA offers its functionalities to programs written in the C language. This choice
means that it is available for many platforms, and it can be used from any language
that can call C libraries.Calling CUDA kernels from C is not easy; there is much
program state to manage, as one needs to manage memory on CPU and GPU, transfer
data between them, create context in which kernels are called, manage number of
threads, etc. That’s the reason why many libraries were written to call CUDA from
different languages. There are binding for CUDA in Java, .net, Python. Calling
CUDA in high-level language makes it easier to use GPU to increase performance
of computations. We avoid tedious resource management, and also does not get
much performance hit — the most performance-dependent code is executed on
GPU. Avoidance of resource management can also allow for focusing on better
optimisation, and with some effort can even lead to CPU-GPU parallelism, as code
on CPU and GPU are independent and can be called asynchronously.

PyCUDA is the CUDA library for Python — high-level interpreted language.
Python offers many libraries for performing much of the most common programming
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task, and provides many build-in structures, like lists, dictionaries. It is able to execute
code in two modes: as full programs, which are passed to the interpreter, and in
interactive mode, in which programmer is giving orders in the real time. The latter
mode is great for testing new ideas; interactive mode of Python connected with
PyCUDA is wonderful for experimenting and looking for possible optimisations

([11D).

import pycuda.driver as cuda

import pycuda.autoinit

from pycuda.compiler import SourceModule
import numpy

a = numpy.random.randn (4000) .astype (numpy.float32)
b = numpy.random.randn (4000) .astype (numpy.float32)
c = numpy.empty (4000) .astype (numpy.float32)

m = SourceModule ("""

__global__ void add(float *a, float *b, float *c, int N) {
int idx = blockIdx.x*blockDim.x + threadIdx.x;

if (idx < N)

cl[idx] = a[idx] + b[idx];

}

nn lv)

f = m.get_function ("add")
f(cuda.In(a), cuda.In(b), cuda.Out(c), 4000, blocks = (256, 1, 1), grid=(1l6, 1)

Fig. 1. Program calculating sum of vectors using PyCUDA

PyCUDA’s intention is to provide access for any functionality available in
CUDA. Sample Python code calling kernel adding two vectors is shown on Figure 1;
it it Python version of program shown in Section 1.3.4 of [3]. PyCUDA provides
programmer with all advantages of Python such as Garbage Collector for all objects,
including those stored on the GPU. This makes writing programs much easier. For
managing resources that are scarce (like memory on the GPU) programmer may
manually free any object, but this is not needed, as it will be freed during the next
run of garbage collector. PyCUDA presents CUDA errors as exceptions to better
integrate CPU and GPU code. PyCUDA accepts CUDA code as strings and calls
compiler; NVIDIA compiler accepts the CUDA code and returns binary machine
code. PyCUDA sends this binary to GPU; to avoid constant compilation PyCUDA
caches compiled binaries and calls compiler only if code to be executed changed. This
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means that it is possible to change code during program’s execution, and PyCUDA
will be able to deal with it. This CUDA code cache is hold on the hard drive so it can
be used during subsequent program runs. This also means that for the first execution
call will be slower as compiler will need to be run, but for all the next ones everything
will be as fast as for original CUDA.

PyCUDA treats and manages CUDA programs as strings. This is the new
implementation of old LISP idea “code is data”. For PyCUDA program CUDA
code is data (formally string inside the program) so it is possible to operate on it.
By using templates it is possible to write skeleton of code and fill it with details
during execution, when those values are known. This can be seen as analogous to
implementing Strategy or Template Method patterns ([9]) but without subclassing
and object-orientation.

At the same time writing multi-threaded programs that would be executed on
CPU in Python does not bring much performance benefits. Python interpreter has
Global Lock; it means that all instructions that are written in Python (even if they
are executed in different threads) must wait for one another to be interpreted. Only
one thread may be active in the interpreter at one time. This is not a problem in case
of CUDA as all threads are executed on GPU and not on the CPU, but it disallows
for improving program’s performance by parallelising CPU code. CUDA threads are
not interpreted by Python environment and need not wait one for one another under
Global Interpreter Lock. This lock causes any CPU-threaded code in Python not to
run faster than sequential code; it must be taken into consideration when analysing
performance.

Python is not using machine code but internal representation of programs so
it is able to provide programmer with more details regarding execution of code.
For each kernel in CUDA programmer may access variables that point her how
large the function is, how many registers it is using, how much shared memory is
needed to execute particular kernel in one thread. This allows insight into hardware
occupancy and can lead to optimisation; e.g. if function is using too much registers,
it could be beneficial to move some input parameters to the constant memory, and
allow compiler to use freed registers for optimising execution of kernel function.
Detailed time information regarding execution is available via timers, which offer
sub-millisecond accuracy and allow for timing of any events is GPU ([3]).

4. Optimising computations of recurrence plot

I wrote program in Python and program in C that calculate recurrence plot. The C
program computes recurrence plot using CPU; the Python program contains two sets
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of functions, one to perform computations on CPU and one that used GPU. This
way program can be run on machines equipped with capable graphics card and on
ones that do not contain NVIDIA-based GPU — appropriate functions are called
depending on presence of hardware detected at the start of the program. All those
program are used to compare results obtained by using CPU and GPU. Programs
in C and Python were also used to test influence of interpreting of Python code on
performance.

CPU code is single-threaded and loops over all points in the resulting recurrence
plot; it is just implementation of equations shown in Section 2.. For the GPU code
I followed advice from NVIDIA Best Practices ([3]) and decided to use one GPU
thread to calculate value of one point in the recurrence plot matrix.

Creation of highly parallel code was possible because in recurrence plot all
output points depend on the shared input vector, but do not depend on values of
other output points. This means that values calculated by each of the threads are
independent and no thread need to wait for any other thread. All threads are thus
independent and may run at the same time, reducing the time of calculations as many
times as there is threads running.

Figure 2 shows comparison of time needed by GPU and GPU to compute
recurrence plot. Times are shown using logarithmic scale. GPU requires much less
time to compute recurrence plot that CPU. Until there is still space of GPU to run
more threads, increase of size of input vector is not visible. It means that it takes the
same time to compute recurrence plot as long as not all cores in GPU are used.

In case of PyCUDA the first run of code is always slow because of need to
compile code. Later executions are faster as PyCUDA caches already compiled code
to save time needed to run it. As long as source code does not change only first
run is slow which is visible in Table 4.. Table shows time (in seconds) that it took
to perform computations. It shows that for CPU performing computations 10 times
took 10 times longer. For GPU performing computations 10 times took only slightly
longer time — most of the time was taken by compilation of code. This is reinforced
by the last column of Table 4. which shows time needed to perform computations on
GPU, without compiling code.

As can be seen in Table 4. time needed to perform computations on CPU is
proportional to the size of the input data for both C and Python version. The largest
size of input data is smaller for GPU (10000 samples) than for CPU (16384 samples)
because of lack of space in graphics memory for larger input data. Table 4. shows
that for the small size of data using GPU is not beneficial. Any gains in performance
achieved when using GPU for performing computations are lost because of cost of
compiling GPU code and transfer of data between host and device. But as soon as
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input data is large enough (512 samples in case of described hardware and recurrence
plot for Python code, 2048 for C code) the time of performing computations on GPU
is shorter than on CPU, even including management tasks. For the largest size of
input data (8192 samples) time needed for compute recurrence plots on GPU is 210
times smaller than time used by CPU.

Comparison of times of computations on CPU and GPU
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Fig. 2. Time needed for CPU and GPU to calculate recurrence plot.

To detect trends in the signal it is useful to calculate not only one recurrence
plot but many of them, each for part of the signal starting at different moment. This
procedure will generate not 2D matrix (recurrence plot) but series of them. This can
be seen as creation of 3D matrix — which can take advantage of 3D block of threads
provided by CUDA GPU. It poses problem with managing third dimension (Z axis) of
the threads. In all of the currently available hardware Z dimension offers the smallest
range of values. Also block also have the limited number of threads in it ([4]) so one
must decide which axis will be given the most threads, and which will need to use
CPU loop to manually call all kernels with appropriate parameters. The best choice
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Table 1. Time needed for CPU and GPU to calculate recurrence plot.

CPU-C|CPU-Python|GPU|CPU-C|CPU-Python| GPU
@ @ | a0 (10) 10
256 0.007 1.28 4.47| 0.06 12.21 4.40 0.05

512 0.032 5.08 445 0.19 49.65 442 0.06
1024 0.091 20.63 440 0.69 210.77 | 4.49 0.07
2048 0.267 85.32 4.47| 2.68 815.60 |5.06 0.14
4096 1.072 322.68 |4.67|10.33 | 3219.37 |7.86 0.39
8192 4.186 | 1307.67 |5.68|41.17 | 13622.35 |18.50 1.43
16384/10000|16.705| 546222 |6.36|165.63| 51804.87 |25.11 2.10

Size GPU compiled

is to use the largest number of threads in the one plane with the same Z value ([3]).
This means that it is impossible to perform all calculations at the same time and it
is necessary to call kernel many times for the different values of Z. But the speedup
achieved because of caching and avoiding repeated transferring the same input vector
over the bus makes it worth it even for the price of more sophisticated code.

The code analysing recurrence plots uses one thread to calculate lengths of lines
in one row, column or diagonal line. Because histogram is generated for the entire
matrix there is a risk of inter-thread conflicts in histogram. To avoid this clash I use
atomic functions that were introduced in CUDA 1.1. This means that this code can
be no longer executed on low-level CUDA hardware like GeForce 8xxx but only on
GeForce 9400 and better. Currently program does not check capabilities of CUDA
hardware and assumes that if there is CUDA-capable GPU it can run any code
regardless of required capabilities.

4.1 Increasing the performance by using hardware capabilities

Usage of GPU allows for great improvements of performance. At the same time
CUDA does not hide implementation details, but makes it possible to see hardware
that runs kernels, for example different types of memory. Proper usage of different
types of memory allows for gaining even more performance. At the same time
improper usage of memory types might cause code to be executed inefficiently and
destroy all performance gains.

GPUArray present in the PyCUDA stores data in global memory of graphics
card. This is the largest memory but it is also the slowest one. It is not cached which
means that consecutive reads are as slow as the first one [5]. Among different types
of memory texture memory is the best suited for computing recurrent plot. This is
read-only memory that is not very fast but it is cached in the spatial way. It is used for

88



Using GPU to improve performance of calculating recurrence plot

texturing in graphics programming; spacial caching means that not only read value
but also its neighbours (their number depending on dimensionality of texture being
read) are read ([3]). Texture cache assumes that when one texture fragment is used its
neighbours will soon be needed to draw neighbour pixels on the screen. In the case
of recurrence plot the situation is very similar — close threads read very close values
from the input vector (see description of recurrence plot in the Section 2.). Texture
memory was then natural choice for speeding up the program.

Comparison of times of computations with and without texture memory
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Fig. 3. Time needed to calculate recurrence plot with and without texturing

The problem with texture memory is that it is limited in size. Depending on the
type of values stored in the texture and the dimensionality (1D, 2D, 3D), the size of
texture in one dimension is limited to 2!?(4096) or 2!%(8192) elements. This means
that it is not possible to use texture memory to perform calculations on large input
vectors.

To allow usage of texture memory when it is possible program was changed that
it compares size of input signal with maximum texture size. If it is smaller, texture
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memory is used; if not, global GPU memory is used to store the input data. Check of
size is performed on run-time and is checked for each signal independently. It means
that no input is punished because of size of previously computed data.

Figure 3 shows time needed for calculate recurrence plot with and without usage
of the texture memory. The same data is shown in Table 4.1. Usage of texture memory
improves performance. For small size of input data difference is insignificant but
as data size grows difference in performance gets significant. As can also be seen
performance is the same for both cases when data is too large to fit into texture
memory. As noted earlier instead of failing program notices that it cannot use texture
memory and switches to the main memory. It prevents computations from failing,
even though they are slower is such a case.

Table 2. Time needed to calculate recurrence plot with and without using texture memory

l Size [Not using textures|Using textures

256 0.05 0.05
512 0.06 0.05
1024 0.07 0.05
2048 0.13 0.07
4096 0.39 0.15
8192 1.44 0.51
10000 2.10 2.10

It should be possible to use shared memory as described in “CUDA Best
Practices Guide” [3] in case in which input data is too large to be able to use
texture memory. Another possibility of optimisation is different usage of threads.
Currently one thread performs very limited computations — only few additions and
multiplications, for calculating one point in matrix. This is not the best solution
according to “Best practices”. The key for achieving the best performance is to
implement code and instrument it; this will lead to the rich library of functions and
ability to choose one basing on available hardware and performance needs.

4.2 Metaprogramming
According to Andreas Kloeckner [11] it is possible to achieve great performance by

checking all possible choices for better performance (like unrolling loops, changing
values of parameters as constants), generating code, and checking which variant gives
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the best performance. PyCUDA with its ability to generate code allows for easy
experimentation to achieve great performance.

As noted in Section 3.2 PyCUDA stores kernels as text which allows for
easy manipulation of those functions. This ability was used to generate programs
on runtime, depending on the signal and parameters of execution; it allowed to
avoid performance bottlenecks present in GPU hardware. GPU does not gives
good performance for code that uses loops and conditional instructions. If there is
divergence in code paths executed by different threads all other threads are stopped
and only threads that contain particular jump conditions are executed ([3]).

Thanks to textual representation of CUDA code I was able to use template
engine Cheetah to generate code in Python to CUDA. The most important change
done was removal of the internal loop that depends on the dimension of calculated
recurrence plot d (see Section 2.). Instead of looping program generates as many
operations as there would be loop resolutions. This means that code executed on each
of the threads is the same and there is no risk of divergent execution. This also allows
for removing all looping variables. Because all threads in the block share registers,
the more variables is used by thread, the less threads can be run simultaneously.
Decreasing the number of variables used by threads allows for running more threads
at the same time.

Usage of generated code allows for reducing number of parameters passed to the
kernel. In the canonical case all variables (t, dimension d, threshold €) must be passed
as parameters. This limits number of available registers and makes source code more
sophisticated. All threads share pool of available registers, so every operation that
increases number of available register allows for running more threads at the time.
Switching to the generating code that includes values of parameters as constants
allows CUDA to store this values in constant memory. This is special memory that is
cached and shared among threads. In many cases read of all threads of the same
position in constant memory is as fast as reading of one thread (see [4]) and it
reduces number of used registers. Although the change of any value of parameters
(dimension, tau, or threshold) forces recompilation of kernel code, the same change
allows for unrolling loops — increasing overall GPU code performance.

Generating code simplifies situation with texture and global memory. Instead of
two variants of each of the functions (one for global one for the texture memory)
parameter was added to the Cheetah engine to choose which kind of memory should
be used. When code is generated, size of input vector determines which kind of
memory is used and appropriate variant of the used function is generated. This means
that code calling the kernel function must know which variant was generated, but this
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problem can be solved with usage of “with” statement present in Python'. The “with”
statement allows for writing code surrounding particular block and is executed at the
beginning and at the end of the block. This is the variant of the Aspect-Oriented
Programming (AOP).

The final method of optimisation is using compiler options. Very often compiler
does not have information about our code as is not able to change algorithm to use
different type of memory or different hierarchy of threads. At the same time compiler
can be used to optimise low-level details — remembering that people are better with
high-level image of entire situation. Different options of compiler optimisations can
be used after all described optimisation techniques are used. For example when entire
loop is unrolled and can be executed without even one jump, there is no need to try
to detect and resolve thread divergences and compiler may use other optimisations.

5. Summary

Usage of highly-parallel hardware on GPU via CUDA gave enormous performance
improvements. It was done on sub-100EUR NVIDIA GeForce 9500GT. NVIDIA
offers full range of hardware, from such cheap cards to Tesla cards intended to be
used in high-end computational clusters.

Article used approach successfully applied by other researchers ([10], [12]).
I was also able to achieve similar performance gains, from 20 to 100 times ([1]).
Although created system is not sophisticated as described by Malony ([12]) there are
many possible extensions to program described in this article.

Program does not check capabilities of CUDA hardware and assumes that if
there is CUDA-capable GPU it can run any CUDA code. This should change in the
future versions of the program.

The biggest chance to improve overall performance is avoiding transferring data
between host and device. Currently each kernel call requires transferring data to GPU,
performing computations, and transferring results back to CPU memory. Ability to
hold working set on the device could decrease time needed to perform analysis.
At the same time it would reduce amount of memory available for computations.
Another disadvantage of such solution is risk of divergence of data stored in memory
belonging to CPU and GPU. This might lead to different results depending on
which device executes the code — especially as CUDA does not offer full IEEE-
754 compatibility yet.

! Described in PEP 343, http://www.python.org/dev/peps/pep-0343/
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In the middle of 2010 NVIDIA introduced new GPU chip family called Fermi.
It is posed to replace Tesla chips, and offers vast improvements that can lead to better
performance: integrated address space, better cache hierarchy, different management
of threads, and so on ([7]). This means that even more decisions regarding code
that might influence performance of computations are needed. Because of financial
limitations author does not have access to Fermi chip and is not able to compare
results between Tesla and Fermi, At the same time problems described in this article
(and solutions to them) are even more important as hardware offers more features.
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OBLICZANIA RECURRENCE PLOT

Streszczenie: Analiza skomplikowanych systeméw wymaga przeprowadzenia wielu
obliczenn. Prawo Moore’a, choé¢ wciaz pozostaje w mocy, nie pozwala na zwigkszanie
wydajnosci pojedynczego procesora, ale pomaga w tworzeniu wydajnych réwnolegtych sys-
temow. Pozwala to na zwigkszanie wydajnosci dla algorytméw ktére mozna zréwnolegli¢;
recurrence plot nalezy do takich algorytméw. Procesory graficzne (GPU) oferuja najwigksza
ilo§¢ réownolegtych jednostek obliczeniowych, jednoczesnie jednak ich wydajne wyko-
rzystanie wymaga innego podejscia programistycznego. Artykul opisuje w jaki sposéb
wykorzystano technologi¢ CUDA do przyspieszania obliczania recurrence plot.

Stowa kluczowe: recurrence plot, analiza fraktalna, optymalizacja, obliczenia réwnolegte,
GPGPU, CUDA

Artykut zrealizowano w ramach pracy badawczej S/W1/2/09.
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QRS COMPLEX DETECTION IN NOISY HOLTER ECG
BASED ON WAVELET SINGULARITY ANALYSIS

Pawet Tadejko1 , Waldemar Rakowski!
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Abstract: In this paper, we propose a QRS complex detector based on the Mallat and
Hwang singularity analysis algorithm which uses dyadic wavelet transform. We design a
spline wavelet that is suitable for QRS detection. The scales of this decomposition are
chosen based on the spectral characteristics of electrocardiogram records. By proceeding
with the multiscale analysis we can find the location of a rapid change of a signal, and
hence the location of the QRS complex. The performance of the algorithm was tested using
the records of the MIT-BIH Arrhythmia Database. The method is less sensitive to time-
varying QRS complex morphology, minimizes the problems associated with baseline drift,
motion artifacts and muscular noise, and allows R waves to be differentiated from large
T and P waves. We propose an original, new approach to adaptive threshold algorithm that
exploits statistical properties of the observed signal and additional heuristic. The threshold is
independent for each successive ECG signal window and the algorithm uses the properties of
a series of distribution with a compartments class. The noise sensitivity of the new proposed
adaptive thresholding QRS detector was also tested using clinical Holter ECG records from
the Medical University of Bialystok. We illustrate the performance of the wavelet-based QRS
detector by considering problematic ECG signals from a Holter device. We have compared
this algorithm with the commercial Holter system - Del Mar’s Reynolds Pathfinder on the
special episodes selected by cardiologist.

Keywords: ECG, heartbeat detection, QRS complex, wavelet singularity analysis, modulus
maxima, noisy ECG, Holter recordings, adaptive threshold, dyadic wavelet transform

1. Introduction

Very often, QRS detection is difficult, not only because of the morphological vari-
ability of the QRS complexes, but also because of the various types of artifacts that
can be present in ECG signals. Artifact sources include muscle noise, artifacts due to
electrode motion, power-line interference, baseline wander, and high-frequency P or
T waves similar to QRS complexes.

Zeszyty Naukowe Politechniki Biatostockiej. Informatyka, vol. 6, pp. 95-111, 2010.
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However, as a matter of fact, QRS detection is a first step to be used in automatic
analysis. It is necessary to determine the heart rate, and as reference for heartbeat
type recognition and arrhythmia classification. A wide variety of algorithms for QRS
detection have been proposed in the literature [21], [9], [10], [14], [22], [3], [1], [4].
[19], [6], [2]. An extensive review of the approaches can be found in [13], [8].

High detection accuracy is often difficult to achieve, since various sources of
noise are frequently encountered. Furthermore, morphological differences in an ECG
waveform increase the complexity of QRS detection, due to the high degree of
heterogeneity in QRS waveform and the difficulty in differentiating the QRS complex
from tall peaked P or T waves.

Analysis of the local signal properties is of great importance to the signal
processing, because the so-called singularity very often carries information important
for further processing. According to the power spectra of the ECG signal, the
frequency width of singularity overlaps the frequency width of normal QRS complex.
A great deal of work’s related to the QRS detection based on wavelet transform
uses an analysis of the singularities proposed by Mallat and Hwang [16]. The most
interesting works are Strang et al. [25], Burrus et al. [5], Bahoura et al. [3], Kadambe
etal. [12], Li et al. [14], Martinez et al. [19], Sahambi et al. [23], Szilagyi et al. [26].

The algorithm we presented for the QRS detection in the ECG signal uses the
Mallat and Hwang [16] wavelet singularity analysis. Using both, theory presented
by Mallat and Hwang and our own experiments, a QRS detector has been built. Our
solution contains additional original elements presented in this paper. One of them
is a new approach to compute an adaptive threshold for QRS detection. The second,
that is a set of rules connected with multiscale analysis. The heuristics allow to detect
duplicate overlooked the QRS and determine the final set of QRS complexes from a
wider set of candidates.

2. Wavelet transform and singularity analysis

The fundamentals of singularity detection in signal using the wavelet transform have
been shown by Stéphane Mallat in [15], [16], [17].

Signal f(¢) smoothed by the function 6(¢) can be represented as the result of the
convolution

f(t) = fx8(u), (1)
where

6(t) = 0(—t). (2)
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The derivative of the smoothed signal is eﬂual to the convolution of the signal
f(t) with the derivative of smoothing function 6 (7)

d _ _
S (f*8)(w) = (£+8)(w) 3)
u
where _ )
— do(t
0(1) =", 4
== @
The smoothing function and its argument can be scaled
1 t
0,(t1)=—4061(-), 5
0=79(;) 5)

where s is the factor of the scale. For s > 1 the function 6() is dilated and average of
f(¢) is performed on a wider range of the independent variable 7.

The derivative of the smoothed signal is given by the convolution of the signal
with the scaled derivative of the smoothing function

(48, ) = F28,(u), ©
where _ W
— dOg(u

8=~ ™

In order to show the connection between the Continuous Wavelet Transform
(CWT) and the derivative of the smoothed signal, we define wavelet y(z) in the form
of the derivative smoothing function with the changed sign

do(r)

y()=——"~ ®)
The result is ,( )
_ do(t
v()=— "~ ©)
and J
__ [/t — [t
(i) = 06)]
which means that .
V(1) = s 0,(1). (10)
The CWT is determined and defined as follows [18]
Wif(u,s)=f*y,(u). (11)
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By substituting in (11) with ¥ (¢) the right side of (10), we get

WE(u,s) =s (£%0,)(u). (12)
Based on the above equations and (6), we get
d _
Wf(u,s)=s E(f*es) (u). (13)

To differentiate the signal smoothing by the function 6(z), it is enough to calculate
the CWT of the signal with the wavelet defined by the equation (8).

The domain of CWT is plane Ous. For calculation purposes, it is necessary to
discretize variables u and s. In the following, it is assumed that the signal f(z) is
analyzed in the range [0, N — 1].

2.1 Dyadic wavelet representation of a signal

For the purpose of singularity analysis, a dyadic wavelet transform of the signal f(t)
can be used for with the scale s takes dyadic values, i.e. s = 2%, k€ Z.
The digital signal

ao = (ao[n)nez, (14)
should be calculated by the formula

ao[n}:/+°°f(t> o(t—n)di, nez. (15)

—o0

where §(7) is the scaling function of the wavelet analysis.
Scaling ¢ by dyadic step we can get a series of digital representation

(ar)kez, (16)
where
Fee 1 t—n

Averaging of the signal is performed at a distance proportional to the scale 2*.
Detailed signals dj, are calculated by analogous to the signals ay.

(di)kez, (18)
where
oo 1 t—n
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Starting from the digital signal ag given by (15), we calculate the dyadic discrete
wavelet transform of a signal as:

{(dk)1<k<k,ax}, (20)

where ay is a coarse representation of the signal at scale 2%, and dj is a detail signal
at scale 2%, wherein 1 < k < K. Most of the details are in the signal dy, least in dg.

For the purposes of the singular points detection in a signal, it is sufficient to
perform only signal analysis, i.e. to find the dyadic discrete wavelet transform. If
the coefficients ap[n] are zero for n < 0 and n > N then the dyadic discrete wavelet
transform corresponds to the grid points of K rows, K < log,N for N points in each
row. Detection of singular points is associated with searching modulus maxima of
wavelet coefficients centered around the vertical lines of the grid corresponding to
fixed values of u.

2.2 The a trous algorithm of dyadic wavelet decomposition

Coefficients defined by (17) and (19) can be calculated iteratively using the so-
called a trous algorithm proposed by Holschneidera, Kronland-Martineta, Morleta
and Tchamitchiana [11] [24].

After selecting the scaling function ¢ and wavelet y based on the wavelet
equations there calculated two digital filters: the low pass filter 4 and high pass filter
g. Let, hy is filter obtained by inserting 2% — 1 zeros between each pair of impulse
response filter coefficients 4. The extension of the filter by inserting zeros creates
holes (franc. trous) that are mentioned in the name of algorithm. By definition

hk[l’l] = hk[—l’l]. (21)

The same designations apply to the filters g and gi.
Coefficients of the dyadic discrete wavelet transform of a signal ag can be
calculated using the following iterative calculation scheme [18]

diev1[n] = akx gy [n], (22)

Af-1 [l’l] = day *Ek [l’l] (23)

fork=0,1,2,....
If the input signal (ao[n]),cz has a finite length of N samples, then the operations (22)
and (23) can be achieved by using circular convolution (recurring).
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8k dyt1

ag

hy Aj+1

Fig. 1. Filter bank implementing one step of a trous algorithm

3. QRS detection based on singularity analysis approach

All of the wavelet-based peak detection methods mentioned in this paper [25], [5],
[31, [12], [14], [19], [23], [26] are based on Mallat and Hwang’s approach for
singularity detection [16].

Therein, the correspondence between singularities of a function f(r) and local
maxima in its wavelet transform W f(u,s) is investigated. The authors of these
works have used the dyadic wavelet transform (DyWT) for detecting singular points.
Analysis of the value that characterize the QRS complex based on the local modulus
maxima of wavelet transform. The QRS complex and other singularities in the signal
are represented by local maxima at successive levels of decomposition.

It is shown that singularities correspond to pairs of modulus maxima across
several scales (Fig. 2). The figure clarifies the correspondence between a signal
with singularities and its wavelet coefficients. Characteristic points are detected by
comparing the coefficients of the discrete DyWT of selected scales against fixed
thresholds. R-peaks are detected when the locations of modulus maxima of adjacent
scales exceed a threshold that is calculated for every segment. For most R waves,
their energies are concentrated at scales |d3[n]| and |d4[n]]|.

The developed QRS detector based on wavelet singularity analysis of a signal
consists of three main blocks:

— filtering ECG signal by a filter bank of dyadic wavelet transform (DyWT) using
a quadratic spline wavelet and a quadratic box spline scaling function,

— detection of candidates for QRS complexes using locations of modulus maxima
on selected scales with adaptive thresholds,

— determining the final list of QRS complexes using heuristic methods which use
additional decision rules for reducing the number of false-positive detections.
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Fig. 2. The singularities in the ECG signal and its dyadic WT calculated by the a trous algorithm; ag[n]
- ECG signal, |d} [n]| — |ds[n]| - the modulus maxima of details coefficients in different scales.

The main part of the detection stage of the QRS complex is an original adaptive
algorithm for the calculation of a QRS detection threshold.

4. An adaptive threshold for QRS complex detection

Problems in detection of the QRS complex have already been studied. The main
problem is due to the presence of various types of noise (slow baseline drift, high
frequency noise, impulsive noise). The great variability of patterns depends on the
specific characteristics of the patient and change over time. The idea of a threshold for
the detection algorithm presented in the paper uses the distribution of class intervals
as one of several properties. The length of the analyzed window encloses the time
interval of 16 cycles of ECG, which statistically should contain the average number
of normal QRS.

Methods of determining the threshold presented in many other publications are
based of empirical research on ECG signal. Therefore, complicated algorithms for
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the QRS detection threshold [4], [6], [2] was built on experiments, in which linear
combinations of the factors is result of fine tuning on particular set of data, such as
the MIT-BIH database [1], [14], [19]. Empirically selected thresholds for the MIT-
BIH database do not provide the same high accuracy, for other ECG databases, e.g.
in clinical practice.

The adaptive method of threshold detection of the QRS complex that we present
in this paper is independent for each successive ECG signal window. The threshold
algorithm uses the properties of distribution with a compartments class.

Let the modulus maxima DyWT values of the processed ECG window

X1y - Xy (24)

will be ny—element samples which contain the absolute modulus maxima values at
each level k dyadic wavelet transform.
The distance of the feature X is the difference

Rk = Xk,max — Xk,min (25)

where Xy ax and xy in denotes the highest and lowest value in a sample.

The distance is thus the length of the shortest interval in which all values are
within a sample. With a larger sample size (over 30), in which facilitates analysis,
aggregated in classes. For simplicity, we assume that intervals is equal length. Let
suppose that all values in a given class are identical to the measure class. There are
several rules for determining the number of classes c; depending on the cardinality
ny of the sample. In our research here, they are:

k= N\/ng or cp~1+3.322logny, (26)

If Ry is the range of the sample, the number of classes ¢y, then b; denotes the
length of class, and we assume that by =~ Ry /cx. The number of samples with values
contained in the i-class is called cardinality (the size) i of the class, and we denote ny ;
and take into account the k levels of dyadic wavelet decomposition 7y ;. The symbol
Xk; means the center of a subsequent class, whose values are mean values lower and
upper limit for each interval i class. The result is a series of pairs of numbers: center
of the class X;; and the cardinality ny ;, called distribution with a compartments class.

Each windows are contain modulus maxima values of DyWT to be analyzed.
The value of the threshold for every DyWT scale is calculated as follows:

1. Two classes are calculated that contains the local maxima with the largest values
- Xk = Xkmax — 3/2 - Ri/cx and Xg ¢, = X max — 1/2 - Ry / ci, for the distribution
Xi,; values of modulus maxima for all scales of decomposition k.
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2. Thresholds for QRS detection are established at each level k as central values in
the interval [xg ., ,, Xk, for all decomposition scales .

The occurrence of a QRS complex is detected by comparing the QRS candidates for
selected level of all scales of DyWT. If the locations of the local maxima exceed the
threshold correlated across two consecutive scales 23,24 (Fig. 2), we assume that the
locations of these maxima correspond to the location of QRS complexes.

Almost all algorithms use additional decision rules for reducing the number
of false-positive detections e.g. search-back or eyeclosing strategy [1]. Besides this
condition, the algorithm applies heuristic decision rules such as conditions on the
timing of the peak occurrence within the different scales. For example, we chose one
representative of the QRS when for a short time was detected a few candidates for
the QRS complex, and then we remove the remaining values as a potential duplicate
QRS. Due to the intrinsic refractory period of cardiac muscle, a valid QRS complex
cannot occur within 200 ms of the previous QRS complex.

5. Results of QRS detection for the MIT-BIH Arrhythmia Database

The MIT-BIH Arrhythmia Database provided by MIT and Boston’s Beth Israel
Hospital was used for evaluating the proposed QRS detection algorithm. To evaluate
the performance of the detection algorithm we use rates including false negative
(FN), which means failing to detect a true beat (actual QRS), and false positive
(F P), which represents a false beat detection. By using F'N and F P the Sensitivity
(SE), Positive Prediction P+ and Detection Error D,,, can be calculated using the
following equations respectively: SE = TP/(TP+ FN), P+ =TP/(TP+ FP) and
D, = (FP+ FN /total ORS) where true positive (T P) is the total number of QRS
correctly detected by the algorithm.

Obtained results of QRS detection for all MIT-BIH records gives sensitivity
of 98.72% and a positive prediction of 99.12%. The quadratic spline wavelet with
compact support and quadratic box spline scaling function were used [16].

In order to give an impression about difficulties in ECG analysis and QRS
detection, the presented algorithms have been applied to selected signals from MIT-
BIH database. They are shown in Table 1. These signals are the records 105, 108, 201,
208, 222. Generally, detection problems may occur for: record 105 (very high level
of noise); record 108 (high P wave amplitude, often wrongly interpreted as R wave);
record 201 (junctional escape beat occurs immediately after episodes of premature
beat); record 208 (complexes which include among others premature ventricular
contractions are grouped in 2- or 3-element blocks); and record 222 (noise and
interference at higher frequencies is very similar to the QRS complex).
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These signals are often part of a separate analysis of the publications: record 105
[14], [22], [3], [4]; record 108 [14], [22], [3], [1]; record 207 [22], [19], [6]; record
222 [21], [14], [3]. Their specificity means that they cause the most problems in
automatic analysis. Our QRS detector performed well even in the presence of noise.

Table 1. Results QRS detection selected signals from MIT-BIH Arrhythmia Database.

|[record in MIT-BIH database] / [number of QRS complexes in record]

105/2572 ] 10871763 20171963 [ 208 /2956 | 222 /2484
Publication[FP[FN[D,| FP[EN] D, |[FP[FN]D,,,[FP[FN[D,.| FP[EN[D,,|

Pan & Tompkins et al., 1985 [21][67] 22[3.46]199] 22[12.54] 0] 10[0.51] 4] 14]0.60[101] 81[7.33
Hamilton & Tompkins, 1986 [9]| 53| 22(2.95| 50| 47| 5.67| 3| 19|1.14| 9| 19]0.95| 40| 37|3.14
Lietal., 1995 [14]| 15| 13|1.09| 13| 15| 1.59| 1| 12|0.66| 0| 4|0.14| 1| 9|0.40

Poli et al., 1995 [22]|86| 5(3.53|143| 25 9.52| 0| 45|2.29|15| 18|1.12| 4| 10/0.56

Bahoura et al., 1997 [3]|27| 15]0.63| 20| 29| 2.78| 7| 24|1.07| 2| 6(0.27| 12| 27|1.57

Afonso et al., 1999 [1]{53| 16]3.22|121| 55| 9.98 700.56| 8| 43|1.73| 4| 4/0.32
Chiarugi et al., 2007 [6]|37| 17|2.10| 34| 5| 2.21| 0| 65/3.31|11| 191.02| 1| 3|0.16

this work| 19| 8]1.07| 83| 13| 5.45(82| 22|5.30| 1] 17]0.61] 18| 11]1.17

N OO =W

The processed signal window contains 2048 samples of MIT-BIH ECG recording
with a sampling rate of 360 Hz. There should be about 6-10 potential candidates
for QRS complexes. The set of DyWT modulus maxima values was divided into 15
ranges on each decomposition level. Detection threshold was as the central of the two
average values of greatest ranges. Heuristic applied on the decision stage says that the
QRS candidate must occur at least on two levels of the wavelet decomposition.

The results of the comparison are shown in Table 1. The interpretation of the
results provides a partial overview and gives a good impression on which algorithms
are potentially useful for a real clinical analysis systems. However, from an objective
point of view, reported in many publication results are not truly reliable, because an
algorithms almost always was tuned to perform perfectly on such pathological signals
from MIT-BIH, but not on a clinical ECG recordings.

Unfortunately, a QRS detector which performs well for a given training database
often fails when presented with different ECG’s data sets. Better results could
be achieved by extreme fine tuning of its parameters. Such an inconsistency in
performance is a major limitation that prevents highly reliable ECG processing
systems to be widely used in clinical practice. Because of this, the threshold value
was updated using the formula [13], [1], [14], [19], [21], [9] which corresponds to a
linear combination of constant factor specific for particular ECG data sets, e.g. MIT-
BIH Database. In such cases good reported results might be difficult to reproduce.
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In our algorithm, the threshold level is automatically calculated independently
for each signal window, using the algorithm described in section 4. No fixed threshold
level can be used, and the value must adapt to varying signal levels in order to remain
at the same relative level for different statistical properties of ECG signal.

In the next section we show that the implemented method is able to detect well,
wider and unusually shaped QRS complexes even when it’s performed in the presence
of noise or artifacts.

6. Evaluation algorithm of QRS detection on clinical data

The currently achievable detection rates often determine only the overall performance
of the detectors. These numbers hide the problems that are still present in case of
noisy or pathological signals. A satisfying solution to these problems still does not
exist. For example, the leading suppliers of solutions for analyzing Holter records,
e.g. Mortara Instrument [20] or Del Mar Reynolds Medical [7] declare that the
rate sensitivity of their methods is greater than 99% for the MIT-BIH Arrhythmia
Database.

Collaboration with cardiology doctors of Medical University of Bialystok
allowed us to evaluate the QRS detector algorithm developed in this work. In
particular, it gave us the opportunity to compare our algorithm with the world-class
commercial solution: Del Mar’s Reynolds Pathfinder - Holter analysis system [7].
Three cases presented in Fig. 3, 4, 5 have been analyzed with doctor in order to
compare the results of the our detection algorithm and the Pathfinder software. The
examples are part of a wider range of material developed during the expertise. The
medical doctor was decided to study the specially selected records of two patients,
six episodes of ECG for each of them.

Examples shown on figures (Fig. 3, 4, 5) are the cases of the most common
disorders of the ECG recording. There are several sources of distortion and Pathfinder
consequently shows shortcomings of the QRS complex detection. They may be
additional components of a signal, e.g. due to work the chest muscles or the presence
of strong electromagnetic field. Noise sources include muscle noise, artifacts due to
electrode motion, power-line interference, baseline wander, and T waves with high-
frequency characteristics similar to QRS complexes.

As we can see, the algorithm for QRS detection in the Pathfinder system
works poorly for the noisy ECG signal in real conditions. The world-class automatic
analysis system is not always be able to properly analyze difficult ECG signals.

The experiments were performed using our QRS detector with the defaults
settings of the thresholding algorithm and the same quadratic spline wavelet with
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Fig. 3. The results of QRS detection for patient 1, episode 2: a) the Pathfinder has lost two QRS
complexes, which are presented as dark sections of the timeline; QRS correctly detected are marked
with triangle and letter "N", b) detector developed by the authors for that analyze the signal from 3th
electrode has correctly detected all the QRS complexes, detected QRS are marked with dots.

compact support and a quadratic box spline scaling function. The results shows that
our algorithm has detected the small number of QRS duplicates. This situation occurs
because we intentionally deactivate heuristic rules for duplicates detector.

It should be noted that in the tests only one electrode was used to evaluating,
although in some cases, see for example Fig. 5, where the signal from the other
electrode was better quality in terms of detection.

7. Conclusions

In this paper, a QRS detection algorithm based on the Mallat and Hwang singularity
analysis has been proposed. We have described the properties of the DyWT necessary
for ECG signal processing. Our QRS detection algorithm results in a relatively low
number of false-positives (FP) and false-negative (FN). Results obtained for full
48 recordings of MIT-BIH Arrhythmia Database are characterized by sensitivity of
98.72% and a positive prediction of 99.12%.

The conducted experiments show that the proposed algorithm may give very
high efficiency in detection of QRS complex in the noisy ECG waveforms. Prelim-
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Fig. 4. The results of QRS detection for patient 1, episode 4: a) the Pathfinder has lost four QRS
complexes, which are presented as dark sections of the timeline; QRS correctly detected are marked
with triangle and letter "N", b) detector developed by the authors for that analyze the signal from 2nd
electrode has correctly detected all the QRS complexes, detected QRS are marked with dots.

inary results obtained with clinical patient data, shows that the proposed algorithm
correctly detects the QRS, even under the presence of noise, baseline drift, muscle
noise and artifacts due to electrode motion. However, the large variation in the QRS
complex waveforms as well as noise may still appear, so that further performance
improvements are still an important goal of current research.

One of key advantages is that the QRS detection uses a reliable adaptive thresh-
old algorithm. Calculation of the detection threshold was performed independently
for each analyzed window of the signal. It makes a truly, highly adaptive algorithm.
This means that the proposed solution has a great potential of clinical uses.

The algorithm has been also tested using ECG records from the Holter system
at Medical University of Bialystok. In comparisons with the world-class commercial
solution: Del Mar’s Reynolds Pathfinder - Holter system. The proposed algorithm
showed a better QRS detection results. This suggests that there is a real opportunity
to create dedicated software for analyzing of Holter records that could be competitive
for the currently available solutions system on the market.
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Fig.5. The results of QRS detection for patient 2, episode 2: a) the Pathfinder has lost all QRS
complexes, which are presented as dark sections of the timeline; QRS correctly detected are marked
with triangle and letter "N", b) detector developed by the authors for that analyze the signal from Ist
electrode has correctly detected all the QRS complexes, detected QRS are marked with dots. Three of
the QRS complexes have been detected twice but the duplicate detection heuristic was inactive.
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DETEKCJA ZESPOLU QRS OPARTA NA FALKOWE]
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ANALIZIE OSOBLIWOSCI SYGNALU
W ZAKEOCONYCH ZAPISACH EKG
POCHODZACYCH Z URZADZENIA HOLTERA

Streszczenie Praca przedstawia algorytm detekcji zespotu QRS oparty na falkowej analizie
osobliwosci sygnatu Mallata i Hwanga, wykorzystujacy diadyczna transformate falkowa.
Filtry cyfrowe analizy falkowej odpowiadaja falce i funkcji skalujacej w postaci tzw.
spline’6w bramkowych drugiego stopnia o zwartym i krétkim nos$niku. Dzigki temu
podczas analizy sygnatu i detekcji osobliwosci mozemy doktadniej kontrolowaé parametry
procesu separacji wybranych czestotliwosci. Dzigki analizie wieloskalowej mozliwe jest
zlokalizowanie miejsca gwattownej zmiany sygnatu, a tym samym lokalizacji zespotu QRS.
Metoda posiada mniejsza wrazliwos$¢ na zmiany morfologii kolejnych zespotéw QRS, mini-
malizuje problemy zwiazane z wystgpowaniem sktadowej wolnozmienne;j, artefaktéw ruchu
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i napigcia mig$ni oraz pozwala na tatwiejsza separacje zatamka R w stosunku do zatamkéw P
i T. W niniejszej pracy zaproponowano oryginalny, adaptacyjny sposéb wyznaczania progu
detekcji przy uzyciu wtasciwosci statystycznych obserwowanego sygnatu oraz dodatkowych
heurystyk. Metoda wyznaczania progu jest niezalezna dla kazdego kolejnego okna sygnatu,
sktadajacego si¢ z kilkunastu cykli EKG. Algorytm wyznacza warto$¢ progu na podstawie
analizy wtasnosci szeregu rozdzielczego z przedziatami klasowymi. Dziatanie algorytmu
zostato przetestowane przy uzyciu zapiséw z bazy MIT-BIH Arytmia Database. Dodatkowo,
wrazliwo$¢ na zaklécenia adaptacyjnego detektora QRS byla przetestowana przy uzyciu,
specjalnie wyselekcjonowanych przez kardiologa, epizodéw EKG z systemu Holtera z Uni-
wersytetu Medycznego w Biatymstoku. Poréwnania wynikéw dokonano z komercyjnym
systemem Pathfinder firmy Del Mar Reynolds.

Stowa kluczowe: EKG, detekcja uderzen serca, zesp6t QRS, falkowa analiza osobliwosci,

modulus maxima, zaklécony EKG, zapisy Holtera, progowanie adaptacyjne, diadyczna
transformata falkowa

Artykut zrealizowano w ramach pracy badawczej Wydziatu Informatyki Politechniki
Biatostockiej S/W1/4/08.
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