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Preface

This book, Advances in Memristor Circuits and Bioinspired Systems, is a collection of research works presented at Nazarbayev Univer-
sity in pursuit of excellence in two distinct areas of systems applications by observing biological systems and emerging technology
of memristors circuits. In particular, the book features the collection of papers presented at Workshop on Bioinspired Sensors, Circuits,
Systems and Applications, and Integrated circuits and programming conference (ICP 2015), that took place on 23-25 February, 2015, and
16 April, 2015 respectively.

A wide spectrum of interesting research ideas is presented in this book as short papers, full length papers and review papers. All
the contributing papers have undergone several rounds of review and the overall acceptance rate of the papers is 25%. It presents
a mix of theory and practice that is fundamentally inclined towards realistic applications. This will be useful for researchers and
students with interest to technologies related to biosensors, memristors, image processing and computational modelling.

It is also imperative to note that the works presented in this book is largely as a result of undergraduate research work undergone
during normal taught coursework hours. This book is a mandate of proof that research ideas can originate from taught courses
and can encourage young researchers to practise theory and turn that into realistic application. I hope that the materials presented
in the book will be useful to researchers and community at large.

“Great minds think differently. And every mind is differently great.”

Alex Pappachen James
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Abstract—Designing blood-wetted devices (i.e., parts of artificial 
organs or accessories to interface the blood treatment or 
medication process) requires special attention to avoid the 
generation of trauma to blood cells, either by lack of 
biocompatibility or by exposing blood cells to high shear stress 
during an extended period of time. 
This investigation focused on the prediction of mechanical 
hemolysis through stenotic connectors, when blood is modeled as a 
non-homogeneous fluid composed by plasma, red blood cells and 
platelets. Thus, firstly, a multiphase model is tuned up to capture 
the non-uniform distribution of blood cells and secondly, the 
damage differential equation, based onGiersiepen’s correlation, 
was applied only to the red blood cells, improving the prediction of 
hemolysis generation.It is demonstrated that this segregated 
multiphase model gives a much closer estimate of blood hemolysis 
than obtained values through typical numerical homogeneous 
models. 
 

NOMENCLATURE 
CCS Comparative Shear Stress � Force terms (e.g, lift force, virtual mass, and drag) � Gravity �� Normalized linear index of hemolysis ������ Average hemolysis index ��  Plasma hemoglobin ��	 Damage fraction 

H Cell, mesh, or grid size 
 Unit tensor 
MIH Modified index of hemolysis �� Pressure shared by all phases 
RBC Red Blood Cells 

Q Flow rate 
Rkp Interaction force coefficient between phases 
� Velocity vector of phase k 
VAD Ventricular Assist Devices � Time � Average value of hemolysis index at domain outlet �� Volume fraction of phase k 
� Boundary of computational domain �� Bulk viscosity �� Dynamic viscosity �� Density fraction �� Stress tensor of phase k � Shear stress 
� Diameter 

I. INTRODUCTION 

The treatment of cardiovascular disease (CVD) many times 
require the use of assist devices, interfaces, connectors, etc., 
that need to operate in direct contact with the blood stream and 
therefore are usually named blood-wetted components or 
devices (BWD). However, there are significant challenges to 
overcome due to the un-physiological conditions generated 
inside these devices, which leadto complications including 
alterations of normal blood function taking the form of damage 
to erythrocytes (hemolysis), activation of platelets and 
leukocytes, as well as thrombosis[1]. 
The hemolysis is typically caused by the destruction of 
membrane integrity of red blood cells (RBC), e.g., pore 
formation or rupture and the release of hemoglobin from the 
erythrocyte into the plasma. In BWD, mechanical damage 
resulting from high shear stress levels and exposure times to 
these stress levels are the main cause of hemoglobin release 
[2].Correlations were established under the assumption of 
experimentally feasible conditions, which implied hemolysis 
under steady shear at short time intervals. The most widely 
used  model was developed  in [3] as a power law function for 
the damage fraction, ��	 , based on in vitro hemolysis data 
[4]in a Couette system in which human RBC suspension was 
exposed to defined shear stresses �, for defined times, �: 
 ��	 � ���� � ��� �!�"#$�%� &'(((((((((((((((((((((((((()�* 
 
Power law correlations as Eq. (1) havebeen implemented in 
CFD calculations using post processing techniques in 
Lagrangian and Eulerian frames of reference, as well as by 
solving transport equations for damage fraction ((��	). In the 
Lagrangianparticle tracking approach, the damage function is 
applied theoretically to individual cells within the flow field. 
The temporal variation however, raises the question of how to 
map the damage criteria obtained by constant-shear 
experiments to a cyclical or arbitrary shear history found 
typically along the trajectory of a blood cell [5].Reference [6] 
shows a recent employment of a fluid-structure-interaction 
(FSI) approach to obtain detailed behavior of the flow inside 
aortic valve prostheses, resolving all the spatio-temporal scales 
by means of Direct Numerical Simulation. They considered 
modifications of the power law correlation toassume: (a) an 
instantaneous reaction of the RBCs to shear or; (b) an 

CFD Modeling of Hemolysis in Medical 
Devices used in the Treatment of Cardiovascular 

Disease (CVD) 
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equivalent stress associated to the deformation of the RBC in 
the flow, based on phenomenological similarity in shape 
between droplet and RBC under shear flows. In the first case 
the model takes into account the load history previously 
sustained by the blood cell predicting higher blood damage than 
the second case. 
 
In the spatial non-uniformity addressed by implementation of 
an Eulerian approach, the damage index is integrated over all 
the cells in the numerical space. For example, a hyperbolic 
advection equation to assess a linearized damage function 
based on the Giersiepen-Wurzinger blood damage correlation 
isthoroughly derived in [7]. 
 
In spite of the intense research on blood damage modeling, 
there is currently no consensus on suitable models that relate 
fluid dynamics information, such as stress and shear rate, to 
clinical properties, such as the modified index of hemolysis 
(MIH). 

 
II. NUMERICAL MODEL SETUP 

An Eulerian multiphase flow model where the plasma is taken 
as the continuous phase, while red blood phase and platelets are 
taken as the fluid dispersed phases is proposed. The cells 
interact strongly with the plasma via interface momentum 
transfer, but not cell-to-cell or cell-to-wall interaction is 
considered in this first attempt. 
 
A. Computational domain and boundary conditions 
Two benchmark connectorsfrom [8] were chosen for this study 
taking advantage of the availability of experimental data and 
the very subtle differences in their design  and marked singular 
hemolysis generation in each one of them.  

Fig. 1.Computational domain close up, starting with the full 3-D view of the 
stenotic connector. 
 
Fig. 1 illustrates a schematic of  the computational domains 
showing the connectors with their abrupt inner diameter 
reduction from 10 mm to 5 mm, stenosis length of 15 mm and 
further expansion back to 10 mm. Connector type (A) has an 

identical design to type (B), but the leading edge of stenosis 
was radiused (R=0.5 mm) as shown in Fig. 1. 
 
The numerical simulations were performed using an Eulerian-
Eulerian multiphase model. The blood is considered as a fluid 
that consists of plasma, RBCs and platelets (PLTs). The plasma 
is modeled as a continuous fluid with a viscosity of 0.0012 [Pa 
s] and a density of 1025 [kg m-3]; RBCs and platelets are taken 
as a spherical particle-like fluid dispersed with a density of 
1100 [kg m-3] and 1040 [kg m-3], respectively. Continuous and 
dispersed phases are modeled as isothermal and Newtonian 
viscous fluids. A Sauter mean diameter of 6 �m for RBCs and 
2.0�m for PLTs were taken. In this study the viscosity of the 
dispersed phases are considered to be constant through the 
computational domain, with a value of 0.002 [Pa s]. 
Initially, the whole tube was full of the mixture of plasma, 
RBCs and platelets with uniform volume fractions of 58%, 
40% and 2%, respectively. The inlet velocity profile was 
assumed to be fully developedand zero-pressure boundary 
condition at the exit of the domain. A non-slip condition was 
assumed at the walls.  
 
B. Computational methodology 
The numerical simulations of the 3D, steady, laminar, multi-
phase flow in the computational domain was performed using 
ANSYS-CFX ® v12. The numerical model here proposed is 
based on the Eulerian-Eulerian approach where no energy 
equation was considered, therefore the mass conservation and 
volume fraction(Eqns. 2-3), momentum (Eq. 4), turbulence and 
damage (Eqns. 6-8) were the governing equations for the 
model:  +����+� , -� )����
�* � �(((((((((((((((((((((((((((((((((()�* 
Phase volume fractions must accomplish that: 

.�� � �/
�0#

(((((((((((((((((((((((((((((((((((((((((((()�* 
Momentum equation: ++� )����
�* , -� )����
�
�*� 1��-�� , - 2 �� , �����

,(.3�4)
5 1 
*/
60#

, (�((((((((((((((((((((((((((((((()7* 
Where: 

�� � ����)-
� , -
�8* , �� 9�� 1 �� ��: - 2 
�
(((((((((((((((();* 
 
As the local Reynolds number in the stenotic nozzle exceeds 
3200, turbulence effects were considered by applying the shear 
stress transport (SST) model with a low turbulence intensity at 
the entrance. This is  a hybrid turbulence model which uses the 
k–� model in the fully turbulent region far from the wall and the 
k–� model in the near wall region. The SST turbulence model 
has previously proven to be appropriate and enough accurate in 
the prediction of fundamental features of turbulent flows 

 

Connector A 

Connector B 
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through small connectors [9] and therefore, will not be 
scrutinized in this investigation. 

 
Numerical predictions of the mechanical blood hemolysis were 
obtained by applying the methodology proposed [10]. However, 
as mentioned before, in this work the hemolysis predictions 
were computed over the entire domain through damage 
transport equation (Eqns. 6-8), weighted by the RBCs volume 
fraction to enforce damage prediction only where RBCs are 
expected to be located. 

 

9 ++� , <� 2 -:�� � =)� 1 ��*(((((((((((((((((((((((((()�* 
where: = � )���� � ��� *#>%� &'(�!�"#$>%� &'((((((((((((((((()?* 
 �� � ��	#>%� &'((((((((((((((((((((((((((((((((((()@* 
 

To compute the scalar shear stress field, the full stress tensor is 
reduced to a single comparative scalar value which has the 
following form in terms of the tensor components: 

�ABB � C�� )�##! , �!!! , �DD! * , )�#!! , �#D! , �!D! *(((((((((()E* 
�ABB � C�� �FG�GF((((((((((((((((((((((((((((((((((((((()��* 

Assuming Newtonianfluid, then: 
 

�ABB � �C+<F+HG I+<F+HG , +<G+HFJ � �C+<F+HG KFG � (�K((((((((((()��* 
 

For turbulent regime an analogy with the case of viscous 
stresses is done by replacing the elements from Eqn. 9 by the 
appropriate Reynolds stresses and considering the product of 
the effective viscosity on shear rate: �ABBL8 � )� , �8*K � �MNNK(((((((((((((((((((((((()��*(( 
 
Hemolysis results are presented in the form of MIH following 
the definition developed in [7]: O
� � ���$(((((((((((((((((((((((((((((((((()��* 
Where  � � )�P�*%� &'((((((((((((((((((((((((((((((((((()�7* 

 
The average hemolysis index �P�  is computed by integrating 
the value of ��over the outflow boundaries of the 
computational domain (�+),which would then correspond to in 
vitro hemolysis experiments[11]: 

������ � �QR 
 2 S��TUVWX (((((((((((((((((((((((((((()�;*(( 
 

C. Verification of grid independency 
A second-order discretizationscheme was used to calculate the 
advection terms in the discrete finite volume equations. The 

standard calculation is case dependent and takes a CPU time 
from 8 to 36 hours on a processor AMD Turion64 with 
operative systems MS Windows 7, SP2. 
In order to corroborate that the solution is independent of the 
grid resolution, a study of grid convergence was undertaken. 
With this study, the truncation error is reduced and the best 
degree of grid resolution is defined. The method consists in 
starting with an initial grid and then, make consecutive 
refinements to observe the effect of the grid [12]. The chosen 
method for discretization error estimation is the Grid 
Convergence Index (GCI) based on the Richardson 
Extrapolation (RE) method, that involves comparisons between 
three different grid sizes [13]. 
In order to quantify the discretization error, the systematic 
procedure recommended by Celik was followed. 
Three structured and stepped grids (coarse, medium and fine) 
with hexaedricalelements were prepared by using ICEM 
(ANSYS, USA); the finite elements mesh carefully modeled 
the near-wall region. Table I, gives the number of 
computational cells for each one of the meshes generated. The 
refinement factors r21=hmedium/hfineand r32=hcoarse/hmediumwere 1.3. 

TABLE I 
MESHES USED IN GRID INDEPENDENCY STUDY 

 
Mesh Elements 
Coarse 35,856 
Medium 86,144 
Fine 231,000 

 
The PLTs volume fraction for three meshes and the 
corresponding discretization error estimation in form of errors 
bars for the fine grid are shown in Fig. 2. The three grids used 
with the GCI method show that the apparent order of accuracy 
ranges from 0.14  to 9.66 %. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.Platelets concentration in a section of the tube obtained for three different 
meshes; with discre-tization error bars at the fine grid for connector A. 
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The validation of the multiphase segregatio
performed on the goal of reproducing the Fah
(F-L) phenomenon described in [14] as the for
of platelets towards the walls when blood flow i
small straight conducts.To validate the segregat
different geometries, shown in Fig. 3 w
phenomenon has been observed were assessed. 

 

(a) Capillary tube [15] 
 
 

 
(b) Channel passage [16] 

 
Fig.3. Computational domains to test segregation model for
(b) Channel passage. 
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s-1 shear rate, as used in the experiments, whic
homogeneous velocity of 1.505E-02 m/s. T
condition for the channel passage was set to 15 m
match experimental data. Both cases were sim
multiphase model using 40% and 2% volume fr
and PLTs, respectively. The conditions of the 
(RBC´s and PLTs) were varied assuming soli
liquid and liquid-solid spherical particles a
background (Plasma) to assess also any diffe
regard. Mesh verification was again performed
presented with a verified mesh. 
 
Fig. 4 depicts the F-L phenomenon compu
multiphase model with different configuration o
capillary tube and with the liquid-liquid dispers
for the channel passage (after observing in the f
was a reasonable best fit model option). In both 
enhancement of the PLTs concentration towa
clearly captured and a peak concentration lies in
region where experiments found it. However, n

on model was 
hraeus-Lindqvist 
rced segregation 
is established in 
tion model, two 

where the F-L 
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n about the same 
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PLTs concentration peak, openi
improvements in the model. N
segregation and peak location obse
represents an important achieveme
 

(a) Capillary tube [15] 
 

 
(b) Channel passage [16] 

 
Fig. 4.Computed vs. Experimental F-L effe
passage. 
 
Next section presents the assessme
proposed model, acknowledgin
concentration of PLT´s near th
overprediction of RBC´s in 
overprediction of RBC´s concentr
larger shear stresses occurs will be
of results. 
 
 
 

III. RESULTS AND D
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ng space to discuss future 
Nevertheless, capturing the 
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ent of the model. 
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As stated previosly, the shear stress (�) can be 
main biomechanical cause of the ocurrenc
hemolysis and according to [17]the blood c
different in laminar and turbulent flow; so, it 
establishan accurate wayto calculate � andavoid
in the calculation of damage.Usually, such bl
predicted as functions of viscous shear stress (fo
or Reynolds stress (forturbulent flow), on the b
experiments on blood.  
 
Although, flow along the connectors is tur
research the dynamic and effective viscos
considered in the calculation of the shear stress
influence in the hemolysis estimation and for
assessment of potentially critical flow regio
domain.Figures 5a and 5b show viscous and
shear stresses, respectively, in a plot represe
through the connector on a plane placed in axial
connector A. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.Distribution of shear stress on an axial plane throu
Viscous stresses; b) Turbulent stresses 
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The computed results show that w
the inlet and the stenosis area are
both cases; however, a critical zon
where it is expected the hig
considering that there is a threshol
which extensive cell damage is e
that turbulent stresses are higher 
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the abrupt reduction in diameter a
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When only viscous stresses are t
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The analysis suggests that Reynolds stress  is not adequate as a 
predictor of cell loading inthe calculation of the hemolysis in 
turbulent regime; indeed the time-average stress acting on fluid 
cells should be computed as defined by the Newtonian 
constitutive law with the molecular viscosity in Eqn. 11, using 
the mean velocity field computed with assumption of the eddy 
viscosity. Using the shear stress as resulting from the mean 
velocity and the effective viscosity (Eqn. 12) would lead to 
overestimation of the damage. On this regard, it is fundamental 
to recall the origin of the eddy viscosity, which is a 
mathematical term that appears as a fluctuating exchange of 
momentum when using Reynolds averaging, and that is 
conveniently associated, via Boussinesq´s assumption to the 
diffusive component of the momentum equation. Therefore, the 
use of the eddy viscosity is merely to produce a closed form to 
the Reynolds Averaged Navier-Stokes (RANS) equations and 
represents a convective term more than a diffusive one. 
Therefore, in this investigation only the molecular viscosity is 
used to calculate the CSS. 
 
In order to estimateand classifythe connectors in terms oftotal 
damagegeneratedand compared withresults obtained in [8], 
theModifiedIndexhemolysis(MIH) is calculated by usingthe 
formulation proposed in [10].Thenumerical methodologyused 
to estimatethe RBCs damage premised thatthe variationof the 
concentration offree hemoglobin into theplasmaper unit timeis 
constant, which implies thataddresses the 
problemofhemolysisgenerationfrom amacroscopic view. 
TablesII and III showthe experimental value ofMIHafter 
sixhours offlow through theconnector type A and B type and 
those obtainednumericallyby modelingblood as amultiphase 
fluid, and the comparison of the former with the results 
considering a homogeneous model, respectively. 
 

TABLE II 
COMPARISON OF EXPERIMENTS AND HEMOLYSIS PREDICTIONS (MIH) FOR 

THE TWO CONNECTORS, USING A MULTIPHASE MODEL 
 

Connector 
Type 

Umezu et al. 
(1992) [8] 

Multiphase 
model 

A 1.32 5.52 

B 4.45 19.77 

 
When the damage occurrence is analyzed in both connectors, it 
can be observed that the rate of damage is greater in connector 
type B, in which the inlet to the stenosis section is not curved. 
This implies that the shape of the inlet has a dramatic influence 
on hemolysis generation. When Umezu and colleagues 
compared the results obtained in both connectors, determined 
that this slight change in the internal form of stenosis 
contibuted to a 70% reduction in hemolysis. Although, 
numerically the multiphase model is still overestimating the 
hemolysis generation, it  is capturing aproximately the same 
rate of change between connector A and B that was measured 
experimentally. 

TABLEIII 
COMPARISON OF MIH PREDICTIONS FOR CONNECTOR A, USING 

MULTIPHASE AND HOMOGENEOUS MODELS 
 

Homogeneosus 
Model 

Multiphase 
model 

Umezu et al. 
(1992) [8] 

37.05 5.52 1.32 

�
It is clearly observed how the segregated multiphase model 
accounted much better the RBC damage than the homogeneous 
model. The hypothesis of calculating the damage only where 
RBC´s should be positioned proved to be effective and led to 
better results than traditional homogenous model.Nevertheless, 
it must be accounted that the current multiphase model despite 
capturing the F-L phenomenon, still has an important 
underprediction of the peak concentration of PLT´s close to 
walls and therefore an overstimation of RBC´s present in that 
region (see Fig. 4). Reducing the gap to refine the prediction of 
the F-L effect may reduce even further the estimation of 
hemolysis in the connectors getting much closer to 
experiments. This surely should be one of the key validation 
goals when further improvements will be added to current 
multiphase model in this ongoing research. 
 
IV. CONCLUSION 

A multiphase numerical methodologyto estimateblood damage 
associated to flow through medical devices has been proposed 
in order to estimate hemolytic damage.The proposed model 
allowsto establish with acceptable accuracythe distribution 
ofcells through flow micro-connectorsand appliesthe 
damagecorrelation proportionally to the concentration of RBC 
in every location. Results showed a marked decrease in the 
over-estimation typicallyobtained from homogeneousEulerian-
Eulerianmodels. Nevertheless, further development is needed in 
the multiphase model to account for extra phenomena not 
considered yet, but preliminary envisioned. 
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Abstract. Distraction of the driver by automobile audio system 
appears to be one of the main causes for accidents. Finding 
alternative solution of controlling audio systems may decrease the 
risk of crashes and fatalities. Following project describes gesture 
control of such systems. The work seems to be effective and cheap 
solution for the problem. (Abstract) 

Keywords—automobile; gesture recognition; audio system; 
distraction; programming. 

I.  INTRODUCTION (HEADING 1) 

Nowadays automobiles are the most widespread type 
of transport. The statistics show that there are more than 1.2 
billion cars around the globe and this number is increasing 
gradually [1]. However, automobiles appears to be the most 
dangerous vehicles too, since the National Center for Statistics 
and Analysis reported that only in America there were about 
7000 fatalities on the road in the first quarter of 2014 [2]. One 
of the main causes of numerous car crashes is distraction of 
the driver by different devices in the vehicle. These can be 
mobile telephone, audio system or eating food during the trip 
[3]. The following project was aimed to decrease potential 
distraction sources by focusing on the audiosystems. It can be 
visible that the possibility of controlling the device without the 
necessity of looking at it would be significantly helpful in this 
case. Hence, using hand gestures for making changes in the 
work of the system seems to be the most efficient solution. 
Our project seems to play considerable role in decreasing the 
road accidents and in saving people’s lives. The followed 
research in this area showed that there are similar technologies 
existing in the current automobiles, however, most of them are 
implemented in the high class cars with an extremely 
expensive prices. Therefore, another objective of the work was 
to make the whole system as cheap as possible in order to 
provide the opportunity of using it to almost every car driver. 
This can be achieved by applying light structure, available 
components and simple coding. We created a C++ program 
involving OpenCV GUI that uses usual camera of 0.3 
megapixels to analyze the real time image on the presence of 
gestures that were stored earlier. 

II. IMPLEMENTING THE IDEA 

Our project requires the program to read the hand gestures 
and apply appropriate function in accordance with them. For 
instance, moving an open hand to right or left sides will 

change the stations or audio tracks, up and down will help to 
control the volume while raising a fist will play or stop the 
music. These goals were achieved by programming the system 
to obtain and analyze the real time video from the camera and 
send appropriate commands to the audio system. It is 
understandable that to work with the gesture recognition there 
is a need to obtain specific binary image of the environment, 
where hand will be treated with the white color, while 
background with black. It is one of the simplest algorithms to 
be implemented in our case. 

 

A. BGR to HSV 

In order to do this several possible variants were studied 
and analyzed where the most appropriate ones - Background 
Subtraction method and conversion of original image to the 
one with HSV format (Figure 1) which further is configured to 
the binary were chosen to further consideration. The initial 
draft of the project used the first method, however, the review 
of the work demonstrated that second variant seem to be more 
stable for our conditions. 

 
Figure 1. HSV format. 
 

B. HSV to Binary 

The conversion of the original BGR format to HSV 
one, and applying appropriate configurations to stabilize 
image and subtract unnecessary noises leads to the binary 
output which is represented in the Figure 2. 
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Figure 2. Binary representation of the hand. 
 

C. Object Tracking 

After that, the program starts analyzing contours of the hand in 
order to find geometrical centre. By pointing it and tracking 
the point program evaluates the behavior of the hand motion. 
We put the borderlines at each edges of the image which are 
used to examine if the hand crosses them (Figure 2). For 
example, if geometrical centre crosses right borderline, it 
means that hand moved to the right side, what in its turn will 
cause the audio track to change.  

Figure 3. Final representation. 

III. RESULTS 

The implementation of the project on the personal 
computer demonstrated acceptable results. The conversions of 
original images were successful and tracking systems also 
showed adequate performance. The work required 0.3 
megapixel camera and had quite simple programming code 
and structure what meets the objectives mentioned in the 
introduction part. Project appears to become cheap and stable 
tool in the car that decreases the distraction sources for the 
driver thereby helping safe driving.  

 

IV. LIMITATIONS 

There several limitations to be considered in this project, 
despite the overall successful implementation. First of all, the 
main problem may be illumination in the car, since the object 
recognition requires the use of specific colors in the image. 
The possible solution for this problem is to use light indicator 
that evaluates lighting in the car. Thereby the program will 
adapt to the current illumination and use specific 
configurations for each possible case. Another problem is the 
possible random movements, which may be considered as 
gestures by the program. However, this problem also may be 
solved by giving the stable range of values for the speed of the 
hand ignoring too fast movements. 

V. CONCLUSION 

The implementation of this program is believed to increase 
the safety driving by decreasing the destruction of the driver. 
Moreover, simplicity of the programming and manufacturing 
together with cost efficiency (only camera installation is 
required, the board computers already exists on the most of the 
modern automobiles) make this project even attractive. The 
preliminary results showed quite successful behavior of the 
project despite some problems to solve for the future 
implementation.  
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Abstract—This project will use Open CV face recognition API
module to register attendance of students in class. For this
purpose, a camera stream will be analyzed frame by frame.
During analysis, the faces will be detected and compared with
photos in a face database stored on a computer. If the match is
found, a certain student will be checked as present. This approach
to taking attendance is considerably harder to circumvent than
conventional or electronic attendance based on student IDs
because it requires the presence of a student.

Index Terms—face recognition, education, attendance

I. INTRODUCTION

The topic of this paper stemmed from the problem of
attendance in our university. Often, instead of going to the
lecture, students would ask someone to sweep their ID card
over the card reader for them to create an impression that they
have attended the lecture. This made us think about possible
solutions to this problem. The first idea that came to mind was
to use face recognition as a means of taking attendance.

Although fairly easy for humans, implementation of face
recognition using computers have been a topic of rigorous
research for a long time. The main difficulty was to identify
what features should the computer look for and compare.
One of the first face recognition algorithms was based on
geometric features of the face. It used certain marker points
(ex. position of nose, eyes, ears) to create feature vectors. The
algorithm would measure a distance between feature vectors
of the sample and reference image [1].

Newest face recognition algorithms take a more holistic
approach. The algorithms present in OpenCV are Eigenfaces
method, Fisherfaces method and Local Binary Patterns His-
tograms (LBPH) method [2]. Eigenfaces method treats a facial
image as a point in a high-dimensional image space. To reduce
the number of dimensions, Principal Component Analysis
(PCA) is used. Its aim is to identify axes with maximum
variance, find new orthogonal basis and create a new lower-
dimensional ”face space”. The algorithm is not robust to
external disturbances, such as light, and therefore must be used
with caution.

Fisherfaces method utilizes Linear Discriminant Analysis
(LDA), which unlike PCA takes into account classes. Since
PCA does not consider classes, it may reject components,
which carry discriminative information, by maximizing the
variance. In its turn, LDA maximizes the variance within the
class only and, thus, preserves the discriminative information.

The two methods above require a large amount of images
per person. For example, to achieve a recognition rate of 96%,
these algorithms need 10 different images of the same person
[2]. A LBPH algorithm can perform fairly accurately with a
small number of images per person because, instead of looking
at an image as a high-dimensional vector, it describes only
local features of an object.

The problem that stood before us was to:
1) Find a student photo database for experiment
2) Process the images in the database to feed them to the

face recognition algorithm
3) Determine the face recognition algorithm suitable for

our purposes
4) Implement the program in a user-friendly way
5) Analyse and measure the accuracy of the algorithm in

different exterior conditions (such as lighting)
The novelty of this paper is that face recognition is being

discussed as a means of control of classroom activities. More-
over, the effects of lighting and distance from camera during
face recognition are going to be analysed and discussed. Note
that the assumption is made that the students will come to
the camera one by one and the distance between the camera
and face of the student will be sufficient. The teacher is going
to monitor the correctness of recognition and press button to
register attendance of a student when recognition is successful.

Due to time limitations, the mathematical nature of face
recognition algorithms was not studied rigorously, and the al-
gorithms were merely used with their performances analyzed.

II. METHODOLOGY

First, it was necessary to obtain a database of frontal face
photos. The photos were taken from portal my.nu.edu.kz site
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using wget program looping through all 2nd year students.
Then, the photos were cropped to include only the facial

features, scaled to size 200x200 and rotated to be aligned at the
eyes. To achieve this, first, Open CV was used to automatically
determine the positions of eyes on all of the photos. Second,
these positions were used to rotate an image by a certain angle,
so that the line between the eyes would be parallel to the
lower edge of the image. Finally, the images were cropped to
include only the facial features. The rotation and cropping was
performed using Python Imaging Library (PIL). An example
of an image used for facial recognition is shown on Figure 1.

Fig. 1. Example of the cropped image used in face database

Now that the database was ready, it was time to determine
an algorithm that was to be used for face recognition. Our
database had only one image per person and, therefore, if used
with this database, algorithms lake Eigenfaces and Fisherfaces
would not produce a high recognition rate. However, by trial
and error, it was determined that the best algorithm to use was
Fisherface algorithm.

Fig. 2. Face recognition with ID indicated

The routine of a face recognition software is usually as
follows:

1) Detect the faces on the image
2) Feed faces to the face recognition algorithm
3) Compare the faces with faces in the database
In our software, an additional step is required: to document

the attendance of a student in the class.
To break the problem into pieces, it was decided to start by

implementing a program that would recognize a person sitting
in front of the web camera, place his face into a rectangle and
write his ID number on the top. First, a mechanism to load
photo database into the program was needed to be developed.
For this purpose, we used a CSV file with paths to each image
followed by its identifier (ID number). These images were then
passed to LBPH FaceRecognizer to train it. Again, the main

difficulty was that in database there was only one photo per
person. Then, an algorithm was written that would determine
the position of the face on the web camera feed and crop it
from the background. This algorithm was implemented using
Haar Cascades with CascadeClassifier. In particular, the Haar
Cascade of the frontal face was used. After that, the face from
the web camera was compared with faces from the database
and, if the match was found, the ID number of the student
from the database would be shown. The operation of this
preliminary program is shown on Figure 2. For development
of this program, the tutorial from OpenCV documentation [3]
was extensively used.

Finally, the means of storing attendance of a student was
developed. To store a face in the list, a teacher would need to
press space when the face is recognized.

To summarize, the program performs the following actions
throughout execution:

1) Reads CSV file to get paths of database images and loads
these images and their labels into two vectors. Return
error if this action could not be performed

2) Initializes Face Recognizer algorithm and feed all im-
ages and labels to it. Also, set a threshold number for
recognition, so that the faces that are not present in the
database would be rejected.

3) Initializes Cascade Classifier and load frontal face Haar
Cascade.

4) Connects to the web camera feed.
5) Repeatedly loops through images from web camera feed

and detects all the faces.
6) Crops the faces and resizes them to the size of images

from the face database.
7) Feeds the faces from web camera feed to the Face

Recognizer.
8) Draws a rectangle around the face and projects a re-

sponse of face recognizer over it.
9) Waits for ’space’ key to be pressed to add a student to

the attendance list. When ’escape’ is pressed, exits the
program.

One of the problems, which has appeared during the imple-
mentation of our electronic attendance program, is to create
a database of existing students for a test. Since the purpose
of our project was to develop a face recognition for the
purposes of attendance for our class, it has been decided to
get photos and IDs of all 2nd year Electrical Engineering
students. The procedure for download of all 2nd year students
has been described above. However, it does not demonstrate
how only Electrical Engineering students were sorted out. In
order to sort only Electrical Engineering students, the list with
names taking the same Electrical Engineering class has been
downloaded from the Moodle. After having the list of names
of all 2nd year Electrical Engineering students, the problem
was to assign IDs to these names so that we could search our
database of all 2nd year students and sort Electrical Engineers
out. In order to solve this problem, the list of all people
somehow affiliated with Nazarbayev University Mail has been
downloaded from Gmail. This list included about 4500 people
with names, IDs and positions. Additional script has been
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written to find the names from the list of Electrical Engineering
students with the whole contact list of Nazarbayev University
Mail and to take the corresponding ID. After this, we had a
complete list of 2nd year Electrical Engineering students with
names and IDs and, thus, we now could proceed to formation
of our database. In overall, 66 Electrical Engineering 2nd year
students were sorted out, constituted our database. For this
experiment, several variations of the database have been used
to demonstrate the programs success rate. In other words, we
used different number of items inside the database to test what
is the impact of the size of the database on the success rate.
Initially, five photos have been used with an increment of five
for each test until a complete database of 66 photos for a test
was reached. In addition to the criterion of the size of the
database, another two criteria have been used. One of them
is the luminosity of the face of the subject, and another is
the distance from the face to the capturing camera. In this
experiment, the luminosity is an uncertain factor, which has
been defined by three states:

1) Well-lighted
2) Half-lighted
3) Poorly-lighted

The examples of well-lit, half-lit and poor-lit environments
are shown on Figures 3-5. These states were determined by
relying on human factor only.

Fig. 3. Well-lit environment

Fig. 4. Half-lit environment

For the distances, three states have been determined:

1) 20 cm
2) 40 cm
3) 60 cm

Fig. 5. Poorly-lit environment

For each state of criteria, several tests have been performed
with the database size ranging from 5 photos to 66 photos.
The results can observed in the Results and analysis of data
section.

III. RESULTS AND ANALYSIS OF DATA

TABLE I
RECOGNITION RATE OF THE PROGRAM UNDER DIFFERENT LIGHTING

Database size Recognition rate (%)
Well-lit Half-lit Poorly-lit

5 10 10 6
10 10 10 6
15 10 9 5
20 9 8 5
25 10 9 4
30 9 8 5
35 9 8 5
40 8 6 4
45 7 7 3
50 7 6 2
55 7 5 3
60 6 3 3
65 6 4

Fig. 6. The relationship between the database size and success rate for
different degrees of luminosity

From Table 1 and Figure 6, it can be seen that with
the decrease of the luminosity, the success rate drops. This
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TABLE II
RECOGNITION RATE OF THE PROGRAM DEPENDING ON DISTANCE OF THE

FACE FROM CAMERA

Database size Recognition rate (%)
20 cm 40 cm 60 cm

5 9 10 7
10 9 10 8
15 7 8 7
20 7 9 8
25 8 9 8
30 6 10 7
35 7 10 5
40 6 9 6
45 6 8 4
50 7 8 5
55 6 8 3
60 5 8 5
65 5 7 2

Fig. 7. The relationship between the database size and success rate for
different distances

means that in order to ensure the maximum capability of this
program, the user has to provide the well-lit environment.

Regarding distances (Table 2 and Figure 7), it can be
said that the optimal distance from face to the capturing
camera is about 40 cm. However, additional tests can be
performed to find more accurate results for distance. Due
to time restrictions, we were not able to conduct tests many
distances.

From both Tables 1 and 2, it can be seen that increasing
database size leads to a rapid reduction in recognition rate.
This implies that the program should be used with caution for
large classes.

IV. SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

Overall, the face recognition algorithm provided by
OpenCV is suitable for purposes of electronic attendance for
small classes. However, there is still work to be done to
increase the recognition rate for larger classes. A suggestion
can be made to make an algorithm that would learn from its
mistakes: for example if it recognizes a person wrongly, an
operator can write a correct identification number manually to
the computer, and the program would store this web camera
feed as a new face in the face database.

Considering cases when the program would fail, it can be
said that a student can deceive the program simply by putting
the photograph of another student in front of the web cam to
take Fig. 2. Face recognition with ID indicated the attendance.
Surely, the algorithm would not detect whether a student or his
photo is appearing on the web cam. In favor of our program,
it can be said that still it is much easier for a faculty to spot
cheating during web cam attendance rather than a paper signed
or electronic attendance taken using ID card. This is because
it is much harder to take an attendance furtively with a photo.
In addition, several programming techniques can be applied
to the algorithm in order to avoid cheating on attendance. For
example, the function predict of the FaceRecognizer can be
used to assess the quality and, thus, credibility of a taken
video image frame. In this regard, a threshold can be applied
to raise the quality of the images to be accepted and, thereby,
to filter unnecessary frames.
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Fig.1. Memristor Decremental Model Concept [1]. 

TABLE I.  SPICE SIMULATION PARAMETERS 

Parameter Value 

Input voltage  2Vpk-pk 

RS 16kOhm 

RT 4kOhm 

R1, R3-R6 10kOhm 

R2 90kOhm 

C 0.1uF 

NMOS W/L 35 

PMOS W/L 90 

Supply voltage for current mirrors ±5V 

Supply voltage for op-amps and AD633 ±15V 
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Abstract— this work presents findings on verification of 
memristor emulator model. Memristors are devices, which 
resistance value depends on the current, which has previously 
flown through it.Memristor hardware model needs to maintain 
such features of memristors as programmable memristance, 
nonvolatile performance and ability of being connected with 
other devices in memristive circuits. Analyzed model is composed 
from widely available solid state components and can be used in 
the systems of several memristors. It makes this emulator 
convenient for educational and demonstration purposes as well 
as for initial analysis of memristive circuits. Examination of the 
emulator using SPICE has shown expected results, including 
pinched hysteresis loop on voltage-current plane and linear 
dependence of charge on flux. In addition, operation of system at 
different temperatures and frequencies was studied.    

Keywords—memristor; emulator; SPICE model 

I. INTRODUCTION 

Memristors are two-port electrical devices changing their 
resistance depending on the current  that has flown through the 
device previously [3]. It became a fundamental electrical 
element in one row with inductor, capacitor and resistor, 
because the memristor provides a functional relation between 
flux and charge [1]. Memristors’ common feature is a pinched 
hysteresis loop on the current-voltage characteristics graph. 
Another important feature of such devices is non-volatile 
resistance meaning that value of device resistance does not 
change if no power is supplied to it.  

These unique characteristics of memristor make it suitable 
for memory and neuromorphic applications such as Cellular 

neural networks for image processing [8],[9]. Another possible 
application fields of memristors are microwave electronics [10] 
and PID control [8]. Moreover, resistive switching devices for 
memory and logic application could also be realized with 
memristors [13],[14],[16]. Typically, memristors are nano-
scale horizontal devices, build using TiO2 technology [18], but 
they also could be produced using SrTiO3 [16]. In addition, 
memristors could be realized as a 3-D vertical device [15].  

The cost of fabrication of nano-scale devices along with a 
huge potential of memristor applications require device 
emulator for initial analysis of memristive circuits. There are 
proposed SPICE emulator models, which could be used for 
simulation applications [10]. However, hardware model is 
required for physical implementation of memristive circuits.  

In order to be useful, the hardware model needs to have 
programmable and nonvolatile memristance. Another 
requirement is that memristor model could be directly 
connected to other electrical devices in memristive circuits. 
Moreover, this emulator should consist of widely available 
solid-state components to ensure that it could be easily 
constructed. Most of the proposed emulators are based on 
transformation of non-linear inductors, resistors, and capacitors 
into memristors [1],[17]. And while the model proposed in [17] 
utilizes both analog and digital circuits, only analog devices are 
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Fig.2.Current mirrors simulation results. 

 
Fig.3. AD633 Multiplier simulation results. 

used in emulators proposed in [1] and [19]. Advantage of using 
only analog circuits is improved connectivity of the model with 
other circuit elements[21-24]. Even though, model proposed in 
[19] is not expandable. Therefore, the model proposed in [1] is 
selected for analysis in this work. The objective of this paper is 
to evaluate the performance of this memristor emulator model, 
including examination of transient characteristics along with 
frequency and temperature dependencies of these 
characteristics. 

II. METHODOLOGY 

Examined model could be operated in either incremental or 
decremental mode. The main difference between them is that 
the pinched hysteresis loop lays in the first and third quadrants 
of I-V plane for the former, and in the second and fourth for 
the latter.  Since operation of both models is analogical, only 
decremental mode is studied in this work.  

A. Concept Description 

Concept of decremental memristor emulator is presented on 
the Fig. 1. The main idea of this emulator is using capacitor 
characteristics of charging and discharging to obtain variations 
in overall resistance. Input voltage for this configuration is 
given by the equation (1) 
 

 ��� � ����� 	 �
                                (1) 
 

In this equation, vx is the output of analog multiplier and is 
given by the equation (2). The first term in (2) corresponds to 
capacitor voltage, while the second represents voltage across 
the resistor RT. 

�
 � ��
��
� � ����� (2) 

Therefore,by combining equations (1) and (2) 

��� � 
�� 	 ��
� ��
������                          (3) 

And, finally, equation (4) describing input resistance is 
obtained from equation (3). 

 

��� � ���
��� � �� �� 	 ��

��� ��
���(4) 

In equation (4), the first term in brackets represents a fixed 
part of memristance.The second term varies due to the 
changing capacitor charge. This term corresponds to a variable 
part of memristance. 

B. Design Description 

Both resistor RT and capacitor C in (3) need to be supplied by 
the same current which is produced by the input voltage 
source. Therefore, in SPICE implementation six current 
mirrors are constructed usingBSIM3 long-channel MOSFET 
models [20].The MN0-MN2 current mirror regenerates the 
positive part of the input current, while MP0-MP2 current 
mirror copies the negative part. The MP1-MP3 and MP1-MP4 
reproduce the current from the MN0-MN2 current mirror on 
the resistor’s and capacitor’s outputs respectively. 
Analogically, The MN1-MN3 and MN1-MN4 reproduce the 
current from the MP0-MP2 current mirror. Consequently, the 
full copies of input current on resistor and capacitor are 
obtained. The layout of the current mirrors in the circuit is 
shown in the Appendix A. Theiroperation could be observed 
on the Fig. 2. It shows that the output currents supplied to 
resistor and capacitor perfectly copy the input current as 
expected.  
Analog multiplier AD633 [4] is used for combination of 
output voltages from RT and C. It operates at frequency range 
up to around 300 kHz which is suitable for the examined 
emulator model. 
Transfer function of this multiplier is given by (5). 

� � 
� !�"�
# !#"�
 $ % &                               (5) 

During the implementation of the project, error in abbreviation 
was found in [1]. Authors exchanged W and Zports of AD633 
multiplier, which caused simulation issues.  
Fig. 3 illustrates the performance of the AD633 analog 
multiplier. In order to study multiplier’s operation, to SIN 
signals with different frequencies were supplied as inputs. On 
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Fig.4. Theoretically expected pinched hysteresis loops for different 
frequencies with ideal components. 

 

Fig.5. Experimentally obtained pinched hysteresis loops for different 
frequencies with non-ideal components. 

 

Fig.6. Flux-Charge characteristics of analyzed memristor model.

the Fig. 3, first two graphs are input signals, and third graph is 
representative of the output signal. Analog multiplier takes 
points of input graphs at each time instance, mathematically 
multiply them and divide by 10, as mentioned in(5). Since 
multiplier works as expected, it was selected to be used in the 
simulation of memristor emulator. 
 
As shown in (5), output of AD633 needs to be scaled 10 times. 
Scaling is performed using operational amplifier U2 with gain 
of 10. U1 amplifier is used as a buffer in order to prevent 
capacitor from undesired discharge when there is no input 
signal. This buffer provides nonvolatile properties to the 
examined model. Combination of RS and U0 is used to convert 
input voltage into input current. Examined model is made 
expandable by insertion of analog adder which is constructed 
using U3 and U4amplifiers. All amplifiers in the models are 
TL082 [5]. The final layout of the circuit could be found in the 
Appendix A and simulation parameters are specified in the 
Table 1. 

III. RESULTS AND DISCUSSIONS 

By implementing the SPICE simulation of the system the 
data for the input current and voltage are obtained. The 
theoretically expected pinched hysteresis loops for different 
frequencies of input signal are illustrated on the Fig.4.They 
were obtained from mathematical analysis of emulator 
performance by assuming ideal operation conditions. It could 
be observed that current changes approximately from -65uA to 
65uA. The waveform of the current is periodic. There are two 
corresponding values of current for each voltage point. 
Therefore, value of current and memristance at present state is 
selected among two possible values depending on its value at 
the previous state. Also, it is possible to conclude that with 
increasing the frequency the width of hysteresis loop decreases 
and memristor behaves more like a resistor. It means that the 
memristor emulator would eventually perform as a resistor if 
frequency of operation is further increased. 

Theoretical expectations could be compared with 
simulation results provided on the Fig. 5. It could be seen that 
the emulator model with real-life components also has 
hysteresis loops on voltage-current plane. However, the width 
of the loopfor the same frequency is much smaller compared to 
ideal scenario. Additionally, the hysteresis loops do not have 
such perfect shape ason the previous figure, which could be 
due to parasitic effects of the sub circuits.   

The charge-flux characteristics of memristor model are 
presented on the Fig. 6. They are very close to the ideal, where 
the line should be straight, because the basic idea of the 
memristance is that the change in the flux causes linear change 
in charge. Fig. 6 shows that while flux changes from 0 to 3.5 
mWb, charge increases up to 0.2 uC. 

The variation of the emulator memristance with time is 
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Fig.8. Delay calculation in SPICE. 

 

Fig.9. Obtained pinched hysteresis loops under different temperature 
conditions. 

 
(a) 

 
(b) 

Fig.7. Transient analysis. (a) input voltage waveform; (b) 
memristance variance with time. 
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presented on the Fig. 7. Memristor changes its value between 
2kOhm and 16kOhm. As it could be observed, memristance 
decreases with increase of voltage and increases when input 
voltage decreases. Moreover, maximum memristance is limited 
by the value of RS while minimum value is limited by RT and 
C. This observation totally agrees with theoretical expectations. 

The simulation timingis represented on the Fig.8.It shows 
that the delay time of the system is equal to 117.5922us.It 
could be concluded that this time delay is acceptable. 

TheFig. 9displays the influence of the operation 
temperature on the memristor emulator performance. The 
shapes of the pinched hysteresis loop under different 
temperature conditions remain the same. When temperature 
increases, the loop moves in the direction of negative voltage. 

IV. CONCLUSIONS 

Memristor emulator is required for modeling behavior of 
real device performance using widely available components. In 
this study, the performance of memristor emulator model 
presented in [1] is verified using SPICE simulator. Such 
important features of real memristors as programmable 
memristance, nonvolatile operation and connectivity with other 
devices in memristive circuits were found to be preserved in 
the hardware model. Expected forms of pinched hysteresis 
loops were obtained. Moreover, decrease of the width of these 
loops with increase of input signal frequency was observed. 

The obtained results from simulations of examined model 
coincide with predicted theoretical behavior. Consequently, 
this emulator works in desired manner and is applicable for 
construction of memristor application circuits as well as for 
educational purposes. 
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A full schematic of the decremental memristor emulator with expandable architecture [1]  
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Abstract:Memristor is a two-terminal electrical 
component that depends on charge and flux linkage, 
simply it is a resistor that has a memory. The working 
principle of memristor is: it has the resistance that 
always changes depending on the current that has 
passed previously. But in past years Hewlett-Packard 
declared that they produced memristor by the help of  
TiO2/TiO2-x structure.In our paper structures, physical 
characteristics of the memristors will be explained 
and one of the most important applications of 
memristor, which is memory cell, will be further 
examined and simulations of the memory structure 
will be done, finally results will be demonstrated. 
Keywords: Memristor, SPICE, nonvolatile memory, 
resistance, flux, charge.  
 

� 

���	�!���	�

 

Before 1971, passive elements of the circuit were 
only capacitor, inductor and resistor, until Chua 
derived the fourth passive element called 
memristorhe found the dependency of the memristor 
on the electric charge and magnetic flux[1]. 
Moreover, he proved that the components of 
memristorcannot be duplicated by using any 
combinations of resistors, capacitors and inductors. 
Due to its unique properties, memristors were 
exploited in many areas such as nonvolatile RAM, 
neuromorphiccircuits [4-7] and programmable IC’s 
[2]. 

Physical structure of TiO2 memristor: 

Figure 1 shows the construction of the TiO2 

memristor. In the TiO2memristor, a thin undoped 
titanium dioxide (TiO2) layer with a thin oxygen –
deficient doped titanium dioxide (TiO2 - x) layer are 
clamped between two platinum electrodes. TiO2 is 
semiconducting material that has high Resistance 
(Roff) but if the O2 atoms are removed from the 
material, then empty spaces will act as donor 
dopants, thus Resistance will be dropped to low 
values (Ron). When a voltage or current is applied to 
the device, the width of the TiO2 and TiO2 – x layer 
varies as a function of the employed voltage or 
current [3]. As a consequence, the resistance between 
the two electrodes is adapted.Moreover, it is said to 
be that the main part of the device is the drifting of 

the O2atoms for the applied Electric Field (E) and 
current (I).  

 

Figure 1. Physical model of memristor 
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The following equation demonstrates accurate model 
for Memristor Spice Simulaiton. Memristance is 
given as a function of the state variable q, and 
because of that the state equation does not sensitive 
to truncation errors.  




 
 
In Spice Model, q can be found by integrating port 
current I with capacitor Cint as it is seen from Figure 
2. After that q becomes equal to voltage at the node 
Q.  Series connection of Roff and controlled voltage 
source are used as a model for memristive port.  

 
Figure 2.Memristor Circuit 
 
 
Memristor Simulation: 

Figure below is the code that explains the 
characteristics of Memristor: 
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Figure 3 is the Result of the simulation for the I-V 
pinched hysteresis loop.  Here, we have sinusoidal 
input voltage at 100Hz and 100kHz. Hysteresis in the 
circuit is occurred at the time when frequency 
reached 100KHz.  

 

Figure 3: I-V Hysteresis Loop 

The figure 4 showsVI characteristics of the 
Memristor. Here sinusoidal input voltage is drawn 
with green, and current I with blue color. Vingets 
maximum value of 1.2V, whereas I takes maximu 
300uA. Here, I-V characteristic was matched to 
100Hz data. 

 

Figure 4: VI characteristics of Memristor 

Memory Cell Code and Simulation Results: 

 

Memristor can be used in construction of nonvolatile 
memory. The memristor give a possibility of using 
quasi capacitor type of data storage like DRAWs but 
with long life time. The I-V characteristics of 
memristor, contain both the current and the integral 
of current. It means that without any extra circuit, 
only by cutting the charging current, the voltage of 
the device decreases to zeros directly. Moreover the 
stored information do not change which means that 
the control circuit of memory become much simpler. 
Additionally, the power dissipation of memristor is 
low in comparison with flash memory and their 
access time in reading process is fast, also the writing 
pulse have more amplitude and longer time. In future 
it is expected that by using fast ions the writing pulse 
in memristor will become less than flash memories.   

The current controlled type memristor was used in 
design of memory cell. This design propose the 
excitation (input data) in terms of current type while 
the measurement (output date) in terms of voltage 
type. The resistance switching mechanism in 
memristor is based on Bipolar Resistance Switching. 
Writing the “0” and “1” logics (corresponding to low 
and high resistance state) are done by controlling 
amplitude, frequency and polarity of writing pulse.  

The Figure 5 is the hysteresis loop of I-V 
characteristic for Memristor 

 
Figure 5: Hysteresis Loop of Memristor memory cell 
 

In Figure 6 “1” writing pulse is applied which has 
changes the state of system from 0 to 1. After a pulse 
for reading operation is applied, its graph is 
represented in figure 3. Then in response to this pulse 
the output voltage that is read is interpreted as “1”. 
This pulse causes the system state to be distorted. 
The operations repeat, next “0” writing pulse, and 
after a read pulse is applied again. In this memory the 
circuit control always performs a read operation 
before any write operation in order to prevent 
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successive writes of ones 

Figure 6: Current wiring 

Figure 7: I-V characteristics of the Mem
memory cells.  
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Abstract — we present our research on Reconfigurable Threshold 
Logic (RTL) gates which are combined with memristive devices 
and CMOS circuits. The OR gate was used to define if the 
increase of the power or voltage supply time will affect the value 
of the memristive devices. The result was presented as a SPICE 
code and simulation graphics. 

Keywords—threshold logic gates; memristors; CMOS 

I. INTRODUCTION  

The following research was conducted basing on paper 
“Reconfigurable Threshold Logic Gates (TLG) Using 
Memristive Devices” submitted to Subthreshold 
Microelectronics Conference. The idea of that paper was to 
use threshold logic gates and memristors to analyze how TLG 
with combination of memristors can lead to changes in 
reconfigurable architectures. The feasibility of threshold logic 
has be noted in several leading works [5-8], that further 
ascertain the interest in this topic. 

The authors of the paper designed a circuit which was able 
to operate as four different logic gates by changing the 
resistance of the memristors. The circuit is shown on the 
Figure 1 was designed on Cadence software, and then 
simulated. Simulation was done by changing the input voltage 
pulses to reach required resistances.  

 

 
Figure 1. Circuit for memristive devices[1]. 

 
They used four basic logic operations: OR, AND, NOR, 

NAND. In order to get required logic operation, the resistance 
of the memristors should be set to values described in Table 1. 

 
 
Table 1. The resistances of memristive devices 

Logic operation R1 (k�) R2 (k�) R3 (k�) 

NAND 1.33 1.17 3.88 
NOR 1.33 1.17 1.33 
AND 2.81 4.81 1.33 
OR 2.81 4.81 3.88 

 
These resistors are inside the memristive devices, and they are 
labelled on the Figure 1 as R1 is w1, R2 is w2, R3 is w3. 

So, after implementing the circuit above, and gaining 
expected results, the circuit (Figure 1) was physically realized 
on a printed circuit board, and memristors were reprogrammed 
by using FPGA based voltage pulses. 

II. OBJECTIVE 

For our project the same devices and principle were used. 
However, instead of simulating all four logic operations, only 
one is taken into a count: OR. The idea is to remove 
programming circuit, which is responsible for applying 
required voltage value to memristive devices, and change their 
logic operation. Instead of it, the required voltage directly 
applied to memristors through the X1, X2, and X3 inputs to 
produce OR logic operation. Then, input voltage is increased 
manually and output of the summing amplifier will be 
analyzed. Additionally, it is being planned to increase the time 
of constant voltage supply, and observe how memristive 
device will behave. 

III. METHODOLOGY 

In the paper which is analyzed four logic gates can be 
performed by a single programming circuit by changing 
memristor values. It is predicted that some problems may 
occur with the circuit, if the same gate is used for a long 
period of time. The reason is that memristive device stores 
resistance and can change considerably its resistance value 
over the time, and in that case logic operation will also be 
changed automatically. Specifically, OR gate is predicted to 
suffer memristor resistance changes as it constitutes of high 
resistance weights for all three synapses. In this research OR 
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gate configuration of proposed reconfigurable logic gates will 
be analyzed by simplifying the circuit and performing 
continuous timing analysis. 

Trahn et al. performed their research using Silver-
Chalcogenide (Ag-Ch) memristive devices [1], and our work 
is based on KAUST HP memristor model which is available 
online [2,3]. Original circuit contained 2 parts: programming 
circuit and logic gate circuit based on summing amplifier with 
weighted inputs. As we are considering only OR gate, 
programming circuit was omitted in this work and memristors 
were preconfigured to the needed values. Off and on 
resistance values for used memristive devices were changed to 
those suggested for TLG in Table 1 and initial resistance was 
set to the Roff (high resistance) to obtain the configuration of 
OR gate directly. Summing amplifier was performed using 
operational amplifier with active load [4]. Feedback resistance 
value was taken from the studied paper and is 
RFS=2.02kOhms. The code was generated using MATLAB 
and SPICE and circuit was simulated in T-Spice. Figure 2 
shows the circuit constructed for the project: 

 
Figure 2. Circuit for OR operation 

IV. RESULTS AND DISCUSSION 

When Spice code for the circuit (Figure 2) was obtained, it 
was simulated by using T-spice. Several experiments were 
done to observe the behavior of the circuit. Obtained results 
are provided on Figure 3, 4 and 5.  

 
Figure 3. Input voltage = 5V 

 

Figure 4. Input voltage = 2V 
 

 
 

Figure 5. Input voltage = 5V (pulse duration increased) 
 
As it can be seen from the Figure 3, which has an output 
voltage change at point t�100μs with input voltage equal to 
5V. When the input voltage was changed to 2V with the same 
pulse duration (Figure 4), it can be observed that the output 
voltage starts to change at point t�60μs. Finally, the Figure 5 
provides the simulation result on input voltage equal to 5V 
and doubled pulse duration and period. In that case, output 
started to change at approximately t�120μs. Based on the 
gained results it can be stated that the memristive device 
cannot be kept in one configuration for a long period of time, 
and should be reprogrammed as often as possible. Also, it 
should be mentioned that with the same duration of the pulse 
and with decrease of the input voltage output voltage starts to 
change earlier. When with the constant input voltage and 
bigger pulse duration, output voltage starts to change later. 

CONCLUSION 

Reconfigurable threshold logic gates device based on 
memristors is a promising breakthrough in digital logic design. 
Memristive devices claimed to be more efficient, consume 
small area and dissipate less power, and thus are desirable in 
electronics design. However, memristor's ability to store the 
resistance depending on flux/charge can be negative aspect for 
the applications where fast switching or constant resistance 
value, such as in this project, are required. OR gate was 
performed during this research, and constraints on constant 
usage of this configuration were determined. High frequencies 
should be avoided while using memristive devices in logic 
gates due to resistance switch of the memristor. Also voltage 
amplitude has significant effect on the output and operating at 
higher voltage seems to be more stable. Further research 
should be conducted to determine exact operating constraints 
of this reconfigurable threshold logic gates. 
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Abstract—Thememristor is a newly developed electrical 

device which is intended to be used in memory-based 
technologies. It has better scalability, higher utilization and lower 
power consumption than CMOS based technologies. Inthis 
paper, the full adder is designed using hybrid memristor and 
CMOS technologies. In simulation process, a new state called 
“middle state” and new input values called “modified input 
values” are introduced. This new method solves most of the 
simulation errors in memristor based circuits.  

Keywords—Memristor, memristor modeling, full adder. 

I. INTRODUCTION 

For the first time, the memristor was introduced by Leon 
Chua [2] as a nonlinear fourth fundamental circuit element in 
1971. Basically, memristor relates the magnetic flux with 
electric charge. The first physical design of memristor was 
implemented by the HP labs. As a result the findings proved 
the hysteresis behavior of the memristor postulated by Chua [2] 
and ability to use it as a memory device attracted the attention 
of researchers into this field [6-9]. 

A memristor is a bipolar device, where the coupling 
between electron and ion mobility gives the memristive ability 
to it. According to HP’s realization, a memristor is defined as a 
thin film of TiO2 between two Pt metallic contacts and consists 
of two regions such as RON and ROFF(Fig. 1). One of the two 
regions is high doped region (RON) with width “w”, which is 
also called as state variable of the memristor. Because, by 
changing the value of “w”, it is possible to change the 
resistance of the memristor, hence the state of the memristor. 
The other one is called as undoped region with high resistance 
(ROFF). When the doped region is forward biased, the applied 
voltage increases the width (“w”) of the doped region, 
consequently, the resistance of the memristor is decreased and 
the memristor goes to ON state. In contrast, if the doped region 
is negative biased, it decreases the width (“w”) of the doped 
region and the memristor goes to OFF state. 

 

 
 

Fig. 1.Memristor device presented by HP labs 

This paper aims to design the full adder using hybrid 
memristor and CMOS technologies. The Section II will 
describe thememristor linear model with mathematical 
expressions. Section III concerned with design issues such as 
SPICE model of memristor, logic gates and full adder design. 
 

II. LINEAR MODEL OF MEMRISTOR 

In general, two equations such as ohms law and a state 
equation are enough to describe memristive system [4]:  

 
V = R (w, i) I                                   (1) '(  = f (w, i)                                      (2) 

 
Based on these two equations, the linear modelis defined 

by the following expressions.  )* � +
,��                                      (3) 

+
,� � �-., % �-//
� 	 ,�                   (4) 

,(
�� � 0�1�
23 �
�� � 4�
��(5) 

M(x) is the resistance of the memristor. x corresponds to 
the state variable x=w/D relationship of doped region width to 
the total width. Value of the state variable x lies between 0 

and 1 and defines the state as Roff and Ronrespectively. 
0�1�
23  

is a constant that defines state variable, where 5)is the  drift 
mobility of oxide.The linear model is the simplest model that 
describes the behavior of the memristor. 

 
 

 

 

 

 

 

 

 

 

 
Fig. 2.  I-V characteristics of the memristor 
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The Figure 2 represents the I-V characteristics the 
memristor which shows the hysteresis behavior of the device. 
The fact that this loop passes through the origin shows that the 
memristor does not store energy.  

III. METHODOLOGY 
 
A. Memristor model 
 

In order to use the memristor on the logic gate design, 
it is important to consider its physical model. One of the most 
common ways of modeling a memristor is using an analog 
electronic circuit simulator SPICE. There are different types 
of SPICE software, but due to it is simplicity the SPICE 
simulator developed by “Linear technologies” was preferred. 
Additionally, theLTspice model for the memristor was found 
from user Martin Falatic [3]. This model was based on the 
paper on SPICE model of memristor with nonlinear dopant 
drift by Czech scientists Bioleks and Biolkova [1]. The 
memristor model as a new device is thus put into a library 
with other devices. Physical design of the device can be 
implemented by putting the spice model on LTspice simulator. 
In order to test its correspondence with actual memristive 
behavior it is important to see whether the model given 
represents the true characteristics of the memristor. Thus the 
following simple circuit in Figure 3 was constructed. 
 

 
Fig.3.Memristor in electrical circuit 

 

 
 

Fig. 4. I-V characteristics of memristor spice simulation 
 

The Figure 4 shows the simulation result obtained from 
simulating the memristor model proposed by Martin Falatic 
using LTspice. The graph represents the hysteresis loop for 
simulations, thus it can be stated that the device shows the 
actual memristive behaviors. 

B. Full Adder 
 

Adder is an electronic device that converts analog or 
digital binary signals into their equivalent sum. The typical 
design of full adder requires XOR, AND, OR gates that are 
designed by CMOS technology. Another way of representing 
these gates is using memristor, as it is further explained that 
memristors can be used for performing logical operation. Thus 
this paper proposes a simplified design for the full adder using 
a hybrid CMOS and memristor technology. The application of 
memristoras a gates is said to reduce the area, power 
consumption and increase the performance of the operation. 
Thus the full adder circuit will be constructed and the 
simulation will show the input and output signals that will be 
compared to the expected outcomes.  
 
C. Logic OR 
  

 
 

Fig. 5. Hybrid circuit configuration of OR gate 
 

The hybrid CMOS andmemristor based OR gate is 
designed by Nasrudin [5]. As mentioned before, when the 
doped region is forward biased, the resistance of the 
memristor is decreased to small value (RON). In contrast, if the 
doped region is negative biased, the resistance increases to 
ROFF. This behavior is used for logic gate construction. The 
output point is considered as the node between two 
memristors. It gives the opportunity to use the voltage divider 
law. For example, when V1=0, V2=1, the resistance of M1 
increases to large value while resistance of M2 is decreases to 
small value, RON. The voltage between two memristor is: 

*-6�7-� � ) �-//�-// % �-. *8�98 : )*8�98 � � 

With similar method, the other possible outcomes are 
given below in Table 1. 

TABLE I. The properties of hybrid OR gate 

V1 (V) V2 (V) Resistance of 
M1 (�) 

Resistance of 
M2( �) 

Output 
Voltage(V) 

0 0 unknown unknown 0

1 0 RON ROFF 1

0 1 ROFF RON 1

1 1 unknown unknown 1
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Fig. 6. Output of hybrid logic OR gat
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input value V1=0 and V2=1 gave an output “0
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memristor have the same resistance, alth
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However, the simulation result showed that th
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Fig. 7. Output of hybrid logic OR g
 

The simulation results in 
Logic OR gate behavior. Thus, 
recommended “Middle state” and 
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D. Logic AND 
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Fig. 9. Output of hybrid logic AND gate
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E. Logic XOR 
 
 The XOR is designed using alread
and AND logic gates. 

 
Fig. 10. The logic diagram of XOR 

 

Fig. 11. Hybrid circuit configuration of XO
 

Fig. 12.  Simulation of XOR gate with improved 
 
F. Full Adder design 
  

After successfully simulating all the ab
the Full adder can be designed easily acc
scheme below.  

 
Fig. 13. The logic diagram of full adde

 

Fig. 14. Hybrid circuit configuration of Full
 

dy simulated OR 

 
OR gate 

 
input values 

bove logic gates, 
cording to logic 

er 

 
l Adder 

Fig. 15. Simulation results of 
 

As seen in Figure 15, the fu
correspond the full adder behavi
designed the hybrid full adder c
process was failed [5]. However, in
circuit is designed again and th
conducted successfully with an imp
full adder circuit uses 18 memristor
 

IV. CONCLU

In this paper, the full adder
hybrid memristor and CMOS tec
model is based on Bioleks and 
simulation process, a new method
“Middle state” and “improved in
proposed method, the simulation 
determined successfully.  
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Abstract—This paper is aimed on demonstrating the new 
method of fast moving object detection conducted with 
memristors. Commonly, moving object detection is done by 
comparing the features of sample image with the tested one, 
which is vastly ineffective at higher rates of image processing due 
to its algorithmic complexity and time delays. The memristive 
threshold logic circuit design provides the opportunity to speed 
up this process. 

Keywords—memristor; object detection; spice simulation; 
BPRT; 

I. INTRODUCTION 

In this paper, we advance toward to moving object-detection 
problem. This work will present the new way of frame 
matching method with the help of bilevel threshold logic cell. 
Also we are going to introduce schematic representation to 
object tracking problem that will be able to operate with high 
frame rate and high resolution video images. 

II. METHOD 

In order to find out the difference of the reference and the test 
frames, the several parameters need to be applied. There is a 
so called BPRT cell, which has voltage value for every pixel 

as an input ( )n,=ixi 1,2,... to the memristor, for the 

reference frame. Each memristor has a weight (conductance) 

( )n,=iwi 1,2,... , which has to be configured dynamically. 

Dynamic allocation of  conductance is configured by 
comparison of each weight value with the average voltage of 

each pixel. It can either be Hw , if ai x>w , or Lw , if 

ai x<w . Furthermore, there is another parameter called 

constant weight, ow . To find the output, outx  of the 

reference frame, the weighted summation model, ox  of all 

inputs must be calculated. Additionally, the normalized pixel 

values must be estimated and represented as an average, ax , 

which also serves as the logistic threshold at . There is a 

condition that must be satisfied, to find the outx . 

aiout t<ifxV,=x  1 OR 

������� ����	
��
	  
 It is important to mention that the all the weight 
configurations for the reference frame are remembered, for the 

purpose of comparison of it with  the test frame. There are two 
operations that need to be performed. First one is the 
comparison of reference frame conductance values with test 
frame, to get the similarities or dissimilarities from the black 
to white color change. The same operation is performed for 
the second case; however, the normalized pixel values are 
inversed, and new reference frame weights are configured. 
This is done to find the change in the light to dark color shift, 
if any. Consequently, if two frames are different, cell output 
can either be 1 V or 0 V, it can be seen by the bilevel voltage 
values, if they are the same, that means there is no object in 
the test frame, or if voltage values are different, which means 
there is a significant difference, and object is detected. 
 
The average of the input values 
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ia xn=x
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The Richard's curve has to be considered, in order to deduce 

the expression for iw  
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Taking 1=be icx
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Finally, output expression is given below 
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III. RESULTS 

To perform the object detection process, firstly the template 
image frame is taken from the video where all the background 
objects are stationary, and then the subsequent test image 
frame is compared to it. This process requires two parallel 
BPRT networks modules, where they separately detect the 
white-to-dark and dark-to-white pixel intensity changes. The 
whole network is pyramid shaped, thus if we have 4x4 pixel 
image every 2x2 pixel pack of it combines into a single cell 
resulting in four-cell output module. Then outputs of two 
modules will be combined using AND gate. Since completely 
similar images will give output of 1V we will be able to see 
the changes of two different ones with label 0V. The result of 
applying different frames can be seen below, where the 
change in the output of pixel can be seen as transaction from 
1V to 0V. 
 

 
 
Figure 1. Training of a BRT network for object detection with an input image 
of size 4×4 pixels. (Maan, A.K, Memristive Threshold Logic Circuit Design 
of Fast Moving Object Detection) 
 

 
 

Figure 2. One memristor simple circuit simulation 
 

The simulation was done in LTSpice software were first 
memristors were simulated in a simple circuit illustrated in 
figure 2. 
 

 
 

. Figure 3. Example of a BPRT cell that uses a four-input pixel values. 
 

After that, we moved on to simulate BPRT cell using the graph 
in figure 3 and formulas explained in method section for Xo, 
Xout, Xa. Next, our team tried to simulate the 4x4 pixel image 
presented in Maan, A.K’s paper partially illustrated in figure 1. 
The schematic was schetched in LTSpice wich can be seen in 
figure 4, and the code for derivation of Xo, Xout,Xa was 
written on matlab. However, unvortunately we could not 
combine those schematic and code to gain a solid simulation. 
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Figure 4. LTSPice schematic of 4x4 pixel image 

IV. CONCLUSION 

In conclusion, memristor features with its ability of much 
faster operation compared to other systems where they face 
high component delay at high sampling rates. Also 
algorithmic simplicity plays at its favor. Our team would also 
recommend including RGB identification along with black 
and white, to be able to track the change in color too. This 
would be useful to watch the transaction of traffic light or fuel 
combustion. Additionally, it would also be useful to have 
several template images as samples for tested images to be 
compared. This would be useful in case you want to neglect or  
exclude the detection of some movement. Example would be a 
working fan. 
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Abstract—The main aim of this project is to verify the work 
of the baseline paper by conducting the simulation of the generic 
memristive circuit model with parasitic components. The 
simulation of the model was conducted and the results were 
compared with the experiments from the baseline paper. 

Keywords—memristor; parasitic components; SPICE; 
thermistor. 

I. INTRODUCTION  

Nothing is ideal. Despite the successful discovery of 
memristors [2], their mathematical modelling [3], promising 
features and perspective areas of application [6-9], the studies 
about them are mostly theoretical and based on the ideal 
prototypes.  

The paper, on which this work is based, introduces the 
model (Fig. 1), which performs and reproduces the behavior 
and characteristics of the real memristor. According to Sah et 
al. [1], this may be achieved by adding to the memristor model 
four elements (small inductance, capacitance, small DC 
voltage and current sources) representing the parasitic effects 
of the real memristor. The schematic circuit is given in Fig. 1. 

This concept was then checked experimentally on the 
Negative-Temperature-Coefficient (NTC) thermistor. As a 
result of the experiment, the IV characteristics of the 
thermistor were obtained by simulation; however, the 
hysteresis loops have not satisfied the zero-crossing feature of 
the memristors. 

 
Fig. 1. Generic memristor model. 

 

 
 

II. EXPERIMENTAL RESULTS 

The simulation of the memristor model [3,4],with and 
without the parasitic components, was conducted and the 
results were compared with the baseline paper. The main 
parameters for the circuit elements for simulation are 
Ep=1.5V, Ip=0.5mA, Cp=5nF and Lp=2mH.  

However, some of thesecomponents’ values from the 
paper were not applicable for the simulations conducted with 
the memristor model, because the results of the simulation 
were meaningless. Namely, the SPICE simulations, which 
correspond to the authors’ experiments at 0.1Hz or 0.8Hz, 
were conducted at 1Hz. Other values were chosen by trial and 
error 

In addition, it was observed, that minor changes in the 
parasitic current and inductance values have no significant 
effect on the hysteresis loops; whereas, parasitic voltage and 
capacitance values have some limits: *;<
 : =>=?*) and @;<
 : ABC>  In more detail, if the voltage exceeds 
approximately the value of 0.03V, the hysteresis loop starts to 
unreasonably band; on the other hand, continuous decreasing 
the voltage leads to the weakening of the parasitic effect. The 
same trend is characteristic for the capacitance value: after 
excess the value of 6mF, the hysteresis loop starts to fluctuate, 
whereas, too low value eliminates the parasitic effect.  

The Fig. 2 demonstrates both the work of Sah et al. [1] on 
the NTC thermistors (left column) and the IV characteristics 
of the memristor model obtained from the conducted 
simulations. As it was mentioned, there were some changes in 
the components’ values. In the right column are presented the 
results of the simulations obtained by both using the baseline 
paper’s values and the described close to limits values.  

The deviations of the achieved results from the expected 
are caused by using completely different models (thermistors 
and Verilog-A model of memristor). In contrast to thermistors, 
the results of the memristor model simulation satisfy the zero-
crossing characteristics. However, despite the simulations with 
the parasitic voltage gave the results and tendencies slightly 
similar to the expected ones, the effect of the parasitic 
capacitance fell short of expectations. 
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NTC thermistor Memristor model 

Simulation results without parasitic circuit 
elements 

Simulation results without parasitic circuit elements 

f = 0.1Hz f = 1Hz 
 

 

 

 
 

Simulation results when Cp=0F, 
 Lp=0H, Ep=0.5V, Ip=0.5mA 

Simulation results when Cp=0F,  
Lp=0H, Ep=0.5V, Ip=0.5mA 

Simulation results when Cp=0F, Lp=0H, 
Ep=0.03V, Ip=0.5mA 

 

 

 
 

Simulation results when Cp=5nF, 
Lp=2mH, Ep=1.5V, Ip=0.8mA 

Simulation results when Cp=5nF, 
Lp=2mH, Ep=0.03V, Ip=0.5mA 

Simulation results when Cp=5mF, 
Lp=2mH, Ep=0.03V, Ip=0.5mA 

f = 0.08Hz f = 1Hz 

  
Fig. 2. The simulation results for a) NTC thermistors conducted by Sah et al. [1], b) memristor model. 

 

III. CONCLUSION 

This project has investigated the memristor model with 
parasitic components. As a result IV characteristic of the 
memristor model with different parasitic component values 
were examined. Although the research of Sah et al. [1] was 
not verified entirely, the parasitic effect was observed, but 
with different values. 

In fact, the experimental part of the baseline work was 
conducted on the thermistors; however, considering the 
successful design of Hewlett-Packard laboratories [5] with the 
memristors, similar studies and calculations may be conducted 
on the real memristors and compared with the theoretical 
models with parasitic components.  
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Following sedentary lifestyle leads to undesirable health 

problems of different kinds starting from rachiocampsis (i.e. 
curvature of backbone) and ending with such serious diseases as 
obesity or spinal hernia. This is a widespread issue because in the 
XXI century most types of the jobs are office oriented and the 
employees spend most of the time in static, sitting position. Our 
contribution to solve this problem consists of an innovative idea to 
modify ordinary vending machines by installing a system, which 
will offer products with decreased prices in substitution to 
performing physical exercises, and verify this by monitoring the 
change in the heart rate. This modification is an optimal solution to 
the health problems, as performing physical exercises is considered 
to be the easiest way to prevent diseases and probably it will 
increase productivity of the employees. 

Keywords — health; vending machine; OpenCV; heart rate; 
threshold; noise reduction; sedentary lifestyle;  

I. INTRODUCTION 

With technology development most of the professions 
became computer oriented. Consequently, people spend 
approximately 7-8 hours per day sitting in front of the 
computer without changing their position. In most, this leads 
to different health issues starting from rachiocampsis (i.e. 
curvature of backbone) and ending with such serious disease 
as obesity or spinal hernia [1]. One of the possible preventing 
measures is to perform periodically physical exercises. 

This article describes a new system designed to be installed 
in ordinary vending machines, which will provide an 
opportunity to get a discount for goods instead of workout 
exercises.  

Here you can see our contribution list: 

• We choose heart rate as a control tool for the 
application. Particularly, it will examine the values of 
heartbeat before and after exercises were performed to 
check the feasibility of the change. 

• The system detects pulse through a fingertip, as this 
method requires no additional tools except a video 
camera. Its innovative feature of the unique 
methodology is described in Section II. 

• Real-time video capture is modified by applying 
several image processing techniques of OpenCV 
library such as color conversion, threshold and noise 
reduction.  

• We constructed a five stage algorithm based on “if-
else” operation statements to monitor fluctuations of 
video brightness due to inflow and outflow of blood in 
a finger and to display the value of the heart rate as the 
output. 

II. METHODOLOGY 

A. Video acquisition 

Firstly, the program initiates real time video acquiring 
through an available camera, which was HP laptop webcam in 
our case. During the process a finger has to be in touch with 
the camera, but the contact should not be too strong in order to 
allow blood circulation. Due to the fact that fingers are not 
completely opaque, some portion of light will pass through, 
namely red spectrum of light will be detected by the camera. 
On the output, we will have a red image with fluctuating 
brightness. The theory behind it is when blood flows into a 
finger, its light transmittance decreases and vice versa. Sample 
image can be seen on the fig. 1.  

 

Figure 1. The light transmittance with blood outflow 
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Figure 2. Sample frame converted to black and white colors 

B. Black-white conversion 

The frames are converted to black-white version for 
convenience in the further steps in terms of selecting definite 
colors. The output of the step is seen on the fig.2. 

The intensity of the pixels in the image is ranging from 0 to 
255, where 0 means completely black pixel and 255 
corresponds to completely white pixel. Graphical 
representation is shown on the fig. 3. 

C. Band-pass filtering 

Now we need to apply band pass filtering to the video in 
order to cut off the relative dark sides and clearly observe the 
occurring changes. The level of threshold depends upon the 
illumination level of the environment. During the program 
examination illumination level was reasonable and the value 
to 100 out of 255 was selected based on the experimental data. 
Therefore, if a pixel has the intensity value below 100 it will 
be changed to 0 and, reciprocally, if the value is greater than 
100 it will be set to the maximum of 255 (see fig. 4). 

D. Noise reduction 

Our calculation steps are related to obtaining the amount of 
white pixels every frame and counting the up and down peaks 
in the sequence of numbers. Considering the fact, this 
arrangement of pixels in frames is not efficient to use because 
of noise effect at the borderlines.  

 

Figure 3. The intensity of the black-white pixels ranging from 0 to 255 

 

Figure 4. Sample frame with implemented band-pass filtering 

 

Therefore, noise reduction technique has to be 
implemented before the actual heart rate calculation step. This 
is done by collecting groups of similar pixels into blocks and 
rejecting the one that are not included. Finally, the final 
frames we are working with appear to be as it is shown on the 
fig. 5. 

E. Algorithm implementation 

At the part image processing process turns to heart rate 
calculation process. The key point of this method is in 
measuring the amount of white pixels in every frame and 
process the sequence of numbers such that the program adds 
one every time when the sequence reaches local maximum or 
local minimum. The effect is achieved by implementing 4 
variables and 5 “if-else” statements. Using special function 
related to time counting the process lasts 20 seconds. 
Resulting number of heartbeat is multiplied by 3, in order to 
display the heart rate value in terms of beats per minute. 
Additionally mathematical operator ‘ceil’ was used in order to 
round up answer due to the fact that inside the calculation 
process the heart beat counter is divided by 2 and the output is 
designed to consist of whole numbers only. After the first trial 
“exercises” which the user desires to do will executed and the 
value will be calculated again. The system provides discount if 
the difference between the final and initial heart beat values is 
greater than or equal to 15. The number is chosen based on the 
experimental data. 

 

Figure 5. Sample frame with implemented noise reduction technique  
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Finally, in order to use the software installed in a vending 
machine, its hardware has to be adapted for the software 
specifications and an additional hardware component, in terms 
of low-end camera, has to be supplemented. 

III. RESULTS AND ANALYSIS OF DATA 

We organized a survey consisting in total of 10 people to 
examine the application. The test was conducted in the room 
with good artificial illumination. All volunteers were students 
roughly within the same age, ranging from 19-22 years. In our 
trials we used HP ENVY 15 Notebook PC (2.40GHz, Intel® 
Core™ i7-4700MQ CPU) running Windows 8.1 and Ceemple 
software version 1.0.3. The camera which was used to capture 
video was HP Truevision HD, installed in the laptop. The 
results obtained from the computer were compared to manual 
estimation of the heart rate.  

During the measurement all volunteers were sitting in the 
same position. They sat right in front of the computer, putting 
a thumb of a right hand on the camera. Manual computations 
were done by the one person, who placed two fingers on the 
inside of the wrist and gently pressed the vein, until the 
heartbeat could be perceived and then estimated.  

Results of conducted test are presented in Table 1, where 
‘A’ and ‘M’ are attempts made by our application and by the 
manual estimation correspondingly. All volunteers completed 
three successful trials using both methods with duration of 
each trial equal to 20 seconds. The absolute errors vary from 
1.22 bmp to 3.67 bmp, with average error equal to 2.13 bpm. 
Therefore, the application can be considered to be accurate 
enough to detect pulse change. 

 
 

TABLE I.  The Heart rate measurement using application and manual 
methods 

No 

Using our 
application (bpm) 

Using manual 
calculations (bpm) Absolute 

Error 
A1 A2 A3 M1 M2 M3 

1 71 72 72 74 74 73 2,00 
2 78 84 81 83 79 82 3,67 
3 63 65 62 66 64 64 2,00 
4 54 51 53 52 50 51 1,67 
5 66 64 68 65 64 65 1,33 
6 74 77 75 73 73 74 2,00 
7 68 71 69 69 68 70 1,67 
8 65 69 68 67 65 66 2,67 
9 71 67 72 70 68 69 1,67 

10 73 78 71 74 75 75 2,67 
Average 
Error : 

2,13 
bmp 

 
 
 

IV. SUMMARY. CONCLUSIONS AND 

RECOMMENDATIONS 

One of the important aspects of our project is the 
limitations that we faced during the software design process. 
First of all, due to the fact that the accuracy of the results 
based on the detected white circle-shaped area strictly depends 
on the illumination of the environment. The problem can be 
solved by mounting a specific light source so that the output 
will not be dependent on the light intensity of the 
environment. Secondly, sampling frequency of the used 
camera should be much greater than average heart rate in 
order to prevent missing out a pulse. Thirdly, people with 
heart diseases (e.g. with too high or low heartbeat) will not be 
allowed to use our application. 

The application can be further modified by applying more 
advanced image processing, e.g. fill the circle type shapes up 
to complete circles in order to achieve steady changes of the 
amount of white pixels. 
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Abstract—The work describes the various methods of mem-
ristor modeling and simulation in the MATLAB� and Simulink�

environment. Previously published papers about memristors and
their features are used as the foundation of the work. There
are three various methods used in the MATLAB and Simulink
for the differential and other equations formulation. The first
equation uses the standard system core offer for the Ordinary
Differential Equations solutions (ODE) in the m-file form. The
second solution is the model construction in Simulink environ-
ment. The third method includes a physical modeling using the
built-in SimscapeTM system. The results are the basic memristor
characteristics and appropriate time courses. The characteristics
of all models and their computer simulations are described in
the paper.

I. INTRODUCTION

Initially, there were 3 basic passive elements - resistors,
inductors and capacitors in the modern analogue electronics,
see Fig. 1. Based on the square symmetry, another element

Fig. 1: The passive element parameters definition.
called memristor (memory resistor) was presented in 1971,
according to [1]. Leon Chua summarizes the four elementary
passive elements, follow Fig. 2.

It contains of a direct connection between flux and a charge.
In other words, memristors show that resistance is dependent
on a passing charge. As a results, it can be seen that memristors
do not need any energy to keep data in terms of recording and
reading. Therefore, the fourth passive element is able to hold
information about the net amount of charge gone through. The
resistance of memristor can be varied constantly with current
within certain limits.

The first real memristor was built by Hewlett-Packard (HP)
scientist in 2008 [2]. Its nano-part was made of titanium oxide
with size of 10 to 30 nanometers hold between two platinum
electrodes. The titan layer does not have oxygen atoms that
make it to behave as a semiconductor. The other part acts as

Fig. 2: The memristor and a passive elements quaternion.

an insulator. The main functioning principle of memristor is
that semiconductor layers width changes when current passes.

The main purpose of the paper is to evaluate the memristor
through modeling it in MATLAB and Simulink.

II. MATHEMATICAL MEMRISTOR MODEL

The mathematical memristor model, which was taken from
[3], explains the substance of the models.

The basic geometrical image of a manufactured memristor
is represented in Fig.3. Thickness of the whole component is
marked with D, the thickness of the doped layer with w. Its
value is though dependent on the passing current (memory
effect with regard to the total charge). In Fig.3, D is the
thickness of memristor; W - the width region, which is a
function of current flowing through (memory effect).

Fig. 3: Basic geometrical image of the memristor according
to HP laboratories.

The exciting voltage is derived from Ohm’s Law:

v(t) = Rmem(x)i(t) (1)

Rmem - total resistance of doped and undoped region; x =
w/D∈(0,1). Moreover, dynamic state equation of the current
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dependence to x state is to be defined:

dx

dt
= kf(x)i(t), k =

μvRON

D2
(2)

where μv = 10−14m2s−1V −1 is a dopant mobility. The
limiting values for the resistance of memristor w = 0 and
w = D, which are represented as RON and ROFF . Total
resistance can be rewritten as

Rmem(x) = RONx+ROFF (1− x) (3)

The function f(x) in the equation (2) models non-
linearities of the charge carrier transport and called window
function. One proposed version [3] of this term is:

f(x) = 1− (2x− 1)2p (4)

The relations illustrate (1) to (4) show the mathematical
model of memristor that was discovered up to today. Theoret-
ical background provided up to this point is enough to move
further.

III. MEMRISTOR MODELING IN MATLAB

In this part, the practical part of memristor modeling
in MATLAB is demonstrated. First, memristor behaviour is
reproduced in the m-file form. This file has two functions
with standard definition and corresponding ODE solution. In
the Fig.4. source code of the memristor model is provided.
Within the frame of the Memristor a MATLAB function is a
key line is the chosen ODE solver which is the actual ODE
numerical integration method. The solver of type ode23t shows
that modified stiff/Trapezodial method is used.

The initial value memristor resistance is given by
Rinit. MATLAB ODE solver ode23t uses the function
ODEMemriA as its parameters for output. The variables
marked with [t,x] are returned back. Hence the x state outputs
time course, as it can be noticed from equation (2). The vector
of current flowing through a memristor can be found from the
same equation. The harmonic course of the V voltage with the
1V amplitude and 1Hz frequency. Therefore the model can be
considered to be full, when the voltage and course vectors are
defined. Moreover, charge versus flux graph is obtained, since
it also describes memristor explicitly.

From the theory, it is known that in order to obtain charge
and flux calculation, indefinite integration is required. To
struggle this, the IIR type digital filter are often used to perform
these operations. The filter command is next multiplied by
sampling period to get the proper scale. The digital filter is
originally defined with the following relation:

H(z) =
z

z − 1
(5)

where z is the Z-transform operator. Accurately obtained Fig.
5 and Fig. 6 demonstrate the simulation results for the given
input harmonic voltage. The MATLAB source text can be
modified by dividing them into two or several m-file parts
for working with more extensive systems.

Fig. 4: Memristor model in MATLAB

Fig. 5: Memristor key time courses simulation

A. Input-output model in Simulink

Simulink environment is a better option when the mem-
ristor is to be modelled as an element of complex systems.
Basically, the environment offers modeling the form of input-
output relationship. However, since the memristor is not possi-
ble to be represented as two-terminal element, there is another
way to model it though. It is shown as device with the
input of voltage and the output of current. Fig. 7. illustrated
demonstrates a functional memristor model. The appropriate
blocks are responsible for mathematical operations that were
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Fig. 6: Elementary memristor characteristics simulation.

Fig. 7: Memristor model in Simulink system

given before in the equations from (2) to (4).

x(t) =

∫

t

kf(x)i(t) (6)

i(t) =
v(t)

ROFF − xΔR
,ΔR = ROFF −RON (7)

The equations (6) and (7) are strictly followed by the arrange-
ment of the blocks developed in Simulink. The initial condition
of the integrator is defined as:

x0 =
ROFF −RINIT

ΔR
=

16.103 − 11.103

16.103 − 100
= 0.3145[−].

(8)

The other constant values are the same as in the previous
model. The simulation results remain as in the previous model.
Other settings were remained by default.

The basic advantage of this modeling method is compa-
rable speed, simplicity and descriptiveness. More attention is
paid to blocks separation and simulation parameters config-
uration. The existing harmonic voltage source uses the same
values as in the previous model.

Configuration of Simulink environment takes place in
the ODE solution parameters, which it to be set for ode45
(Dormand-Prince) type of ODE solver, which uses Runge-Kuth
method explicitly. Maximum step was set to 0.015 value.

B. Physical memristor model

Simulink environment also contains Simscape block li-
brary, intended for multidomain modeling of physical systems.
It also gives opportunity to simulate systems of different
engineering fields. Before approaching, the principle scheme
is to be developed [3], which is presented in Fig. 8.

Fig. 8: Principle memristor scheme in Simscape

From the Electrical Elements library of the Simcape sys-
tem, the three terminal Variable Resistor component was used.
The two are the input and output of the resistor, and the third
terminal is the regulatory input regulating resistance, which
is dependent on the random variable principle (signal). This
component basically includes the construction of the memristor
model according to Fig. 8.

Fig. 9 demonstrates the full physical memristor model.
Some blocks serve for the mathematical model implementa-
tion, whereas a few other blocks are applied to convert between
Simscape and Simulink environments as well as obtaining
outputs on the oscilloscope. Apart from the blocks of drawing
on the right, the physical model is exactly implementation
of scheme of Fig. 8. At the right side, the Current Sensor
and Voltage Sensor blocks are needed to test the current
and the voltage values. Moreover, PSS converters are used
to interchange Simulink-Simscape library blocks so that the
model can behave as entire system.

Fig. 9: Physical memristor model in Simulink & Simscape
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Model in the Fig. 9 is a representation of combined use
of Simulink&Simscape. Therefore, the given system would
probably be more efficient in terms of functionality. Similar
to the model that was presented in Simulink, the integration is
provided with 1/s integrator blocks. The Simscape AC Voltage
Source block is a representation of harmonically variable
voltage source accordingly.

IV. CONCLUSION

This work was based on the previous papers on memristor
modeling. It sets goal to try various methods of modeling
memristor in MATLAB and Simulink. As a result, a few
models were obtained. First, m-file of source code solution
to ODE was shown. Next, Simulink block diagram in terms
of input-output model was built. It was then further developed
with the help of Simscape block library, by adding variable
resistor, necessary current and voltage sensors. To conclude,
in the perspective the work that is planned is results checking
by comparing obtained outputs with future SPICE model
simulations.
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Abstract — Vision based traffic control systems has been 

widely investigated to solve the problem of traffic congestion. 
They are mainly based on the vehicle flow estimation, which 
represents the current state of the traffic in particular region, 
and promote more advantages over traditional intrusive 
methods. Detecting and tracking of vehicles are critical steps 
for the traffic surveillance. This project aims to develop an 
effective algorithm to perform vehicle detection, tracking and 
counting using OpenCV libraries and available video 
databases. First frames are used to extract the foreground 
objects, and the resulting binary images go through 
morphological transformations to eliminate noises. Blob 
detection and contouring processes are performed 
simultaneously. The conditional statement we apply ensures 
that the vehicle is tracked only if the detected blobs and 
contours match. Counting is performed by comparing the 
coordinates of contour center with established reference lines.  

Keywords—background substraction; blob detection; 
contouring; vehicle counting 

I. INTRODUCTION 

In recent years, the importance of traffic data collection 
has been broadly discussed worldwide because of increasing 
demand on effective traffic management systems. Existing 
techniques provide an opportunity to gather information 
about average traffic speed, volume of the traffic in 
specified time, vehicle presence and occupancy rate, etc [1]. 
Traffic data collection methods involve intrusive 
technologies consisting of on-road data recorders and 
sensors such as magnetic loops, pneumatic road tubes, and 
piezoelectric sensors, as well as non-intrusive technologies, 
which are aimed to obtain data from remote distance [1]. 
The latter includes usage vision-based systems focusing on 
detection and tracking of vehicles in order to observe traffic 
performance on the road. CCD or CMOS video cameras are 
usually mounted on the pole of traffic lights or separately, 
and the movement of vehicles on the road is recorded for 
further processing. Most studies highlight the advantages of 
such type of systems over traditional methods, as their low 
cost and broader coverage of traffic parameters (vehicle 
count and classification, speed/acceleration estimations, 
parking areas, etc.) promote higher flexibility in designing 
traffic control applications [1], [2].  

Detecting and tracking objects that are moving has 
raised mush of interest in research area over the past years. 

Literature review has revealed several methods of vehicle 
detection, including HAAR classifier that is originally based 
on Haar-like features proposed for face detection. The 
procedure is performed by considering an object as 
successful combination of simple feature classifiers in a 
cascade manner [3]. The work by Oliveira and Santos 
implements cascades for car detection particularly, though 
the results demonstrated false detections owing to the fact 
that the method is mainly applicable for vehicles at fast rates 
[4]. Blob detection is another common technique to detect 
and track the vehicle as soon as it appears on the video 
frame. It mainly considers a group of pixels in an image that 
are connected by the shared property (e.g. grayscale), and 
aims to find such regions and mark them. However, as blob 
detection requires binary input, background subtraction is 
used to segment foreground objects from background image 
[5]. Similarly, object contour recognition is widely applied 
to present the contour fragments and to detect the objects 
from the obtained binary images. It is worth mentioning that 
the blob detection and contouring techniques are separately 
implemented in image processing to detect moving objects, 
though there might be few studies focusing on combining 
those two techniques.  

In this paper, we aim to introduce a system for more 
precise detection, tracking and counting of moving vehicles. 
Specifically, we will focus on obtaining binary images with 
noises removed, and then applying them to both blob 
detection and contouring procedures. It was tentatively 
estimated that the accuracy of detection can be increased by 
implementing contouring method in parallel to the blob 
detection. Selection of control parameters is also an 
essential part in our proposed program, as it will affect the 
whole performance of the system. If the system will operate 
properly within the given conditions, it is planned to test the 
program in the dark environment. 

II. SYSTEM REVIEW 

Our proposed system operates by detecting vehicle entering 
and leaving the scene. The input material is taken from 
traffic existing video databases. Working algorithm is 
presented in Fig. 1. Firstly, background image is initialized 
considering items such as roads, buildings, and trees, and 
then foreground objects are segmented from the background 
by adapting possible changes on the screen (moving 
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vehicle). The resultant binary image is calibrated to remove 
any noises, and then white regions of pixels are grouped 
together to detect blobs. In the video simulation window, 
detected blobs can be seen as green circles. Simultaneously, 
the contouring of the vehicle is performed, and the bounding 
rectangle with its corresponding center is computed. They 
are presented as blue dots inside red rectangles. Next step 
involves matching the blobs with the contours of the 
vehicle. If they are both detected, the program will count the 
cases when such vehicles pass through established reference 
line.  
  

 
Figure 1. Working algorithm 
 

A. Background Substraction 

Background subtraction is a widely used technique to 
detect moving objects from stationary video cameras. It is 
based on differentiating current frame and background 
model (initially established with no moving objects), and 
constantly updating background model in response to 
changes in intensity of light and geometrical settings [6]. 
There are several approaches that have been discussed in 
existing literature, but our system considers Mixture of 
Gaussians.  In the review of reports, it is concluded that this 
method has a higher level of accuracy as compared to other 
estimations [6]. Background segmentation MOG2 algorithm 
based on Mixture of Gaussians as a part of built-in OpenCV 
libraries is implemented in our source code.  

 
Ptr< BackgroundSubtractor> pMOG2 
pMOG2=createBackgroundSubtractorMOG2() 
 

The resulting binary images then undergo morphological 
transformations in order to eliminate noises.  

B. Morphological operations 

Morphological operations introduce a structuring 
element of specified shape that is scanned over the input 
image, resulting in the output image of the same size. For 
each pixel location, its corresponding neighbors are 
considered to compute maximum or minimum pixel values 
overlapped by the structuring element [7]. The basic 
morphological operations such as dilation and erosion, or 
combinations of them are widely used in OpenCV to 
remove noise, to separate individual elements and/or to 
combine distinct elements of the image [8]. Use of 
morphological transformations in our program can be 
explained by the following code. 

 
Mat ellipse_el= getStructuringElement(MORPH_ELLIPSE, 
Size(12,12), Point(3,3)); 
morphologyEx(fgMaskMOG2, binaryImg, MORPH_CLOSE, element); 
 
dilate( binaryImg, destImg, 
getStructuringElement(MORPH_ELLIPSE, Size(14,14))); 
 
erode(binaryImg, destImg, getStructuringElement(MORPH_ELLIPSE, 
Size(14, 14))); 
 

The function morphologyEx applies closing operation 
to the binary image obtained from the background 
subtraction operation. Closing operation involves dilation 
first, resulting in a convolution of input image with the 
structuring element, and then followed by erosion that is 
equivalent to eliminating the boundaries of regions of 
foreground pixels. The main goal of using closing operation 
is to exclude isolated regions that are lower than their 
neighbors.  

C. Blob Detection 

After obtaining binary image with differentiated 
foreground objects, and removing any noises, it is possible to 
proceed to their detection. To do so, first technique that we 
applied is blob detection. The key idea is to connect the 
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regions, otherwise called “blobs”, in the image, where a 
group of connected pixels share the same properties. Such 
properties can be controlled depending on the shape and size 
of the detection object. Our program employs 
SimpleBlobDetector algorithm with the specified control 
parameters, as it was necessary to adjust them, so that the 
readings will be obtained based on the vehicles’ blobs.  
Specifically, the program is initiated to detect white regions 
(255 in a grayscale) in several binary images that were 
obtained by thresholding source image from a minimum 
threshold of 10 till the maximum of 200 with a default 
increment threshold value. We restrict the blob area till 800, 
as this value revealed the most accurate detection during the 
experiments. The shape of the blobs is considered to be more 
elliptical, and this yields shape control parameters of 0.1, 
0.87 and 0.01, where the values indicate that the blob is less 
close to a circle, more exposed to convexity as opposed to 
concavity and more elongated towards the ends. The blobs 
are detected from the input frame depending on the control 
parameters, and then stored in a vector form.  They are 
drawn as green circles with the size of the circle 
corresponding to the size of the blobs. The pointer vector is 
later used in the counting step of the program. 

D. Contouring 

The next method we covered is contouring technique. 
Contours are represented by the list of points that constitute a 
curve in an image. In OpenCV, the location of every point on 
the curve can be found from the data in the previous entry 
[8]. The function FindContours () is used to compute the 
contours of binary images. When the function is called, it 
reveals the sequence of points of different types depending 
on the arguments passed into it. In our case, it is necessary to 
retrieve only the outermost contour of the foreground 
objects. Therefore, RETR_EXTERNAL mode is chosen 
from existing four options. Also, by selecting the method of 
contour approximation as CHAIN_APPROX_NONE, we 
ensure that all the points in the chain code are stored.  
 

findContours(destImg, contours, RETR_EXTERNAL, 
CHAIN_APPROX_NONE); 
 
In order to characterize the detected contour further, we 

bounded them in a rectangle using boundingRect() function.  
It is worth mentioning that the area of bounding rectangle 
was also experimentally selected to be between 100 and 
9500. Its center is then found by computing contour 
moments. Two vectors are initiated, where one represents 
counters’ moments, and another is used to hold their 
coordinates.   Bounding rectangle and its center are depicted 
in the pictures as red rectangles with blue dot inside.  

E. Vehicle counting 

As it was stated before, we apply both blob detection 
and contouring method to ensure more accurate detection of 
the vehicles. The main condition is that the program will 
track only those vehicles that are captured by block 
detection as well as by contouring. If it is satisfied, then 
counting is performed by establishing a reference line, and 

comparing its coordinates with the center of contours at the 
moment when the vehicles cross it. For our source video, 
two reference lines are introduced; one is on the left, and 
another is on the right side of the road. When counting 
occurs, a color of the lines changes from red to yellow or 
vise verse. Final number of vehicles is then displayed at the 
display. The following code represents the condition for one 
of the reference lines; first four statements are applied for 
the sides of contour bounding rectangle, and the last is for 
the detected blobs. 

 
if (((vpoint[i].y>=(3*height/5-5) && 
vpoint[i].y<=(3*height/5+5))&&((vpoint[i].x>=50) &&(width/2-
30)))&&(keypoints, true)) 

III. EXPERIMENTAL RESULTS 

Testing process of source code was carried out using a 
laptop powered by an Intel Core i5 (2.67 GHZ) CPU and 
4GB RAM. Raw video is taken from UK website picturing 
M6 motorway. Figures from 2 to 7 illustrate experimental 
results.  

 
 Fig.2 Original frame. 

 
Fig.3 After background subtraction. 
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Fig.4 Noise rejection. 

 
Fig.5 Counting vehicles crossing reference lines. 
 

 
Fig.6 Displayed results.

 
Fig.7 Detection in the dark environment. 

The program was able to detect and count vehicles 
passing through the scene. It is noteworthy that the accuracy 
of testing has increased when the contour recognition was 
applied over the blob detection. Initially, the program 
recognized approximately 30 vehicles out of 100. However, 
combination of both methods enhanced the performance 
presenting 65 vehicles out of 100. 

The testing in the dark environment revealed less 
accurate results. This happens owing to the fact that control 
parameters may vary from the day time settings.  

IV. CONCLUSION 

Potential growth of traffic congestion leads to a high 
demand of vehicle detection systems for an effective and 
low-cost traffic surveillance. This paper proposes vision 
based detection and tracking algorithm for the vehicles 
moving on the road.  

The system is based on computer vision techniques 
including background subtraction, morphological 
transformations, and blob and contour detections. Vehicles 
are detected from video frames, tracked and then counted by 
the program, which is running on OpenCV.  

Future aspects of concentration include: 
• Adjust the program to perform detection in the 

dark environment; 
• Establish timers to track vehicles only when 

required  
• Combine other image detection techniques to 

increase the accuracy 
• Implement algorithm into the existing traffic 

control system 
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Abstract— In medical world the rapid and cost-effective blood 

cell count methods are required. However, the most used and 
traditional method of white blood cells counting is implemented in 
manual way under microscope by medical laboratory technician. 
The significance of the white blood cells (WBCs) also known as 
leukocytes, is that they play role in the diagnosis of different 
diseases. As a solution to this issue this project is aimed to provide 
the automatic computer application created with OpenCV software 
for white blood cell detection and counting. The application 
proposes two methods of WBCs identification and counting. Mainly 
using the image segmentation and contours detection functions 
were used to achieve desired results.   

Keywords—White Blood Cells; computer application; medicine; 
blood analysis 

I.  INTRODUCTION 

      Almost all diagnosis of diseases made by medical 
professionals can not be approved without blood analysis. In 
medical world the rapid and cost-effective blood cell count 
methods are required. The significance of the white blood 
cells (WBCs) also known as leukocytes, is that they play role 
in the diagnosis of different diseases. WBCs counting is 
important part of blood analysis and requires rapid 
implementation in order to make conclusion, since there 
various diseases such as leukemia which in case of long non-
detection of it can progress in very rapid periods. However, 
the most used and traditional method of WBCs counting is 
implemented in manual way under microscope by medical 
laboratory technician. Hence, existed manual method is not 
effective from time and human factor error prospective, which 
is one of the most obvious and undesirable factor. It may 
results to inaccurate outcomes or significant mistakes; and all 
these cause an amount of stress to medical worker. One of the 
ways to solve this issue in contemporary world is creating of 
digital device, engineering system or computer program which 
will significantly facilitate the process of blood analysis. 
However, the existence of such hardware systems as the 
Automated Hematology Counter does not bring desirable 
results since its non-accessibility in developing countries and 
ordinary hospitals due to expensive price. As a solution to this 
issue this project is aimed to provide the automatic computer 
application for white blood cells detection and counting. 
Particularly, in this case the principles of programming 
software application will be used. This project will be 
implemented with OpenCV computer application, which 
creates different types of program usually intended to 

recognizing object, using the digital cameras for various aims 
and etc. Specifically, the main principle and function of the 
software will be detection and counting of the white blood 
cells on microscopic images of the blood. Moreover, this 
application is aimed to be cost-effective, accessible and 
efficient as its alternative in recognizing and analyzing blood 
cells.     

II. METHODOLOGY 

Modern medicine involves various technical innovations 
which contribute to better investigations of the human body 
and its treatment. Generally, the price of such technical 
application and facilities are very expensive or available in 
developed countries where medicine is at very high-tech level. 
Unfortunately, considering post-Soviet countries such as 
Kazakhstan, the level of the medicine is still developing and 
there is a shortage of technical facilities which would make 
the job of the medical workers better and easier. And white 
blood cells analysis is one of such procedures which in 
category of manual implementation. Based on this fact we 
came up with the idea to develop a digital application for 
WBCs detection and counting, which will be available and 
easy controlled and possibly will make slight contribution to 
the medicine on the local level.  
 
Firstly, there was decision to make brief investigation on 
blood analysis and blood cells and their features, 
specifications and many other things. As a result, we learned 
that white blood cells also known as leukocytes different from 
other blood cells by color factor. To be specific these cells 
usually exist in large amount in blood and have the shape and 
the size shown on the Figure 1.   
  

 
 

Figure 1. White blood cells (here two blue colored cells) 
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Next, the manual way of defining the number of white blood 
cells will be briefly explained here. Standard Count of cell 
types is implemented with a Hemacytometer, which is also 
known as the Counting Chamber (CC) is shown on the Figure 
2. The different blood cell types are used for count, which can 
be categorized into 2 areas: 1. Standard Count for Red Blood 
Cells (RBC), White Blood Cells (WBC) and Platelets (PLT); 
2. Differential Count for WBC. Our preliminary project will 
provide standard count which means it will not distinguish 
different types WBCs.  
The number of these cells provides information about 
condition of human’s immune system. The larger the number 
of white blood cells the more serious problems in human’s 
health needs to be determined. According to established rules 
blood cells are counted per unit volume (per liter); moreover, 
it is vital that the volume of blood, where the counting of cells 
is conducting corresponds to a known quantity. Usually, there 
are counting grids of the size 3mm x 3 mm, which create a 
special objective slides in CC.  There are 2 such counting 
grids in the middle as it can be seen from the Figure 2.  
 

 
  

Figure 2. Counting Chamber 
 

The schematic representation of the counting grid is shown in 
the Figure 3. The counting grid consist of 9 big squares 1 x 1 
mm each, which create central square with 25 medium sized 
squares, measuring 0.2 x 0.2 mm. Further, these squares 
divided into 16 small squares with size 0.05 x 0.05 mm. Due 
to these separations the RBC and PLT are established, as well 
as WBC and others.     
 

 
 
Figure 3. Schematic representation of the counting grid In the 
RBC and Platelet count, the erythrocyte grid in the middle is 
examined much closely. 
 
This method is explained here with the aim to have brief 
understanding of manual way of counting cells. 

Based on this knowledge experimental code for the 
application was created and tested various times. To 

implement preliminary experiment we found various 
microscopic images of blood and used them as samples. 
During the procedures code was repaired and analyzed plenty 
of times debugging mistakes and inaccuracies. To provide 
more detailed information, firstly, the procedure was begun 
from creating the algorithm, where each step of computer 
application was thought. As the application starts, the 
microscopic images, used as samples in our case, are uploaded 
for further analysis and investigation. Next, main functions of 
the software begin to work, which is a creation of space for 
separate red, green and blue color channels and mask of the 
image. And, an application continues procedure by splitting 
the image to three RGB channels. Next, equalizing of each 
channel occur by increasing the intensity. The result of sample 
in view of green channel is used in threshold function to 
distinguish white blood cell areas making white color (255) 
and other regions black color (0).The next step is counting 
WBCs. In our project we proposed two methods of WBC 
counting.  

The first one is simple we just calculate total number of 
white pixel which corresponds to leucocytes and divide it to 
the size of one cell.  

The second one is more complex. Here, it finds contours 
and investigate each of them separately. Specifically, it takes 
each contour and checks if area of that contour greater than 
half of the one cell area, then divides that contour’s area to the 
one cell’s area and approximates the obtained value to the 
whole integer. The main advantage of this method is 
elimination of little unnecessary regions which can accumulate 
to the errors. Moreover, it helps recover lost areas caused by 
overlapping leukocytes.  

Further, after various testing and analysis the preliminary 
C++ code of the program was created. The code of the 
application can be observed and considered in Appendix A.  

III. RESULTS AND ANALYSIS OF DATA 

Moving to the results we obtained the developed code 
created opportunity to test the samples of the microscopic 
images of WBCs. Two samples were examined to detect and 
count white blood cells. In the first image by manual counting 
we can see that there are 9 white blood cells (Figure 4). 
Moreover, Figure 5 shows that our program counted 9.5 white 
blood cells which almost equals to 9. However, that small 
error can accumulate to several blood cells if an image 
contains huge amount of blood cells. The main disadvantage 
of this method is overlapping leukocytes which may cause 
some area to be lost per intersection. 

That is why we proposed second method of counting. 
Result of the second method is 9 which is 100% precise to the 
actual amount of WBCs (Figure 5) because in this case 
contours are identified and each contour investigated 
individually. The main idea of this method is elimination 
unnecessary little contours that accumulate to errors as in first 
method. Moreover, problem of overlapping leukocytes was 
solved by counting leukocytes and applying approximation to 
the whole integer number for each contour.  

 



May 29, 2015 0:25 RPS 4M 2015 :: Paper ID: 25

Advances in Memristor Circuits and Bioinspired Systems 97

 
 
Figure 4. Input microscopic image of blood cells (a) and 
output image after making it binary (b) and contour drawings 
(c). 

 

 
 

Figure 5. Output of the c++ code showing the amount of the 
WBCs. 

 
Then next image with much more blood cells was analyzed by 
applying the same procedures (Figure 6, Figure 7, Figure 8). 
For this example by precise manual counting we obtained 202 
WBCs. According to the results the program counted 209 
WBCs and 201 WBCs by first and second methods 
respectively (Figure 9). From this point we can see that in first 
method the error accumulated to much more values than 
compared to previous example, as it was predicted. Result of 
the second method almost the same as actual amount of 
WBCs, with only one cell error. In manual counting an 
acceptable maximum limit of the error is 10%. From this point 
we can state that error of our program is in permissible region.  

 

 
 

Figure 6. Second input microscopic image of blood cells. 
 

 
 

Figure 7. Output image after making input image binary. 
 

 
Figure 8 Drawing of the identified contours for second 

example. 
 

 
 

Figure 9. Output of the c++ code showing the amount of the 
WBCs for second image. 

 
We investigated third image in order to be confident that our 
application can analyze different images (Figure 10). The 
actual precise number of leukocytes in this image is 313. Our 
application calculated by first method 430 and has huge error 
(Figure 12). From this point we can say that method 1 totally 
failed in this example. The second method counted 303 cells 
with only 3% error which is in permissible region. 
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Figure 10. Third input microscopic image of blood cells. 
 

 
 

Figure 11. Drawing of the identified contours for third 
example. 

 

 
Figure 12. Output of the c++ code showing the amount of the 

WBCs for third image. 
 

As it was demonstrated, the application implements its main 
purpose. Therefore, it needs to be finished out by improving 
the code and creating the interface and design of the 
application. Moreover, we need to consider connection of 
camera or digital microscope in order to have real time image 
of blood cells.     
 

IV. SUMMARY, CONCLUSIONS AND RECOMMENDATIONS 

     To sum up, in our project we examined microscopic blood 
test images using OpenCV and C++ programming language to 
detect white blood cells and count their amount. Mainly cells 

detection was made by image segmentation. We proposed two 
methods and implement them both in order to determine 
which one is more appropriate. Preliminary results of the 
project showed that our solutions met the basic concept. 
Analyzing the results, we came up with decision that second 
method is more reliable and precise. Specifically, contours 
identification and investigating them in second method helped 
us to eliminate errors accumulated in more simple first 
method. Moreover, the correctness of the experiment was 
verified by manual counting of the WBCs conducted by 
ourselves. Further studies and development of C++ code of the 
program could be done in order to do differential counting of 
WBCs distinguishing their types. Along with obtained results, 
we will continue improvement and development of the 
application by upgrading it. It is need to be mentioned, that 
although our experiment met expectations it still can not 
realize real time or immediate detection since we did not 
consider connection of digital microscope which will make 
microscopic images itself. Therefore, we will need to add this 
functions and procedures to the application. Moreover, we 
need to do more deep investigation of blood structure to make 
the application more useful and universal.    

����������	
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Appendix A 
 
Code of the computer application: 
 
#include <iostream> 
#include <stdio.h> 
#include <opencv\cv.h> 
#include <opencv\highgui.h> 
#include <math.h> 
/****************************************** 
Nazarabyev University, Astana city 
Course title: Principles of Programming 
Project title: Blood Test 
Authors: Madiyar Bazylkhanov ID 201202190 
         Dauken Seitkali     ID 201203167 
Last modified date: 01.04.2015 
******************************************/ 
using namespace std; 
 
int main(int argc, char * argv[]) 
 
{ 
 int choose_image; 
 cout<<"Please choose the image. Press 1, 2 or 3: "; 
 cin>>choose_image; 
 
IplImage* image;  
if (choose_image==1) image = cvLoadImage("D:\\ART\\i2Vmr.png"); 
else if (choose_image==2)image = cvLoadImage("D:\\ART\\s58Hl.jpg"); 
else image = cvLoadImage("D:\\ART\\cllblood.jpeg");  //loading microscopic image file 
cvNamedWindow("Image of blood cells", CV_WINDOW_AUTOSIZE );     // creating input window 
cvNamedWindow("Mask of the image", CV_WINDOW_AUTOSIZE  );   // creating output window 
 
cvShowImage("Image of blood cells", image );  //Show input image in input window 
 
//Creating space for separate r, g, b channels of the image and output masks of the image 
IplImage* r = cvCreateImage(cvGetSize(image), IPL_DEPTH_8U, 1);    //r 
IplImage* g = cvCreateImage(cvGetSize(image), IPL_DEPTH_8U, 1);    //g 
IplImage* b = cvCreateImage(cvGetSize(image), IPL_DEPTH_8U, 1);    //b 
IplImage* mask = cvCreateImage(cvGetSize(image), IPL_DEPTH_8U, 1); //mask for white blood cells 
 
cvSplit(image, b, g, r, NULL);       // Splitting into three channels in order to get separate RGB images 
 
// equalize r, g, b in order to increase intensity 
cvEqualizeHist( r, r );    //equalise r  
cvEqualizeHist( g, g );    //equalise g 
cvEqualizeHist( b, b );    //equalise b 
cvShowImage("Mask of the image", g); 
 
cvThreshold (g, mask, 72, 255, CV_THRESH_BINARY_INV); // making white blood cells grey  
                                                      // and other spaces black in new image named mask 
cvShowImage("Mask of the image", mask); 
 
double gray_size; // size of the white blood cell areas in pixels 
double cell_size; // cell size of the one white blood cell 
double cell_num_method1; // number of white blood cells for 1st METHOD 
 
cout<<"Please, ENTER average size of one WBC (in square pixels): "; 
cin>>cell_size; // entering premeasured size of one WBC 
 
cout<<endl<<"--------METHOD 1--------"<<endl; 
 
gray_size = cvCountNonZero(mask); // counting the size of the WBC areas 
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cell_num_method1 = gray_size/cell_size; // calculating final amount of the white blood cells 
cout<<endl<<"Total number of WBCs: "<<cell_num_method1<<endl; 
 
//-------------------METHOD-2---contour identification and drawing-----------------------------// 
 
cout<<endl<<"--------METHOD 2---------"<<endl; 
CvMemStorage* storage = cvCreateMemStorage(); 
CvSeq* first_contour = NULL; 
 
// finding contours in image named "mask" 
int Nc = cvFindContours( 
 mask, 
 storage, 
 &first_contour, 
 sizeof(CvContour), 
 CV_RETR_LIST, 
 CV_CHAIN_APPROX_SIMPLE 
); 
// drawing each found contour on the original image 
for( CvSeq* c=first_contour; c!=NULL; c=c->h_next ) { 
cvDrawContours( 
 image, 
 c, 
 CV_RGB(20,30,40), 
 CV_RGB(20,20,40), 
 1,  
 1, 
 8 
); 
} 
//-------------finding APPROXIMATED number of WBCs in each individual contour--------------- 
double cell_num_method2=0; 
double contour_area=0; 
for( CvSeq* c=first_contour; c!=NULL; c=c->h_next ) 
{ 
  contour_area=cvContourArea(c, CV_WHOLE_SEQ); 
  if ( contour_area > cell_size/2) // ONLY considering contours with area greater than half area of one WBC 
 { 
  if (contour_area/cell_size - (int)(contour_area/cell_size) > 0.4)  
  cell_num_method2 = cell_num_method2 + (int)(contour_area/cell_size) + 1; 
  else  
  cell_num_method2 = cell_num_method2 + (int)(contour_area/cell_size); 
 } 
  else continue; 
//  cout<<"new: "<<cell_num_method2<<endl; 
} 
 
cout<<"Total number of WBCs: "<<cell_num_method2<<endl; 
cvShowImage("Contours", image); 
//Show output image in output window 
 
 
cvWaitKey(0); 
cvReleaseImage( &g); 
cvDestroyWindow( "Mask of the image"); 
 
 return 0; 
} 
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