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The paper presents the software development process, which allows the calculation of one cut of boundary surface. 

Into the proposed program there are implemented, for example, coordinates of attractors as the outputs of the other 
proposed programs as well. This suggests that software development is conditioned by the development of other 
utilities. Without their outputs should not be finalized introduced program. Multiple use of presented software allows 
reconstructing the whole BS in 3D space. 
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Представлено процес розробки програмного забезпечення, яке дозволяє виконувати розрахунок одного пе-

ретину граничної поверхні. У запропонованій програмі прийнято використання координат атрактора як виходів 
інших розроблених програмних модулів. Такий підхід має на увазі, що розробка програмного забезпечення 
залежить від розробки інших засобів. Без використання їх вихідних значень неможливо було б завершити за-
пропоновану програму. Багаторазове використання запропонованого програмного забезпечення дозволяє пере-
будувати всю граничну поверхню в тривимірному просторі.     

Ключові слова: багатозначна пам’ять, усталений граничний цикл, гранична поверхня, поверхня наванта-
ження. 

 
INTRODUCTION. Abstract mathematical knowledge 

presented in [1–3] e.g., relating to the attraction and 
repulsivity of singularities or separatrix, gave rise to their 
application in the theory of nonlinear circuits firstly in the 
plane [4–7] and later also in space m ≥ 3 [8–12]. The first 
solutions of differential equations in normal form were made 
using graphic – computational methods, whether modified 
or developed by the author of works [4], [8]. Manually it 
was possible to construct a couple of trajectories that were 
carriers of the so-called boundary surface (BS). The term BS 
means in sequential circuits such area that separates 
individual attractors from each other. But its meaning is 
broader because the same regularities of attraction regions 
we can find in chip, as well as in universe. 

With introduction of mainframe computers, later 
personal computers, it was possible to get at the same time 
thousands of particular solutions and consequently a large 
number of trajectories clarifying not only the morphology 
of BS but also the function of some circuits. For example 
work [6] explained the principle of control memory 
consisting of tunnel diode using “manuall" construction of 
trajectories and work [13] confirmed accuracy of 
considerations and constructed trajectories by simulation 
using analog computer. The work [14] exactly explained 
the principle of operation flip-flop sensors and work [15] 
gave an answer to the question put in [16] what separates 
the chaotic attractor from a stable limit cycle (LC)? It was 
just BS, whose calculation for multiple valued logic 
(MVL) memory is introduced in this article. 

ALGORITHM OF BS CALCULATION.  Although 
today's PC have significantly more power than 15 to 20 
years ago, an algorithm for BS calculation introduced and 
applied by the author of works [4] – [10] using the PC 
compared to the "manual" calculation of required 
trajectories stayed unchanged. Architecture of processors, 

programming languages or computer power are changing – 
principle of BS calculation, however, remains the same. 
This does not diminish the importance of contribution, or 
the need continuing activities in software development, 
because each new analyzed structure brings many new 
partial problems. These problems have to be solved and 
incorporated into the software for BS calculation.  

The algorithm of calculation BS cuts of multiple-value 
memory shows Fig. 1. In general, it can be summarized in 
three steps: 
 calculation the system of differential equations.  
 testing of the distance of next from the previous 

calculated point from step 1.  
 testing the close neighborhood of representative point 

(RP) near one of the attractors.  
The program itself is written in C language and consists 

of more than 1000 lines. The circuit is described by three 
differential equations. Calculation of BS cuts is realized by 
grid technique, where projective plane is divided into M x M 
points – the initial conditions (IC), which are used by 
Runge–Kutta method of fourth order. Usually we use grid 
440 x 440 points, which represent calculation 193 600 
trajectories. When each RP from IC is attracted by one of the 
attractors in the circuit, the color map in the projection plane 
appears. This represents the regions of attraction of 
individual attractors. If set of calculated BS cuts is dense 
enough, it can be used later for reconstruction the BS in 3D 
[17, 18]. For a reliable reconstruction of BS is necessary to 
calculate from 100 to 300 cuts of BS. This increases the 
amount of calculations and the use of even a dual or quad-
core CPU is still insufficient. Therefore, similar calculations 
are realized with great advantage by computer cluster or 
GPGPU technology [19, 20]. Also cloud computing is 
appropriate, but this solution author has not used yet. 
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MVL memory consists of two resonant tunnel diodes 
(RTDs), where one of them is element and the other is 
load. Therefore, after the start of the program, in the first 
block in Fig. 1 are loaded from a text file parameters of 
RTDs, the values of parasitic elements on-chip L, R, C1, 
C2, minimal and maximal values of the projection plane 
and IC that are state variables (u1min, u2min, i_ics). From 
the second file are loaded coordinate of singularities and 
from the third file coordinates of the points laying on LCs. 
Displaying of IV characteristics from which would be 
obvious the number of singularities and calculation the 
coordinates ensures another program, which is not 
described in this paper. 

The second block are assigned IC to state variables i, 
u1, u2, integration step h and p = 0, which is the number of 
steps of Runge–Kutta. Next, they are calculated 
coordinates of the next point ih, u1h and u2h using the 
Runge–Kutta. Then, there is calculated the difference 
between individual coordinates and results are written into 
idif, u1dif and u2dif. In the first decisive block presented in 
Fig. 1, the differences are being tested. If the distance 
between next and previous point is greater than "error" at 
least in one coordinate: err_i = 1/50 mA or err_u1 = 1 mV 
or err_u2 = 1 mV (decision Y, i.e. Yes), the integration 
step will devide by 2 and the calculation will repeat. If the 
differences are smaller than the "error" (decision N, i.e. 
No) integration step will increase by h*1.02 and the next 
step of Runge - Kutta will record by assigning of p = p+1. 
Each new calculated point is tested, whether it is in the 
vicinity of one of the stable singularities (StS) or not. 
Simultaneous meeting requirements: ih < proxim/10, 
u1h < proxim, u2h < proxim, where proxim = 1 mV or 
1 mA, means that RP is located in close vicinity of static 
attractor. Its neighborhood is of block shape. 

Testing is indicated by decision blocks "Test_S1" up to 
"Test_Sn", where Sn is the n-th StS, whereas n > 2. If RP 
is not situated in the vicinity of the one of StS–static 
attractor, then there will be tested condition p > 250000. If 
RP is found in neighborhood of any static attractor, in the 
output file will be written coordinates of the first point of 
the plane from matrix 440 x 440 and symbol of attractor. 
After calculating the entire grid M x M some color will be 
assigned to this symbol. The diagram presented in Fig. 1 
illustrates the calculation of the BS cut in the plane u1, u2, 
so u2_ic is incremented by 1 mV. When the supply voltage 
is 440 mV, grid 440 x 440 points presents sufficiently 
dense set of points. Increment of u2_ic by 1 mV is 
followed by a test, whether it is greater than u2max, i.e. 
440 mV, or not. If yes, it would mean that one line of 
matrix consisting of 440 points was calculated. If not, 
block of assignment follows (u2 = u2_ic, u2_ics = u2_ic, 
u1 = u1_ics) needed for the new calculation by Runge–
Kutta method. So, if applies: u2_ic > u2max, increment of 
u1_ic will be by 1 mV and must be tested whether the 
u1_ic > u1max, or not. If yes, then the whole grid 
440 x 440 points is calculated and the program terminates. 
If not, block of assignment follows again (u1 = u1_ic, 
u1_ics = u1_ic, u2 = u2min). Finally, before calculation 
starts again by calculation using Runge–Kutta method, it is 
necessary to assign p=0, h=hrk and i=i_ics. Since BS cut 
is calculated in the plane u1, u2, for the whole grid M x M 
applies that i = const., i.e., I = i_ics. 

Next step is going back to the testing of condition: 
p 0> 250000. At first, there are tested static attractors S1–

Sn, in order to program was not getting slow by permanent 
testing whether RP is near of any dynamical attractors – 
LC, or not. The time needed for attraction of RP to one of 
the attractor S1–Sn is significantly shorter than the time 
needed for attraction to some of attractor LC1–LCn, 
therefore there is given condition p > 250000. Of course, p 
changes with every change in circuit parameter and it 
should be taken into account in the program. The number 
of dynamic attractors depends on the parameters of RTDs 
and on the values of the parasitic elements R, L, C1 and 
C2. Author of the paper noticed up to 10 LCs when StS = 5 
up to now. This structure is presented in the next section. It 
is quite possible that the number of LCs increases with 
increasing of StS number. One specific MVL memory 
structure (currently being analyzed), is characterized by 
such BS morphology, indicating the use of MVL memory 
as a MVL A/D converter. To do this, it must increase the 
number of StS > 5. 

For certain sizes R, L, C1 and C2 can be found in the 
circuit LC, but also find such R, L, C1 and C2, for which 
MVL memory would not be characterized of undesirable 
LCs [21]. In order to include conditions for testing 
neighborhood, the RP at one of LC1–LCn, before it is 
needed to design next program. The program will calculate 
and display only one trajectory for different IC. It will 
reveal a new dynamic attractors of which will be chosen by 
6 points corresponding to the three current levels. In order 
to calculate the BS cuts faster, testing of all LCs shall be 
realized for same current level (if possible). Then it is 
sufficient for testing, if RP is in neighborhood of any point 
that is part of the LC. Testing is then identical to the testing 
of neighborhood RP toward StS. In the frame of the 
decision block p > 250 000 is one more test: p > pmax. 
Parameter pmax is maximal number of steps for Runge–
Kutta method. For p < pmax RP should definitely be 
attracted by one of the attractors. If p > pmax, it could 
mean that the user: choose pmax too small, or in the circuit 
occurs yet unknown attractor, or coordinates of StS or LC 
were incorrectly specified and the program is terminated 
untimely. Sometimes pmax equals to a few millions. 

Outlined flow diagram showed calculation of one BS cut 
at the plane u1, u2. In order to at least partially outlined 
morphology of BS, it is necessary using another, a new 
program to depict the relevant cut of BS. If we require a 3D 
view in the plane in Monge projection, it is needed to 
calculate the cut in the plane i, u2. Change in Fig. 1 would 
reflected in the fact that the BS cut will calculated for 
u1=const and instead of testing u1_ic after fulfilling the 
condition u2 > u2max, will be tested current i_ic. Another 
activity for 2D visualization of BS is the eigenvalues 
calculation of singularities. After their calculation in 
MATLAB, we can by extension of program to depiction of 
BS cuts (e.g. in the plane u1, u2), to display BS element 
(EBS) together with BS cut. EBS is suitable for verifying the 
accuracy of the calculation of the BS cuts led through the 
one unstable singularity (UtS). Common displaying of EBS 
and BS cuts, can illustrate fact that EBS is a tangent plane to 
BS in unstable singularity [22]. This fact helped reveal so-
called virtual saddle point. Its presence in memory prevents 
control memory. For more information about virtual saddle 
point can be found in reference [23]. Appearance of BS 
morphology expressed by one BS cut will be shown in the 
next section.  
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Figure 1 – Flowchart of the program, allowing the calculation of boundary surface of the multiple valued memory 
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BS OF FIVE VALUED MEMORY. Five valued 
memory circuit is shown in Fig. 2. Symbols of non-
linear elements correspond to RTDs. 

 

 

Figure 2 – Model of MVL memory cell. Control 
pulse we consider ∆I= 0 

Circuit in Fig. 2 we can describe by the system 
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       (1) 

Elements L, R, C1 and C2 are parasitic elements on 
the chip including capacity of equivalent RTD circuit 
and inductance of conductions to diode. Resistance R 
expresses the resistance of conductive connections on 
the chip. In Fig. 2 Dependence i2(u2) represents IV 
characteristic of element and dependence i1(u1) 
represents IV characteristic of load. In the system (1) 
that are functions f2(u2) and f1(u1). Both characteristics 
are the same and they are piece-wise linear 
characteristics expressed by equation (2) and by 
parameters (3). They are shown in Fig.3. 
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where gi are conductance and Ui are the break points IV 
characteristics. If k = 1 it concerned load, if k = 2 it 
concerned active device. 

 

g1 = g3 = g5 = g7 = g9 = 0,04 S; 
g2 = g4 = g6 = g8 = - 0,08 S; 

U1 = 60; U2 = 90; U3 = 150; U4 = 180 mV; 
U5 = 240; U6 = 270; U7 = 330; U8 = 360 mV.     (3) 

 

Because the relation (3) would be too long, some 
members are omitted, but implied sequence of missing 
members can be easily completed. Parasitic elements 
are as follows: L = 1·10-10 H, R = 0, C1=C2=2,6·10- 13 F 
and U = 440 V. Power supply ∆I is used to control 
memory by rectangular pulse and next we consider 
∆I = 0. 

 
Figure 3 – IV characteristics projection of RTDs 

element (solid line) and load (dashed line). S1–S5 are 
stable and N1–N4 are unstable singularities 

Fig. 4 illustrates a BS cut for i N1 - N4 = 0,4 mA. The 
thin line running the cut diagonally presents projection 
of IV surfaces to the load plane R = 0. Location of StS is 
indicated by the symbol • and UtS by +. As can be seen 
from Fig. 4, N1 - N4 really lie at the color interface 
dividing regions of attractivity of attractors S1 - S5. The 
text S1 – S5 is placed just in this color area, which 
corresponds to the region of attractivity of individual 
StS. In Fig. 4, there are not only five mentioned color 
regions. Other color regions represent attractivity of 
undesirable LCs. A total number of attractivity regions 
is up to 10 and they are symmetrical in relation to the 
diagonal projection of IV surface of RTDs.  

 

 
 

Figure 4 – Cut of the boundary surface in the plane 
u2, u1 with colored regions of attractivity for stable 

singularities S1–S5 and stable limit cycles LC1–LC10 
 

Given the fact that in Fig. 3, IV characteristics are 
symmetrically disposed, similarly, regions of attractivity 
are in BS cuts symmetrically disposed (in Fig. 4) and 
figure evokes chessboard. Fig. 4 thus shows complex 
BS morphology, which, when looking at the system (1) 
we can not even predict. This is also why the presented 
graphical interpretation of BS clarifies processes going 
on in the memory and why the author attends to the 
calculation and visualization of BS. 

CONCLUSIONS. If, in unknown circumstances, the 
memory without undesirable LC would failed, an exact 
answer to the failure will just BS. But understanding of 
BS is not possible without simulation, which allows to 
detect not only failure the memory, but also defines the 
parameters of control pulse deltaI. The parameters pro-
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vide reliable re-writing of the information content of the 
memory. Although the calculation algorithm can be 
summarized in a few items, to create the program re-
quires a lot of effort put into the calculation of the move-
ment of RP, its testing of errors and the presence of RP in 
the neighborhood of one of the attractors. Any change in 
parameters of the circuit leads to a change of attractors, 
which are necessary to be seek and implement them in a 
part of the program described in this paper. In view of the 
interesting findings of the currently analyzed memory, 
structure development software is still topical. 
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РАЗРАБОТКА ПРОГРАММНОГО ОБЕСПЕЧЕНИЯ ДЛЯ РАСЧЁТА МНОГОЗНАЧНОЙ 

ПРЕДЕЛЬНОЙ ПОВЕРХНОСТИ ПАМЯТИ 
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Представлен процесс разработки программного обеспечения, позволяющего выполнять расчёт одного сече-

ния предельной поверхности. В предложенной программе принято использовать координаты аттрактора в каче-
стве выходов других разработанных программных модулей. Такой подход подразумевает, что разработка про-
граммного обеспечения зависит от разработки других средств. Без использования их выходных значений было 
бы невозможно завершить разработку предлагаемой программы. Многократное использование предложенного 
программного обеспечения позволяет перестроить всю предельную поверхность в трёхмерном пространстве.  

Ключевые слова: многозначная память, установившийся предельный цикл, предельная поверхность, нагру-
зочная поверхность. 
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