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Abstract—Model delay-differential equations for an ensemble of coupled delay-feedback systems have been
reconstructed for the first time from their experimental time series.
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In recent years, model ensembles of coupled delay-
feedback systems have been frequently used for
descriptions and simulations of processes in various
physical [1-3], chemical [4, 5], and biological systems
[6—8]. An important task in this approach consists in
estimating parameters of the ensemble of interacting
systems from their experimental time series. Solving
this task makes it possible to predict the behavior of
systems in the case of modification of these parame-
ters, allows the adequacy of notions about the mod-
eled object to be assessed, provides a basis for the clas-
sification of coupled systems and their functioning
regimes, and determine parameters that are inaccessi-
ble for direct measurement in experiments.

Most of the previously known methods of recon-
struction of the model equations of time-delay systems
from their time series were aimed at the recovery of
isolated systems [9—17]. The presence of coupling
between subsystems in an ensemble introduces some
specific features in the problem of their recovery and
requires developing new approaches [18]. To the best
ofthe authors’ knowledge, recovery of the equations of
dynamics from time series for an ensemble of real
time-delay systems has not been reported until now.

This Letter reports on the first solution of this prob-
lem. Methods proposed in our previous investigations
are generalized to the case of ensembles with an arbi-
trary number of coupled time-delay systems and are
applied for the first time to reconstructing the param-
eters of an ensemble of coupled oscillators with
delayed feedback from their experimental time series.

Consider an ensemble consisting of three coupled
radio-frequency oscillators with delayed feedback.
Figure 1 shows a block scheme of an experimental
setup involving three coupled ring oscillators, each
comprising a delay line, a nonlinear element, and a
low-frequency first-order RC filter. The nonlinear ele-
ments and delay lines are implemented on digital
components, while the filters are analog devices. The
digital and analog elements of this scheme are linked

via the corresponding analog-to digital (ADC) and
digital-to-analog (DAC) converters. The oscillators
are coupled via resistors R..

A model equation for the ith subsystem in the chain
is as follows:

RCVil1) = =V(1) +f(Vi(t-1)))

R (1)
+ 2 V() =2V + Vi, (],

where Vi(f) and V(¢ — t,) is the input and output volt-
age, respectively, of the ith delay line; 1, is the delay
time; R, and C; is the resistance and capacitance,
respectively, of the ith filter; and f; is the transmission
function of the ith nonlinear element. The periodic
boundary conditions are set as x, = x;. It is convenient
to introduce the quantities g; = R,C; and k; = R;/R_, so
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Fig. 1. Schematic diagram of the experimental setup: (DL-1,
DL-2, DL-3) delay lines; (ND-1, ND-2, ND-3) nonlin-
ear elements; (ADC) analog-to digital converters; (DAC)
digital-to-analog converters.
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that ¢; characterizes the inertial properties and k;
determines the coupling level.

Experiments were performed in a system with the
following values of parameters: T, = 13.6 ms; 1, =
16.4 ms; 1, =20.4ms; g; = 2.88 ms; &, =2.91 ms; g3 =
2.94 ms; and k, , ; = 0.1. Chaotic V(?) signals were
measured and recorded using a three-channel DAC
with a sampling frequency of f;, =10 kHz. All nonlinear
elements had quadratic transmission function f,. Fig-
ure 2a shows a typical time series of V,(7).

Previously, it was established that time series of the
isolated (k; = 0) delay-feedback systems of type (1)
contain virtually no extrema separated from each
other by an interval equal to the delay time [13]. Then,
itis necessary to find extrema in a recorded time series,
determine the number N of the pairs of extrema
spaced from each other by various intervals t in this
time series, construct the N(t) plot, and estimate the
delay time 7, as the position of the absolute minimum
of this function [13]. Now we will show that this
method of recovering the delay time can also be
applied to coupled time-delay systems described by
Eq. (1). Differentiating Eq. (1) with respect to ¢ yields

eVi=—Vi(t) + wmt_T")
dv(t—r,) (2)

+ Vi (1) = 204(0) + Vi ()]
For V;(f) = 0, in the typical case of quadratic extrema

we have f7;(t)¢0. Then, for g; # 0, we obtain the con-
dition

dfVt-1)); : :
2 Vi(t-Tt)+ k[ Vie 1)+ Vio ()] #0 (3
e =) RO+ V(0] 20 ()

which is valid provided that f/,«(t — 1;) # 0 and/or

ki Viel (1) + Vi (1] # 0. The latter inequality never
holds in the absence of coupling (since k; = 0) and in
the case of strong coupling that ensures the synchroni-

zation of subsystems, since Vi1 () = Vi_1 (1) = Vi (¥)

and V; (f) = 0 in deriving condition (3). Therefore, the
first term in (3) in these boundary cases is nonzero

and, hence the derivatives V;(f) and V; (f — ;) do not
vanish simultaneously. This implies that no other
extrema can exist in the time series of V(7) at a dis-
tance of 1, from any quadratic extremum. In the inter-
mediate case of weak and moderate coupling, there is
some probability to find pairs of extrema spaced by t,.
However, investigations show that, in the general case,
this probability is much smaller than that of finding a
pair of extrema spaced by T # T,. As a result, the N,(t)
plot will exhibit a minimum at T = 1; in a broad range
of coupling coefficients.

Thus, we count the numbers N, of cases where

V5 (f) and V5 (f — ) in the time series (Fig. 2a) simul-
taneously vanish for various values of T run at a step of
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Fig. 2. Reconstruction of the delay time: (a) experimental
chaotic time series V,(#) of the second oscillator; (b) plot of
the number N, of the pairs of extrema in the given time
series spaced by various time intervals T (normalized to the
total number of extrema), which shows that N, ..(t) =
N,(16.4 ms); (c) mutual correlation function (4) for an
ensemble with subsystems performing periodic oscillations
in the absence of external excitation, which shows that
Comax(s) = C»(16.3 ms).

T, = 0.1 ms and plot N,(t) normalized to the total
number of extrema in the time series (Fig. 2b). In
order to evaluate the derivative from the time series, we
used a parabolic approximation. The absolute mini-
mum in N,(1) is observed at T = 16.4 ms (Fig. 2b).

If a time-delay system performs periodic oscilla-
tions, the above method cannot be used to determine
T, because extrema in the time series are situated peri-
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Fig. 3. Reconstruction of parameters of the second sub-
system: (a) plot of L,(e, k) (normalized to the maximum

value in a given interval of parameters), which yields
Lymin(e, k) = Ly(2.75 ms, 0.09); (b) nonlinear transmis-
sion function §, = €} Vs (t) + Vo) — k5 [V3(0) — 2V5(0) +
V1(9)] reconstructed for 1) = 16.4 ms, &, = 2.75 ms, and
ks =0.09.

odically. For isolated time-delay systems occurring in
aregime or periodic oscillations, we have recently pro-
posed a method of delay time recovery, which is based
on an analysis of the system response to a weak exter-
nal perturbation [16]. According to this, if the V()
variable of an isolated time-delay system is driven by
an external signal y(f) of rectangular shape, then the
mutual correlation function defined as

_ pollva+s)
oy iy’

(where angle brackets denote averaging with respect to
time) will have a clearly pronounced maximum at s =
7. This method allows rectangular pulses of small
amplitude to be used.

Let us study the possibility of using this method for
determining the delay time in an ensemble of coupled

Ci(s)

4
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oscillators. Consider the excitation of the ith sub-
system by an external signal y,(7) such that the model
equation takes the following form:

8iVi(t) =-Vi(t) +fi(Vi(t—1) +y(t-1)))
+h Vi () =2Vi(D) + V(D]

Perturbation y,(¢) has the form of rectangular pulses
with amplitude A;, period 7T;, and duration M,. Let the
second oscillator be excited by an external signal y,()
introduced via a summing amplifier between filter and
delay line. The parameters of oscillators are selected
such that they perform periodic oscillations in the
absence of external perturbations.

Figure 2c shows the mutual correlation function (4)
calculated for a perturbing pulsed signal; with ampli-
tude A, = 0.05 V, period 7, = 40 ms, and duration
M, = T,/2. For a step of s = 0.1 ms, C,(s) exhibits the
main peak at s =16.3 ms, which demonstrates that the
delay time is recovered with a high precision. The pro-
posed method can be applied not only to systems
occurring in the regime of periodic oscillations, but
also to systems performing chaotic oscillations. More-
over, it can be used for estimating the delay time in
noisy systems, and the admissible noise levels is higher
that for the method based on the analysis of extrema in
the time series.

Once the delay time of the ith subsystem in an
ensemble of coupled oscillators with delayed feedback
is determined, we can also recover the corresponding
values of parameters g; and &; and the nonlinear func-
tion f; from time series of the ith and other coupled
oscillators. This can be achieved using the following
approach. Rewriting Eq. (1) as

eVit) + Vi(t) = k[ Vi (1) = 2V0) + Vi1 ()]
= fiVi(t=1))

one can infer that a plot of g;V; (¢) + V() — k[ V;, (¥) —
2V(1) + V;_(#)] versus V(¢ — 1;) reproduces the non-
linear function f;. Since the parameters ¢; and k; are
unknown, we suggest trying various values from cer-
tain intervals so as to obtain single-valued relation-
ships on the corresponding planes, which is only pos-
sible provided a correct choice of these parameters. As
a quantitative criterion of such a unique relationship in
the search for g; and k;, we can use the minimum
length L,(e, k) of a broken line connecting sequential
points (ordered with respect to the abscissa) on the
corresponding planes. Then, a minimum in L,(g, k) is
observed provided a correct choice of the parameters,
and the corresponding set of points on the plane will
reproduce the nonlinear function, which, if necessary,
can be appropriately approximated.

Let us apply the proposed approach to the experi-
mental chaotic time series for an ensemble with the
parameters specified above. The plot of L,(g, k) con-
structed for the recovered delay time of 1, = 16.4 ms
(see Fig. 2b) and the values of € and £ tried at an 0.01

(&)

(6)
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step, exhibits a minimum at € = 2.75 ms and £ = 0.09
(Fig. 3a). Thus, the proposed procedure provides esti-
mates that are close to €, and k,. Figure 3b shows a
nonlinear function reconstructed from the experi-
mental chaotic time series for the given ensemble. It
also well coincides with the true transmission charac-
teristic f; of the nonlinear element of the second oscil-
lator. In an analogous manner, we can recover the
characteristics of other subsystems of the ensemble.

The proposed method has no limitations with
respect to the number of subsystems in the ensemble.
Moreover, it can be expanded so as to apply to coupled
high-order time-delay systems and systems with sev-
eral delay times. In the case of synchronization in the
ensemble of coupled time-delay oscillators, the pro-
posed method can be used for recovering the parame-
ters of local elements, but the coupling coefficients in
this case cannot be determined.

Acknowledgments. This study was supported by the
Russian Foundation for Basic Research, project
no. 10-02-00980.

REFERENCES

1. 1. V. Koryukin and P. Mandel, Phys. Rev. E 65, 026201
(2002).

2. N. Buri¢ and N. Vasovi¢, Chaos, Solitons Fractals 31,
336 (2007).

3. B. M. Krishna, M. P. John, and V. M. Nandakumaran,
Phys. Lett. A 374, 1835 (2010).

4. J. Weiner, R. Holz, E W. Schneider, and K. Bar-Eli,
J. Phys. Chem. 96, 8915 (1992).

TECHNICAL PHYSICS LETTERS Vol. 36 No. 10

5.

6.

11.

12.

13.

14.

15.

16.

17.

18.

2010

905

M. Mincheva and M. R. Roussel, J. Math. Biol. 55, 87
(2007).
Y. Kuang, Delay Differential Equations with Applications

in Population Dynamics (Academic Press, Boston,
1993).

. G. A. Bocharov and E A. Rihan, J. Comput. Appl.

Math. 125, 183 (2000).

K. Kotani, K. Takamasu, Y. Ashkenazy, et al., Phys.
Rev. E 65, 051923 (2002).

. H. Voss and J. Kurths, Phys. Lett. A 234, 336 (1997).
. R. Hegger, M. J. Blinner, H. Kantz, and A. Giaquinta,

Phys. Rev. Lett. 81, 558 (1998).

M. J. Biinner, M. Ciofini, A. Giaquinta, et al., Eur.
Phys. J. D 10, 165 (2000).

W. Horbelt, J. Timmer, and H. U. Voss, Phys. Lett. A
299, 513 (2002).

V. I. Ponomarenko, M. D. Prokhorov, A. S. Karavaey,
and B. P. Bezruchko, Zh. Eksp. Teor. Fiz. 127, 515
(2005) [JETP 100, 457 (2005)].

B. P. Bezruchko, V. 1. Ponomarenko, M. D. Prokhorov,
et al., Usp. Fiz. Nauk. 178, 323 (2008) [Phys. Usp. 51,
304 (2008)].

D. Rontani, A. Locquet, M. Sciamanna, et al., IEEE J.
Quant. Electron. 45, 879 (2009).

V. 1. Ponomarenko and M. D. Prokhorov, Pis’ma Zh.
Tekh. Fiz. 35 (22), 71 (2009) [Tech. Phys. Lett. 35,
1058 (2009)].

M. D. Prokhorov and V. I. Ponomarenko, Phys. Rev. E
80, 066206 (2009).

M. D. Prokhorov and V. I. Ponomarenko, Pis’ma
Zh. Tekh. Fiz. 34 (8), 29 (2008) [Tech. Phys. Lett. 34,
331 (2008)].

Translated by P. Pozdeev




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


