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Adaptive estimation and control method for unstable periodic dynamics in spike trains

David J. Christint* and Daniel T. Kaplah'
IDivision of Cardiology, Department of Medicine, Weill Medical College of Cornell University, New York, New York 10021
°Department of Mathematics and Computer Science, Macalester College, St. Paul, Minnesota 55105
(Received 10 May 1999; revised manuscript received 28 January 2000

Dynamical control of excitable biological systems is often complicated by the difficult and unreliable task of
precontrol identification of unstable periodic orhit$PQO’s). Here we show that, for both chaotic and noncha-
otic systems, UPQO’s can be located, and their dynamics charactedagdg control. Tracking of system
nonstationarities emerges naturally from this approach. Such a method is potentially valuable for the control of
spike trains of excitable biological systems, for which precontrol UPO identification is often impractical, and
nonstationaritiegnatural or stimulation inducedire common.

PACS numbes): 05.45.Gg, 07.05.Dz, 87.10e, 87.17.Nn

Chaos control techniques have been applied to a numbérochemical properties may be modified by stimulation
of excitable biological systema—5] comprised of sponta- [14,15]). With these reasons in mind, this paper is concerned
neously firing cells. Such control typically attempts to re-with ways to use PPF-type control in order to identify, con-
place an unwanted irregular or higher-order firing patterrtrol, and track such UPQO’s and their manifolds.
with a lower-order periodic rhythm. One particular control ~ The detection of a UPO using data collected in the uncon-
technique, proportional perturbation feedbdB¥F control  trolled, free-running systenil,2] can be problematic. As
[1], uses isolated electrical stimuli to cause the cells to fire aientioned above, one problem with such an approach is that
a specified time, thus directly altering the variable of interestexcitable biological systems are typically nonstationary.
the interexcitation intervdiin contrast to Ott-Grebogi-Yorke Thus a precontrol UPO estimate may become invalid before
(OGY) type control[6], which indirectly alters the variable or during the control stage. Another problem is that in the
of interest by perturbing a system parametén the ideal- free-running system, the system’s state may spend little time
ized situation presented in Refd] and[2] the PPF stimuli  in the vicinity of the orbit. As an extreme case, a system with
achieve control by placing the state of the biological systema stable attracting periodic orbit may well have other UPQO'’s,
onto the stable manifold of a desired unstable periodic orbibut the free-running system will visit only the stable orbit.
(UPO. Even with a lengthy free-running data collection stage, there

The successful application of PPF control requires an esis no guarantee that there will be sufficient data from within
timate of the location of the uncontrolled system’s UPO andhe UPO neighborhood; a paucity of such data from within
corresponding manifolds. UPOs and their eigenvalidéare  the UPO neighborhood renders the reliability of the esti-
typically characterized from measurements of the system imated UPO characteristics dubious. Statistical tests have
free-running mode, without external stimulatiph2]. PPF-  been proposed to validate UPO existeftt6—18, but the
type [8] stimuli are then used to alter the interexcitation in- most compelling evidence comes when control of a putative
terval in an attempt to place the system state point onto therbit is successfully achieved. With this in mind, an alterna-
estimated stable manifold, and therefore stabilize the UPO'ive to precontrol UPQ identification is to locate and charac-

Proper estimation of the UPO and its characteristics is oferize a UPO while attempting control. Although adaptive
fundamental importance to PPF-type control for several rea©GY-type control techniques have been develodéd-23,
sons. First, optimal contrdlvhich we consider to be stabili- PPF control is nonlinear near the fixed poiint contrast to
zation of the desired UPO with a minimal number of stimuli OGY contro), and therefore requires new adaptive ap-
is achieved when the system state is placed onto the stabfgoaches.
manifold. Without placement directly onto a stable manifold, To this end, Kaplaf13] recently showed that a stimulus-
control can be achieved via alternative dynamical mechapattern bifurcation that occurs at the location of a UPO can
nisms[9—-13] that require more frequent stimulation. Second,be detectedas described belowand therefore used as a
knowledge of unstable orbits can provide a skeleton upomneans of locating UPO’s during control. Such control allows
which to build a model of the overall system. Third, the UPOthe experimentalist to circumvent the major hurdle of pre-
may change over time; by continuously tracking the propercontrol UPO identification: the limited time that the state
ties of the orbit, one can adaptively change the control papoint spends in the UPO neighborhood. However, although
rameters in order to maintain the controlled stability of thethe system’s state stays near the UPO during such control,
orbit. Changes in the UPO may stem from autonomous driftgstimation of UPO characteristics is complicated by the fact
in the properties of the biological system, or may be a rethat the natural UPO dynamics are masked by the control
sponse to the control stimula tissue’s dynamical or elec- stimuli. So the experimentalist faces a choice of studying the

free-running system with infrequent UPO data, or studying

the controlled system with plentiful data but with obscured
*Electronic address: dchristi@med.cornell.edu or altered dynamics. As we show in this paper, the latter
"Electronic address: kaplan@macalester.edu alternative can be made feasible by circumventing the mask-
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ing in either of two waysi(1) estimating the natural UPO Xt 1=[ Mgt Ny) = Ay ]X
dynamicsbetweenintermittently applied stimuli, 0K2) jig- el s s T Rl Astulnd
gling the control parameters. RS WS WOVES W) '3 (4

We will examine systems whose natural, uncontrolled dy-
namics can be approximated by an autoregressive system

Xn+1=f(Xn,Xn-1). For control of excitable biological sys- [by substituting the bottom equation of E®) for x,, in the

tems, x,, is taken to be the time interval between then ;
s ; - . ._top equatioh Note that from measurements ® and
system firing and the previous firing. While the state point P €q i ﬁ*}\

(X, X,_1) is in the neighborhood of a UPO, the system dy-Xn-1: Only the lumped constant paramet®gh, —\s(As
namics can be approximated linearlysas ; =ax, +bx, 1 +X\y) in Eq. (4) can be estimated—nats and A, individu-

+c, or, rewriting the constanta, b, andc in terms of the alY- _ L o
parameters of tr?e UPO, Christini and Collind12] proposed a simplified modifica-

tion of PPF control, which they termed stable manifold
Xnt1=(NsFA)Xn—AhXn—1F X (L +FAA = As—\y), placementSMP) control. They showed that effective control
) can be accomplished by turning off the control stimuli and
allowing the system to free run according to the natural dy-
wherehg and\ , are the eigenvalues of the linearized systemnamics until the state pointx{,x,_;) wanders out of the
andx, is the location of the UPO sampled once per cycle.UPO neighborhood. Only when the difference between
The notation is intended to suggest that there is one stablg,, ,x,_;) and the UPOX, ,x,) reaches a threshold is con-
eigenvalue and one unstable eigenvalue, as required for tfol reactivated to return the state point to the UPO neigh-
saddle-type fixed point. However, the equation is applicabléyorhood via the stable manifold. In Rdfl2], the primary

even when both eigenvalues are unstable. motivation for such intermittent perturbations was to mini-
~ The application of PPF-type control changes the dynammize control interventions in order to limit stimulation-
ics near the UPO to a nonlinear form: induced modification of the dynamical or electrochemical

properties of the excitable tiss{i4,15. In the present con-
(st Au)Xn=AshyXn-1 text, intermittent stimulation provides another important ben-
min{ TX.(1+NAy—As—A\y), natural dynamics efit: allowing observation and characterization of the natural
UPO dynamics between control perturbations.
When the control stimuli are turned off when using the
2 SMP strategy, the system dynamics near the fixed point are
given by Eq.(1). The parametersg,\,, andx, can then be
estimated by linear regression xf, ; on x,, andx,_;. We
stable manifold slopa g, respectively. Kaplafl3] showed define a “natural triplet” to be a sequencg( ;,Xn,Xn_1)
that for a flip saddle, whex,~x, and[AJ<1, the con- inwhich intervain+1 is terminated naturally, but intervats

trolled svstem modeled by Ed. 2 will be characterized b andn—1 could be terminated naturally or by control stimuli.
y. . y 4 ) ~ y aOnly natural triplets can be used in the regression. In order to
control stimulus applied either every inten@henx,<x.;  track UPO drift, estimates of,, \,, andx, are made from

due to the flip saddle, no naturally terminated intervals lesghe lastN natural triplets X+ 1,X,,Xn—1). (In this paper, we

thanx, can occuy or every second interval with the inter- t@keN=10.) After each such estimation, the control param-
etersh¢ and x, in Eq. (2) are reset to the new estimated

Xn+1™=
Ns(Xp—X,)+X,, control stimulus,

wherex, and\ are estimates of the UPO positiay and

mediate intervals being terminated nature(wﬁen?(*>x*; I
values.

. . _ a
due to the flip saddle, there will be a naturally terminated ~gre must be taken when performing the linear regres-
interval less tharx, following each control stimulys As  sjon. If only one eigenvector is required to characterize the

shown in Ref[13], x, can be located by systematically scan- data fit to Eq.(1), then the parameter estimations will not
ning over a range ok, for the stimulus-pattern bifurcation accurately represent the natural two-manifold UPG dynam-
ics. This situation occurs when one of the manifolds has little

[24]. or no influence on the state dynamics for several consecutive
In the system of Eq(2), it is not possible to estimates  natural triplets. For example, when control is turned off
and \, because the natural dynamics are obscured by th&hen using the SMP strategy, the state point will tend to
control stimuli. For the flip saddle case where<x, (when  retreat from the UPO along the unstable manifold. Thus the
natural dynamics will bex,,=\,(X,—X,)+X,, which
does not reflechg. If the N points used in the estimation
consist mainly of such points, the parameter estimations will
not accurately represent the natural two-manifold UPO dy-
© namics. Such a situation can be detected b i [
. y using singular

The natural, and\, do not enter into these dynamics, and V&lué decompositioiSVD) [25] to carry out the linear re-

therefore cannot be estimated from them. For the flip saddi@ression: if the ratio of the regression’s largest and smallest
case wher&. >x. (when control stimuli are applied ever singular values is exceedingly large, the estimate is dubious.
w x =X (W imufl ppll Ve Thus SvD is particularly useful because, in addition to its

second interval the controlled dynamics for intervals that ability to handle matrices that are either singular or very
end naturally without a control stimulus are nearly singular, it provides validity information with each

control stimuli are applied every interyathe controlled dy-
namics are simply

Xpr1=Ns(Xp—=X,) + X,
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estimate. If SVD indicates that an estimate is unreliakle, N - No control
and A from the last valid estimation of Eq1) should be g ﬁg}?;c(ﬁnon search
used for setting the control parameters in Eq. 2. 202, A - Noise added oap
We illustrate the SMP characterization and tracking tech- Lo B 4 é’;{;
nigue using the chaotic Hen map, X 00 R
Xps1=A+BX, 1—X° (5) Lo | CA I;‘;:A“
n+1— n—1 no 20 g5y
0 250 500 750 1000
whereA=1.4,B=0.3, andx, represents thath interexcita- b
tion interval. With these parameter values, the system is cha- 125
otic and has a flip saddle period-1 UPOxat=0.8839, with 02s bk N ot 0.95
A= —1.9237 anch;=0.1559. The chaotic H®n map was " R o
chosen because its uncontrolled dynamics have no stable pe- 075 O 71650
riodic orbit and because its unstable flip saddle UPO is of the 175 % o B i —— —
same type as that reported experimentally in studies of ex- 100 150 200 250
citable media spike traifd6—-18. Because only the dynam-
ics local to the UPO are exploited in the adaptive control 08875
method presented here, it is unimportant that thendtie 08850 - L. .
map’s dynamics away from the UPO are not representative %, oot soremnsonns, pommemer, A-'-: o ]
of those of excitable media. 08825 : Te 0 m ot
Figure 1 shows a trial demonstrating adaptive estimation 0.8800 == — — —CA |
and control of the period-1 UPO. Following 100 points with- 450 475 500 525 550

out control, control was activated settﬁng=0 and scanning

=R R 030rF
for x, by systematically increasing,. Forx, <x, the result- 0.25
. . ' I . A 020F
ing controlled dynamics show a fixed point &f, with a A oisk
control stimulus being applied at every interval At x, , a g.(l)g —— A 35

period-doubling bifurcation occurrdah=174; Fig. Ib), in- 200 300 400 500 600 700 800 900
sef,, thus marking the location of the flip saddle UPO. Fol- n
lowing detection of the bifurcation, control continued with FIG. 1. A trial controlling the chaotic Hen map of Eq(5). (a),

X, setto 0.9073, the midpoint of the last prebifurcation pac-y), and(c) show the intervalx, vs interval numben for various

ing interval and the first post-bifurcation pacing interval. Af- stages of the control trial. Natural intervals are shown as filled
ter N natural triplets had occurrddee the inset in Fig.(b)], circles, while control-induced intervals are shown as open triangles.
the first SVD estimation ok, \,, andx, was performed (d) shows the SVD estimatége-estimated following every noncon-

[26]. After n= 190, control followed the SMP protocol, with trol interva) X andX, during the control stage.

control stimulii US?d or.1|y wherfx, —x,|>48. (8§ was se.t- to This technique can also be used to locate and stabilize
0.001 for all trials in this study.SMP successfully stabilized jpo's in nonchaotic systems. Figure 2 shows a trial control-

the UPO with control stimuli being provided approximately |ing the Henon map of Eq(5) with A=1.0 andB=0.3. With
every 20th interval as seen in Fig(cl Figure 1d) shows  these parameter values, the system settles into a stable
that the control-stage SVD estimatesand) , (re-estimated period-4 rhythm. However, there is an underlying unstable
flip saddle UPO at,=0.7095, withA,= —1.6058 and\¢
=0.1868. This UPO cannot be detected from free-running
data, but, as the figure demonstrates, the bifurcation search,

. L L "SVD parameter estimation, and SMP control were able to
white noise iterat¢standard deviation 0.000#as added to Iocatepand stabilize the UPO. As in Fig. 1, control remained

each noncontrolled H®n map iterate. In the no_isy system, offective when a Gaussian white noise iteréae n=500:
control required more frequent SMP perturbations becausgiandard deviation 0.00pwas added to each noncontrolled
the additive noise caused the system state point to wandfenon map iterate. For this trial, the bifurcation search, in-
more quickly away fromx,. Due to the additive noise,s  dividual control perturbations, and manifold estimations
-~ . were all qualitatively similar to those shown for the chaotic
and A\, fluctuated, but remained scattered around the ru€an0n map in Figs. (), 1(c), and 1d), respectively. Given
values[Fig. 1(d)]. the prevalence of pathologic nonchaotic rhythms in excitable
We also used this adaptive approach to estimate and coiiological systemg3-5], this trial demonstrates an impor-
trol the period-2 UPO of the chaotic’Hen map of Eq(5).  tant capability of this control technique.
The control technique was modified so that perturbations and It is of particular interest to be able to track drifting
estimations occurred at alternate intervals instead of everyPO’s in nonstationary systems. To illustrate how this can
interval. Effective control, including robustness to additivebe done, we use the ‘Hen map with a randomly drifting
noise, was achieved. parameter,

via SVD following every natural interval using the most re-
centN natural triplets were close to their true values.
After n=500, to simulate a noisy system, a Gaussia
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FIG. 2. A trial controlling the period-4 Hen map of Eq(5) " 090 |
with A=1.0 andB=0.3. The intervalx, vs interval numben are 0.85 N T T
shown for _variou_s stages_of the control trial._ Natural intervals are 0 1000 2000 3000 4000 5000
shown as filled circles, while control-induced intervals are shown as
open triangles. Ah=500, a Gaussian white noise iterastandard 020 & .
deviation 0.000Lwas added to each noncontrolledrida map it- B
erate. A
Sn
0 1000 2000 3000 4000 5000
Xn+1=(A+70) +BXy 1= X7, (6)
where 7, is an iterate of a correlated noise proc¢2g], A
given by ,=0.999,_,+4.5x 10 ’¢,,, where(, is Gauss- “
ian white noise with unity standard deviation. Figure)3

showsx,, versusn for a control trial of this nonstationary L o Lt
system. Figures ), 3(c), and 3d) show the analytically 0 1000 2000 3000 4000 5000
determinedx*n, s and Ay, respectively, and their SVD

estimatesx, ,As, and A, , respectively. The two distinct FIG. 3. A trial controlling the modified Heon map of Eq(6).
oo n (@) and the inset i@ show the intervals, vs interval numben

branches O’iun in Fig. 3(d) result from the repetitive pattern for the entire trial. Natural intervals are shown as filled circles,

of SMP control and estimation that can be seen in the insethile control-induced intervals are shown as open triangiBs(c),

of Figs. 3@ and 3d). This figure demonstrates that the re- (@) and the inset ind) show the analytically determinepen

peated SVD estimation was able to effectively track the paS™®€d X« As, andiy, respectively, and their SVD estimates

rameters of the drifting system. (closed circles behind the open cirdles , \s, and\, , respec-
A second method for estimating, and ), is applicable tively.

when the natural unstable dynamics are sufficiently strong

that SMP control cannot be practically applied. It is not nec-

essary for the control parameteks and x, to match the one possibility, we note that in some clinical applications of

natural parameters, andx, in order to accomplish success- tachycardia pacing, one uses rapid pacing in order to capture
ful control [13]—slight parameter misestimations lead to de-the tissue’s rhythm, and then gradually slows pacing to re-
viations from period-1 orbits, but not control failure. In the turn the heart to an acceptably slow rhythm. The techniques
case of a flip saddle, for example, by setting the controdescribed here may be useful in maintaining capture of the

parametek, slightly larger than the true fixed point location rhythm while the pacing rate is slowed.
While this study demonstrates the feasibility of control-

)é(*)’nttrho? gﬁrﬂtrﬂllzf'eSyf;ﬁ{geg"L\?:rvesicﬂenr:jo?r]tzeg,g“’BWh-?“_a"ng modelsof excitable biological spike trains, important
! P y - BY JI9 .questions regarding the physiological feasibility of control of

ling th ntrol parameters in mall ran round thei . . . .
gorr%ntalevglczje}so oFr)IZ ilirﬁ:ﬁa\:’es tﬁesliniar?jegeenae?;c dofc gFeal excitable biological systems remain unanswered. One
' 9 y uestion is whether SMP control stimuli, which are large

(3) and enables.; and\,, to be separately estimated from the perturbations to the electrochemical properties of the system,

natural triplets X, 1,Xn ,Xn—1)- actuall ; - :
) N . . y modify the underlying UPO dynami¢42,14,19.
The techniques presented in this study dispense with Pre=urther investigation is needed to address this and other is-

control data analysis and enable control of nonstationar% - . . .
. . . ues to determine whether such control is physiologicall
UPQO's in chaotic and nonchaotic systems. Thus they arg Phy gically

: . . easible and clinically useful.
more appropriate than previous PPF-type techniques for con-
trol of excitable biological systems. This fact, coupled with  This work was supported by grants from the American
experimental evidence that model-independent control techHeart Association(Grant Nos. 0030028Nand the National
nigues can modify or eliminate pathological excitation pat-Institutes of Healt{Grant Nos. R01 HL56139D.J.C), and

terns[1,3-5, implies that they may have clinical utility. As sabbatical support from Macalester Collg@eT.K.).
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