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M. Kunz, and K. Vogelsang, Eds. Leipzig, Germany: Verlag in[5] the synchronization between hyperchaotic systems is achieved
Wissenschaftszentrum Leipzig, 1996, pp. 91-132. ) _by exploiting linear and nonlinear feedback functions, although the
[30] V. E. Katsnelson, “The mean-periodic continuation method in samplingeniion is not focused on the number of the synchronizing signals.
theory for functions with multi-band spectrum,” Fro. 1997 Workshop . S . . .
on Sampling Theory Applications (SampTA-9%eiro, Portugal, June " [6], @ linear combination of the original state variables (i.e.,
1997, pp. 457-462. a scalar signal) is used to synchronize hyperchaos assRi’s
[31] V\!._St_epanoff, “Sur quequeseg?raliz’ations des fonctions presquesystems. However, the approach in [6] cannot be considered a
periodiques,”C. R. Acad. Sci., Paris €8f. |, vol. 181, pp. 90-94, 1925. gystematic technique for synchronization, since the coefficients of
the linear combination are somewhat arbitrary. An interesting result
has been recently reported in [7], where a parameter control method
is proposed to achieve hyperchaos synchronization. In any case, the
computation of the Lyapunov exponents is still required in order to
Synchronizing Hyperchaotic Systems by Observer Design Verify the synchronization.
This brief makes a contribution in the context of hyperchaos
Giuseppe Grassi and Saverio Mascolo synchronization. Furthermore, an application to hyperchaos-based
cryptography is presented. The key idea is to make the response
o _ . ~ system a linear observer for the state of the drive system. This
Abstract—In this brief, a technique for synchronizing hyperchaotic approach guarantees synchronization, because an observer has the
systems is presented. The basic idea is to make the driven systemalinearproperty that its state converges to the state of the plant; that
observer for the state of the drive system. By developing this approach, a . '
linear time-invariant synchronization error system is obtained, for which ~ 1S: the state of the driven system converges to the state of the
a necessary and sufficient condition is given in order to asymptotically drive one. The proposed technique has several advantages over the
stabilize its dynamics at the origin. The suggested tool proves to be existing methods. It proves to be simple and rigorous. It does not
effective and systematic in achieving global synchronization. It does require either the computation of the Lyapunov exponents or initial

not require either the computation of the Lyapunov exponents, or the conditions belonaing to the same basin of attraction. Moreover
initial conditions belonging to the same basin of attraction. Moreover, it ging : ’

guarantees synchronization of a wide class of hyperchaotic systems viaglobal synchronization is achievable in a systematic way for several
a scalar signal Finally, the proposed tool is utilized to design a secure examples of hyperchaotic systems reported in literature.
communications scheme, which combines conventional cryptographic  The paper is organized as follows. In Section I, a general class
methods and synchronization of hyperchaotic systems. Thg utl_llzatlon of of hyperchaotic systems is defined and the well-known concept
both cryptographyand hyperchaos seems to make a contribution to the . S .
development of communication systems with higher security. of linear observer is introduced to formalize the problem of hy-
perchaos synchronization. Following this approach, a linear time-
invariant synchronization error system is derived, along with a
necessary and sufficient condition for its asymptotic stabilization.
This technique guarantees synchronization o&$ter's system [6],
|. INTRODUCTION the Matsumoto—Chua—Kobayashi (MCK) circuit [8] and its modified

At first thought, chaotic phenomena generated by nonlinear syste¥F&sion [8], two oscillators recently reported in literature [10], [11],
would seem singularly unsuited for engineering applications. _ﬁpd a circuit with hysteretic nonlinearity [12]. A_major a(_jvantage
reality, the broad-band frequency spectrum makes chaotic signal$ 4@t all of these systems are synchronized usirsgadar signal.
natural way of sending and receiving private communications. FB} Order to show the effectiveness of the developed technique,
this reason, chaotic dynamics, synchronization of coupled dynarfidmerical simulations are carried out in Section Ill, whereas in
systems, and secure communications have been the topics of mafgtion V. a secure communications scheme is designed, which
papers over the last few years [1]-[7]. combines conventionatryptographicmethods and synchronization

Referring to synchronization, Carroll and Pecora [2] have theoréjt_t hyperchaotic systems. In Section V, some concluding remarks are

ically and experimentally shown that the dynamics of a drive syste#/®"-
and of a driven subsystem (response system) become synchronized
if the Lyapunov exponents of the response system are less ther|. HyPERCHAOSSYNCHRONIZATION USING LINEAR OBSERVER

Z€ro, assuming that both the systems start in the same bz.ism. the goal of synchronization is to design a coupling between two
attraction. However, most of the methods concern the synchronlzat%

of low dimensional systems,

Index Terms—Chaotic encryption, hyperchaotic circuits and systems,
synchronization theory.

, Which is generated by the

O.f the c_:haotlc dyn_amlcs, Itis b_elleved that the adOF’F'_O” of hlgh‘?irrive system. In this brief, the attention is focused on the following
dimensional chaotic systems, with more than one positive Lyapun(cl)l\élss of dynamic systems
exponent, enhances the security of the communication scheme. Therebefinition 1 A hyperch;'aotic system belongs to the clags if

fore, hyperchaotic systems and hyperchaos synchronization hﬂ\éestate and output equations can be written, respectively, as
recently become fields of active research [5]-[7]. In particular, in
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Each clas€’,,, represents a partition of the ggtof all hyperchaotic Theorem: Consider a dynamic system belonging to the class
systems described by ordinary differential equations. More precisend a response system described by (3) and (4). Let (5) be the
it results C' = |J_, C; with C;(C; = 0. Note that the classes synchronizing signal. Then, a necessary and sufficient condition for
considered herein do not include hyperchaotic systems describedthyy existence of a feedback gain matd such that system (3)
partial differential equations or delay differential equations. Fromnd (4) becomes global observer of system (1) and (2) is that the
a practical point of view, a system belonging to the cl&ss uncontrollable eigenvalues of system (6), if any, have negative real
is characterized byn independent nonlinear elements. The clagsarts.
characterized by aingle nonlinear element includes several chaotic  Proof: System (6) can be transformed to the Kalman control-
and hyperchaotic systems. Chua’s circuit [1], higher-dimensionable canonical form [13] by means of a coordinate transformation
Chua circuits [14], and Chua’s oscillator [1] are well-known examples= Te = [T1 T ]z, with the property thal’ ="' = t”
of chaotic systems belonging to cla§§. Regarding hyperchaos,

Rossler's system [6], the MCK circuit [8] and its modified version g | _[TFTAT, TFAT,][=. 'B]

[9], the oscillators in [10] and [11], and the circuit with hysteretic {énc} - { 0 tT AT, } {é,w} + { 0 } ¢
nonlinearity in [12] all belong to the clas§. Regarding higher 4. A le. B.

classes, the Lorenz system [15]p$8ler's system [16], the coupled = { 0 Xml [gm} B } u 7

Chua’s circuit in [17], and the circuit proposed by Carroll and Pecora

in [18] belong to the clas€’, whereas the coupled Lorenz systems . — .
. o . L Wwhere the eigenvalues of.. are controllable (i.e., they can be placed
in [15] and the coupled Chua’s circuits forming a ring in [19] belon%nywhere by state feedbaak= — K ¢), whereas the eigenvalues of
to the classe«’s and Cs, respectively. — '

A, are uncontrollable (i.e., they are not affected by the introduction

Given th_e drive 'system (1), most qf the synchron|_zat|on SChemeﬁ any state feedback). Therefore, a necessary and sufficient condition
proposed in the literature do not give a systematic procedure 10 . " . .
determine the response system and the drive signal (2). Hence n%osql_obal.ly gsymptotlcally stabilize gystem ©6) IS thgt the elgenyalues

' - e A,. lie in the left-half plane. Since — 0 impliese — 0, it

. . o)
of these schemes are closely related to the given drive system é“iows thati — = ast — co. As a consequence, system (3) and (4)
I P — , . ,

could not be easily generalized tq a class of chaotic sys.,tems. becomes global observer of state equation (1) with output (5). This
proposed approach overcomes this drawback by exploiting known
completes the proof.

results from linear control theory. In particular, the response system Remark 1: The dynamic system described by (3) and (4) is a
is chosen in thebserverform [13], and the drive signal is designed so rticular imr;lementation of the Luenberger observer [13]. Namely
that a linear time-invariant synchronization error system is obtaimfp]a. ' '

L o . . e external excitation in (3) is only the output signal (5), whereas
Definition 2: Given system (1) and (2), the linear dynamic SySte% the standard structure the excitation is composed of both the input

&(t) = A#(t) + B(y(t) — 4(t) + ¢ (3) and the output of the plant.
g(t) = K &(t) (4)
where K € R™*" is a matrix to be determined, is said to be an lll. SYNCHRONIZATION EXAMPLES

observerfor the state of system (1) and (2), if the synchronization
error system has an asymptotically stable equilibrium point fer0, A. Systems Belonging to the ClaSs

with e(t) = (&(t) — «(t)) . Furthermore, system (3) and (4) is said - yepresents an important class of hyperchaotic systems. In fact,
to be aglobal observer of systems (1) and (2)¢iff) — 0 ast — > 5 remarkable feature is that systems belonging to this class can be
for any initial condition#(0), =(0) [4], [13]. synchronized using acalar signal.

The synchronizing signal (2) can be viewed as an artificial output, 1) Simplified MCK Circuit: In 1986, the MCK circuit led to the

which is properly designed to feed the response system (3) and (X experimental observation of hyperchaos from a real physical

By taking system [8]. Recently, a simplified MCK circuit has been proposed [9].
y(t) = f(z() + Ka(t) (5) In particular, the three-segment piecewise-linear resistor implemented
in [8] has been replaced with a diode, whereas the remaining circuit
it can be easily shown that the error system is linear time-invariartlements have not been modified. All of these elements are linear and
é(t) = (A — BK) e(t) = Ae(t) + Bu(t) (6) pass?ve,_except an active resistor, Which has negative resi_stance. By
considering the parameters reported in [9], the state equations of the
whereu(t) = —Ke(t) € R™*! plays the role of a state feedback simplified MCK circuit are given by
Namely, by substituting (5) in (3), the error system is

¢ =Ai+ B(y(t) — §(t) + ¢ — (Az + Bf () + c) o (1) ‘015 8 8 " ‘(1)
D) .t HiD) N
=Ae+ B(f(2)+ Kx — K#) — Bf(x) 1=l 0 0 —10]l]e| T 10|9Enes) (®
=Ae — BRe = Ae + Bu. Ty 0 0 15 0 T4 0

Now the aim is to make the response system (3) and (4) Whereg(-) is the diode characteristic
observer for the state of the drive system (1) and (2). This objective ’
is achieved if system (6) is globally asymptotically stabilized at the 0. if ooy — s < 1
origin. Referring to this concept, a result from linear control theory gz, x3) = {3(T1 s —1), if ¥, — 2 ; 1.
is briefly summarized [13]. Namely, the-dimensional linear time- ’
invariant, multivariable dynamic systeim= Ax+ Bu is controllable
if the controllability matrix [B AB A’B --- A""'B] is full
rank. In this case, all the eigenvalues are controllable, i.e., they can 1
be arbitrarily assigned by the introduction of state feedback. Thus, a y(t) = g(x1, x3) + le}wi 9)
theorem for hyperchaos synchronization can be stated. i=1

Let



480 IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS—II: ANALOG AND DIGITAL SIGNAL PROCESSING, VOL. 46, NO. 4, APRIL 1999

be the scalar output. Clearly, system (8) and (9) belongs to the classnerical computations have confirmed the generation of hyperchaos
C1. By applying the proposed method, the linear response systermargl related phenomena.
Lety(t) = f(xa)+3\_, K;z; be thescalaroutput of (12), and let

1 0 -1 0 0][n .
Zpl _ |1 05 0 0 | 1 0 0 -1 -17[&
3l |0 0 0 —10| |43 F20 |0 296 v 0] |
T4 0 0 1.5 0 T4 f“J - p —p 0 0 T3
_é \ i 1/e 0 0 0] |24
_ [ 0
+ 10 <y(t) lew> (10) 0 .
0 + 0 y(t) — Zl K2, (14)
—(1/e)

Since the controllability matrix of the error system
be the linear response system in the observer form. Since

€ 0 -1 0 0 the controllability matrix of the error system is full rank,
o 1 05 0 0 the eigenvalues can be placed, for instance, #8 for

ey | = 0 0 0 =10 K = [-0.9516 -0.0403 -0.0123 -0.0136]. It can be

€4 0 0 15 0 concluded that global synchronization is achieved between the

hysteresis hyperchaos generators described by (12) and (14).

-1
0 Z Remark 3: It is easy to show that the proposed approach can be
= | o | B2 R ] o (11) applied to other examples of hyperchaotic systems belonging to the
0 4 classC|, such as RBSsler’s system [6], the MCK circuit proposed in

1986 [8], and the oscillator with gyrators, illustrated in [11].

is full rank, its eigenvalues can be moved anywhere. By placing them . .

in —2, it results inK = [=2.6302 —0.6054 0.5870 0.7763], D Systems Belonging to Higher Classes

and system (10) becomes a global observer of system (8). This mearl§ this section, an example of a high-dimensional chaotic system

thati — =, ast — oo for each initial statei(0) of the response iS synchronized. In particular, a 15-dimensional dynamic system

system (10). belonging to the clas€’s is considered, for which experimental
Remark 2: The proposed approach does not require initial condpPservation of hyperchaos have been reported in [19]. The system

tions of drive and response systems belonging to the same basirc@sists of five identical coupled Chua’s circuits forming a ring. Each

attraction. This means that, in some sense, the technique developB4a’s circuit contains a linear resistor, three linear energy-storage

herein overcomes the drawback related to the sensitive depende?léents, and a single nonlinear resistor with a three-segment linear

on the initial condition of the chaotic systems to be synchronized [haracteristic. In this case, (1) and (3)—(5) give

Furthermore, since system (11) is controllable and all its modes can

be arbitrarily assigned, synchronization can be achieved according to A 42 0 0 O
any specified design features. 0 A 4 0 O
2) Hysteresis Chaos Generatoifhe  four-dimensional  au- A=(0 0 A4 A 0
tonomous circuit reported in [12] contains one inductor, two 0 0 0 A A
capacitors, one negative conductor, a current-controlled nonlinear :Az 0 0 0 A
resistor, and one small inductor serially connected with it. The -3.2 10 0
circuit dynamics can be written in dimensionless form as A= 1 —-101 1
| 0 —14.87 0
;L’.l 0 0 —1 —1 T 0 -0 0 0
e 0 296 v 0| |a 0 , A, = [0 001 0], 0eR*>*
l.z _ Y ) U2 + Fls) 2 , €
23 P —p 0 0/ |x3 0 0o 0 0
) 1/e 0 0 0] |24 —(1/¢) 5 0 0 0 0
(12) 0b 00 0
b=10 0 & 0 0
where the nonlinear resistor is described by 0000b 0
L0 0 0 O b
za+ (1+n), ifazs<—q [2.95 - i
, b=10 |, 0eR* c=0 € R
flza) =< —(1/n)xa, if —p <xq <7 (13) o | € ’ ; €
g —(14+1n), ifxg>n. JUR . .
v (b s 2 ) =[f@1) fles) fer) Flan) flo))”
If &£ — 0, (12) is simplified into a constrained system that f@i) =z + 1] — [z — 1.
brings on hysteretic switching [12]. In this case, all motions in the
phase space can, in fact, be divided into fast and slow ones. Thes8ince the controllability matrixB AB A?’B ... AY'B]

motions highlight that the three-segment piecewise-linear resistor (13) the error system (6) is full rank, the proposed Theorem
behaves as a device with hysteretic nonlinearity [12]. In particulaassures the existence of a feedback matfix € R°*'°
forv=1,6 =0.95, p = 14, andy = 1, laboratory experiments andsuch thatz — &« as t — oo for any initial state. For
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ENCRYPTER DECRYPTIR
é,.() P@) = p()
p) Encryption Decryption >
function function @)
A
K(0) Cenl8)
' A
O
4D Hyperchaotic _’(y ) z p»| Linear Observer
oscillator
Fig. 1. A block diagram illustrating the proposed secure communications approach.
instance, the set of the error system eigenvalues becomdsere the following nonlinear function
[_ _ _ _ _ _ _c _ _c _ _2 _ _92 _
131’f0r17 L, -1, -1,-2,-2,-2,-2,-2, -3, -3, -3, -3 (x+ K)+2h, -2h<(z+K)<-h
— file, Ky={ (z + K), —h<(z+K)<h a7
K, K. 0 0 0 (x+ K)—2h, h<(z+ K)<2h
0 Ifl 1(2 0 0 . . . )
K=1lo 0 K, K» 0 is recursively used for the encryption, with = 4, n = 30, and
0 0 0 K K K (t) = z2(t). The encrypted signal is fed back to the chaotic system
K, 0 0 0 K as follows [3], [20]
Where ’1"1 0.7 -1 -1 0 Tl
D) _ 1 0 0 0 T2
K, =1[0.6068 0.3695 1.5547] # |3 0 0 =31,
K, =[0.0034 0.0135 0.0034], 0 R'*. Ty 0 0 3 0] v
. T . . 0 0
Again, global synchronization is achieved between drive and response 0 0
systems. +| 30— D H@ =D+ | Jlea()  (18)
-1 -1
IV. APPLICATION TO CRYPTOGRAPHY h h iUt is G b
N . . . whereas the output is given
The synchronization approach illustrated in Section Il can be P 9 y
applied to design secure communications systems. By exploiting the 1 .
idea proposed in [20] and [21], it is possible to combine conventional y(t) = 30(xs = 1) H(wa = 1) + Z Kiwi. (19)
cryptographic methods and synchronization of chaotic systems to =t
design hyperchaos-based cryptosystems. A block diagram illustratindy considering thescalar transmitted signal
the proposed approach is reported in Fig 1. The encrypter consists
vmerchantic : ; 4 () = 4(1) + een() (20)

of a hyperchaotic system and an encryption function, which is used
to encrypt the message signal by means of the chaotic key [2Qhq py applying the proposed technique, the dynamics of the de-
The decrypter, which basically consists of a linear observer and.gpter can be written as
decryption function, enables the message signal to be retrieved when

synchronization is achieved between the transmitting and receivri’g 0.7 =1 —1 07 [& 0
systems. Herein a four-dimensional (4-D) hyperchaotic oscillatpf:» 1 0 0 0| 0 .
belonging to the clasS) is considered [10]. Its hyperchaotic behaviof ; | = | 3 o o0 —3lli|T] o (z(1) —9(1) (21)
has been confirmed by both laboratory experiment and numerical s|m- 0 0 3 0f|& -1
ulation. The dynamics of the circuit can be written in dimensionless+
form as [10] where
.7:.1 07 —1 —1 0 r1 4
G| |1 0 0 0f|e §(t) = K. (22)
Ty - 3 0 0 -3 xrs3 i=1
4 0 0 3 0] [xa It is worth noting thaty(¢) masks the encrypted signal., (¢),
0 which in turn hides the message signdt). Taking into account
0 : the considerations reported in [21], it can be stated that both the
30(ws — 1) H(xg — 1 15) . . . . .
+ 0 (w4 = 1) H(za =1) (15) increased complexity of the transmitted signal and the adoption of a
-1 hyperchaotic system enable to overcome the low-security objections
where H is the Heaviside function (i.e.H(u) = 0, if u < against low-dimensional chaos-based schemes.

0; H(u) = 1, if w > 0). In order to encrypt the message signaIJ

p(t) = 0.5 sin ¢, ann-shift cipher [20] is chosen

een(t) = f1(--- [(fi(p(D), K(1)), K(1)),---, K(t))  (16)

Since the error system between (21) and (18) is linear time-
nvariant and its controllability matrix is full rank, the decrypter
(21) becomes a global observer of the encrypter (18) by a suitable
choice of K. For instance, by choosing the set of the error system
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20 — : . : : : . . V. DISCUSSION
An interesting approach tohaossynchronization, based on the
15F . concept of observer design, has been proposed in [4]. In particular,

synchronization is achieved by considering a linear output for the
drive system, whereas for the response one, a Luenberger observer is
chosen. This leads to a nonlinear and nonautonomous synchronization
error system for which it is not easy to obtain the stability properties
of the origin. Thus, the conclusion of the analysis developed in [4] is
that local synchronization is possible under relatively mild conditions,

or whereas global synchronization can be achieved only if the system
can be transformed to Brunowsky canonical form. On the other hand,
-5 the technique developed herein chooses a nonlinear output for the

drive system, so that global synchronization is achievable if the linear
error dynamics is stabilized at the origin.

In [3], the attention is focused on synchronization afaotic
3 ) systems. When dealing with hyperchaos, the hypothesis in [3] (that
" 5 10 15 20 25 30 35 40 45 50 is, eigenvalues ofd be in the open left-half plane) seems hard to
be satisfied. In fact, by examining the matrixfor each system in
Section lll, it results thatl always has eigenvalues with positive real
part. As a consequence, the approach in [3] cannot be exploited for
synchronizing the systems considered herein.

Some considerations have to be made with regard to the more
general case of hyperchaos synchronization illustrated in Section IlI-
B. To this purpose, it should be noted that the results obtained in
this case prove to be not so good as those illustrated in Section IlI-
A. This is because the ring of Chua’s circuits can be synchronized
only by transmitting as many signals as the number of nonlinear
elements. Therefore, if one wants to use just a scalar signal to
synchronize systems with more than one independent nonlinear terms,
the computation of the Lyapunov exponents is still an effective
approach. Nevertheless, the technique illustrated in Section IlI-B can
be considered a simple and systematic way to synchronize high-
dimensional complex systems in the form (1) and (2), especially when
the attention is not focused on the adoption of a scalar synchronizing
signal.

The advantages and the shortcomings of the proposed secure
communications scheme are now discussed. By ussuakarsignal,

Fig. 3. Time waveform of the recovered signal in (25). the suggested approach exploits hyperchaos and cryptography to
enhance the level of security of the communications scheme. In fact,
several researchers believe that both the increased complexity of the

-10f i

eigenvalues ag—0.5 F 3.486j, —0.5F0.8222j}, itresultsk1 = transmitted signal and the adoption of hyperchaotic systems enable to
—3.6937, K> = 0.2445, K3 = 1.0727 and K4 = —2.7000. overcome the low-security objections against low-dimensional chaos-
The encrypted signal recovered by the decrypter is based schemes [6], [20], [21]. However, it should be pointed out that
Eonl(t) = =(1) = 2(1) 23) _this is_ a conjecture, the truthfulne_ss_, of which needs to be further

’ investigated. As a consequence, it is not easy at present to assess
where the level of security of a communications scheme. Lastly, it should
v . . . be pointed out that some features of the proposed scheme might
2(t) = 30(&4 = 1) H(#a = 1) + 4 (1) (24) hamper the security level. For instance, each variation of any of the
By using the keyIi'(t) = 4»(t) generated by the decrypter, thepfarr?geters will change the spectrum or total power of the transmitted

following message signal is retrieved:

)= fi (- fi (£ (Con ) =B D). —E(D)). -+ K1)

VI. CONCLUSION
(25)

By considering a linear observer and by designing a suitable
where the decryption rule is the same as the encryption one [28ynchronizing signal, the technique developed in this brief generates
Since encrypter and decrypter are synchronized, it resylits — a linear time-invariant synchronization error system between the
x(t), that is, K (t) — K(t) andé,,, (t) — e..(t). As a consequence, drive and the response systems. In this way, global synchronization
from (16) and (25) it follows thap(t) — p(t). is obtainable if the uncontrollable eigenvalues of the error system,

The validity of the proposed secure communications schemeifisany, have negative real parts. It should be emphasized that
confirmed by simulation results. In particular, the hyperchaotic transynchronization can be achieved via a scalar signal for a wide class of
mitted signal (20) is reported in Fig. 2, whereas the recoverdégyperchaotic systems, which includes the MCK circuit, its modified
message signal (25) is shown in Fig. 3. This figure clearly highlight®rsion, a circuit with hysteretic nonlinearity oBsler’'s system, and
that p(¢) — p(t). an oscillator with gyrators. Furthermore, the tool developed herein has
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been utilized to design a secure communications system based on a4- Comments on “Linear Circuit Fault Diagnosis

D hyperchaotic oscillator. The scheme, by combining cryptography Using Neuromorphic Analyzers”

and hyperchaos synchronization, seems to make a contribution to

the development of communication systems with higher security. Giulio Fedi, Stefano Manetti, and Maria Cristina Piccirilli
Simulation results have confirmed the effectiveness and the simplicity

of the approach developed herein.

Abstract—n a recent paper, Spina and Upadhyaya presented a method
for the fault diagnosis of analog linear circuits. The method, which is
based on a white noise generator and an artificial neural network for

. L . esponse analysis, has been applied to circuits of reasonable dimensions,

The_ author.s would .l'ke to expres.s their sincere grat'tlfde_ {Qking into account the effect of the component tolerances. However, the
Associate Editor P. Thiran, for handling the process of reviewingoposed method does not take into account the testability analysis of the
the paper, as well as to the reviewers who carefully reviewed thiecuit under test. Research on testability analysis of linear circuits has
manuscript. been developed by several authors in the last 20 years, and algorithms

and programs for testability evaluation have been presented in several

publications. It is our opinion that the testability analysis concept could be
REFERENCES useful in the approach proposed by Spina and Upadhyaya to improve the

quality of the results even further. In this brief, we discuss this possibility.
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