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z-TRANSFORM METHODS FOR THE OPTIMAL DESIGN OF
ONE-DIMENSIONAL LAYERED ELASTIC MEDIA*

ANI P. VELO, GEORGE A. GAZONAS! AND TAKANOBU AMEYAT

Abstract. In this work, we develop a finite trigonometric series representation for the stress in a
multilayered Goupillaud-type elastic strip subjected to transient Heaviside loading on one end while
the other end is held fixed. This representation is achieved by means of the z-transform method and
involves the so-called base angles. Generally, different layered designs could share the same set of base
angles, and the more layers the design has, the more base angles are expected. Necessary conditions
for the base angles and design parameters for any given design are described. As a result of the
stress representation, we are able to identify optimal layered designs which provide the smallest stress
amplitude. For two- and three-layered designs, for which the coefficients of the stress representation
are easy to find, the optimization results are achieved using a custom-made discrete optimization
technique applied in [A. P. Velo and G. A. Gazonas, Int. J. Solids Structures, 40 (2003), pp. 6417—
6428]. For other layered designs, the optimality conditions are predicted heuristically using pattern
recognition and the necessary conditions for the base angles and design parameters. Applications of
these optimization results include design improvement in making a nonoptimal design optimal. They
are also extended to non-Goupillaud-type layered media with integer layer length ratios. Our results
are supported by numerical experiments and provide means to validate numerical optimization codes.

Key words. Goupillaud-type layered media, transient loading, wave propagation, shock wave,
characteristic curves, palindromic polynomial, periodic optimization, validation of numerical codes
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1. Introduction. In recent years, there has been a dramatic increase in the use
of multilayered structures in technologies that include microelectromechanical system
devices [2], [26], optical rattlers and etalons [20], [14], wide bandgap semiconductor
devices [36], laser devices [3], [35], [21], and metamaterials for use as possible cloaking
devices [8], to name a few. The optimal control of waves that propagate in such
multilayered devices is governed by hyperbolic partial differential equations using
distributed, boundary, interior pointwise, or other controls [24], [23], [22]. Despite the
widespread use of multilayered structures in such diverse technological applications,
exact analytical solutions to optimal design problems governed by the wave equation
(hyperbolic systems) are virtually nonexistent in the literature. This is in part due
to the fact that hyperbolic systems exhibit less regularity than parabolic systems
[23]. Such solutions are especially useful for benchmarking or validating optimization
codes which link formal nonlinear parameter estimation (optimization) algorithms
with explicit finite element numerical codes. This paper extends the work reported in
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z-TRANSFORM METHODS FOR OPTIMAL DESIGN 763

[34], where a lengthier discussion of prior work can be found; the interested reader can
also consult the texts of [5], [27], and [4] for a geophysical perspective and analysis of
wave propagation in multilayered media; a good review of transient wave propagation
in layered media related to dispersion effects can be found in [33].

In this paper, we derive analytical optimal design solutions for stress wave prop-
agation in a Goupillaud-type [12] elastic strip with up to five layers; Goupillaud-type
layered elastic media have equal wave travel times in all layers. The elastic strip is
subjected to a Heaviside step in stress loading at one end with the other end held
fixed. Optimal designs are those designs which minimize the stress wave amplitude
in all layers, for all time. Exact analytical expressions for the transiently propagating
stress are found using the method of characteristics, which are generalized by writing
them as layer recursion relationships. Symbolic algebra software such as Maple or
Mathematica can be used to solve the layer recursion relationships in closed-form for
a system of up to three layers. Desktop computer memory requirements are exceeded,
however, for solutions in systems beyond the three-layer case, but the recurrence re-
lations can be simplified by hand calculation using z-transform methods [15], [9],
[25] and written in global matrix form [16]. Our global system of recursion relations
requires only m-layer equations, whereas Knopoff’s method requires (2m + 1)-layer
equations for scalar horizontally polarized shear waves [16], since we have summed up-
and down-going wave amplitudes prior to deriving the layer recursion relationships.
An excellent historical review can be found in [19], which compares Knopoff’s global
matrix method to the transfer matrix method [31], [13]. Our representation appears
to be new to the field of wave propagation in multilayered elastic media, despite the
long history of mathematical developments in the field and its connection to lattice
filter theory [28].

We also observe that the z-domain system determinant forms a palindromic poly-
nomial with real coefficients. The roots of this polynomial that lie on the unit circle
and satisfy the optimality conditions relate to a countable and infinite set of optimal
designs. A palindromic polynomial is equal to its reciprocal. A reciprocal charac-
teristic determinant was also derived by [7] using the transfer matrix formalism [31],
[13] for harmonic wave propagation in infinite layered elastic media. Reciprocal poly-
nomials are finding increasing applications in dynamics [29] and in pure and applied
mathematics [18], but we are not aware of any other work that relates them to the
optimal design of problems governed by hyperbolic field equations. In section 2, we
describe the general multilayered initial-boundary value problem that is to be solved
and its reduction to global matrix form using z-transforms; the determinant of the
global matrix is described by a palindromic polynomial in z. We assume that the
roots of the polynomial lie on the unit circle and therefore are uniquely determined
by their angle measure. In section 3, we describe two approaches to recovering nec-
essary conditions that such angles and suitable design parameters must satisfy. We
illustrate this using several examples. Optimal designs in multilayered elastic media
subjected to Heaviside loading are illustrated in section 4, followed by applications in
section 5.

2. Problem formulation, recursion relations, and solution using the z-
transform method. We consider one-dimensional wave propagation in an isotropic
multilayered elastic strip. As a generalization of [34], the strip is assumed to be of
finite length L and consisting of elastic layers of arbitrary length Li, Lo, ..., Ly, so
that Ly + Lo + -+ + L, = L. The strip is subjected to a Heaviside step in stress
loading p at time ¢ = 0 on one end and held fixed on the other end. Similar analysis
may be extended to other initial and boundary conditions.

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



764 A. P. VELO, G. A. GAZONAS, AND T. AMEYA

The density and elastic modulus along the strip are denoted by the piecewise
constant functions p(x) and E(x), taking values p; and E; in the ith layer, respectively,
i =1,2,...,m. In this work, we consider longitudinal elastic waves for a uniaxial
strain state; however, our results are also valid for the case of uniaxial stress. The
uniaxial strain elastic modulus F is related to the Young’s modulus E through the

expression £ = E(1 —v)/[(1 + v)(1 — 2v)], where v is Poisson’s ratio. Using the
definition of the wave speed ¢ = (E/p)1/27 we relate to each layer the wave speed ¢;
for i =1,2,...,m. The characteristic impedance in the ith layer is given as a product
of the material density p; and wave speed c¢;, while «;, a design parameter, represents
the impedance ratio between layer ¢ and i 4+ 1 for i = 1,...,m — 1. The transit time

7 through the strip is given as

Throughout this paper we assume a Goupillaud-type layered medium, which is a
medium that ensures the same wave travel time through each layer,

Ll L2 Lm T

c1 Ca Cm M
This problem can be easily converted to the case of m layers, all of equal length and
wave speed of unity, by replacing the spatial variable z in the wave equation with
the new variable £ = foz % and using condition (1). Here, ¢ = ¢(s) is the piecewise
constant wave speed function, taking values ¢y, co, ..., ¢, in each layer, respectively.
As a result, the wave equation becomes

2 . ) — '
Pu 10 (g@) for VT e T i1
Ci8§ m

PP oo

Furthermore the wave speed becomes the same (unity) in each layer (¢ = ¢; = ¢o =
-+« = ¢y, = 1) and the initial-boundary value problem becomes

(i—1)T

A2u(et)  B%u(E,t)
0€2

55 = for

<E<Z i=1,...,m,

(2) o(0,t) = E12%(0,t) = pH(t), u(r,t) =0,

3
u(§,0) = 83_1;(570) =0.

The functions u(x,t) and o(z,t) represent the displacement and stress, respectively,
at (x,t), while H(t) represents the Heaviside function. As a result, as done in [34]
and without any loss of generality, the physical problem of the Goupillaud-type strip
with layers of unequal lengths becomes equivalent to solving (2) for a Goupillaud-type
strip of length L = 7 and equal layer lengths of -, as shown in Figure 1. The time
variable is represented on the vertical axis, where the (equal) wave travel time for
each layer of the m layered strip in either direction is --. In Figure 1, the stress
jump-discontinuities, which we call a shock wave, are propagated along the dashed
characteristic lines of the wave equation, while the inner vertical solid lines represent
the layer interfaces. Due to the zero initial conditions, the stress values below the
first characteristic line segment with equation ¢t = £ for 0 < £ < 7 are zero. Above
it, however, the intersection of characteristics with each other and the boundaries

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.
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Fic. 1. Lagrangian diagram for an elastic strip made of m layers of equal wave travel time.

splits the region into square-box subregions. Due to the continuity of stress and
displacement at each layer interface (discussed next), the stress value is constant in
each square-box and is represented by s;(n), for i = 1,2,...,m and n > 1. Generally,
if o represents the stress value ahead of the shock wave and o~ represents the stress
value behind the shock wave (see, e.g., [11]), then the stress jump is expressed as

(3) [e] =0~ —0o™,

and [o] = 0 for spatially continuous waves. Furthermore, when the shock wave
propagates from one layer to the next, we have that

11—«

@ oy = 1o lol, and ol = 1o ol

The subscripts refer to I (incident), T (transmitted), and R (reflected) wave. The
impedance ratio between the first and the second layers is represented by a. The
coefficients in (4) represent the reflection and transmission coefficients for the stress
wave, derived from the continuity conditions of the stress and displacement at the
layer interface; see [32]. Due to reflections at the layer interfaces and boundary, the
stress waves travel in both directions. These superposing waves interfere in accordance
with the principle of superposition. For an m-layered strip, due to the equal wave
travel time for each layer, the left and right propagating waves arrive/split at the
same time at the layer interfaces.

After applying (3), (4) and the principle of superposition at each layer interface
and boundary, we generalize the results for the two-layered strip studied in [34] and
derive the following system of coupled first order difference equations relating the

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



766 A. P. VELO, G. A. GAZONAS, AND T. AMEYA

stress terms in an m-layered strip:
si(n+1) = —s1(n) + 124_021 sa(n) + 1f—alp,

sa(n+1) = —sa(n) + ffofz s3(n) + ﬁsl(n +1),

(5) 4 sin+1)=—si(n) + £=sip1(n) + P sica(n+1),

20m—1

$Sm-1(n+1) = =sm-1(n) + {2="sm(n) + Hsz_lSm—Q(n +1),
Smn+1)=—=sp(n) +2sm—1(n+1).

Here n > 0 is a suitable time index, while s;(0) = 0 for all 1 < i < m expresses the
zero-stress initial conditions. The nonnegative integer values of n > 0 are used to
count the stress terms over time, as shown in Figure 1. The stress value is constant
within each box in Figure 1. The center of the square-box with the stress value s;(n)
in Figure 1 is the point with coordinates £ = i and t = (2n+i—1)~. As mentioned
before, the impedance in each layer is given as a product of the material density p
and wave speed ¢ = 1, while «; represents the impedance ratio between layer ¢ and
i+1,fori=1,...,m—1.

Notice that in Figure 1 the values of the stress in each layer alternate between
the terms of two sequences. Starting from the left, the stress values in layer 1 are
p,s1(1),p,51(2),p,s1(3), and so on. Similarly, the first few stress values in layer 2
are s1(1),s2(1),51(2), s2(2), s1(3), s2(3). This is illustrated later with the graphs in
section 4. When positioned in the middle of the ith or (i + 1)th layer of an m-
layered strip, the time interval at which s;(n) is reached is 4242=3 < ¢ < dnd2i=l
as depicted in Figures 2, 3, 7, and 8 below. Here n > 1 and ¢ = 0,1,2,...,m. When
1 =0, so(n) = p represents the constant p-sequence taking values on the first layer
only, while when ¢ = m, s,,(n) represents the general term of the last sequence taking
values on the mth layer only.

As shown later, the system (5) of difference equations can be solved easily for a
small number of layers, 1 < m < 3, but it becomes quite involved for m > 4. Applying
the z-transform to the system of difference equations (5) allows us to convert it into
an m X m linear algebraic system (6), which is easier to solve. Then, we use the
inverse z-transform to recover the formulas for the stress terms s;(n), fori =1,...,m
and n > 0. As a result we provide a general representation (14)—(15) for the stress in
terms of the so-called base angles.

Indeed, due to the zero-stress initial conditions s;(0) = 0 for all 1 < i < m, the
z-transform of s;(n + 1) becomes

Z(si(n+1)) = 28;(z) — zs;(0) = 25;(2),
where S;(2) is the z-transform of s;(n). Thus the z-transform® of (5) is expressed as
ZSl(Z) = —Sl(Z) + 12_‘_021 SQ(Z) + 1f—alp~ £

z—

285(2) = —Sa(2) + 222 G3(2) + Lzsl(z):

14+as 14+as
(6) ZSl(Z) = —Sl(Z) + %Si—i-l(z) + %szi_l(z),
28m-1(2) = —Sm-1(2) + 1ot S (2) + 5 2Sm—2(2),

28m(2) = —Sm(2) + 2285m-1(%).

1The definition for the z-transform of g(n), n > 0, is Z(g(n)) = G(2) = 3025 g(n)z™" for |z| >
R in the complex plane.
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After reorganizing the terms in (6), we write this linear system in the matrix-
vector form as

(7) AT = b,
where A,, is a tridiagonal matrix given as

(8)

rz+1 -ma 0 e 0 0 0 0 ]
—n2z  z+1 —neaz 0 0 0 0
0 —m3z  z+1 —mzas O 0 0
Am = )
0 0 0 0 —MNm—-12 2+1 —Mm_1am—1
L 0 0 0 0 0 —NMmZz z+1 - mxm
while
— - r z T
51(2) mp- ;=3
52(z) 0
. o 2 .
.Tm: bl bm: 9 771:1—|—a f0r2217"'7m_17nm:2'
1
Sm(2) 0
L dmx1 L - mx1

Due to the sparseness of by,, the solution of the linear system (7) is

9)

(=" Al ] [ |Av1] |
(—1)"2 A1 —|A1z|
Z, = A;llgm _ mpz _ pz
(z = 1)|Am| . (z = 1)|Am|
L (=DM AL L (=DM A
Here |A,,| is the determinant of A,,, A;; for j = 1,...,m are minors of A,,, and

|A; ;| are their corresponding determinants.

One can derive by induction that the determinant |A,,| is a palindromic polyno-
mial with real coefficients; i.e., the coefficients in front of 2™~ and 27 are real and
equal to each other for j =0,...,m, and m > 1. Furthermore, the algebraic structure
of the palindromic polynomials of even degree in (10) allows the inverse of a root to
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768 A. P. VELO, G. A. GAZONAS, AND T. AMEYA

also be a root; i.e., if r is a root, then % is also a root. Thus we have

(10)

— _ m m

zm+am71zm 1+am72zm 2+-~-+am,%_122+1+am,%2’2
m_q 2

—l—am,%,lzz + ot amez® tam1z+1 for m even,

|Am| =

m—1 1

(z4+ D[z 2™ 2+ + by m1 4272 oy bm%qzmT_
+ bm)mTfl,lzmTil_l + ot bz + bz + 1] for m odd.

As a result we obtain

(1D 7]

1A,| = ;ﬁlj (22 — (2 + 2, 1)z + 1] for m even,
" (z+ DL 2% = (s + 2 Dz + 1] for m odd.

The assumption that all the roots are on the unit circle implies that z;, = eX% =

cosf + Isin by, and z;, ' = e 2% = cosf — Isinfy, for 1 <k < | 2] and Z = /1.
This guarantees real coefficients for the polynomials in (11). This assumption is mo-
tivated by the fact that the homogeneous design solutions for the m-layer case all
lie on the unit circle (see subsection 4.4), and by the fact that all (optimal) design
solutions for the two- and three-layer cases, which are independently derived in sub-
sections 2.1-2.2, also lie on the unit circle. The work of [30] seems to be in favor of
this argument as well. After substituting the expression

zk—i—z,;l =2z + 2, = 2cos b,

back into (11), we have a newly factored representation for the polynomial(s) with

real coefficients |A,,[ in terms of the angles 61,62, ...,60 = | as shown below:
L3122 2 cos(0h)2 + 1) for m even,
(12) |Am| = Lz
(z+ 1) T2/ (2% — 2cos(fx)z +1]  for m odd.

Based on the factorization of the determinant |A,,|, for any m-layered design, when
there are m distinct roots on the unit circle there are m distinct angles: {£6;}2 ,

when m is even, and 0y = 7, {£0;} ,ﬁlj when m is odd. From now on, for an m-layered
design, the [ % | essential angles 0 < 0, < m for k =1,..., %] will be called the base
angles. Furthermore, since the degree of |A;,| is m and the degree of |4y ;| is m — 1,
for i =1,2,...,m, the substitution of (12) into (9) allows the following expansion of

the components Z,, (i) of Z,, into partial fractions:

L5

—1)'m| A1 i b; al, - z+b;
Foi) = [ mlAul) ) a0 bio LM
|[Ap|(z — 1) z=1 241 = 22— 2cos(f)z + 1
where the coefficients b; o = 0 for even m and i =1,2,...,m.

Assuming that the so-called base angles 0 < 0 < 7 for 1 < k < \_%J are distinct
and therefore correspond to distinct roots with sinfy # 0, for all k = 1,..., [ %], the
following choices for the coefficients,

. a; costi + by .
ik = a5 i, big=—"—""7—>

)

sin 0y,
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z-TRANSFORM METHODS FOR OPTIMAL DESIGN 769

allow the expansion of each component of the solution vector to be of the form
(13)
L

o3

;0 % bi70-Z
z—1 z+1

oo ! a; k- 2(z —cosby) bi - zsin by
l’m(l) = + 2 2 -p
p 22 —2cos(fk)z+1 22 —2cos(0)z+1

1

In this paper we consider only stress solutions with their corresponding z-transforms
expressed by (13). Finally, after applying the inverse z-transform to (13), we obtain
solutions of (5) in the form of finite trigonometric series,

%]
(14) si(n) = |as0+bio(—1)" + a; i cos (nby) + b; g sin (nby) | - p,
k=1

fori=1,2,...m, n >0, and as it follows from (5),
(1) = ——2" P _
15) si(1) = P for i=1,...m—1,
$m(l) = ——2—p.
( ) H§:1 1)(1+aj)p

As before, b; o = 0 for m evenand i = 1,...,m. For a given design, the stress solutions
in (14) are bounded. The terms of the (trigonometric) sum that multiplies p in (14)
are expected to depend only on the impedance ratios aq, as,...,am—1, as these are
the only design parameters inherited from (8). As shown in the next sections, fewer
design parameters which are combinations of the impedance ratios become relevant for
the base angles and stress optimization in the m-layer case. Such design parameters
for an m-layered strip will be x,,—1 = H;’;l(l—l—ai) form > 2and I',,,_1 form = 4,5,
defined later.

In summary, the stress terms for the m-layered Goupillaud-type media are ex-
pressed in the form of finite trigonometric series that involve multiples of %] base
angles denoted by 61,02, ...,6 = . This also implies that the more layers the design
has, the more base angles are expected. According to the formula (14), each stress
term is a factor of the loading parameter p. This means that the value of each stress
term will increase/decrease as many times as the applied loading. These findings
match with the results given in the later subsections for the two- and three-layered
media, where only one base angle per design appears. Special values of this angle gen-
erate optimal designs. However, when m > 4, more than one base angle is expected
to appear, and the process of explicitly finding the coefficients of the trigonometric
series in (14) becomes more complicated.

From (14) one can easily notice that if one stress sequence with nonzero coefficients
in front of the sine or cosine of each 6y, k = 1,..., [ %], is periodic, then all the stress
sequences derived for that design are periodic. The common period T is a positive
integer which satisfies the relation T'0) = 2mjy,, for k = 1,2,..., %], where ji take
positive integer values in increasing order. When j; = 1, the corresponding base
angle 61 = 27 /T represents the circular frequency. In addition, for an odd number
of layers, the presence of (—1)™ in the stress formulas implies that the period T is
an even positive integer. As seen later in section 4, periodic stress sequences are of
special importance, as they characterize optimal designs.

2.1. The two-layer case: Stress representation and periodicity. For the
two-layered strip with m = 2, one may solve system (5) of the difference equations
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directly or by means of symbolic algebra software such as Maple or Mathematica. As
a result, the stress terms can be represented in a form consistent with that shown in
(14), where the z-transform was used together with the assumption that the roots in
the z-space lie on the unit circle. The stress terms are expressed as follows:

si(n) =[1—cosnb; |- p,
(16) for n > 1.
s2(n) =[1—cosnf; — ﬁsinn@l |- p,

After a few mathematical manipulations one can also verify that these results are the
same as those given in [34]. Here the design parameter x; is given by x1 = (a1 + 1),
while 6 represents the (only) base angle. For x1 > 2 and 0 < 6; < Z, we have that

2

61 = arctan(zx—vl"igl), and
. X1 — 2 a1 — 1
17 = —— or, equivalently, cosfy = =—— = ——.
(17) X 1 — cosby v Y ! X1 a; +1

As seen later in section 4, x; > 2 is the reduced interval considered for stress
optimization, and the optimal designs are characterized by periodic solutions for the
stress sequences s1(n) and sa(n), n > 0. Representation (16) is convenient for deriving
some key properties of such periodic solutions. We determine the (common) period
T using the fact that the sine and cosine functions are periodic with period 27. Thus
we have cos[(n + T')0] = cosnf, which implies that 760 = 27. Considering the fact
that the common period T is some positive integer, the stress sequences are periodic
with respect to n > 0 iff the base angle is expressed as

2
0, = %, where T is a positive integer.

The base angle 0, represents the circular frequency. As a result, for a given two-
layered design, if one sequence of the stress terms is periodic with respect to n, so is
the other stress sequence. When periodic, both sequences {s;(n)}, n > 0, j = 1,2,
share a common period and frequency. Each of the periodic stress solutions/sequences
can be represented in the form Jsin(nf + ¢) + -y and are therefore expected to have a
sinusoidal shape with T' > 2m = 4. Here 0, ¢, and 7 are constants and ¢ represents
the phase at n = 0.

2.2. The three-layer case: Stress representation and periodicity. Similar
to the two-layered strip, one may solve system (5) for the three-layer case with m = 3
and represent the stress terms in a form consistent with that shown in (14):
(18)

si(n) = | 1- 225 (-1)" - et cosn@l} -,
sa(n) = | 1 —cosnby + % sinn@l} -, for n > 1.
ss(n)=|1-— lefl (=)™ — iz:f cosnf + % sinn01} -,

Here the design parameter xo is given by x2 = (a3 + 1)(a2 + 1) > 1, while 6,
represents the (only) base angle. As before, for x2 > 2 and 0 < 6 < 7, we have that
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20/xa—T
61 = arctan( X;‘iz

). As a result,

-2
or, equivalently, cos#; = X2 .

19 = —
(19) X2 1 — cosb; X2

Relation (19) suggests that different designs with the same value of x4 share the same
base angle 1. In other words, different layered designs can share the same set of base
angles.

As seen later in section 4 and similar to the two-layer case, periodic solutions for
the stress sequences s1(n), s2(n), and s3(n), n > 0, characterize three-layered optimal
designs. The presence of the term (—1)™ in the stress formulas for an odd number of
layers implies that when m = 3 the common period T' must be an even number, i.e.,
that T' = 2[, for [ > 3. As in the two-layer case, the stress sequences are periodic with
respect to n > 0 iff the base angle is expressed as

2 . - .
0, = —, where T is a positive even integer.

The base angle 6; represents the circular frequency. For a given three-layered design,
if one sequence of the stress terms is periodic with respect to n, so are the other two.
As seen later in section 4, when periodic, all sequences {s;(n)}, n > 0, j = 1,2,3,
share a common period and frequency.

3. Necessary conditions for the base angles and design parameters. As
discussed in the previous section, an m-layered Goupillaud-type design has | %] dis-
tinct base angles, 0 < 61,0, ..., QL%J < m. In this section we describe two approaches
that reveal necessary conditions which the base angles and suitable design parameters
must satisfy for any given design.

3.1. Approach 1: Testing the stress representation. The stress represen-
tation formulas (14) must satisfy the recursive relations (5) for all n > 0. Ultimately,
this test will reveal condition (25) that each base angle has to satisfy. Developing
condition (25) will allow us to relate each base angle with suitable design parameters.

Indeed, after substituting back the stress expressions (14) into (5), regrouping the
terms, and using the trigonometric sum formulas

cos(n + 1)8 = cosnf cos @ — sin nf sin §
and
sin(n + 1)0 = sinnf cos 6 + cosnfsin 6,

we obtain the equations that follow.
The first recursive relation in (5) becomes

O(l 1 20(1
2 - — — —-1)™"-b
[aw T+ar ™ 14a] 1+ (=17 bzo
%] %
(20) + |:(COS Op+1) a1, +sinby - b1y — LI ag)]@:| - cosnby,
Pt 1+ oy
%]
. 201 .
+ [— sinfy - a1, + (1 + cosby) - by — . bg)k:| -sinnf;, = 0.
1+

=

=1
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The ith recursive relation in (5), for i = 2,3,...,m — 1, becomes
1 o 2(—1)"
2|- Qi 0~ T " ———[bi—10— i b
[ T+ o a;—1,0 + aio 1+ a Qi+1,0 +1+ai[ 1,0« +1,0 |
L%
2 2
— O - a;_1.p — inf - b;_
+kz_;[ 1+O¢iCOSk Ai—1k T iSIDk 1,k
. 200
(21) +(cosOr + 1) a;p+sinby by — ——— a1,k | - cosnby
5 1_’_0[1 5
%] 9
+ 2 [ —m siny - a;—1 5 — T cosy - bi—1p —sinby - ;. k
20&1

+ (1 —+ cos Hk) bk — . bi+1,k:| -sinnf, = 0,

1+ oy
and the last recursive relation in (5) becomes

2[ —Qm—1,0 T Gm,0 ] + 2(—1)” . bm_l)o

,_
SH
—

+ [ —2cosO - am—1k — 2800k - by—1
k=1
(22) +(cosbi + 1) - apk +sinby - by, | - cosnby
LF]
+ [ 2sin by, - Am—1,k — 2 cos by, - bm—l,k —sin 6y, - Am,k
k=1

+(1+cosbi) - bk | - sinnby, = 0.

Considering the fact that the sums above must equal zero for all values of n > 0 and for
all the base angles 61,6, ... 79L%J’ we require that the combination of the free terms,
the terms multiplying cos nfy, and sin ndy equal zero separately. One can easily check
that the coefficients in (16) and (18) for the two- and three-layer cases, respectively,
satisfy these proposed conditions. The zero-conditions involving the terms multiplying
cosnfy, and sinnfy imply that for any base angle 0y, k = 1,..., [ 5], represented by
0 below, we have

(23) Dy, =0,
where
' F By 0 ... 0 1
Cy F By 0 .. 0
0 C3 F By 0 ... 0
Pm=1 0 ¢ F B 0 0 ’
0
0 0 Cm—l F Bm—l
L O O Om F 4 2mx2m
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(24)
C e ]
b1 1+ cosf sinf
ak,2 F= { —sinf (1 +cosf) |, ,’ |7 = 2(1+ cos0),
bk’2 2a; 2 2
a3 | s 0 Ao Ao
' B; = 0 2a; =—I, |Bil=+——""—3,
bka3 T 14a; Jdoxe (1 +ai) (1 +ai)
2 2
5o o —@QSH T mbmﬂ _ 4 T
Ak ¢ aysind —gg-cosf | 0 (T4+a)?
br,i
: Ci|l=—, 1<i<m-1,
Cl= ey 1SS
ot 2cosf  —2sinfd)
bk,m—1 C,, = { -, cost —zsm } =4RT, |Cp| = 4.
Gk sin  —2cosf |, ,
N P
Here I represents the 2 x 2 identity matrix, while RT represents the transpose
of the rotation matrix R = [‘;’Eg _Cgisnee] The determinant of the matrix D,, for

m = 2,3 can be easily calculated using Laplace’s theorem.
The nonzero vector ¥ of stress coefficients in (23)—(24) demands that

(25) |Dim| = 0,

a condition which reveals a necessary relationship of each base angle with suitable
design parameters. Below we demonstrate how this approach works for the three-
layer case with m = 3. Indeed, condition (25) implies that |D3| = 0 or equivalently
that

cos(f1) = —1 or [xacosf — (x2—2)]*=0.

Besides 61 = 7w, we also derive the double root

cosfy = X2 — 2,
X2
previously obtained in (19) from the known stress solutions.

In conclusion, (25) with D,, described in (24) displays necessary conditions that
each base angle and relevant design parameter(s) must satisfy for the m-layer case.
Solving (25) for large values of m can be a computational challenge. This approach
does not directly display the relations among the base angles except for the fact that
they all satisfy the same condition (25).

3.2. Approach 2: Relating the coefficients of the palindromic polyno-
mials with their roots in the z-space. The same necessary conditions for the
base angles and design parameters discussed in the previous subsection can also be
derived by relating the coefficients of the palindromic polynomial | 4,,| with its roots;
see (10), (11), and (12). Below we illustrate how this approach works using a few
cases.

The three-layer case (m = 3). Based on (10), (11), and (12) there are two different
ways to represent the determinant |As],

2(x2 — 2)

Azl =(z4+1)- |22 -
[As| = (z+ 1) "

z+ 1| (see (45))

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



774 A. P. VELO, G. A. GAZONAS, AND T. AMEYA

and

|As] = (z+ 1)(z — ) (z — e ) = (2 +1)(2% — 2cos 012 + 1).
After matching the coefficients in front of equal powers of z or using Vieta’s theorem,
we obtain that

-2
cosbt = X2 .
X2

This is the same necessary condition derived in the previous subsection as well as in
(19) from the known stress solutions.

The four-layer case (m = 4). Similarly, the two different representations of the
determinant

A 4(-14+ aqaz) 3 _ 4(1 4+ ara3) 2
A4l = (14 a1)(1 + a2)(1 + as) +2< 1+ (1+a1)(1+a2)(1+a3))
4(_1+0410z3)

o)t o)itay’ L (e )

and
|[Ay] = (2 — eiel)(z _ e—iel)(z + eieg)(z _ ei92)

= (2% —2zcosf; +1)(2% — 2zcosfy + 1)
= 2% —2(cos Oy + cosf2)z + 2(1 + 2 cos 0 cosby)z* — 2(cos By + cosby)z + 1

imply the following necessary conditions between the cosines of the two base angles
01, 6 and design parameters y3 and I's:

cos 1 + cos by = 2)%,
(26)
cos ;- cosly = W.

Here x3 = (1 + a1)(1 + a2)(1 + a3) and I's = (@13 — 1) represent the only two rele-
vant design parameters. Relations (26) also imply that cosf; 2 satisfy the quadratic
equation

(27) x3cos? § — 2Tz cosf + (2T'3 — x3 +4) = 0.

For the special case of a homogeneous design (o7 = a2 = a3 = 1) we have that
x3 = 8 and I's = 0. Substituting these values into the quadratic equation (27), we
find that the corresponding base angles 0 < ¢ = 7,0, = ?jT’T <, satisfy 2cos(f) =
z+ % = :l:%. This matches with the regular distribution patterns for the optimal
angles discussed in subsection 4.4. A mapping that takes the unit circle to the real
interval [—2, 2], which expresses the range of values of 2cos(6), is discussed in [6]. This
is accompanied by a size reduction from a fourth order polynomial to a quadratic. In
our case, the fourth order polynomial |A4| in z (see (45)) is replaced by the quadratic
polynomial (27) for cosf. Notice that although a four-layer design has three impedance
ratios, based on (26) there are only two relevant design parameters y3 and I's obtained
as special combinations of these impedance ratios. The number (two) of the relevant
design parameters appears to equal the number of the base angles.

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



z-TRANSFORM METHODS FOR OPTIMAL DESIGN 775

The five-layer case (m = 5). Similar to the four-layer case, one may obtain
the following relations between the cosines of the two base angles 6;, 2 and design
parameters x4 and I'y:

X4
2l'y—xa+4
X4 :

cosfy + cosfhy = 24,
(28)

cos b - cosfy =

Here x4 = (1 + a1)(1 + a2)(1 + a3)(l + o) and 'y = (aqagaq + aqoeay + aoyg +
asay + apaig — 1) represent the only two relevant design parameters. The solutions
cos b2 of (28) satisfy the quadratic equation

(29) X4 cos? @ — 2Ty cos O + (2Ty — x4 +4) = 0.

For the special case of a homogeneous design (017 = aa = a3 = a4 = 1) we have
that x4 = 16 and T'y = 4. Substituting these values into the quadratic equation (29),
we find that the corresponding base angles 0 < 61,05 < 7 relate to the golden ratio
w? —w —1 = 0, where w = 2cos(f) = z+ 1 = %‘/5 This further implies that
0h = £ and 02 = %”, which matches the regular distribution patterns for the optimal
angles discussed in subsection 4.4. Although a five-layer design has four impedance
ratios, (28) suggests that there are only two relevant design parameters. Generally,
an m-layered design with (m — 1) impedance ratios is expected to have | % | distinct
base angles and the same number of relevant design parameters. Notice the similar
form of (26)—(28), (27)—(29), |Az| with |As|, and |A4| with |As| in (45).

In summary, this approach provides the framework on how to recover necessary
conditions for the base angle(s) and design parameter(s) for any given design, by
displaying at the same time relations among the base angles themselves. However,
applying this approach for a large number m of layers poses a computational challenge.
Furthermore, a general pattern for the m-layer case is not easily recognized as it
previously was in Approach 1, when D,,, was described in (24).

4. Optimization results. Previously in (14)—(15) we described a finite trigono-
metric series representation for the stress in an elastic strip of m layers subjected to
the Heaviside step in stress loading p at time ¢ = 0 on one end and held fixed on the
other end. We also discussed necessary conditions that the base angles and suitable
design parameters must satisfy for a given m-layered design. Here we study optimal
designs which provide the smallest stress amplitude throughout the strip for all time.
These designs, besides the necessary conditions, will require additional conditions for
the base angles and suitable design parameters to satisfy. In this section, we derive
optimality conditions mainly for designs with a low number of layers. We know from
(14) that

si(n) = 8;(n, P, Tm)

for i = 1,2,...,m, where 7, = (a1,q2,...,m-1). As a result, we formulate our
optimal design problem as

(30) inf  sup [p,s1(n,p,7m), 52(0, D, 1m) - -+ S (N, P, 1)
Tm  1<n<4o0

Considering the fact that one end of the strip is subjected to the loading p and that
the homogeneous design (a1 = @ = -+ = ay—1 = 1) reaches the stress amplitude
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25

Exact

—+— DAC

Stress

Time

F1G. 2. Stress time history at the middle of a homogeneous elastic strip, with a stress amplitude
of double the loading p = 1.

of 2p (see Figure 2), the following trivial upper and lower bounds can be obtained by
inspection:
(31)  p<inf sup [p,s1(n,p,7m)s S2(N P, TTm), - -+ Sm (M Py )] < 2p.

Nm  1<n<4o0

The time domain solutions shown in Figure 2 are found by numerical inversion of
the Laplace transform using the Dubner—Abate—Crump (DAC) algorithm described
by [10]. The effects of Gibbs’ phenomena are mitigated using the so-called Lanczos
o-factors with 512 terms and a tolerance equal to 1073; see [17].

Furthermore, based on the value of the upper bound given in (31), the designs
with Xm-1 = (1+a1)(1+a2) - (1+ay,_1) < 2™ ! can never be optimal. This is due
to the fact that the first transmitted stress wave (see (15)), after going through m —1
layer interfaces and reflecting at the fixed boundary, reaches the value of s,,(1) =
Sm(n = 1,7m,p) = X?::lp, which is greater than 2p for x,,—1 < 2™~!'. From this
observation, our optimization problem (30) for the m-layer case equivalently reduces
to

(32) inf sup [p, s1(n, D, Tm), $2(n, D, Tm)s -+ + 5 Sm (1, D, Tim )]
Tms Xm—122""1 1<p<too
The first optimization results for this problem were obtained by [34] for the two-
layer case with m = 2, where the class of optimal designs was identified. In the next
subsections we will revisit these results using the stress representation (14)—(15) and
discover similar optimality conditions for the media with low number of layers.

4.1. The two-layer case: Periodic optimal solutions. Based on the re-
sults of [34] for the two-layer case, the optimal designs are characterized by a stress
amplitude of 2p and optimal values of the base angle 61 ,,: given by

(33) 91701)1& = §7 ] :2,3,4,....

Substituting into (17), the corresponding optimal design parameter is

2 e
1 — cos(61,0pt) T 1-— cos%

(34) X1,0pt = . j=2,3.4,...,
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TABLE 4.1
Numerical values of the optimal base angle and design parameter for the two-layer case.

j 2 3 1 5 6 7 8 9
01,0pt w/2 | ©/3 | w/4 /5 w/6 w/7 /8 /9
Xiopt (from (34)) | 2 | 4 | 6.828 | 10.472 | 14.928 | 20.106 | 26.274 | 33.163

(a) (b)

O p=t
* 8y(n)

O *

L)

S,
5,00
D,

Stress.
Stress

Time Time

F1G. 3. Stress time history for a two-layered optimal deszgn Here the maximum stress ampli-
tude is double the loading p =1, while j = 3 and x1,0pt = q y = =4 or a1,0pt = 3. (a) Middle

1— cos(

of the first layer located at & = 7/4. (b) Middle of the second layer located at &€ = 37/4.

where X1,0pt = 1 4+ a1,0pt and a1 op¢ Tepresents the impedance ratio of the optimal
two-layered design. Notice that the class of optimal designs includes the homogeneous
design obtained for j = 2, 61,0pr = /2, and x1,0pt = 2. These optimality results
are given in [34], and the first few values are displayed in Table 4.1. Based on the
discussion in subsection 2.1, the values of the optimal base angle in (33) imply that the
stress sequences s;(n), for a given i = 1, 2, are periodic functions with respect to n > 0.
They share the same period 2j and circular frequency w/j, for 7 = 2,3,4,.... For
example, when j = 3 the period is expected to be 2-3 = 6. Figures 3(a) and (b) confirm
this expectation. The presence of only one base angle allows the stress sequences in
(16) to be represented as a sinusoidal function of the form §;sin(nf +¢;)+;, i = 1, 2.
Here ¢; represents the phase at n = 0, while §;, ¢;, and 7; are constants, i = 1,2.
This explains the sinusoidal shape as well as the values for the period observed in the
stress history graphs displayed in Figures 3(a)—(b) and in [34]. However, as shown by
a counterexample in [34], not every design with periodic stress sequences is optimal.

4.2. The three-layer case: Periodic optimal solutions. Based on (18),
the only design parameter that affects the stress values in the three-layer case is
X2 = (1+a1)(1+ az). As a result in (32),

Sl(n) = Si(napv 773) = S’L(napv XZ)

for i =1,2,3 and 73 = (o1, a2). Since the number of layers is odd (m = 3), the stress
terms in (18) also involve (—1)" in addition to the linear combinations of sines and
cosines; see (14)—(15). Knowing the stress terms, we find the optimality conditions
for the three-layer case by using the same discrete optimization technique introduced
by [34] for the two-layer case. Such optimality conditions imply optimal choices for
the base angle #; as well as design parameter x». Indeed, for a given y, > 237! =4
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Maximum Stress

o
&
[ PSR

FiG. 4. Mazimum value of the stress terms s1(n) for 0 < n < 300 versus the design parameter
x2 = (14 a1)(1 + a2). The loading p = 1 while 0 < a1 and az < (V21 — 1) are incremented by
0.005.

as stated in (32), one can derive analytically from the first equation of (18) that
(35) 0 <si(n)=s1(n,p,x2) <2p for all n > 0.

This is illustrated in Figure 4. Similar to [34], from the second equation of (18) one can
show that for any given three-layered design with ya > 271 = 2371 = 22 there exists
some value of n for which s2(n) = sa(n, p, x2) > 2p. From there one can derive that
the designs with maxi<p<oo S2(n, p, x2) = 2p satisfy /x2 — I = tannf; /2 in addition
to the necessary condition 6, = arctan(2—vz"f;1) previously shown in subsection 2.2.
This requires that ndy = (2 + 1) for all ¢ > 0, which further implies that the designs
with

(36) o nax s2(n,p, x2) = 2p

are characterized by the following parameters:
(37)

m . 2 2
6, = —, or equivalently xo =
J

1 — cos(6y) T 1- cos(§)’

for j=2,3,4,5,...,00.

Figure 5(a) confirms these results, where the only three-layered designs that satisfy
(36) have their values of x2 given by (37) for j =2,3,...,7.

Finally, after a similar analysis of s3(n) = s3(n,p, x2) terms in the third equation
of (18), due to the presence of (—1)™ in their formulas, the sequence of optimal designs
with the smallest stress amplitude of 2p remains to be the odd subsequence of (37).
As illustrated in Figure 5(b), the only three-layered designs with

(38) o nax s3(n,p, x2) = 2p
have their values of xo given by (37) for j = 3,5, 7.

Putting together (35)—(38), for the three-layered elastic strip we identify the op-
timal base angles,

(39) 917opt = §7 ] :3,5,7,...7
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(v)

Maximum Stress
n
i
&
Maimum Stress
®
&

Fi1c. 5. Mazimum value of the stress terms for 0 < n < 300 versus the design parameter
x2 = (1 4+ a1)(1 4+ a2). The loading p = 1 while 0 < a1 and az < (V21 — 1) are incremented by
0.005. (a) The sequence s2(n). (b) The sequence s3(n).

and after substituting into (19), their corresponding optimal design parameters,

2 2

- . j=357T,....
1—cos(01,0pt) 1—cos g J

(40) X2,0pt =

These designs provide the smallest stress amplitude of 2p for the three-layered elastic
strip and include the homogeneous design obtained for the first value of j = 3. As
expeCteda X2,0pt > 2m—l =231 =22 = X2,homog;s where X2,homog = (1+a1)(1+a2) =
(1 +1)(1 + 1) = 22 corresponds to the homogeneous design. Different designs with
the same x2,op¢ share the same base angle. In other words, different layered designs
can share the same set of optimal base angles. The first few numerical values of
X2,0pt are given in Table 4.2. Figures 5(a) and (b) have these values in common. It is
important to notice that one can have infinitely many designs for the same value of xo.
Figure 6 displays curves obtained for the first few optimal values of ys, representing
optimal values for the pairs (a1, ag). The first curve with x2 opt = 4 includes the
homogeneous design with a; = ae = 1. All the curves are symmetric with respect to
the line as = aq; see subsection 5.1 for further discussion.

TABLE 4.2
Numerical values of the optimal base angle and design parameter for the three-layer case.

Fi 3 5 7 9
al,opt 77/3 7T/5 71'/7 71’/9
X2.0pt (from (40)) | 4 | 10.472 | 20.196 | 33.163

Based on the discussion in subsection 2.2, the values of the optimal base angle in
(39) imply that the stress sequences s;(n), for a given ¢ = 1,2, 3, are periodic functions
with respect to m > 0. Due to the fact that we have an odd number of layers (m = 3),
the stress sequences share a common period which is an even integer 25. For example,
when j = 5, the period is expected to be 2-5 = 10. Figures 7(a) and (b) confirm this
expectation because they display ten terms of each stress sequence before the pattern
repeats itself. One can also check by substituting into (18) that the stress sequences
reach the maximum amplitude of 2p at half the period when nf; o, = 7. As a result,
the larger the odd values of j, the bigger the delay on the stress amplitude.
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T T
gy = 40000
45F \ =y = 104721 ]

R Ty = 201957

Fi1a. 6. Curves with equation (1 + a1)(1 4+ a2) = Xx2,0pt, generated for the first few values of
X2,0pt and representing optimal three-layered designs.

(a)

Stress
Stress

Time Time

Fi1G. 7. Stress time history for the first two layers of a three-layered optimal design. Here
the mazimum stress amplitude is double the loading p=1, while j = 5, X2,0pt = A—cos(Z)’ and
J
a1,0pt = 5. (a) Middle of the first layer located at £ = 7/6. (b) Middle of the second layer located
at € =1/2.

4.3. The four-layer case: Periodic solutions with amplitude 2p. Heuris-
tic optimization approach. For the case of four or more layers, the process of
solving (5), which involves finding the coefficients in the trigonometric stress repre-
sentation (14), becomes computationally challenging. Therefore, in the absence of the
values of such coefficients, we will try to identify designs with the largest amplitude of
2p using the necessary conditions (26) derived from the z-space in section 3. However,
we will no longer be able to rigorously prove as before that such designs are optimal.

We begin by using the necessary condition (26) for the base angles and suitable
design parameters for the four-layer case. Our heuristic optimization approach in
identifying designs with amplitude 2p is based on two facts:

1. The homogeneous design (v = ag = as = 1) has a mazimum ampli-
tude of 2p and therefore is expected to be optimal just like in the two- and
three-layer cases. This fact motivates us to substitute in (26.1) relation

‘ I's=aja3—1=0 ‘, which holds true for a homogeneous design and implies
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the following (optimal) condition between the two base angles:

(41) ‘cos 01 = — cos 0. ‘

Substituting back into the second equation of (26) gives

22 23 23
sin?6;  1—cos(201) 1 — cos(d)’

(42) X3 =

where 0 < = 26, < 5 and x3 = (14 a1)(1 + a2)(1 + as).

2. The two-layer case is a special case of the four-layer case with o = ag = 1;
therefore we can apply the optimality results for the two-layer case, given in
(34), to the four-layer problem. As a result, putting together (34) and (42)
after substituting a; = a3 = 1, we obtain

2 2
1—cos(260;) 1-— cos(?)'

1+ Q2 opt =

This suggests the following optimal values for the base angle 64,

(43) O1.opt = % where j = 2,3,4,. ..,

and the following optimal design parameters,

2% ;

opt — T ) = 2, 3, 4, ey

(44) X3,0pt 17005(7) J
F37Opt =0.

As before, x3 = (1 + a1)(1 + a2)(1 + a3), I's = a1 - a3 — 1, and aq,a9,as > 0.
The designs described in (44) are tested through numerical experiments which have
confirmed the stress amplitude of 2p. Such (optimal) designs have only one essential
base angle given in (43), as the second base angle can be obtained from relation (41).
Unlike the two- and three-layer cases, the conditions (44) are derived heuristically and
do not necessarily describe the class of optimal designs. For the four-layer case, the
first few optimal values of the design parameter xs,op¢ are displayed in Table 4.3. As
expected from (34) and (44), and seen in Tables 4.1 and 4.3, the optimal values X3, opt
for the four-layer case are 22 = 4 times bigger than x1 oyt for the two-layer case.

TABLE 4.3
Proposed numerical values of the optimal (essential) base angle and design parameter for the
four-layer case.

i 2 3 4 5 6 7 8 9 10
01,0pt w/4 | 7/6 /8 w/10 w/12 w/14 w/16 w/18 /20
X3,0pt 8 16 27.314 | 41.888 | 59.713 | 80.783 | 105.096 | 132.654 | 163.454

from (44)

Similar to the three-layer case, based on (44), one can create many designs with
amplitude 2p for the four-layer case. Once the value of a; is selected, a large enough
optimal value of the design parameter X3 op: is selected from (44), so that the values

of the remaining parameters, determined as a3 = o% and ag = % — 1, are
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(a)

O p=t
*  84(n)
DAC -

Stress
Stress

Time Time

F1G. 8. Stress time history for the first two layers of a four-layered design with a mazimum
3

stress amplitude of double the loading p = 1. Here j = 10, x3,0pt = a; = 3, and

l—cos(g) 4
as = 0711 = % (a) Middle of the first layer located at & = 7/8. (b) Middle of the second layer located

at £ = 371/8.

reasonable and positive. For example, for oy = 3, j = 10, and x3,0pt = %S(E_) =
ﬁs(%) ~ 163.454, we can then make the appropriate material selection by choosing
the impedance ratios ag = 1/a; = 1/3 and ag = % — 1 =~ 29.647. The
length of each layer is adjusted according to the material properties, in order to
provide equal wave travel time. The stress history for this design is displayed in
Figure 8. Notice the periodicity of the stress wave, while the stress amplitude never
exceeds the value 2p. Based on the discussion on periodic solutions in section 2, the
values of the optimal base angle in (43) imply that the stress sequences s;(n), for
a given ¢ = 1,2,3,4, are periodic functions with respect to n > 0. Given the fact
that the essential base angle 61 op: is of the form 7/2j, the common period for the
stress sequences must be 4j, while the circular frequency is the essential base angle
m/2j. This agrees with the graphical output displayed in Figures 8(a) and (b). When
j = 10 the period is expected to be 4-10 = 40; i.e., there are forty terms of each stress
sequence before the pattern repeats itself. A delay benefit on the stress amplitude is

also expected as the j index increases.

4.4. The multilayer case: Conjectures on periodic solutions with am-
plitude 2p. As seen from (33), (39), and (43), the first optimal set of angles for the
m-layer case is obtained when j = m and 01, = -, for m = 2,3,4. Notice the
regular geometrical pattern of the optimal angle/root distribution on the unit circle
displayed in Figure 9. Substituting into (45) the first set of optimal parameter values
obtained for j = m when m = 2, 3,4 reduces it to |A,,| = 2™ + 1 = 0, as expected.
One can easily check that this class of optimal parameters with xm—1,0pt = gm—1
includes the homogeneous design obtained for «y = as = -+ = a1 = 1. We
generalize the above observations with the following conjecture.

CONJECTURE 1. For the initial-boundary value problem discussed in this paper
and a given integer m > 1, there are optimal m-layered designs, other than the homo-
geneous, for which |Apy| = 2™ +1=0 and xm_1 = 2™~ L. The roots of this equation
are vertices of a regular m-gon, while the essential base angle/root is 61 = w/m. The
stress sequences s;(n), 1 = 1,2,...,m, are expected to be periodic with respect ton > 0
and share the same (integer) period. The mazimum amplitude of the stress sequences
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7=-1 #=-1 '=-1
Fic. 9. Optimal angles derived from the roots of 2™ = —1 for the m-layer case, m = 2,3, 4.

—z/)2 -/3

m=2 m=3 m=4

Fic. 10. Optimal angle distribution for the m-layer case, m = 2,3,4.

is expected to be double the loading p.

In Figure 10 we display the complete set of the optimal angles for the m-layer
case obtained from (33), (39), and (43) when j > m and m = 2,3,4. As we know,
the four- and five-layer cases have two base angles.? Looking at the positioning and
convergence tendency towards zero of these angles, we conjecture the following.

CONJECTURE 2. For the m = 5 layer case, the sets of angles {m,+m /(2] +
1),£(25 — D)w/(25 + 1)} for j > 2, combined with the necessary conditions (28)
and other suitable base angle and design parameter relations, may generate (optimal)
designs with mazximum stress amplitude double the loading p. The stress sequences
si(n), i =1,2,...,m, are expected to be periodic with respect to n > 0 and share the
same integer period, while xm—1 > 2™ L.

As an application of Conjecture 2, we display in Figure 11 the stress history for
a five-layered (optimal) design with maximum amplitude double the loading. The
process of finding the numerical values of the (optimal) impedance ratios is described
below. The design parameters x4 and I'y are defined in terms of the impedance ratios
as xa = (1 + a1)(1 + a2)(1 + a3)(1 + a4) and I'y = (v1azas + arasay + ajaq +
asay + anag — 1), From the necessary conditions (28) we can also express the design
parameters x4 and I'y in terms of the base angles: x4 = and

1—cosf1— 00592+00591 cosfy

2Relation (41) between the two optimal base angles for m = 4 illustrated in Figure 10 explains
why heuristic condition I's = ajaz — 1 = 0 in subsection 4.3 worked.
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Stress
Stress

Fi1c. 11. Stress time history for the first and last layers of a five-layered design. Here the
mazimum stress amplitude is double the loading p =1, while j =2, 01 =n/(2j+1) =n/7, ag = 2,
as = 1/az = 0.5. (a) Middle of the first layer located at & = 7/10. (b) Middle of the last layer
located at & = 97/10.

_ 2(cosf1 +cosbz) . . . . .
L4 = 15537, —coststcostcosa; - Oubstituting into the two different representations for

x4 and T'y the chosen values for a3 = 2 and a4y = 1/as = 0.5, and the assumed
values for the base angles obtained for j = 3, 6; = 7/(2j + 1) = «/7 and 6, =
(27 — D7/(2j + 1) = 57/7, we get a system of two equations and two unknowns
a1 and as. As a result we recover the numerical values used for oy ~ 0.7291 and
a9 ~ 2.1974.

A general pattern of convergence of the base angles for the m-layered optimal
designs with the smallest stress amplitude is yet to be found.

5. Applications of the optimality results. The properties of the materials
used in this section are included in the appendix. Using the definition of the wave
speed ¢ = /E/p, the characteristic impedance pc in each layer is calculated in terms
of the material properties as v/Ep.

5.1. Multiple optimal material designs.

The two-layer case. According to (17), for a given value of the base angle 6, there
is a unique corresponding value of x; = 1 + a3 and impedance ratio a; as a result.
Furthermore, as shown in (33)-(34), optimal values of the base angle 61 op+ generate
optimal values for the design parameters x1,op¢t and a1 op¢. When it comes to creating
an optimal material design, this means that once one material is chosen for either layer,
the properties of the material for the remaining layer are determined from the values
of a1 opt. In other words, the optimal material selection has one degree of freedom.

As for the length of each layer, it is adjusted according to the material properties in

order to provide equal wave travel time: £ = L2 or Lo — JE1 . P2 Here [, ¢;
c1 co Lo P1 E> ’ ’

E;, and p;, © = 1,2, represent the length, wave speed, elastic modulus, and material
density for the ith layer, respectively. For instance, if tungsten alloy is the material
occupying the first layer, then the optimality condition x1,0pt = #(77/4) ~ 6.828
or g opt ~ 5.828 is satisfied if the material in the second layer is lead. A different
optimal value of X1 opt ~ 33.163, or equivalently o op: =~ 32.163, is reached if the
material in the second layer is copper alloy.

The three-layer case. Based on (19), for a given value of the base angle 61, there
is a unique corresponding value of x2 = (1 + a1)(1 4+ a3). Furthermore, as shown in
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(39)—(40), optimal values of the base angle 61 o generate optimal values for the design
parameters x2 opt. From (40), one can conclude that for a fixed value of ay there are
infinitely many optimal designs. For a fixed value of X2 0.+ there are infinitely many
optimal designs as well. The order of the impedance ratios does not matter; i.e., if
a1 = « and as = ( represent an optimal design, a; = § and as = « represent an
optimal design as well. The curves in Figure 6 confirm this expectation. Once the
materials occupying the first two consecutive layers are selected, the value of a; is
determined. The value of as and the third material properties are then derived from
the optimality conditions (40) for any value of Xx2,0pt/(1 + 1) > 1. Therefore when
it comes to choosing optimal material design for the three-layer case, we have two
degrees of freedom for material selection.

For instance, once we choose aluminum alloy and steel to occupy the first and sec-
ond layer, respectively, the impedance ratio a; ~ .331. Seeking values of x2,op: S0 that
X2,0pt/ (1 + 1) > 1, we choose X2,0pt =~ 10.472 and find the resulting impedance ratio
Qg = éi‘g’l‘) — 1 = 6.869; see Table 4.2 and relation (40). From here we may choose
various materials to occupy the third layer, one of them the glass fiber reinforced ma-
terial. Theoretically, there are infinitely many optimal values with x2 opt/(1+a1) > 1
generated from (40) which provide even more (infinitely many) choices for the third
material selection. Figure 6 illustrates the infinitely many choices for the optimal
pairs (a1, az).

The four-layer case. In a similar fashion, based on (44) one can create multiple
four-layer designs which are optimal. For instance, the homogeneous (optimal) design
with aq = ag = a3 = 1 shares the same value of x5 opt = (1 +01)(1 + a2)(1 + a3) =
23 = 8 with the nonhomogeneous (optimal) design with a; = 2.5, a3 = 1/a; = 0.4,
and agp = % — 1~ 0.633. An optimal material selection for the four-layer
case has two degrees of freedom.

Generally, it is important to mention that there is a potential gap between the
theoretical predictions and what can be achieved practically. Some of the material
properties required to create an optimal design might not correspond to an actual
(elastic) material. Also, since the properties of the materials selected might have a
slight deviation from the optimal values theoretically required, the designs created
will be almost optimal.

5.2. Design improvement: Making a nonoptimal design optimal. One of
the benefits of the optimality results for the layered strip is that they provide multiple
options for optimal designs. This allows us to make an existing nonoptimal design
optimal by adding or removing a (side) layer.

Reinterpreting the results discussed in the previous subsection, a nonoptimal two-
layer strip can become optimal by adding a third layer with material properties deter-
mined by relations (40). Indeed, the aluminum-steel configuration for a two-layered
design has an impedance ratio of a; & .331, and therefore x; = 1 + a7 =~ 1.331.
According to (34), this is a nonoptimal value for a two-layered Goupillaud-type strip.
By adding a third layer of glass fiber reinforced material so that as ~ 6.869 and
therefore xo & 10.472, according to (40), we obtain a nearly optimal configuration of
three layers where x2 opt = #(77/5) ~ 10.472. The layer lengths are chosen so that
they provide an equal wave travel time.

On the other hand, a three-layer design with tungsten-lead-aluminum configu-
ration has impedance ratios a; ~ 5.828, as =~ 0.952, and the nonoptimal design
parameter x2 = (14 a1)(1 4+ ag) ~ 13.33; see Table 4.2 and (40). However, after we
remove the aluminum alloy, the tungsten-lead combination with x; =1+ a3 = 6.828
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is an optimal design for the two-layer case.

Furthermore, an almost optimal four-layer configuration can be obtained by
adding another layer as the first layer to the nonoptimal tungsten-lead-aluminum
configuration with a3 = 1/ag3, as = 5.828, and a3 ~ 0.952. The design parameter
x3 = (1 4+ a1)(1 + a2)(1 + a3) =~ 27.32 is close to the proposed (optimal) value of
X3.00t = Teoaprymy ~ 27-314; see (44) and Table 4.3.

Due to the round-off errors between the analytical predictions of the optimal
design parameters and their calculated values, the material designs proposed here and
created in practice are expected to be almost optimal. Our numerical experiments
confirm stability in their behavior.

5.3. Optimization results for layered media with integer layer length
ratios. The optimality results for Goupillaud-type layered media given in (40), (44)
may be extended to non-Goupillaud-type layered media with integer layer length
ratios. For instance, the optimality results in (40) for Goupillaud-type three-layered
media can be extended to a non-Goupillaud-type two-layered media with 1:2 or 2:1

wave travel time ratios. The case with 1:2 ratio requires that ap = 1 and aq,opt =

3 ™ 3 ™
COS 5571 o8 5y

Tcos iy while the case with 2:1 ratio requires that oy = 1 and a9 pr =
for j > 1.

Similarly, the proposed optimality conditions (44) for the Goupillaud-type four-
layered media can be extended to three-layered media with wave travel time ratios

1:2:1 by choosing ae = 1, ag = 1/aq, and (1 4+ a1)(1 + a3) = ﬁ(ﬂ/i) for j > 2.

T oo T
1—cos T

6. Summary and future work. A system of recursion relations that describe
stress wave propagation in a multilayered Goupillaud-type elastic strip was derived.
The system of equations was transformed using the z-transform method and written
in a tridiagonal global matrix form. The determinant of the resulting global matrix
was palindromic in nature. Under the assumption that the zeros of such a palindromic
polynomial lie on the unit circle, we uniquely identified them by their angle measure.

As a result, for an m-layered design there are m distinct angles: {:I:Gk}k%:1 when m is

even and 0y = 7, {+60;} ,ﬁlj when m is odd. These correspond to their distinct complex
m

conjugate roots on the unit circle. The angles 0 < 6 < m for k = 1,..., %] were
known as the base angles. The stress wave propagation for the m-layered Goupillaud-
type media was described in (14) by finite trigonometric series involving multiples of
the base angles 61,6, ... 79L%J' Formula (14) indicated that each stress term is a
factor of the loading parameter p.

Necessary conditions for the base angles and design parameters for any given
m-layered design were described. These conditions and the stress values found were
affected only by |% | base angles and the same number of suitable design parameters.
The necessary conditions proved to be especially important for the designs of four or
more layers for which we did not have the stress solutions. Substituting the optimal
values of the base angles into the necessary conditions, combined with other suitable
design parameter values, helped us identify sets of (optimal) designs with maximum
stress amplitude of double the loading. The optimization results suggested regular
distribution patterns of the optimal base angles. The stress sequences corresponding
to optimal designs were periodic, shared the same period, and had nonnegative stress
values for a positive/unit loading p. The applications of the optimality results dis-
cussed in section 5 were limited by the practical consideration of physically realizable
values for the layer impedances. More work remains to be done in recovering optimal
designs for the general case of m-layers.
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Appendix.
A.1. Material properties. The elastic modulus F and density p of the mate-

rials used (see [1]) are as follows:

e Aluminum alloy: E = 70 GPa and p = 2,500 kg/m?,

Copper alloy: E = 10 GPa and p = 521.3 kg/m3,

Glass fiber reinforced material: E = 30 GPa and p = 1,130 kg/m?,
Lead: E = 14 GPa and p = 11,340 kg/m?,

Tungsten alloy: E = 275 GPa and p = 19,610 kg/m?,

Steel: E = 200 GPa and p = 8,000 kg/m3.

A.2. The determinant of the tridiagonal matrix A,,. The determinant

of the tridiagonal matrix A,,, given in (8), can be calculated using the formula

[Am| = (Z + 1)|A{1,...,m—1}| - 771710‘17171"7mflz|14{1

the

,,,,, m—2y|. Here |Ag . ;3| denotes
Ith principal minor; that is, Ay, ;) is the submatrix created by the first [ rows

and columns of A,,. The determinants |A,,| for 1 < m < 5, are given in (45):

|A1| =z+ ]-7
2 -2
|As| = (2 4+ 1)? —momanz = 2% — Mz +1,
X1
2 -2
|As] = (2 + 1)[ A1 03| — m3aomez|Apy| = (2 +1) - 22— %Z +1],
(45) [A4|l = (z + 1)|A(1,2,3y] — nacsnzz|Agy 23]
AT N tR) D
X3 X3 X3
|As| = (2 + 1)[Ap1,2,3,41 | — msanaz|Ag 2,31
4T 2(4T°y — 8 4T
=(z+4+1)- Z4__4z3+w22__42+1 .

X4 X4 X4

Here x3 = (1+a1)(1+a2)(1+as), I's = (acnas—1), xa = (14+a1)(14+a2)(1+as)(1+ay),
and I'y = (oqozgoz4 + a1y + 1oy + gy + oy — 1).
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ADELPHI MD 20783-1197

ABERDEEN PROVING GROUND

DIR USARL
RDRL CIM G (BLDG 4600)



NO. OF

COPIES ORGANIZATION

1
(CD
only)

DPTY ASSIST SCT FOR R&T
SARD TT

ASA (ACT)

JPARMENTOLA

THE PENTAGON RM 3E479
WASHINGTON DC 20310-1714

PRIN DPTY FOR TCHNLGY HQ
US ARMY MATCOM
AMCDCGR

R PRICE

9301 CHAPEK RD

FT BELVOIR VA 22060-5527

AIR FORCE ARMAMENT LAB
AFATL DLW

W COOK

D BELK

JFOSTER

EGLIN AFB FL 32542

NSF

S MCKNIGHT

G PAULINO

4201 WILSON BLVD STE 545
ARLINGTON VA 22230-0002

DARPA

W COBLENZ

3701 N FAIRFAX DR
ARLINGTON VA 22203-1714

DIRECTOR

US ARMY ARDEC
AMSRD AAR AEE W

E BAKER

BLDG 3022

PICATINNY ARSENAL NJ
07806-5000

US ARMY TARDEC
AMSTRA TR R MS 263
K BISHNOI

D TEMPLETON MS 263
WARREN MI 48397-5000

COMMANDER

US ARMY RSRCH OFC

AMSRD ARL RO EN

B LAMATTINA

PO BOX 12211

RESEARCH TRIANGLE PARK NC
27709-2211

NO. OF

COPIES ORGANIZATION

1

COMMANDER

US ARMY RSRCH OFC

AMSRD ARL RO MM

JLAVERY

PO BOX 12211

RESEARCH TRIANGLE PARK NC
27709-2211

COMMANDER

US ARMY RSRCH OFC

AMSRD ARL RO EM

D STEPP

PO BOX 12211

RESEARCH TRIANGLE PARK NC
27709-2211

NAVAL RESEARCH LAB
E R FRANCHI CODE 7100
M H ORR CODE 7120

J A BUCARO CODE 7130

J S PERKINS CODE 7140

S A CHIN BING CODE 7180
4555 OVERLOOK AVE SW
WASHINGTON DC 20375

DTRA

M GILTRUD

8725 JOHN J KINGMAN RD
FORT BELVOIR VA 22060

ERDC

US ARMY CORPS OF ENGINEERS
USACEGSL

P PAPADOS

7701 TELEGRAPH RD
ALEXANDRIA VA 22315

AFOSR NL

F FAHROO

875 N RANDOLPH ST
STE 325 RM 3112
ARLINGTON VA 22203

CLEMSON UNIV

DEPT MECH ENGR

M GRUIJICIC

241 ENGRG INNOVATION BLDG
CLEMSON SC 29634-0921

UNIV OF CALIFORNIA
CTR OF EXCELLENCE FOR
ADV MATLS

S NEMAT NASSER

SAN DIEGO CA 92093-0416



NO. OF

COPIES ORGANIZATION

5

DIRECTOR

LANL

P MAUDLIN

R GRAY

W R THISSELL

A ZUREK

F ADDESSIO

PO BOX 1663

LOS ALAMOS NM 87545

DIRECTOR

SANDIA NATL LABS

J BISHOP MS 0346

E SHERTEL JR MS 0382
W REINHART MS 1181

T VOGLER MS 1181

L CHHABILDAS MS 1811
M FURNISH MS 1168

M KIPP MS 0378

PO BOX 5800
ALBUQUERQUE NM 87185-0307

DIRECTOR

LLNL

M J MURPHY

PO BOX 808
LIVERMORE CA 94550

CALTECH

M ORTIZ MS 105 50

G RAVICHANDRAN

T JAHRENS MS 252 21
1201 E CALIFORNIA BLVD
PASADENA CA 91125

SOUTHWEST RSRCH INST
C ANDERSON

K DANNEMANN

T HOLMQUIST

G JOHNSON

JWALKER

PO DRAWER 28510

SAN ANTONIO TX 78284

TEXAS A&M UNIV

DEPT OF MATH

JWALTON

COLLEGE STATION TX 77843

WORCESTER POLYTECHNIC INST
MATHEMATICAL SCI

K LURIE

WORCESTER MA 01609

NO. OF

COPIES ORGANIZATION

2

SRI INTERNATIONAL

D CURRAN

D SHOCKEY

333 RAVENSWOOD AVE
MENLO PARK CA 94025

VIRGINIA POLYTECHNIC INST
COLLEGE OF ENGRG

R BATRA

BLACKSBURG VA 24061-0219

UNIV OF NEBRASKA
DEPT OF ENGRG MECH
D ALLEN

F BOBARU

Y DZENIS

G GOGOS

M NEGAHBAN

R FENG

JTURNER

Z ZHANG

LINCOLN NE 68588

JOHNS HOPKINS UNIV
DEPT OF MECH ENGRG
K T RAMESH
LATROBE 122
BALTIMORE MD 21218

UNIV OF UTAH

DEPT OF MATH

A CHERKAEV

E CHERKAEV

E SFOLIAS

R BRANNON

SALT LAKE CITY UT 84112

PENN STATE UNIV

DEPT OF ENGRG SCI & MECH
F COSTANZO

UNIVERSITY PARK PA 168023

UNIV OF DELAWARE
DEPT OF MECH ENGRG
T BUCHANAN

T W CHOU

M SANTARE

126 SPENCER LAB
NEWARK DE 19716



NO. OF NO. OF

COPIES ORGANIZATION COPIES ORGANIZATION
1 UNIV OF DELAWARE 2 WASHINGTON ST UNIV
CTR FOR COMPST MATRLS INST OF SHOCK PHYSICS
J GILLESPIE Y M GUPTA
NEWARK DE 19716 J ASAY

PULLMAN WA 99164-2814
1 COMPUTATIONAL MECH

CONSULTANTS 1 NORTHWESTERN UNIV

J A ZUKAS DEPT OF CIVIL & ENVIRON ENGRG
PO BOX 11314 Z BAZANT

BALTIMORE MD 21239-0314 2145 SHERIDAN RD A135

EVANSTON IL 60208-3109
1 LOUISIANA STATE UNIV

R LIPTON 1 UNIV OF DAYTON
304 LOCKETT HALL RSRCH INST
BATON ROUGE LA 70803-4918 N S BRAR
300 COLLEGE PARK
1 INST OF ADVANCED TECH MS SPC 1911
UNIV OF TX AUSTIN DAYTON OH 45469
S BLESS
3925 W BRAKER LN STE 400 2 TEXAS A&M UNIV
AUSTIN TX 78759-5316 DEPT OF GEOPHYSICS MS 3115
F CHESTER
1 APPLIED RSCH ASSOC T GANGI
D E GRADY COLLEGE STATION TX 778431
4300 SAN MATEO BLVD NE
STE A220 1 UNIV OF SAN DIEGO
ALBUQUERQUE NM 87110 DEPT OF MATH & CMPTR SCI
A VELO
1 INTERNATIONAL RSRCH 5998 ALCALA PARK
ASSOC INC SAN DIEGO CA 92110
D L ORPHAL
4450 BLACK AVE 1 NATIONAL INST OF
PLEASANTON CA 94566 STANDARDS & TECHLGY
BLDG & FIRE RSRCH LAB
3 ORNL J MAIN
ENVIRONMENTAL SCI DIV 100 BUREAU DR MS 8611
W DOLL GAITHERSBURG MD 20899-8611
T GAMEY
L BEARD 1 MIT
PO BOX 2008 DEPT ARNTCS ASTRNTCS
OAK RIDGE TN 37831 R RADOVITZKY
77 MASSACHUSETTS AVE
1 UNIV OF ILLINOIS CAMBRIDGE MA 02139
DEPT OF MECHL SCI & ENGRG
A F VAKAKIS 1 UNIV OF DELAWARE
1206 W GREEN ST MC 244 DEPT ELECTRICAL & CMPTR ENGRG
URBANA CHAMPAIGN IL 61801 D WEILE

NEWARK DE 19716
1 UNIV OF ILLINOIS

ARSPC ENGRG 2 MATERIALS SCI CORP
J LAMBROS A CAIAZZO

104 S WRIGHT ST MC 236 R LAVERTY

URBANA CHAMPAIGN IL 61801 181 GIBRALTAR RD

HORSHAM PA 19044



NO. OF NO. OF
COPIES ORGANIZATION COPIES ORGANIZATION

3 DIR USARL B POWERS
RDRL D C RANDOW
V WEISS M VANLANDINGHAM
RDRL SE R WILDMAN
JPELLEGRINO CFYEN
RDRL SES P RDRL WMM D
A EDELSTEIN E CHIN
2800 POWDER MILL RD K CHO
ADELPHI MD 20783-1197 R HOWELL
RDRL WMM E
1 UNIV OF MISSISSIPPI M COLE
DEPT OF MECH ENGRG T JESSEN
A M RAJENDRAN JLASALVIA
201 B CARRIER HALL JSANDS
UNIVERSITY MS 38677 RDRL WMM F
L KECSKES
ABERDEEN PROVING GROUND S MATHAUDHU
RDRL WMP
67 DIR USARL P BAKER
RDRL WM S SCHOENFELD
B FORCH RDRL WMP B
S KARNA R BECKER
JMCCAULEY SBILYK
P PLOSTINS D CASEM
JSMITH JCLAYTON
RDRL WML C HOPPEL
JNEWILL M GREENFIELD
M ZOLTOSKI R KRAFT
RDRL WML B B LEAVY
| BATYREV B LOVE
B RICE M SCHEIDLER
N WEINGARTEN T WEERASOORIYA
RDRL WML D RDRL WMP C
P CONROY T BJERKE
M NUSCA S SEGLETES
RDRL WML G RDRL WMP D
M BERMAN R DONEY
W DRYSDALE JRUNYEON
JANDZELM B SCOTT
ARAWLETT RDRL WMP E
RDRL WML H M BURKINS
D SCHEFFLER RDRL WMP F
S SCHRAML M CHOWDHURY
B SCHUSTER A FRYDMAN
RDRL WMM N GNIAZDOWSKI
R DOWDING R GUPTA
J ZABINSKI RDRL WMP G
RDRL WMM A D KOOKER
M MAHER G R PEHRSON
JTZENG
E WETZEL
RDRL WMM B
T BOGETTI
B CHEESEMAN

C FOUNTZOULAS
D HOPKINS



