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Abstract. Affine scaling (AFS) methods solve linear optimization problems by iteration.
These methods all involve a parameter § € (0,1) that controls the maximum step-size
during the iteration. It is known that some of these AFS methods display chaotic behavior
if @ is too large. In this paper we study the primal-dual affine-scaling method that was
proposed in [8]. We convert this into a dynamical system that is related to the well-known
logistic family. We show that our dynamical system enters a chaotic regime once 6 passes a
threshold.
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1 Introduction

Interior point methods (IPM) solve linear optimization problems (LO) by iteration. Starting from an
initial vector x in the feasible set, one iterates the IPM until it gets sufficiently close to an optimum x*,
which may not be unique. In other words, an IPM is a dynamical system (or iterative process) that is
defined by a vector-valued map = — F(x) that depends on the optimization problem. One says that an
IPM converges if and only if for every optimization problem the iterates F*(z) converges to some optimal
solution for each feasible initial vector .

The earliest IPM is Dikin’s affine scaling (AFS) method, which solves a linear optimization problem by
iterating = — = + oAz and s — s + aAs that is controlled by a parameter o. The vectors Az and As
depend on z and on the linear optimization problem. The parameter 0 < « < 1 controls the step-size. If
« = 1 then the step is full, but in general a smaller value of « is needed to guarantee convergence. Dikin’s
original method has been adapted over the years and there exist several different versions of the AFS
method. A method that has been studied extensively is the AFS that has been developed by Vanderbei et
al. [13]. It is known [12] that this method converges if & < 2/3 and that it need not converge if o > 2/3,
see [7]. It is also known that this AFS behaves chaotically for o > 2/3, see [2, 10].



2 H. Bruin, R.J. Fokkink, G. Gu, and C. Roos

All previous studies of non-convergence or chaotic behavior were carried out for a particular LO problem.
Hall and Vanderbei [7] presented an LO problem with four variables and one constraint, for which they
demonstrated that F*(x) converges to the optimal solution if a < 2/3, while it converges to a set of two
elements if o > 2/3. Castillo and Barnes extended this result and demonstrated chaotic behavior that
arises from an LO problem in five variables under two constraints. They were able to compute Feigenbaum
diagrams that resemble those of the logistic family. The studies in [2,7] consider specific LO problems,
so it is natural to ask whether these specific examples represent the general case. That is the principal
motivation behind our paper.

In this paper we consider the primal-dual AFS method that was proposed by Jansen et al. [8]. It solves
the LO problem by reducing the duality gap s”2 under iteration, until the gap gets sufficiently close to
zero. In other words, (s + aAs)T(z + aAzx) < sz, which can be rewritten as a sum of a linear and a
quadratic term for the step size: o (As”z 4+ sT Az) + o AzAs < 0. The primal-dual AFS is designed to
minimize As”Tx + sT Az and the quadratic term AzAs decreases rapidly under iteration, since As and
Ax converge to zero. In our analysis below, we assume that the quadratic term is zero, which enables us
to derive a dynamical system that is independent of the original LO problem. This dynamical system is
related to the well-known logistic family. We analyze the limit behavior of this system. Our results are
very close to the experimental results in [2]. It appears that our dynamical system represents the behavior
of AFS methods in general.

Our paper is organized as follows. We first recall the primal-dual AFS method for solving LO problems.
We then derive an iterative process to analyze the convergence of the AFS method under variation of
the step-size. We analyze this process for increasing values of a parameter # and show that it behaves
chaotically as 6 increases beyond 2/3. We supplement this analysis by Feigenbaum diagrams. In the
final section, we compare this to results of the primal-dual AFS method and show that it also behaves
chaotically as the step-size increases beyond 2/3 of the maximal step-size, which illustrates that our
process resembles the general behavior of the primal-dual AFS method.

1.1 Notation and terminology

We reserve the symbol e € R™ for the vector of all ones. For any vector x, the capital X denotes the
diagonal matrix with the entries of  on the diagonal. Furthermore, if f : R — R is any function and
x € R™, then we denote by f(x) the vector (f(z1),..., f(zn)). If s is another vector, then zs will denote
the coordinatewise product of z and s and x/s will denote the coordinatewise quotient of x and s. In
other words, s = Xs and x/s = S~'z. Finally, ||.| denotes the ly—norm. Our basic assumption is that
a primal-dual pair (x, s) of feasible solutions exists and that A is an m x n matrix of rank m for m < n.

We adopt the standard terminology from dynamical systems, see e.g. [3]. A fixed point z* is locally stable
if limy, oo f¥(x) = 2* for any = that is sufficiently close to z*. For differentiable f, if the derivative D f(z*)
has all eigenvalues < 1, then z* is locally stable. The fixed point is globally stable if limy,_, o, f*(z) = z*
for all . Saying that an IPM converges therefore is equivalent to saying that the optimal solution is
globally stable. If f™(z*) = z* for some n > 1, then we say that 2* is a periodic point. A periodic point is
a fixed point of an iterate f™. The periodic point is called locally or globally stable if it has this property
as a fixed point of f™. The set that consists of all the iterates f*(x) is called the orbit of z. In general,
it need not converge to a periodic point, but if the space is compact, then the descending chain of closed
sets K, = {f*(z) : k > n} has a non-empty intersection which is called the omega-limit of x. It is equal
to the set of all density points of the orbit.

If the LO problem is primal non-degenerate, then the primal problem has a unique optimum, but the
dual problem may consists of a polyhedron P of optimal solutions. It turns out that the primal variable
converge to the optimum under the AFS algorithm, but the dual variable need not converge. The omega-
limit of the dual variable is a subset of P.
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2 Primal-dual affine scaling

In linear optimization, the notion of affine scaling has been introduced by Dikin [4] as a tool for solving
the (primal) problem in standard format

(P) min{c’'z : Az =b, x> 0}.

The underlying idea is to replace the nonnegativity constraints x > 0 by the ellipsoidal constraint

IX7'@ -2 <1, (1)

where Z denotes some given interior feasible point, and X the diagonal matrix corresponding to Z. The
resulting subproblem is easily solved and renders a new interior feasible point with a better objective
value. Dikin showed, under the assumption of primal nondegeneracy, that this process converges to an
optimal solution of (P). This so—called affine scaling (AFS) method of Dikin remained unnoticed until
1985. The work of Karmarkar [9] sparked a large amount of research in polynomial-time methods for
LO, and gave rise to many new and efficient interior point methods (IPMs) for LO. For a survey of this
development we refer to the books of Wright [15], Ye [16], Vanderbei [14] and Roos et al. [11].

Every known method for solving (P) essentially also solves the dual problem

(D) max{bTy : ATy +s=c¢, s>0}
by closing the duality gap s’ between ¢!z and bTy. A pair of vectors z*, s* solves (P) and (D) if and
only if they are orthogonal. Since z* > 0 and s* > 0, this means that the coordinatewise product x*s*
is equal to the all-zero vector. The primal-dual AFS method that we consider in this paper has been
proposed by Jansen et al. [8]. Dikin’s ellipsoidal constraint (1) involves the the primal variable only. In
primal-dual AFS this is replaced by a constraint that includes both the primal and the dual variable:

IX7H @ —a)+ ST 5 - s)] < 1, (2)

where similarly as before, S denotes the diagonal matrix corresponding to the slack vector 5. In this
notation, (Z,3) is the original pair of primal vector and slack vector and (z, s) is an updated pair. The
differences Az = x — T and As = s — 5 are called the primal-dual AFS directions.

Let v = (x5)/? be the coordinatewise square root of the coordinatewise product and let v* be the
coordinatewise power of v. Jansen et al. have shown that the directions Az and As can be derived from

the vector

3

Dy = =75
R

by first projecting p, onto the null space (for Az) and the row space (for As) of AD, and then rescaling
the result by a coordinatewise product. More specifically, if d = (x/s)'/? then

Az = dPap(p,), As=d 'Qap(py)

where Pap and @Qap denote the orthogonal projections onto the null space of AD and the row space of
AD, respectively. These projections recombine in the Dikin ellipsoid to

2

XAz + S 1 As = —”272”. (3)

This gives the primal-dual AFS directions but not the size of the step, which is controlled by an additional
parameter a. It is shown in [8] that if & < 1/(15+/n), then the iterative process  — z+aAz, s — s+ads
follows an ‘almost centered’ path, i.e., xs is close to e in projective space, and hence that process remains
in the feasible set and converges to a solution.
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3 The iterative process under the assumption of exact Dikin steps

Starting with a primal-dual feasible pair (z, s), the next iterated pair is given by
2t =z +adz, sT=s+ads,
and hence we have

x5t = (x + adz) (s + als) = x5 + a (vAs + sAzr) + a® ArAs.

The directions Az and As are orthogonal. We call the Dikin step ezact if the coordinatewise product
is equal to zero, so AxAs = 0. We emphasize that Dikin steps are exact only under special conditions,
for instance if both directions are non-negative. So the assumption of exact steps is rather restrictive.
However, if the AFS iterations are close to a solution, then Az and As will be relatively small, and the
product AxAs will be negligible.

If the step is exact then the quadratic term o2 AxAs vanishes and the reduction of xs is proportional to
xAs + sAx, which can be rewritten to

s (x_le + s_lAs)

Observe that 7! Az + s~ As is equal to the ellipsoidal constraint (3) of the primal-dual AFS method.
So we find under the assumption of exact steps that

2.2
rTsT = x5+ a(xzAs + sAx) —as—ab> =gs (e—azs> ,
[l s]] [l s]|
where e denotes the all-one vector. In the original primal-dual AFS method, one needs to choose a such
that x and s remain feasible. Now we have arrived at an iterative process for the product vector zs. Since
we require > 0 and s > 0, we need to require xs > 0 in the iterative process. From this we deduce that
the maximal step size is equal to

N
P max s
Defining
o max s

9: =

«
Omax l|lzs|

we may write

$+S+=1‘S(6—9 o ), 6 €10,1].

max s
Now if we write w = xs, then we get
w
w+:w(e—0 ), 6 €1[0,1].
max w

This iterative process depends on a parameter # which is related to the original step size a by the
equation o = Oay,q,. If w is close to the central line and has coordinates that are approximately equal,
then ez = /1. In general, 1 < qumaz < /1.

We make one further reduction. If u = Aw for a scalar A then u™ = Aw™, so the iterative process
preserves projective equivalence. We may therefore reduce our system up to projective equivalence by
scaling vectors so that their maximum coordinate is equal to one. So we end up with the iterative process
that is the subject of our paper:

—k
kK k k41 _ W _
- — ouh), - k=01, ... 4
w" = w” (e — Ow") w o , (4)
This process, which is dependent of the original LO problem, involves two steps: multiplication and
scaling. To describe the process more succinctly we use the map fo(z) = 2(1 — 6z). The iterative process
is then given by:

W't = fy(w”)/ max{ fo(w*)}. (5)
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The map fy is very similar to the logistic map y — 0y(1 — y) on the unit interval, which is a well studied
object and one of the archetypes of chaotic dynamical systems. Indeed, if we replace x by the variable y
which is given by z = 1;%, then we replace fo(z) by the logistic map.

4 The process converges if 8 < 2/3

The iterative process is easier to understand than the original primal AFS method. We analyze its limit
behavior for increasing values of 6. We suppress the subscript 6 in fy and simply write the iterative
process as

Wttt = f(w®)/ max{f(w")}.
On the real line, f has a global maximum f(1/20) =1/460. If < 1/2 then 1/26 > 1 and in this case f is
increasing on the unit interval.

Lemma 1. If 0 < 1/2 then w* converges to e for every initial w® > 0.

Proof. Suppose that w; is the maximum coordinate of the vector w. In particular, w; = 1. Since f is
increasing for # < 1/2, the maximum coordinate of f(w) is f(w); = (1 — ). Since the position of the
maximum coordinate remains fixed, we can write w**! = g(w") with g(z) = %. It is immediately
clear that g(x) is monotonically increasing on the unit interval, so the limit of w* exists. It is necessarily
a fixed point of g, and the only fixed point of g is e. We conclude that w* converges to the all-one
vector e. O

In other words, e is a global attractor if § < 1/2. We extend this to < 2/3. If § > 1/2 then f is
unimodal with its maximum at 1/26. It is increasing on [0, 1/26] and decreasing on [1/26, 1]. The map is
point symmetric with respect to 1/26:

1 1
f(2€+z>f(292). (6)
It follows that f[1/20,1] = f[1/0 —1,1/260], soif z <1 —1/0 and y > 1 —1/6 then f(z) < f(y).

Lemma 2. Suppose that @ > 1/2. For every initial w° there exists a ko such that minw® > 1/6 — 1 for
all k > k.

Proof. Suppose that minw* < 1/6 — 1 and let w® be the minimal coordinate. Since f is increasing on
[0,1/26, the i-th coordinate of f(w*) is minimal and has value f(w¥). The maximal coordinate has value
< max(f) = 1/46. Tt follows that

min wFt > 40w (1 — 0wl) = 462wk (1/0 — wf) > 46%w}.

Therefore as long as minw < 1/6 — 1 the minimal coordinate increases by a factor 4% > 1. There must be
a ko such that minw*o > 1/0 — 1. For this kg, min f(w*) = f(1) = 1 — 6, while max f(wko) < f(1/20) =
1/46. Therefore min w*o+! > 40(1 — 0) = 46%(1/6 — 1) > 1/6 — 1. Tt follows that all coordinates remain
in the interval [1/6 — 1,1] from the ko-th iterate onwards. O

We want to show that w* converges to e if 1/2 < § < 2/3. In other words, we want to show that the
minimum coordinate of w* converges to 1. So we only need to keep track of the minimum coordinate
under iteration. By the point symmetry in (6), if we replace the coordinates w; < 1/26 in w* by their
reflections 1/6 — w;, then this does not affect w**!. So we may assume that w* is a vector that has
all coordinates > 1/26. Now let x = min wk > 1/260. Since f is decreasing for x > 1/20 we have that
f(r) = max f(w*) and f(1) = min f(w*). So the minimum coordinate of w**! is given by

) 10
M) =) T = ey
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Lemma 3. If1/2 < 0 < 2/3 then h(z) > x and limg_,o0 h*(z) = 1 for every x € [1/6 — 1,1].

Proof. It suffices to prove that h(x) > z, because this implies that the limit of h*(z) exists and is equal
to the unique fixed point of h. Now h(z) > x can be rewritten as
0z — 22 +1-6>0. (7)

The derivative (30z —2)x of the cubic §2® — 22 4+ 1 — 6 is negative on the unit interval, by our assumption
that 6 < 2/3. So the cubic has its maximum at 0 and its minimum at « = 1, which is a zero of the cubic.
Hence the inequality holds. O

Theorem 1. If § < 2/3 then the all-unit vector is globally stable, i.e., limy oo w* = 1 for all w°.

Proof. We already proved this result for § < 1/2. If 1/2 < § < 2/3 then we may assume that minw® >
1/6 —1 by Lemma 2. We already argued that we may replace such a vector by its point reflection in 1/26.
Lemma 3 now implies that the minimum coordinate of w* converges to 1. ]

14

IS

5 The process converges to a point of period two if 2/3 < 0 <

We continue our analysis of the process for 8 > 2/3. It is useful to consider the two-dimensional case
w = (z,1), so the iterative process is given by (z,1) — (1,h(z)) — (h?(x),1) — ---. Note that a fixed
point of h corresponds to a point of period two for the iterative process. If 6 > 2/3 then h has a unique
fixed point r € (0,1), which can be found by solving the cubic equation h(x) = x that we already
encountered in equation (7). It factors as 023 — 22 +1—6 = (z — 1)(#22 + (0 — 1)z + 6 — 1) = 0. Therefore
r satisfies the quadratic equation

or?+ (O —1)r+ (0 —1)=0. (8)

The positive solution for r is equal to

1—0++/(1—60)2+40(1-0)
T =
20 ’

(9)
which is < 1 if and only if 6§ > 2/3.

Lemma 4. If 0 > 2/3 then limy_ o h¥(z) = r for every x € [1/0 — 1,1), i.e., v is a global attractor in
[1/6 —1,1).

Proof. The cubic equation h(z) = x has zeros in 1,r and the third zero s is negative. In particular,
h(z) > x on (s,r) and h(z) < z on (r,1) and the result follows. O

Note that r is not a global attractor in the closed interval [1/6 — 1,1] since h(1) = 1 is a fixed point. As
a useful corollary of Lemma 4, we obtain that in the two-dimensional case (z,1) — (1, h(x)) the process
converges to a fixed point if # < 2/3 and it converges to an orbit of period two if § > 2/3. The exact same
limit behavior has been observed by Hall and Vanderbei for the primal AFS method [7]. They considered
an LO problem with four variables and one constraint, but due to the symmetry of the problem, it has
two degrees of freedom. Hall and Vanderbei prove that the process converges to a fixed point for step-size
< 2/3, while it converges to a point of period two for step-size > 2/3.

Lemma 5. Suppose that % <0< #. For any initial w® there exists a ko such that minw® > 1/20
for all k > kg.

Proof. By Lemma 2 we may assume that minw® > 1/6 — 1. In this case, the minimal coordinate of f(w°)
has value f(1) = 1 — 6 and the maximal coordinate is < max f = 1/46. Therefore, min w! > 46(1 — )
which is greater than or equal to 1/26 if and only if 89%(1 — #) > 1. We solve the cubic equation

86%(1—0) — 1 =0 <= (20— 1)(1 — 20 — 46%) =0,

S
O

The two roots of the quadratic equation are 1i4‘/5. We conclude that 892(1 —0) > 1 for % <6< 1+4
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1+V5 0
1

Suppose 6 < ~ 0.809. Consider an initial condition w" = (wy, ..., w,) with increasing coordinates
wp < wy < -+- < w, =1 and such that wy; > 1/20. Then f(w) has decreasing coordinates and, like
before, we conclude that we can keep track of the iterative process by its extreme coordinates wy and w,,.
For an intermediate coordinate w; the process is given by w; — ZJIE%ZZI)) We know that the minimum
coordinate converges to r so we may as well put w; = r, in which case we get that w; — g(w;) for the
map

o) = x(1 Ha:).

r(1—0r)

Note that g(r) = 1 and that g(1) = h(r) = r so that ¢ has a fixed point s € (r, 1) as is illustrated by the
graph of g2 in the figure below. Indeed, we leave it to the reader to verify that g has a unique fixed point
in (r,1) at s = (r 4+ 60 — 1)/r0. The derivative of g is given by

Fig. 1. The function g* on the interval [1/4,1] for § = 0.8 plotted against the diagonal.

1—-20x  r(1-20x)

g'(@) = r(l—0r)  1-0 (10)

where we use that 1 — 6 = r2 — 6r3.

Lemma 6. Suppose that 2/3 < 0 < HT‘E and that x € (r,1). Then the w-limit set of g(x) is either
equal to {r,1} or x is equal to the fixed point s.

Proof. Note that g(z) = x is a quadratic equation with solutions © = 0 and # = s. The equation
g*(r) = x is an equation of degree four with solutions 0,r,s,1. It follows that g?(z) # x on the two
subintervals (r,s) U (s,1) and that g(z) > x on the one interval while g?(z) < x on the other interval.
Using equation (10), and using that rsf = r 4+ 6 — 1, we find that the derivative at s is

iy rT(1—20s) 2—1r—20
I&="T =1

To prove that s is unstable, we need to verify that 2_1”"7:929 < —1, or equivalently, that » > 3 — 3.
Substituting (9) for r and simplifying equations we end up with (1—6)++/(1 — )2 + 40(1 — 0) > 60(1—0).
Taking squares to remove the root gives (1 — 0)% + 40(1 — 0) > (66 — 1)%(1 — 0)2. which simplifies to
1+30 > (60 — 1)%(1 — ). Collecting all terms and dividing by 6 we finally arrive at the inequality
902 — 120 +4 > 0, or equivalently, (30 —2)? > 0. This obviously holds if § > 2/3. It follows that ¢*(z) < z
on (r,s) and that g?(z) > z on (s,1). O

We note that s is weakly unstable. Its derivative is only marginally smaller than —1, and so it is a weak
repellor. This property of s will be illustrated by the Feigenbaum diagram of the primal-dual AFS method
in the final section.
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We introduced the map g to keep track of the iterative process w” on a fixed coordinate. So we now know
that the w-limit of w"* on each coordinate is equal periodic with values {r, 1} or it is equal to a fixed point
s. Since s is unstable, the w-limit is almost surely equal to {r, 1}.

Theorem 2. If2/3 < 0 < # then the w-limit is almost surely equal to an orbit of period two. The
coordinates of the two elements of such an w-limit are equal to r or 1.

Proof. Denote the w-limit by V. This set is invariant under v — f(v)/ max f(v). By the previous lemma,
the minimum coordinate of v € V' is equal to r. So max f(v) = f(r), which implies that f(v)/ max f(v) =
g(v) and we conclude that V' is invariant under g and the w-limit of v € V has coordinates that are equal
to r and 1, unless v has a coordinate that happens to be equal to s. The periodic points with coordinates
r and 1 only are locally stable. Therefore, the w-limit almost surely consists of such a periodic point. O

Numerical results for § > 12—‘/5. Numerical experiments show that the period two limit cycle persists
beyond 1+T\/g. The analysis gets involved and we limit ourselves to the case that w has three coordinates.
Assuming that the coordinates are ordered x < y < 1 we can write

(z,y,1) — (1 w(1— 0z) z(1 0:v)>

(1-6
z(1 — 0x) y(1—6y)1— 91(1 03 1
[ ’ % ’
L- 91:(%7030) 1-0 1- 91:(%7930)

so we can describe the second iterate by the function

(1-6y)
F(z,y) = z(1 —0x) y(1 —0y) 1 - eg(l 03)
’ - 1-6 ’ 1-6
1- 090(1—090) 1-0 1- 090(1—090)
’ P N
0 0.4 05 0.6 0.7 \BQ 0.9
1 \\
-2 \\\
3 / \\
J
OFy

Fig. 2. Value of the second ‘transversal’ eigenvalue T(T r) as function of 6.

This function preserves the diagonal, on which we have the two-dimensional process, which as we have
seen already has a period two global attractor for § > 2/3. So, the instability has to occur in the direction
transversal to the diagonal. We can study this stability by taking the derivative

OF (z,y) OFz(z,y)
_ oz ox
DF(z,y) = 0 OFs (2,y)
oy
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where
OF (z,y) (@ —302% — 20 + 20% + 20223 + 46%x — 46%z)z(1 — Ox)

Ox (—z+ 02240 — 6%)2

and OF(x,y)  x—0x% — 2yb + 6y20° — 2220 + 2y6%2? — 4463

Oy B (—x+02240—-02) - (—1+6)
Maple computations show that fixed point becomes unstable at § = 0.8499377796, where the eigenvalue
6F287(T’T) becomes equal to —1. At this value of § we expect (r,r,1) to become unstable, splitting off a
stable period 4 point in a period doubling bifurcation. This is confirmed by the Feigenbaum diagrams in
the final section of the paper.

Remark: For generic period doubling bifurcations in smooth dynamical systems, the parameter curve
of the periodic points of period 2n is parabolic and intersects the curve of the periodic point of period
n transversally. At the point of intersection, the period n point changes from stable to unstable, or vice
versa. Curiously, this scenario fails in at least the first two periodic doublings in the Feigenbaum diagram
of Figure 3. In this section we have described precisely these two bifurcations, and they are different from
the usual bifurcations in dynamical systems.

6 The process converges to a periodic point for 6 near 1.

The process w” is hard to analyze for values beyond 6 > 1+T‘/5, since the degree of the algebraic equations
increases and periodic points cannot be found in closed form. Some structure of period orbits of the logistic
family is retained, though.

Proposition 1. Let 6§ € [0,1] be such that ¢ = % is m-periodic for the logistic map Qg : x +— 40x(1 — x).

Then the process wFt! = % from (4) has a locally stable m-periodic orbit too, provided the

number of coordinates n > m.

Proof. Assume that the first m coordinates wf of the vector w* are equal to Q4(c)/0 (so the coordinates
are not put in increasing order here). In particular, w = c¢/6 = 1/20, and fp(wF,) = 1/40 = max{fy(z)}.
Then wft = 40fp(wh) = 40wF(1 — Owk). The linear scaling h(z) = 6z conjugates this to Qg, since

h= 0 Qg o h(x) = 40x(1 — 6z). So the critical point of fy is periodic too: wf = wﬁ mod my+1 10T
i=1,...,m, and in particular wf,f_ll = 1/20. Therefore the scaling remains the same at all iterates.

This periodic orbit attracts the coordinates w; for m < ¢ < n and Lebesgue-a.e. initial choice of w;. Let us
now verify that the orbit is also stable under small changes in the coordinates w; for 1 < ¢ < m. Renaming

these w; to y;, i = 1,...,m, where Y1 = 1/20, ym = 1, y1 = f(1)/ f(ym—-1) and yit1 = f(¥:)/f(Ym-1)
for 1 <1i < m, we can described them by the map
fO - f) f(Ym—2) )
Flyr, ... Ymo1,1) = , 1), 11
nesimerst) = (L M e )

The final coordinate is redundant, so DF is an (m — 1) x (m — 1) matrix. Recall that f/'(z) =1 — 20x.
Therefore

0 0 . 0 —(1=20ym )5y
1-20 : f(y1)
Famy O : —(1=20ym—1) 75,0
DF(y) = 0 gy ~(1 = 20y,-1) Fh 20y (12)
1—-20ym _ _ f(?/mf )
0 Fomey — (= 20Ym—1) 50,557

and since y,,—1 = 1/26, the right-most column is zero. Therefore all eigenvalues are zero, and DF™ is a
contraction. O
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This shows that the structure of the Feigenbaum map of the logistic family should in principle be present in
the Feigenbaum diagrams for (4), see Section 7. However, the basins of the periodic orbits of Proposition 1
and also the parameter windows in which these orbits persist may be very small, and therefore they may
be hard to detect.

Surprisingly, it is possible to determine the limit of w* for @ arbitrarily close to 1. It turns out that w*
converges almost surely to a point y of period m = n, and although this orbit is of the same type as
those in Proposition 1, the parameter window of stability is larger than for the corresponding orbit for
the logistic map: it persists for 8 up to 1, whereas in the logistic family such m-periodic orbit is no longer
stable for 6 very close to 1.

Theorem 3. For 0 sufficiently close to 1, the iterative process (4) has a locally stable point of period n.

Proof. In this case, the period m coincides with the number of coordinates n. Let w® be any point with
maximal coordinate 1 and all other coordinates < %. As before, we assume minw > 1/ — 1 and this
implies that f(1) is the minimal coordinate of w!. We arrange the coordinates of w® in non-decreasing
order. Then f(y;,—1) is the largest coordinate among all the f(yx), so we scale by this number and we

arrange the coordinates of w! in non-decreasing order. As in (11), the dynamic process can be described

by
0 S ) )
f(ym71)7f<ymfl)7“.,f(ymfl), .

The vector w® has the required cyclic periodicity if f(yx)/f(Ym—1) = ye+1 and f(1)/f(ym—1) = 1. Fix
Ym—1 < 1/260 and define a map g(z) = f(x)/f(ym—1). Note that w® has the required periodicity if

F(yla"'aym—lal): <

Ym—1=9(Um—2) = §°(Ym-3) = -+~ = g" (1) = g™ (1).
By the point symmetry of f in (6), we may replace g™ (1) by g™~ (1/6 — 1). If we take y,,_1 = 1/20
then a sufficient condition for the cyclic periodic point to exist is
g™ H1/0 —1) < 1/26. (13)
This inequality is satisfied if 6 is sufficiently close to 1. Now g increases as y,,_1 decreases, so once the
condition is satisfied, there exists an y,,_1 such that g™ 1(1/0 — 1) = y,,_1.

To show stability of this orbit, we cannot use anymore that the right-most column of the derivative DF'
vanishes, because y,,,—1 < 1/26. Fortunately, DF is of the form

0 O 0 —c
d 0 L e
DF(y) = 0 do Ry —C3
0 PN dmfl —Cm

where dy > do > ... > dp—1 >0and 0 < ¢ < c2 < ...< ¢y < 1. This follows from (12) and the fact
that y1 <y2 < -+ < Ym—1 < 1/20 and that f is increasing on [y1, ym—1] C [0, 25]-

In order to estimate the eigenvalue of this matrix we need the following classical result.

Theorem 4 (Enestrém-Kakeya, [5]). Let p(z) = >, axz”® be a polynomial such that all coefficients

are positive. Define
. ag ag
« = min , B = max .
Ak+1 Ak+1

Then all zeros of p(z) lie in the annulus o < |z| < 8.
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Claim: If ¢;d; < ¢;41 for all i < m — 1, then all eigenvalues of DF' are in the open unit disc.

Abbreviate A = DF and let p(\) = det(AL,, — A) = 3" axA¥ be the characteristic polynomial of A.
We will show by induction that the coefficients are decreasing. More precisely 1 = a,, > -+ > a9 > 0
and ag = c1dy - - - dpy—1. By the The proof of the claim is by induction. The claim is obvious for m = 1.
Assume that the claim is true for m — 1. The characteristic polynomial is equal to

det(/\Im — A) = )\det()\lm_l — AH) + (—1)m_101 c—dy - —dp_1,

where Aj; is the (1, 1)-minor matrix of A. By the inductive hypothesis, det(A\l,,,_1 — A) has decreasing

coefficients and constant coefficient ¢y - do - - - d;,—1. Since ag = Z—; -dy - a1 < ay, the claim follows.
We compute
Ci flyi-1) 1 —20y; Yi 1 — 20y;
~d; = = (1-20y;)=—— < 1.
Cit1 fwi) flym—1)  f(vi) Y10y

This verifies the condition ¢;d; < ¢;11 of the claim. By the Enestrom-Kakeya Theorem, the roots of p(\)
are all in the open unit disc. Hence DF™ is a contraction at (yi,...,ym) for 0 sufficiently close to 1. O

Our numerical simulations suggest that the set of initial values w® that converge to this periodic point is
large and has (nearly) full measure, as can be observed in the Feigenbaum diagrams in the next section.

7 Feigenbaum diagrams

One of the best known illustrations of a chaotic dynamical system is the Feigenbaum diagram of the
quadratic map ¢t — A¢(1 —t) on the unit interval. The z-axis of the Feigenbaum diagram contains the
parameter A and the y-axis contains the w-limit set of a randomly chosen initial value. This Feigenbaum
diagram branches nicely like a binary tree, splitting into two until it reaches chaotic behavior. The
Feigenbaum diagram of the Dikin iterative process w* is a bit similar, though it does not branch as
nicely as the diagram for the quadratic family. This is because the higher-dimensionality of the process
poses some technical problems since now the w-limit is n-dimensional, and cannot easily be depicted. The
standard solution is to project the w-limit set onto the line in some way. In our diagrams we have plotted
one single coordinate of the w-limit set.

ol

asf-

adl

a2

Fig. 3. Feigenbaum diagram for the process on three coordinates. Left figure: w-limit of a random coordinate.
Right figure: w-limit of the middle coordinate. The right figure shows that the bifurcation at 0.8499377796 gives
a period four point.

The Feigenbaum diagrams seem to exhibit the usual structure of period doubling cascades of the logistic
family Qg : = — 40z(1 — x), 8 € [0,1]. It is well-known that for Qg, between two period doubling
bifurcations, there is a parameter where the critical point ¢ = % is periodic, so by Proposition 1, this
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periodic point should also exist here, provided the dimension exceeds the period. There are additional
grounds for such orbits to be locally stable, but the current resolution and relative small dimension, we
cannot expect to see much of the period doubling cascade for higher periods.

To illustrate the consequence of the choice of the projection, compare the Feigenbaum diagrams in Fig-
ure 7. On the left we plot the w-limit set of a random coordinate. On the right we choose the middle
coordinate of the ordered vector. We see that the process bifurcates at § = 2/3, when a point of order
two appears, and then at § = 0.849..., when a point of order four appears. In the left figure, the diagram
splits into five lines at § = 0.849..., in the right figure it splits into four lines. The reason for this is that
the point of order four is of the type

(Ta 52, 1) - (1783381) — (’l”, ]-a 52) - (1781783) — (7"7 52, 1)

for values s1, s2 close to r and s3 close to 1. We will plot the diagrams in the same way as the figure on
the left, so the reader should keep in mind that, contrary to standard Feigenbaum diagrams, the period
of a point may be smaller than the number of lines.

The diagram indicates that w-limit set gets positive measure at around 6 = 0.91 and that the cyclic point
of period three appears at around 6 = 0.95. The coordinates of the period three, for 8 ~ 0.95 point are
approximately (0.2,0.6,1). In Section 6 we found that the period three point exists as soon as inequality
(13) is satisfied. If n = 3 and 6 = 0.95 then g(1/6 — 1) ~ 0.1900, g?(1/0 — 1) ~ 0.5917 and 1/260 ~ 0.5263.
So the appearance of the period three point occurs a little before at the threshold value of 6 predicted
by inequality (13), but it is of the required form (g(1/6 — 1), ¢?(1/6 — 1),1). This is not surprising. We
showed that a cyclic point of that form is stable as soon as the inequality is satisfied. The eigenvalues vary
continuously with 6 so the point cannot suddenly become unstable once 6 decreases below the threshold
given in inequality (13).

Fig. 4. Feigenbaum diagram for the process on four coordinates (left) and five coordinates (right).

The Feigenbaum diagrams for n = 4 and n = 5 are similar to the diagram for n = 3, and as it turns out
that this holds in general for all n > 3. The main difference between n = 3 and n > 3 is the appearance
of a chaotic region for 0.95 < 6 < 1. It is remarkable that a stable point of period three reappears around
0 ~ 0.95. For n = 4 the stable cyclic point of period four appears at 6 ~ 0.99 and is still visible in this
figure. For n = 5 it appears only at § ~ 0.999 and it is not visible in this picture. To show that our
analysis in the previous section holds true and that the periodic point does exist, we zoom in on step
sizes in (0.95, 1) in the next figure.

The diagram on the left clearly shows the cyclic period five for 6 near 1. It also shows that the period
three orbit appears at § ~ 0.957. Remarkably, this phenomenon is independent of the dimension, as the
diagram for n = 100 at the right illustrates. This diagram also shows that the window in which the stable
point of period n occurs decreases with n. If n is large, then inequality (13) is only satisfied for 6 ~ 1.
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Fig. 5. Feigenbaum diagram for the process on five coordinates (left) and hundred coordinates (right) for 0.95 <
0 < 1.

This concludes our analysis of the iterative process w*. Now to prove that this analysis makes sense, we
need to check that the primal-dual AFS method displays the same type of chaotic behavior as w®. We
will do that in the next and final section.

8 Comparison to the primal dual AFS method

The iterative process w* has been derived from primal-dual AFS under the restriction that the Dikin
step is exact. In general, this step will not be exact, and we need to verify that chaos occurs in the
original system. Our iterative process has a parameter 6 that defines the step-size with respect to the

maximum Qunee = % So if we consider the primal-dual AFS method, then we should set our step

size accordingly. This means that « should not be constant as in the original primal-dual AFS method,
but we should take it to be equal to fayax. We modify the method in this way and we put a = Oaqz.

We take the same example as considered by Castillo and Barnes in [2]:

min 10x1 + 1022 + 5x3 + T4 — x5
under the constraints
T1+ 229 —3x3 — 224 — 25 =0 (14)
—x1+ 2190 — 23 —2x4 — 25 =0

x>0

We take the same initial vectors xg and 1 as Castillo and Barnes and run the modified primal-dual AFS
method that we describe in pseudo-code below. The numerical task of computing the limit of the AFS
process is not trivial, especially for a larger values of the step size, because x* rapidly converges to zero
which leads to numerical problems, caused by inverting matrices that are ill conditioned. Castillo and
Barnes developed analytic formulas that enabled them to still compute Feigenbaum diagrams with high
precision. Such an analytic exercise is beyond the scope of our paper. We stop the computation once the
duality gap reaches 10710,

We have computed the Feigenbaum diagram for the scaled process wikk that is given in Figure 7. The

diagram on the right, which depicts the limit of the fourth coordinagleéx'i“uhere is a bifurcation for § = 2/3
and another bifurcation close to 6 = 0.86, followed by a chaotic regime. At the end of the diagram, for
values of 0 close to 1, we find a stable periodic point. This is similar to the diagrams that we computed
earlier for our process w”, although the periodic point at the end of the diagram is period three instead of
period five. The Feigenbaum diagram on the left, which depicts the second coordinate, shows a different
picture. The diagram bifurcates at 8 = 2/3 but the two branches of the graph intersect twice between

2/3 and 0.86: once at 6 ~ 0.69 and once at  ~ 0.78. At these values of 6, the limit lands exactly on the



14 H. Bruin, R.J. Fokkink, G. Gu, and C. Roos

Modified Primal-Dual Affine Scaling Algorithm

Parameters

€ is the accuracy parameter;

0 is the scaled step size;
Input

(20, 5°): the initial pair of interior feasible solutions;
begin

x =1 s:= s

while zTs>¢ do

w = x8;
o _ il
mazx max w’
o = oamaz;
T =1+ alx;
y =y + ady;
s:= s+ ads;
end

end.

Fig. 6. Primal-dual affine scaling algorithm with modified step size . In our computations we put ¢ = 1071°
and we plot results as soon as the duality gap reaches values < 0.001

unstable fixed point s that we found in Lemma 6. We already noticed that this point is weakly repelling,
which is why the second coordinate has not yet fully converged to its w-limit yet, even when the duality
gap is 10710,

Fig. 7. Feigenbaum diagrams for the Castillo-Barnes LO problem. Horizontal coordinate represents 6. Vertical

axis contains the w-limit of a coordinate of the scaled vector w. Second coordinate on the left. Fourth coordinate
on the right.
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The dual problem is degenerate
max 0
under the constraints

y1—y2 <10

2y1 + 2y2 < 10 (15)

—3y1—y2 <5

—2y1—y2 <1

—y1—y2 < -1
All feasible points solve the dual problem. If § < 2/3 then the process y* converges to (3.0513,0.5522)
but if # increases beyond 2/3 then the process no longer converges to a single point. However, * remains
within the feasible set even for large values of . Figure 8 contains the limit set that we computed for
0 = 0.94. It has the contours of a Hénon-like strange attractor, which is an object that is often encountered

in chaotic dynamical systems, see [3]. The image of the attractor is slightly blurred since the orbit has
not fully converged yet.

16

141

1.2}

081

061

0.4r

0.2

Fig. 8. The omega-limit set of the vector y in the dual problem for # = 0.94 forms a strange attractor in the
feasible set.

It seems that the process w* that we have considered in this paper represents the iterations of primal-dual
AFS rather well. We have tested other LO problems as well and we find similar Feigenbaum diagrams for
the vector w, regardless whether the dual problem is degenerate or not. The algorithm converges to an
optimal solution for relatively high values of 6, so for a step-size that is close to 4. This may indicate
that a step-size that is larger than 1/(154/n) is possible, if « is not taken to be constant but is allowed
to vary with xs. To see if this is true, it is worthwhile to try and repeat the stability analysis that we
carried out for w” in this paper, without the restriction that the Dikin step is exact. Such an analysis
will require a substantial effort.

References

1. E. R. Barnes. A variation on Karmarkar’s algorithm for solving linear programming problems. Math. Pro-
gramming, 36: 174-182, 1986.

2. L. Castillo, E. R. Barnes. Chaotic behavior of the affine scaling algorithm for linear programming. SIAM
Journal on Optimization, 11 (3), 781-795, 2000.



16

10.

11.

12.

13.

14.

15
16

H. Bruin, R.J. Fokkink, G. Gu, and C. Roos

. K. Brucks, H. Bruin. Topics from one-dimensional dynamics. London Math. Soc. Student Texts 62, Cambridge
University Press, 2004.

. I. I. Dikin. Tterative solution of problems of linear and quadratic programming. Doklady Akademii Nauk

SSSR, 174:747-748, 1967. Translated in: Soviet Mathematics Doklady, 8:674—675, 1967.

G. Enestrom. Harledning af en allemén formel for antalet pensionérer. Ofv. af Kungl. Vetenskaps Akademiens

Forhandlingar 6, 1893.

. M. J. Feigenbaum. Quantitative universality for a class of nonlinear transformations. J. Stat. Phys., 19(1):

25-53, 1978.

L. A. Hall, R. J. Vanderbei. Two-thirds is sharp for affine scaling. Oper. Res. Lett., 13 no.4 (1993), 197-201.

B. Jansen, C. Roos, T. Terlaky. A polynomial Dikin—type primal-dual algorithm for linear programming.

Mathematics of Operations Research, 21:341-353, 1996.

N. K. Karmarkar. A new polynomial-time algorithm for linear programming. Combinatorica, 4:373-395,

1984.

W. F. Mascarenhas. The affine scaling algorithm fails for stepsize 0.999, SIAM Journal on Optimization,

7(1):34-46, 1997.

C. Roos, T. Terlaky, J.-Ph. Vial. Interior point methods for linear optimization. Springer, New York, 2006.

Second edition of Theory and algorithms for linear optimization [Wiley, Chichester, 1997; MR1450094].

T. Tsuchiya, M. Muramatsu. Global convergence of a long-step affine scaling algorithm for degenerate linear

programming problems. SIAM Journal on Optimization, 5:525—551, 1995.

R. J. Vanderbei, M. S. Meketon, B. A. Freedman. A modification of Karmarkar’s linear programming algo-

rithm, Algorithmica, 1, 395-407, 1986.

R. J. Vanderbei. Linear Programming: Foundations and Extensions. Kluwer Academic Publishers, Boston,

USA, 1996.

. S. J. Wright. Primal-Dual Interior-Point Methods. STAM, Philadelphia, 1996.

. Y. Ye. Interior Point Algorithms, Theory and Analysis. John Wiley & Sons, Chichester, UK, 1997.



