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1. Introduction

The problem of solving a system of n nonlinear equations in n variables
F(x) = 0 numerically where

F:R" - R"
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appears widely in scientific computations. We assume F' is smooth, i.e., it
has as many continuous partial derivatives as the discussion requires. A well
known algorithm for this problem is the Newton’s iterations:

x( D) = x(n) _ DF(X("))_lF(x(")), n=0,1,2,..., x9eR"

where DF(x(™) is the Jacobian matrix of F' at x(™). This algorithm is local
in the sense that a very good estimate of the correct solution is required for
the convergence of the algorithm. Unfortunately, such knowledge concerning
zero points of F' is usually unavailable a priorily. As a possible remedy, one
may define a homotopy function H(x,t) : R™ x R — R™ so that

H(x,0) = G(x), H(x,1) = F(x),

where G : R® — R" is a smooth map whose zeros can easily be obtained, and
H is also smooth (in both x and t). Let xo be a solution of G(x) = 0. Then at
t =0, H(x,0) = 0 has a solution x = xg. At ¢t = 1, the system H(x,1) =0
agrees with F'(x) = 0. If for arbitrary ¢t € R, x(t) solves H(x(t),t) = 0, then,
under certain mild conditions, x(¢) will generate a smooth curve. If one
can successfully trace this smooth curve x(¢) from ¢t = 0 where x(0) = x¢
continuously, then when t reaches 1, a solution x(1) = x* of F(x) =0 is
attained.

Under this framework, this method, the so-called homotopy continuation
method, has been substantially developed during the last few decades and
proved to be a reliable and efficient numerical algorithm for solving solutions
of nonlinear systems of equations numerically. It has become an important
tool for this problem as illustrated by the extensive bibliography listed in
[4]. Most importantly, this method is global in the sense that solutions of
G(x) = 0 may not need to be anywhere close to the solution of F'(x) = 0.

In this article, a special category of nonlinear systems we choose to
deal with by employing the homotopy continuation method is the systems
of polynomial equations. The problem of solving polynomial systems has
been, and will continue to be, one of the most important subjects in both
pure and applied mathematics. The need to solve systems of polynomial
equations arises very frequently in various fields of science and engineering,
such as, formula construction, geometric intersection, inverse kinematics,
robotics, vision and the computation of equilibrium states of chemical reac-
tion equations, etc. Many of those applications have been well documented
in [107]. Solving polynomial systems is an area where numerical computa-
tions arise almost naturally. Given the complexity of the problem, we must
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use standard machine arithmetic to develop efficient algorithms. Moreover,
by Galois theory explicit formulas for the solutions are unlikely to exist. We
are concerned with the robustness of our methods and want to be sure that
all isolated solutions are obtained, i.e., we want exhaustive methods. These
criteria are met by homotopy continuation methods. In 1977, Garcia and
Zangwill [33] and Drexler [25] independently presented theorems suggest-
ing that homotopy continuation methods could be used to find the full set
of isolated solutions of n polynomial equations in n variables numerically.
Afterwards, with few decades of developments, this method has advanced
to a most powerful and widely used procedure in approximating all isolated
zeros of a polynomial system. Along the way, a new discipline Numerical
Algebraic Geometry [102] has emerged.

While the natural setting for studying polynomial systems is the prod-
uct of complex (or projective) spaces, in practice, polynomial systems almost
always appear with real coefficients, and most importantly, only real solu-
tions are on the wish list. One may, of course, find all solutions in the
complex setting first, and then filter out all the non-real solutions. However,
to deal with those systems in real spaces directly would certainly be benefi-
cial numerically. In this article, we will pay a special attention in solving real
polynomial systems by real homotopies. Indeed, we shall introduce solving
nonlinear systems of real equations by the real homotopies in the first place.

There is no shortage of the demand of solving larger and larger polyno-
mial systems in applications. To attain more computing resources for solv-
ing large polynomial systems, the parallelization of the homotopy method
becomes inevitably essential. The biggest advantage of the homotopy con-
tinuation method in solving polynomial systems is perhaps its natural par-
allelism in the sense that each isolated zero is computed totally independent
of the others.

The landscape of computation hardware has seen an extremely active
development in recent years making a wide spectrum of exciting new tech-
nologies available. First, developments in new processor design and network
technology have allowed supercomputers and computer clusters to grow
larger and faster than ever. Second, new ideas such as cycle-scavenging and
grid computing has led to the creation of virtual supercomputers out of large
numbers of individual computers around the globe. Another exciting devel-
opment is the advent of parallel computing on GPUs (Graphical Processing
Units). While originally designed for rendering graphics rendering only, over
the years GPUs has become sufficiently sophisticated to handle a much wider
range of problems. Highly parallel by design, GPUs are more efficient than



124 T.-R. Chen and T.-Y. Li

general purpose CPUs in carrying out a range of complex algorithms. In
this article we will also describe the adaptation of homotopy continuation
algorithms to a variety of parallel computation environments. Of course,
we can only present the most current parallel computing technologies for
solving very large polynomial systems. While the specific details of these
technologies can be volatile and are likely to change in the near future, we
hope the general idea to remain valid.

2. Curve tracing

The idea of tracing a solution curve of a homotopy equation to reach a solu-
tion of a nonlinear system asked to be solved underlines this entire article.
We therefore start by establishing its theoretical framework.

Let F': R — R? be smooth. A point y € RP is said to be a regular value
of F if

Range DF(x) =RP forallx € F'({y}) = {x e R" | F(x) =y}

where DF'(x) denotes the n x p Jacobian matrix of F, consisting of all the
partial derivatives of F'(x) with respect to x = (21, ...,%,). Sard’s Theorem
[94] states that if F' is smooth, then almost all y € RP are regular values.

In the context of our homotopy constructions, a differentiable homotopy
H(x,t) : R" x R — R" with

H(x,0) =G(x) and H(x,1)=F(x),

can be thought of as a deformation between two systems G(x) and F(x)
among a family of systems. The point 0 = (0,...,0) € R™ is a regular value
for H if the n x (n+ 1) Jacobian matrix DH of H with respect to (x,t) =
(x1,...,2n,t) is of rank n (full row rank) for all (x,t) € H~1({0}) C R"® x R,
This mild condition enables the “continuation” of a solution of a single
system in the deformation into a solution curve.

2.1. The continuation of solution curves

Assuming 0 is a regular value of H, if a solution xg to the system G(x) =
H(x,0) = 0 is known then the point (x,0) is in H~1({0}) and hence, by
assumption, DH is of rank n at this point. By the Implicit Function Theo-
rem, locally (i.e., in a neighborhood (xp,0)) H~1({0}) consists of a segment
of a smooth curve (however short) that passes through (xo, 0). Actually this
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segment of curve cannot terminate: by continuity, any limit point of this
segment must also be inside H~!({0}), and the regular value assumption
of 0 hence ensures DH to be of rank n at this limit point. The very same
application of the Implicit Function Theorem then extends the curve a little
further. As this process repeats itself, the smooth curve starting from (xg, 0)
can be extended indefinitely. This is the essence of homotopy continuation
method. We say H satisfies the smoothness condition if 0 is a regular value
of H and H~1({0}) # @.

The solution curve defined by H(x,t) = 0 starting from the point (xg, 0)
will lead to solutions to the system of interest F'(x) = 0 when this smooth
curve crosses the plane of R” x R defined by ¢t = 1 (as illustrated in Fig-
ure [1).

a solution of F(x) =0

X =X

t=20 t=1
Figure 1. A smooth curve defined by H(x,t) = 0 reaching a solution x* of
the target system.

2.2. The local description of a solution curve

In the following, we assume the homotopy H satisfies the smoothness con-
dition, and our focus will concentrate on tracing those smooth curves in
H~1({0}) numerically. To trace a smooth curve v C R” x R that contains
the starting point (x0,0), there is a wide range of variations on the basic
methods. For brevity, we only discuss one specific method and refer to [4]
for a comprehensive list of existing methods.

In the construction of the homotopy H(x,t) = 0, it may seem natural
to use t as the designated parameter for the solution curve as originally
suggested by Davidenko [24]. However, this parametrization has a severe
limitation, as ¢ cannot be used as a smooth parameter in certain situations.
For example, as shown in Figure [2| at points where OH/0x is singular the
solution curve of H(x,t) = 0 cannot be parametrized by t directly. Actually,
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Figure 2. Points at which curves cannot be parametrized by ¢

one may avoid such difficulties by considering both x and ¢ as independent
variables and parametrize the smooth curve v by the arc-length.

To facilitate our discussion, we shall use the notation y = (x,t) and write
H(x,t) = H(y), where none of the variables will be used as a parameter
of solution curve v of H(y) = 0. An arc-length parametrization of ~ is a
smooth function y : R — ~ such that y(0) = (x¢,0), H(y(s)) = 0, and the
tangent vector y always has unit length for all s € RT. Those conditions for
y(s) make it a solution of the following system of differential equations:

DH(y(s))-y(s) =0
(2.1) ly(s)l =1
y(O) = (XOaO)'

Apparently, solution of this system is not unique, since on every point of
the smooth curve, there are always two different arc-length parametriza-
tions moving towards opposite directions. Therefore, to trace a curve along
arc-length parametrization without backtracking, one must determine and
maintain a consistent orientation.

Asin (2.1)), y(s) is in the null space of the n x (n + 1) matrix DH (y(s)),
which is of rank n by assumption. Thus, the (n + 1) x (n + 1) square matrix
[DH (¥(s))

y(s)
all s € RT. So the sign of this determinant never changes along the curve,
therefore

} must be nonsingular, and its determinant will never vanish for

o(y) = sgn det [Dfi g)(s))]

can be used to determine the orientation of the parametrization. Once an
orientation o9 = 1 has been decided, this orientation o(y) = op must be
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maintained in the process of tracing the curve by adjusting the sign of
y. With this additional orientation constraint, equations of the arc-length
parametrization for the smooth curve v ¢ H~1({0}) become

DH(y(s))-y(s) =0

sgn det [DH(Y(S))] = 0g

[y ()l =1
y(0) = (x0,0)

(2.2)

for chosen sign o9 = +1 or —1.

In principle, any of the available ODE solvers capable of integrating the
above system can be used to trace the curve and obtain a solution to the
target system at ¢ = 1. However, due to numerical stability concerns, a more
preferable method to trace the curve is the“prediction-correction scheme”.
In this scheme, one traces along the smooth curve v via a series of discrete
“prediction-correction” steps. Starting from a point known to be on or very
close to the curve +, the “prediction” step produces an approximation of
a point “one step” further in the right orientation for a proper step size.
Such a prediction step will be followed by a “correction” step in which a
Newton-like method is applied to refine the prediction to within a close
proximity of the curve . These steps may be repeated to move forward in
the sense of increasing arc-length along the curve +v. Among many different
choices for the “predictors” as well as “correctors”, we shall present here
a commonly used combination of the (generalized) Euler’s method for the
predictor and Newton’s method for the corrector. They form a simple but
effective prediction-correction duet. (See [4] for a comprehensive discussion
of a wide range of variations.)

2.3. Euler’s predictor

Starting from a point yo € R"*! on the curve v, the Euler’s predictor simply
moves one step along the tangent direction of v at yg for certain step size as
depicted in Figure [3| The tangent direction y is given by , which can
be computed numerically via the QR-decomposition of DH (yq)": If

o) =@/ g
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y

R

Yo

Figure 3. Euler’s predictor moves one step along the tangent direction

where @ is orthogonal and R is upper triangular with full rank, let Ay =
Qeny1 where e, 1 = (0,...,0,1)T €R"*L. Clearly, ||Ay|l2=1 and DH (y) -
Ay = 0. So, up to a sign change, Ay satisfies (2.2)). To choose the correct
sign, note that

i)

DH(yo)
Ay
compute: with R being upper triangular, the sign of its determinant is sim-
ply the product of the signs of its diagonal entries. If the () R-decomposition
is computed via Householder transformations, as we usually do, then Q) =
Q1 -+ Q. where each factor represents a Householder transformation with
determinant being —1. Hence the sign of det Q) = (—1)’“, and a proper assign-

DH(yo)
oAy
orientation oy of v. With step size As, the point

thus det = det R - det Q). Signs of both det R and det ) are easy to

ment of the sign o, the sign of det ] will agree with the original

V=yo+As- o Ay

is designated as the resulting prediction.
2.4. Generalized Newton’s corrector

The resulting prediction produced by a predictor may not be exactly on or
even very close to the curve «. If the next prediction step starts from such
a poor approximatiom, the error can quickly build up to an unacceptable
level. To curb such error accumulation, a “correction” step is necessary to
return the resulting prediction y to (or close to) the curve 7. Let y denote
the point on the curve v that is nearest to the prediction y . The point y
solves the following optimization problem:



Homotopy continuation method 129

min ||y — ||

(2.3) H(y) =0

as illustrated in Figure [ Indeed, it can be shown that a unique solution
exists as long as y is sufficiently close to ~.

Figure 4. The generalized Newton’s corrector finds a point on the curve that
is closest to the prediction

From the theory of Lagrange multipliers, under the smoothness con-
dition, the solution to the above minimization problem must satisfy the
Lagrangian equations

H(y)=0
y — ¥ € range(DH)" = (Ker DH)™.

Alternatively, we write

(2.4)

where z(y) € ker DH(y) with ||z|| = 1. Linearizing (2.4) at y by taking the
first two terms of the Taylor series expansions leads to

H(y)+ DH(y)(y —9)

y)=0
(2.5)
z(y) (y—y)=0.

. H(y)] . .

Since N is nonsingular, so
[zw &

[DH(

Z(y)yr)] [DHJr(y) Z(y)] = dnt1
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where DH*(y) is the Moore-Penrose inverse of the n x (n+ 1) matrix
DH($) of H at y; i.c., DH*(3) = DH(3)"(DH(§)DH(3)") . From (2.3).

][]
Consequently,

y-y = —(DH(y)" H(y).

This leads to the generalized Newton’s iteration: the Newton point N (y)
for approximating the solution of (2.3) is given by

N(y) =y - (DH()) H(y).

The map N : R"*! — R"*! will also be called the Newton map.

Starting from the potentially inaccurate prediction ¥ produced by the
Euler’s predictor, the map N is iteratively applied to y until certain criterion
of convergence is met. Stated formally, the result of the correction is

y =N F) =NoNo--oN()

where k € ZT is determined by convergence criterion. It is well known that
this generalized Newton method converges quadratically for y sufficiently
close to v under the smoothness assumption (see, e.g., [88] and [89]). There-
fore, the shrinking distance ||N7(y) — N771(3)| between successive points
produced by the iterations can be used as a criterion for convergence.

Of course, if the iterations fail to converge, one must go back to adjust
the step size for the Euler’s predictor.

3. Varieties of homotopies

In the above, we introduced the notion of commencing at a given known
point (xp, 0) and tracing the solution curve of a homotopy equation H(x,t) =
0 to a solution of the nonlinear system of equations asked to be solved.
The exact solution curve that occurs will depend directly upon the selected
homotopy function H(x,t). A great number of different types of homotopy
functions have been developed over the last several decades. Here we do not
intend to provide an exhaustive list. Instead, this section will highlight three
of the commonly used constructions.
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3.1. Fixed point homotopy

Let F: R" — R™ and x = (1,...,%,). One of the simplest homotopy for
finding solutions of F'(x) = 0 is the fixed point homotopy given by

H(x,t)=(1—t)(x—a)+tF(x)

where a € R” and t € R. At ¢ =0, the starting system is H(x,0) = x —
a = 0 for which the only solution is x = a. At ¢ =1, the system H(x,1) =
F(x) =0 is the system of equations of interest. The smoothness of this
homotopy construction is warranted by Generalized Sard’s theorem[l] for
which we shall state the simplified form:

Theorem 3.1 (Generalized Sard’s Theorem). For two open sets X C
R™ and Y CR™, let ¢: X xY — R™ be a smooth function. If v € R™
is a regular value of @, then for almost all y € Y, v is a reqular value of
by = d(e,y): X = R™.

To apply this to the fixed point homotopy defined above, consider a
as a variable and define ¢ : R” x (R\ {1}) x R" — R" by ¢(x,t,a) = (1 —
t)(x —a) + tF(x). Then

Do(x,t,a) = [(1 —t)] + tDF(x), —(x —a) + F(x), —(1 —t)I].

With the last n columns being —(1 — ¢)I, this matrix has rank n for any
(x,t,a) € R" x (R\ {1}) x R™ satisfying ¢(x,t,a) = 0. Namely, 0 € R" is
a regular value of the map ¢ : R" x (R\ {1}) x R" — R". By Generalized
Sard’s theorem, for almost all a € R™, 0 is a regular value of ¢(e, e a) =
H(e,e). Thus, when a € R™ is chosen at random then, with probability one,
H satisfies the smoothness condition, for t # 1, since H(a,0) = 0 (so, the
inverse image H~!({0}) is not empty). The system H(x,t) = 0 defines (dis-
joint) smooth solution curves in R™ x (R\ {1}). The general method for
tracing smooth curves described in §2| can then be used to trace the unique
smooth solution curve emanating from (x,¢) = (a,0). When this curve passes
through the hyperplane defined by ¢ = 1, a solution of the target system
F(x) = 0 would be attained. It is, of course, possible for the curve pass-
ing through ¢t = 1 multiple times and we shall obtain multiple solutions of
F(x) =0.

This homotopy construction was first introduced in [24]. Partially due
to its easily established smoothness condition, it has been used and studied
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intensively since 1950s. We highlight here two classes of theorems related to
this homotopy.

3.1.1. Fixed point theorems. In the above, the target functions F'(x)
were defined on the entire space R™. In most occasions, however, they were
restricted to inhabit a certain domain, such as F': U — R"™ where U C R"
is open. Similarly, sometimes it is useful to restrict the variable ¢ to the unit
interval I = [0,1]. With the restricted domains U and I, the framework of
our homotopy will be

H:Ux[0,1] — R™

Same as before, if 0 is a regular value of H with nonempty inverse image,
that is, H satisfies the smoothness condition, then H~!({0}) consists of
smooth curves in U x [0, 1]. The underlying principle for finding a solution of
nonlinear system of equations F'(x) = 0 of interest with selected homotopy
H is to trap a solution curve v C H~1({0}) inside U with starting point
(a,0) where a € U and force the curve to proceed to the appropriate place.
For instance, if we ensure the solution curve v never pierce the boundary of
U, denoted by 0 U, then v cannot escape from U. It will then be forced to
go to a proper location — a solution of the target system at ¢t = 1.
Given a homotopy H : U x [0,1] — R™ and a tg € [0, 1], let

H|iZ,,({0}) = {x € U | H(x,t0) = 0}.

We say H is boundary-free [32] at to € [0, 1] if x¢ OU for any x € H|t;1to({0}).
In general we say H is boundary-free for ¢ in a subset S C [0,1] if H is
boundary-free for all t € S. Accordingly, when H is boundary-free for S =
[0,1), then the only place the solution curve 7 could possibly touch the
boundary of U is at t = 1.

For U C R™, we use int U to denote the interior of U.

Theorem 3.2. Given smooth function F: U — R", let U C R" be compact
and intU # @. For some a € intU, if H: U x [0,1] — R™ is boundary-free
for 0 <t <1, where

(3.1) H(x,t) = (1 - t)(x — a) + t(x — F(x))

then F' has a fized point, i.e., there exists an x* € U such that F(x*) = x*.

Proof. From what had been developed before, the proof of this theorem
is quite straightforward. Since by Generalized Sard’s Theorem, for almost
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alla € U, H in (3.1) satisfies the smoothness condition for ¢ # 1. Therefore,
the smooth solution curve v C H~1({0}) starting at (a,0) exists. Prohibited
by the assumption that H is boundary free, the curve cannot meet 0 U for

0 <t < 1. Since U is compact and thus bounded, the curve must reach t = 1.
A point (x*,1) € H~({0}) therefore exists for which F(x*) = x*. O

There are two very important conditions both ensure H is boundary-free
for t € [0,1): Given a € int U

Leray-Shauder: x # tF(x) 4+ (1 —t)afor 0 <t < 1 and x € OU.

Geometrically, this condition means that given any x € 90U, the point
x does not lie in the interior of the line segment joining a and F'(x).
Since a € intU and a € H|,Z,({0}) is unique, H is boundary-free at
t = 0. Simplifying yields that any point (x,¢) on the solution
curve must satisfy x = ¢ F(x) + (1 —¢)a for 0 < t < 1. Therefore, H
is boundary-free for 0 <t < 1.

Brouwer: F': U — U is smooth and U is convex.

Since F':U — U, for any x € U, F(x) € U. Hence the point x =
tF(x)4+(1—t)a for 0 <t <1 must be in intU since U is convex.
Thus if x € 9U, then x #t F(x) + (1 —t)a for 0 <t < 1, and there-
fore H is boundary-free for 0 <t < 1.

As a corollary of Theorem under either of the above conditions, a
fixed point of F' exists when U is compact and int U is nonempty.

Remark 3.3. The celebrated Brouwer fixed point theorem given above was
developed very early in the last century. It was used widely in economics,
biology, ecology, medicine, physics, chemistry, and other fields to classify
the equilibrium. Most importantly, in the proof of this theorem via the fixed
point homotopy as described above actually provides a means to calculate
those equilibrium constructively.

3.1.2. Existence of solutions to systems of nonlinear equations.
Given a smooth function F' : R™ — R", a condition that ensures the exis-
tence of a solution to the system of nonlinear equations F'(x) = 0 in a domain
U C R" is for U to be compact and having an interior point a such that for
all x € 90U, F(x)"(x —a) > 0 (or, equivalently, F(x)"(x —a) < 0).

Theorem 3.4. Let F': R™ — R" be smooth, and U C R™ be a compact sub-
set with nonempty interior. Let a € intU be arbitrary. If for all x € OU,
F(x)"(x —a) > 0, then there exists an x* € int U such that F(x*) = 0.
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Proof. Let the homotopy H : R™ x [0,1] — R™ be given as
H(x,t)=(1—-t)(x—a)+tF(x).

As before, for almost all a, H satisfies the smoothness condition for ¢ # 1.
This warrants the solution set of H(x,t) = 0 consists of all smooth curves.
Simply by inspection, a is the unique solution of H(x,0) = 0. Also, if x €
oU, then

H(x,t)"(x —a) = (1 —t)||x —a|]? + tF(x) " (x — a) > 0.

So, the solution curve defined by H(x,t) =0 that emanates from (a,0)
cannot return to ¢t = 0, and it cannot reach the boundary of U. Thus it must
extend to t = 1 within the interior of U, yielding a point (x*,1) € H~({0})
with x* € U which satisfies F'(x*) = 0. O

Note that the set U in the above theorem can be selected quite arbitrar-
ily, so the condition F(x)"(x —a) > 0 in the theorem is very flexible.

3.2. Newton homotopy

Another commonly used homotopy function is the Newton homotopy
H :R"1 — R” given by

(3.2) H(x,t) = (1 — t)[F(x) — F(a)] + tF(x)

(1-
F(x) = (1—t)F(a)

where F': R" — R" is the smooth system of interest, and a is a generically
chosen point in R™. Clearly, at t =1, H(x,1) = F(x) =0, and at t =0,
the starting system is H(x,0) = F(x) — F'(a) = 0 for which a is a solution.
As before, if H satisfies the smoothness condition, then the solution set of
H(x,t) = 0 in R"*! consists of smooth curves, and the predictor-corrector
scheme developed in can be used to trace the smooth solution curve
emanating from (a,0) € R"*1.

Let U C R"™ be open and bounded with a smooth and connected bound-
ary. The smoothness of H as well as its boundary-free property with respect
to U can be established via Smale’s boundary conditions:

1) F:R"™ — R"™ is a smooth map;
2) 0 is a regular value of F

3) F has no zero on 0U;
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Figure 5. Smale’s boundary condition requires that the Newton direction
at any point on the boundary of U to point either in or out of U but not
tangent to OU.

4) DF(x) is nonsingular for all x € 9U; and
5) at any x € QU, the Newton direction

~(DF (%)™ F(x)

is not tangent to OU .

Under these assumptions, Percell proved [90] that for almost all a € U, the
Newton homotopy satisfies the smoothness condition, that is, 0 is a reg-
ular value of H. Furthermore, Smale [98] showed that in this circumstance,
the smooth solution curve of H(x,t) = 0 passing through the starting point
(a,0) and pointing into U must reach at least one point (x*,1) at the level
t =1 and a solution of F(x) = 0 is found. Although this Smale’s boundary
conditions is generally difficult to verify, for those functions F' having only
isolated nonsingular solutions it can be shown (see [89]) that these condi-
tions are satisfied by some sufficiently small ball around each solution of
F'. This can be considered as a generalization of the well known Newton-
Kantorovitch Theorem [47].

It is worth noting the close connection between the Newton homotopy
and the well known Newton’s method for solving nonlinear equations: Dif-
ferentiating both sides of H(x,t) = 0 given by yields the initial value
problem

~(DF(x(t)))"' F(a)

e
—~
~
N~—
I

(3.3)
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on domains in which DF(x) is nonsingular. Applying Euler’s method at
t = 0 with step size 1 to the above ODE from the initial point x = a, the
approximation of x(1) becomes

x) = a— (DF(a))"'F(a)

which is precisely a single iteration of Newton’s method. Hence, Newton’s
iteration can be considered as the application of Euler’s method with step
size 1 on the solution curve given by the Newton homotopy .

However, in contrast to Newton’s method which is generally a local
method, the Newton homotopy exhibits certain global convergence prop-
erty via Smale’s boundary conditions for instance. The detailed comparison
between the two can be found in [4].

3.3. d-homotopy method

The d-homotopy (also known as d-trick homotopy) method is designed to
find additional solutions after an isolated regular solution of the system
F(x) = 0 has been found. Assuming x* is a known isolated regular solution
of F(x) = 0, the d-homotopy is given by

(3.4) H(x,t) = F(x) +td

for some chosen d € R™. The Newton homotopy can be considered a special
case of this d-homotopy with d = —F'(a). For simplicity, we further assume
all the solutions of the system F(x) = 0 are isolated and regular, that is,
DF(x) is nonsingular for all x € F~1({0}). With this assumption, the regu-
larity of the d-homotopy can be established via Generalized Sard’s theorem
by the same technique used in for the fixed point homotopy: Take d as
a variable and let ¢ : (R” x R) x R™ — R™ be given by

o(x,t,d) = F(x) + td.

Then
D¢ =[DF d tI,]

where I, is the n x n identity matrix.

Since the last n columns is ¢1,,, the rank of the above matrix is n for t # 0.
At t =0, ¢(x,0,d) = F(x) which, by assumption, has only isolated regular
solutions. Hence DF' is nonsingular for all x € R" satisfying ¢(x,0,d) = 0.
Therefore the matrix D¢ has rank n for all (x,t,d) € (R” x R) x R"™ for
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Figure 6. The d-homotopy defines a curve that turns around and intersect
the hyperplane at t = 0 again.

which ¢(x,t,d) = 0. Rephrasing: 0 is a regular value of ¢. By Generalized
Sard’s theorem, for almost all d € R™, 0 is a regular value of H(e,e) =
¢(e, 0, d). Consequently, when d € R" is chosen at random, with probability
one, H satisfies the smoothness condition, and solution set of H(x,t) =0
consist of (disjoint) smooth curves in R™ x R. Starting from (x*,0) with
the known solution x = x* of F(x) = 0, we trace the unique smooth curve
defined by H(x,t) = 0 that passes through (x*,0). Slightly different from
the framework outlined in §2| and we wish this solution curve will turn
back and intersect the hyperplane at ¢ = 0 again, producing an additional
solution to F(x) = 0 at the intersection point. Figure[6]is a depiction of the
situation. Similar to all homotopies in the previous sections, it is possible for
the curve to pass through ¢ = 0 multiple times afterwards, obtaining even
more solutions. The following proposition says actually the boundary-free
condition ensures the turning back of the solution curve and its intersection
with the hyperplane at t = 0 again.

Proposition 3.5. For a smooth function F :R"™ — R", let U C R"™ be a
bounded open set which contains a known solution x* of F(x) = 0. If

(1) 0 is a regular value of F,

(2) For chosen d, the boundary-free condition, that is, H(x,t) = F(x) —
td #£ 0 holds for all x € OU and t € R.
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Then the curve v C H=1({0}) which contains (x*,0) will intersect U x {0}
again.

Proof. The boundary-free condition (2) makes the curve ~ lying strictly
inside the cylinder int U x R. A solution (x,t) € v must satisfy F(x) = td
and x € U. Hence,

[E ()]
Il

(3.5) | =

remains bounded. The assertion of the proposition thus follows because the
solution curve v has “no place to run”. ([

In the proof above, the solution curve v may be traced from (x*,0) in
either direction: increasing in ¢ or decreasing in ¢{. When ~ runs into the

region with ¢ > 0, (3.5)) becomes
P
]l

Therefore under the relaxed boundary-free condition

(2a) H(x,t) = F(x) —td #0 for all x € 9U and t > 0, the assertion of
the proposition is still valid.

Similarly, the boundary-free condition (2) in the proposition can also be
relaxed to

(2b) H(x,t) = F(x) —td # 0 for all x € 9U, t < 0.

t<0 t=0 t>0

Figure 7. The d-homotopy defines a solution curve that is “trapped” inside
a finite cylinder.
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3.4. Strengths of homotopy methods and case studies

In contrast to local methods, such as Newton’s method, for solving nonlinear
systems, one great advantage of homotopy methods is the global nature
manifested in Theorems the Leray-Shauder, Brouwer fixed point
conditions, and the Smale’s boundary conditions listed above. This section
highlights other noteworthy strengths of (real) homotopy methods through
concrete examples.

3.4.1. Handling singular solutions. Unlike Newton’s method that gen-
erally fail near singular solutions, the homotopy continuation method has
a particularly valuable advantage in handling singular solutions. We shall
illustrate this via two simple examples.

Example 3.6 (A trivial example). We start with a trivial yet illuminat-
ing example: f(x) = 22. It is immediate that the only solution of f(z) =0
is x = 0, and it is singular since f(z) and f’(z) both vanish at x = 0. Thus
a direct application of Newton’s iteration on a point near x = 0 would face
numerical difficulties as f/(z) is close to zero.

However, with homotopy continuation method, it is possible to obtain
the singular solution x = 0 with no difficulties. Consider for example the
Newton homotopy construction given by

h(z,t) = f() = (1= t)f(a) = 2* — (1 — t)a®

for a randomly chosen nonzero a € R. The equation h(z,t) =0 actually
defines a smooth curve that passes though the singular solution at (z,t) =
(0,1) shown in Figure [8 As the curve tracing algorithm march towards
the singular solution, nothing extraordinary happens. After all, the singular
solution is simply a smooth point on the smooth solution curve, exhibiting
no additional numerical difficulties than any other points on the curve.

While numerical analysts are mostly familiar with the modifications to
Newton’s method (see standard text such as [104]) which can be used to
locate the singular solution x = 0 of this equation (f(z) = 2% = 0), there
are, however, situations where no direct modification of Newton’s method
can salvage, but a homotopy-based method would experience no numerical
difficulties. The next example is one such system — the Griewank-Osborne
system.
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0.5 a

0 02 04 06 0.8 1
t

Figure 8. The smooth curve defined by Newton homotopy applied to the
equation f(z) = 22 = 0.

Example 3.7 (The Griewank-Osborne system). The Griewank-Osborne
system, analyzed in [35] is given by:

25 o
—x° —2zy =
(3.6) Fz,y) =4 16 Y
Y — 22 =0.

The only solution of this system in R? is (0,0) which is singular since Jaco-
bian matrix DF of F' is singular at (0,0). It is notoriously known that even
starting from points arbitrarily close to the solution (0,0) of the system
Newton’s method can exhibit chaotic behaviors: It may converge infinitely
slowly or even diverge completely.

In contrast, we shall show that the Newton homotopy H : R? — R? con-
structed for the Griewank-Osborne system given by

29 29
T3 22y —t | —a®— 2ab
(3.7) H(z,y,t)=416" Y <16“ “)

y—2%—t(b—a?

satisfies the smoothness condition with plenty choices of (a,b) € R? and is
capable of finding the singular solution (z,y) = (0,0) with no difficulties.
Parts of these analysis first appeared in [72, [73].
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Proposition 3.8. For almost all (a,b) € R? in the sense of Lebesque mea-
sure, the Newton homotopy H, defined in , satisfies the smoothness
assumption. Consequently, for almost all (a,b) € R?, H=1((0,0)) consists of
disjoint smooth curves.

Proof. Points (a,b) € R? that violate the smoothness assumption are those
points for which there exists (z,y,t) € R® such that H(z,y,t) =0 but
rank DH (z,y,t) < 2. In other words, all 2 x 2 minors of the 2 x 3 matrix
DH(x,y,t) vanish, thus providing a system of 5 equations in 5 unknowns
(x,y,t,a,b):

29 29
— 23— 2xy —t (Ea3 —2ab) =0

16
y—az?—t(b—a?) =
23 ,
-~ — =
T
1 1
173(@2 —b)(87x% — 32y) — g(29a3 — 32ab)z = 0
2
—9a3 — 2ab — 2(a® — b)z = 0.

16

The associated primes of the ideal induced by this system (in R[z, y, ¢, a, b])
are (x,vy,t,29a% — 32b), (z,y,a,b), (x,y,t,a). Therefore the only choices of
(a,b) € R? that violate the smoothness assumption are those with 29a? =
32b or a = 0 which forms a (nowhere dense set) of measure zero. As a result,
for almost all (a,b) € R?, is regular. O

Proposition 3.9. For all (a,b) € R? with b > %QQ, there is an open and
unbounded set U C R? of positive Lebesque measure such that for all (a,b) €
U, the equation H(z,y,t) = (0,0) defines a smooth curve containing both
(a,b,1) and (0,0,0).

By this proposition, the Newton homotopy method via curve tracing
starting from any point (a,b) € U, will reach the (only) solution (0, 0) of the
original system . This is supported by our numerical experiments. Fig-
ure |§| shows the scatter plot of the starting points (a,b) € R? for which the
Newton homotopy method using floating point arithmetic were successful in
obtaining the solution (0, 0) of the original system within the machine preci-
sion (produced using data presented in [72] with permission). An unbounded
region is clearly visible.
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Successful starting points

Figure 9. Scatter plot of some (a,b) € R? for which the Newton homotopy
(3.7) was successful in obtaining the singular solution (x,y) = (0,0) of the
target Griewank-Osborne system (3.6)).

Proof. (Appendix of [73]) Eliminating y from H(z,y,t) = (0,0) provides

2
h(z,t) = —%m?’ — 2z (2 4+ tb —ta?) — t <12a3 - 2ab)) .

As a cubic polynomial in x only, its discriminant is

A=—4-— %[—Zt(b —a?)® -27 (—136>2 [—t (igaf” - 2ab))] 2.

119
Substituting b = 12—;_ "42 in the above yields
t2a’ 2 3 2
A= [—243r% — 3(r® — 271 + 243r — 729)t — 1458 — 2187] .

We are interested in the sign of A as ¢ goes from 1 to 0. Note that

S = —243r% — 3(r3 — 27r% 4+ 243r — 729)t — 1458 — 2187

is a linear function in ¢. A straightforward calculation shows that this func-
tion takes negative values at ¢ = 0 and ¢ = 1 for any r > 0. Therefore A < 0
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for all t € [0,1] and r > 0. Since b = 12242 50 for U = {(a,b) | b > 134>

and t € [0, 1], the discriminant of h(z,t), as a univariate polynomial in z, is
negative indicating that it has a unique real root for each fixed ¢. Combining
with the smoothness of H, the equation h(z,t) = 0 defines a single smooth
curve in R x [0, 1] and, by extension, H(x,y,t) = (0,0) also defines a single
smooth curve in R? x [0, 1] which necessarily connects the starting point and
the target solution (0,0) of the Griewank-Osborne system. g

Though the smoothness condition for the Newton homotopy is difficult
to establish in general, toward the real world problems in physics, chemistry,
and a variety of other fields the great usefulness of the Newton homotopy is
undeniable as the example in the following section shows.

3.4.2. Obtaining multiple solutions using one curve. When a local
method such as Newton’s iterations is used to solve a nonsingular system,
with an appropriate choice of the starting point, the method may converge
to a solution, and the story ends there. A distinct advantage of the (real)
homotopy continuation methods is their ability to obtain solutions one after
another by tracing just one solution curve.

As noted in for a homotopy H(x,t), if the solution curve defined
by H(x,t) = 0 passes through ¢ = 1, then a solution of the target system is
obtained. However, it is possible for the same curve to pass through ¢t =1
multiple times, each time producing a distinct solution. In many real world
problems, a large number of solutions can lie on the same solution curve,
making homotopy method a particularly appealing choice. Below we exam-
ine a specific example from theoretical physics that has been studied with
Newton homotopy method in [72].

Example 3.10 (The nearest-neighbor ¢* model [72]). The two-
dimensional nearest-neighbor ¢* model is an important model in theoretical
physics that has been widely studied. For an N € Z*, the model, in N?
variables x = (xo0, o1, 10, - - - , TNN ), 18 the real-valued “potential” function
given by

3 J
(3.8) V)= mﬁj —af + 1 > (@ —w)? ],
A (#",3" ) EN (i.5)
where A = {(z,])}f\;_:lo C Z? is a square lattice with N? points, the set
N(Z7j) = {(Z + 17j)7 (Z - 17j)7 (Z7j + 1)7 (Z7j - 1)} modulo A is the subset
of A that consists of four nearest neighboring points of (i,j), and J is a
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chosen real value. The stationary system of this model is the system of N2
equations in N? variables obtained by setting each partial derivative of V
to zero, i.e.,
V(x) 1 4
(3.9) ory = 0% (4 =2y =T ‘Z @iy =0,
(#,3" ) EN(i.5)

for each pair of i, =0,..., N — 1. Given the physical context, only real
solutions are needed.

A variety of computational methods have been used to study this model.
However, this family of problems, parametrized by J € R, poses a particu-
larly tough computational challenge, especially for larger N. In particular,
it is shown in [74] that the total number of solutions of the above system
in CV? always equals to its “total degree” 3N” which grows quickly as N
increases. For example, at N =5 the total number of complex solutions
is 847288609443 and for N = 6 the number exceeds 10'7. Direct computa-
tion of all complex solutions is clearly infeasible with current technology for
larger N values. However, numerical experiments with this system reveals
an interesting property: by varying the parameter J from 0 to 1, the number
of real solutions decreases drastically while the number of complex solutions
stays the same. In particular, for J values close to 1, only an extremely small
fraction of the solutions are real. In this case, the Newton homotopy, which
directly targets the real solutions, has a clear advantage over methods that
compute all complex solutions in the first place, followed by filtering out all
the real solutions.

In practical experiments, the Newton homotopy, as defined in , was
applied to the above system with varying values for NV and J. From a single
randomly chosen starting point, the Newton homotopy can find multiple real
solutions. Tables [I| and [2| show the capability and efficiency of the Newton
homotopy in finding multiple real solutions for a range of N and J val-
ues. Remarkably, all real solutions were found in the cases with N = 3 and
J =0.9,0.8,0.7. Each of these systems has only 3 real solutions, and all of
them can be found by tracing just one single solution curve of the Newton
homotopy with a generically chosen starting point. The time consumption
information is listed in Table [IL

Fixing J = 0.9, Newton homotopy in solving with increasing value
of N =3,4,5,6,7 have also been investigated. Table [2] exhibits the strength
of the Newton homotopy: a large number of real solutions can be found very
quickly. In particular, when N = 6 and N = 7, these two systems have a total
number of more than 107 and 10?* complex solutions respectively. Solving
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’ J ‘ N.o. R-solutions obtained ‘ % R-solutions ‘ Time ‘

0.9 3] (All) 100% | 0.009s
0.8 3] (All) 100% | 0.009s
0.7 31 (All) 100% | 0.012s

Table 1. Number of real solutions obtained and timing information when
the Newton homotopy is applied to the ¢* model with N = 3 and varying
values of J. A single randomly chosen starting point was used. The timing
information is computed based on the performance on a workstation with
Intel Core i5-3570K running at 3.4GHz.

’ N ‘ N.o. R-solutions \ % R-solutions ‘ Time ‘
3 3] (Al 100% | 0.01s
4 83 (All) 100% | 0.62s
5 102 - | 2.00s
6 208 - | 23.95s
7 358 -1 29.66s

Table 2. Number of real solutions obtained and the time consumption when
the Newton homotopy is applied to the ¢* model [72] with J = 0.9 and
varying values of N = 3,4,5,6. A single randomly chosen starting point was
used. The timing information is computed based on the performance on a
workstation with Intel Core i5-3570K running at 3.4GHz.

all those complex solutions first seems particularly infeasible. However, the
Newton homotopy, using a single starting point, can find 208 and 358 real
solutions for these two systems respectively within 30 seconds. Figure
showcases this ability of the Newton homotopy. In the Figure, the t-value
(horizontal axis) is plotted against the arc-length (vertical axis). Notice the
numerous crossing of the solution curve with the plane at t = 1. Actually,
each of them produces a distinct real solution of the target system.

3.4.3. Preserving Morse indices for gradient systems. In applica-
tions, one important source of nonlinear systems of equations is the gradi-
ent systems derived from partial derivatives of real-valued functions. More
precisely, the corresponding gradient system of a real-valued differentiable
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L0t t value along a curve

arc-length
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t

Figure 10. The ¢ value along a solution curve defined by H(x,t) = 0 where
H is the Newton homotopy for the nearest neighborhood ¢* problem
with N = 6 and J = 0.9. The light vertical line in the middle represents the
plane at t = 1 whose intersections with the curve produces real solutions of
the system.

function V' : R™ — R in the variables x = (x1,...,zy) is the system of equa-
tions

ov

=~ 0

8901

ov

= =0

o0z,

For brevity, we also use the notation DV (x) = 0 for this system. The solu-
tions of this system are known as critical points of V', and the problem of find-
ing such critical points is a fundamental problem that arises in such diverse
fields as physics, economics, engineering, optimal control, etc. For simplic-
ity, V is assumed to be smooth in the following discussion. Those critical
points are classified by the eigenvalues of its Hessian matrix D*V = D(DV).
With V being smooth, D?V, as an n x n matrix with real entries, is nec-
essarily symmetric, hence all its eigenvalues are real. By Sylvester’s Law of
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Inertia, the signs of these eigenvalues are independent from the coordinate
systems. A critical point is said to be degenerate if its Hessian D?V has
a zero eigenvalue and nondegenerated otherwise. Moreover the number of
negative eigenvalues is known as the Morse-index of the critical point. This
Morse-index is invariant under a nonsingular smooth change of coordinate
and hence a geometric property of the critical point itself. If we further
assume V to be locally analytic near a critical point x*, then

Vix)=V(*)+DV(x")  (x—x")+ (x — x*)T -D*V(x*) - (x — x%)
+ O(|lx — x*|1%).

Evidently, a nondegenerated critical point x* of V is a local minimum if
and only if the Morse-index of D?V(x*) is 0, that is, all its eigenvalues
are positive. Local minima are of great importance in many applications.
For example, if V' models a potential energy of a physical system, the local
minima of V' then correspond to stable states of the system. Critical points
of other Morse-indices also have meaningful interpretation in certain types
of applications.

While there are many numerical methods for locating such critical points,
the homotopy continuation method may have a great advantage in many sit-
uations. In particular, when one considers a family of real-valued functions
parametrized by a new variable ¢:

(3.10) Vix,t)=(1-t)U(x)+tV(x)

for some smooth function U : R" — R. Clearly, V(x,0) = U(x), f/'(x, 1) =
V, and V(x,t) can be interpreted as an objective function that smoothly
deforms over time (represented by the variable ¢) from U to V. Now, the
function

(3.11) H(x,t) == (1 —t)DU(x) + t DV (x)

can be taken as a homotopy between DU and DV'. The system of equations
H(x,t) = 0 then defines the critical points of the “deforming objective func-
tion” given in (3.10). If one critical points of U is known, one can start from
this point and trace the critical point of V(X, t) as t varies. When ¢ reaches
1, then a critical point of V(x,1) = V(x) is located.

The potential advantage of this homotopy-based approach is the pos-
sibility of preserving the Morse-index. Suppose the homotopy satisfies the
smoothness condition. Thus, H~1({0}) € R*"! is a disjoint union of smooth
curves. Let (x(s),t(s)) be the solution curve defined by H(x,t) =0 that
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passes through a given starting point x" and parametrized by arc-length
s. Obviously, eigenvalues of Hy = Diff vary continuously along the curve,
and since eigenvalues of Hy are all real, they must reach zero before chang-
ing signs. As a consequence, if Hx remains nonsingular (i.e., the product of
eigenvalues remain nonzero) along the solution curve, then the Morse-index
is preserved. Geometrically, if the solution curve contains no turning point
(see Figure , then the Morse-index is preserved along the entire curve.

The effectiveness of this scheme depends on the choice of the starting
function U in . A particularly common choice of U is

1
(o — an)? = 5 x — al,

N | —

1
U:§(x1—a1)2+---+

which has a unique local minimum at x = a. Also, at x =a, DU = (1 —
ai,...,Tn —a,) =x —a, and the homotopy, as constructed in (3.11)), is
therefore

H(x,t)=(1—-t)(x—a)+tDV(x)

which is precisely the fixed point homotopy applied to solving the
nonlinear system DV (x) = 0. If the solution curve defined by H(x,t) =0
never encounters any turning points, then the Morse-index of the critical
point is preserved along the curved. Since the starting point x =a at t =0
is the unique local minimum (with Morse-index 0), the resulting solution of
the target system DV (x) = H(x,1) = 0 must therefore be a local minimum
of V(x).

More generally, for any desired Morse-index m with 0 < m < n, one may
construct the starting objective function

1 2

U=- (xl—al)Q—'--—i(xm—am)

1
(:Eerl - am+1)2 + -+ *(-'En - an)Z-

* 2

M| RN

Clearly, x = a is the unique critical point of U and its Morse-index is m.
Consequently, the homotopy (defined with this choice of U as the
starting objective function) can then locate a critical point of Morse-index
m if the solution curve reaches the hyperplane at ¢ = 1 without encountering
a turning point. General homotopy constructions exploiting this feature have
been studied in [2] [6].
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Remark 3.11. Though the procedure described above requires the solution
curve to never encounter a turning point in order to preserve the Morse-
index. Computational experiments [19] suggests that the Morse-index may
be preserved under much more relaxed conditions.

4. Homotopy continuation methods for finding all
isolated complex solutions of polynomial systems

Though homotopy continuation methods in numerical computation were
first developed as tools for finding solutions to nonlinear systems of equa-
tions, in late 19708’ Garcia and Zangwill [33] as well as Drexler [25] indepen-
dently presented theorems suggesting that homotopy continuation methods
could be used to find the full set of isolated zeros of polynomial systems
numerically. Finding solutions of polynomial systems is a classical prob-
lem that has occupied a special place in mathematics over its long history.
Moreover, this is an area where numerical computations arise almost natu-
rally since by Galois theory explicit formulas for the solutions are unlikely
to exist. To deal with this problem, the homotopy continuation method has
attracted a considerable attention in the last few decades. It has been deeply
developed and proved to be a reliable and efficient numerical algorithm for
approximating all isolated zeros of polynomial systems and identifying pos-
itive dimensional solutions sets with their degrees.

This part of the article will focus on the methods for finding all isolated
solutions of system of polynomial equations, or polynomial systems, rather
than finding one or some solutions as in the real cases discussed in previ-
ous sections. Obviously, to have any hope for finding all the solutions, the
working framework must be in the complex spaces.

4.1. An important feature of the homotopy
constructed in C"

For complex space C, C[x1,...,z,] denotes the set of all polynomials in the
n variables 1, ..., r, with complex coefficients, which forms a commutative
ring under polynomial addition and multiplication. Given a system of n poly-
nomials P = (p1,...,pn) where p; € C[zy,...,2z,] fori=1,...,n, to find all
isolated solutions x = (z1, ..., z,) € C" to the system of n equations P(x) =
0, we construct, as before, a smooth homotopy H(x,t) : C" x [0,1] — C" to
deform P to a polynomial system G = (g1,...,gn) where g; € Clz1,..., )
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for i =1,...,n having known (or easily found) zeros, namely,
H(x,0) =G(x) and H(x,1)= P(x).

By identifying C" with R?"” via the map

(4.1) (z1,.--,2n) = (Rezy,Imzy,...,Rez,, Imz,),

H can be considered as a map from R?*" x [0,1] to R*". With this inter-
pretation, we still say 0 € C" is a regular value of H, or H is regular, if
the Jacobian matrix DH (x,t) € Mapxon+1(R) with respect to both x and
t is of rank 2n for all (x,t) € R?" x [0, 1] satisfying H(x,t) = 0. When 0
is a regular value of H, then H(x,t) = 0 defines (disjoint) smooth solution
curves in R?"*! and any curve v C C" x [0, 1] defined by the homotopy
H(x,t) = 0 can be parametrized by the arc length s. In the content of solv-
ing polynomial systems in C”, there is a special feature that has a profound
effect which will significantly alter the choices of the underlying numerical
methods. We will show below that for any point on the smooth homotopy
curve (x(s),t(s)) of H(x,t) =0 parametrized by the arc length s, % is
always nonzero, and therefore % > (. Meaning: those curves do not “turn
back in ¢”. In other words, they extend across the interval 0 <t <1 and
can always be parametrized by t. Accordingly, standard procedures in trac-
ing general homotopy paths need to be adjusted to capitalize this special
feature.

Lemma 4.1. Regard the n x n complex matriz M as a linear transforma-
tion of complex variables (z1,...,xy) in C" into itself. If this transforma-
tion is regarded as one on the space R*™ of real variables (u1,v1,. .., Upn, V)
where xj = uj +ivj,j =1,...,n, (here, i = +/—1) and is represented by the
2n x 2n real matrix N then

det N = | det M|* > 0

and

dimg (ker N) = 2 x dimc (ker M) is even.

Here, dimg and dimg¢ refer to real and complex dimension respectively.

Proof. The relation between M and N is the following: if the (j, k)-entry
of M is the complex number m,; = {x +in;x, and N is written in block
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form as an n x n array of 2 x 2 blocks, then the (j, k)-block of IV is the real

matrix
( Sk —Mjk )
ik &k

Denote this relation by a(M) = N. It is clear that a(AB) = a(A)«(B) for
complex matrices A and B, and a(A™!) = a(A)7L.

Now when M is upper triangular, the assertion is immediate. For general
M, there exists complex nonsingular matrix A for which A='M A is upper
triangular. Because

a(ATIMA) = a(A™Ha(M)a(A) = a(4) ' Na(4),
we have
det(a(A™IMA)) = det(a(A)) ™! x det N x det(a(A)) = det N.
The assertion holds, since
det(a(A ' MA)) = |det(A" M A)|* = | det M|, O

Proposition 4.2. If (xg,tg) is a point on any smooth homotopy paths
(x(s),t(s)) of the homotopy H(x,t) =0 defined on C" x [0,1] with ty €

t
[0,1), then Hx(xg,to) is nonsingular. Hence, 7s # 0 at (xo,10).
s

Proof. Regard H as a map from R?" x R to R?". Since the 2n x (2n + 1)
Jacobian matrix DH = [Hy, H;] must be of full rank at (xg, o) (otherwise it
would be a bifurcation point [9]), its kernel is at most one-dimensional. By
the above lemma, the matrix Hx must have zero kernel, so it is nonsingular.

t
Hence, 75 # 0 at (xg, 1), because
s

dx dt
H =+ H .
xgs TG =0 O

4.2. Path tracking in C*

So, homotopy paths defined by H(x,t) =0 in C" x [0,1] can always be
parametrized by ¢. Let x(t), 0 <t < 1, be a path in C" satisfying the homo-
topy equation H(x,t) = 0, namely,

(4.2) Hx(t),H)=0 0<t<Ll
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d
In the following, we shall denote dit( by x'(t). Now, differentiating (4.2))
with respect to ¢ yields

Hx'(t)+H =0 0<t<l,
or
(4.3) X'(t)=—-H'H, 0<t<1.

This ordinary differential equation is commonly known as the Davidenko
differential equation [24], which forms the basis of the numerical path track-
ing algorithms with which one can trace a solution path of the homotopy
equation from its starting point. While any numerical ordinary differ-
ential equation solver can, in principle, be applied to Equation and thus
be used for path tracking, just like in the real curve tracing discussed in
a special class of predictor-corrector method is generally preferred. In such
a scheme, an efficient but potentially inaccurate “predictor” accounts for
producing a rough estimate of the next point on the path using the informa-
tion of known points on the path. Then a series of Newton-like “corrector”
iterations is employed to bring the point back to the path approximately.

One of the most basic predictor-corrector configuration is the duet of
Euler’s method with Newton’s iterations. For a fixed 0 < ty < 1, to proceed
from a point x(tg) that is approximately on the path x(¢), one takes the
following steps:

e Euler Prediction:

For an adaptive step size 6 > 0, let {1 = {9+ 0 < 1 and
(4.4) x(t1) = x(tg) + 6 X'(to).

e Newton’s Correction:

For fixed t1, H(x,t1) = 0 becomes a system of n equations in n un-
knowns. So, Newton’s iteration can then be employed to solve the
solution of H(x,t;) = 0 with starting point x(¢;), i.e.,

(4.5) x(m+D) — x(m) _ (g (x™ )] H (%™ ), m=0,1,...

with x(©) = %(#;). When the iteration fails to converge, the prediction

step will be repeat with § « g. Eventually, an approximate value of

x(t1) can be determined until certain stopping criteria are met
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5. Complex linear homotopies

Let P(x) = (p1(x),...,pn(x)) = 0 be a system of n polynomial equations in
n unknowns x = (x1,...,2,), we want to find all isolated solutions of

pr(x1,...,2n) =0,
(5.1)

pn(z1,...,2n) =0

in C™. In the early stage, the homotopy continuation method for solving
(5.1) is to define a trivial system Q(x) = (q1(x),...,qn(x)) =0 and then
follow the curves in the real variable ¢ which make up the solution set of

(5.2) H(x,t) = (1 - )Q(x) + tP(x) = 0.

More precisely, if Q(x) = 0 is chosen correctly, the following three properties
hold:

Property 0 (Triviality): The solutions of Q(x) = 0 are known.

Property 1 (Smoothness): The solution set of H(x,t) =0for0 <t <
1 consists of a finite number of smooth paths, each parametrized by ¢
in [0,1).

Property 2 (Accessibility): Every isolated solution of H(x,1) =
P(x) = 0 can be reached by some path originating at ¢ = 0. It fol-
lows that this path starts at a solution of H(x,0) = Q(x) = 0.

When the three properties hold, the solution paths can be traced from the
initial points (known because of property 0) at t = 0 to all solutions of the
original problem P(x) =0 at ¢t =1 using standard numerical techniques
(Prediction-Correction steps given in the last section for instance).

Several authors have suggested choices of Q(x) that satisfy the three
properties (See [21], 57, [79, 115l 117] for a partial list). A typical suggestion
is

q1(x) = ajz® — by,

(5.3)

Qn(x) = ang" — by,

where dy,...,d, are the degrees of pi(x),...,pn(x) respectively and a;, b;
are random complex numbers (and therefore nonzero with probability one).



154 T.-R. Chen and T.-Y. Li

So in one sense, the original problem we posed is solved. All isolated solu-
tions of P(x) = 0 are found at the end of the d; x --- x d,, paths that make
up the solution set of H(x,t) =0,0 <t < 1. The number d; X --- X d,, is
commonly known as the total degree or the Bézout number of the system.
Sometimes it is regarded as the expected number of isolated solutions.

The book by A. Morgan [80] detailed many aspects of the above approach.
A major part of this section will focus on the development afterwards that
makes this method more convenient to apply.

The reason the problem is not satisfactorily solved by the above con-
struction is the existence of extraneous paths. Although the above method
produces d := dy X - -- X dy, paths, the system P(x) = 0 may have fewer than
d isolated solutions (even counting multiplicity). We call such a system defi-
cient. In this case, some of the paths produced by the above method will be
extraneous paths.

Figure 11. Extraneous homotopy paths may diverge to infinity

More precisely, even though Properties 0-2 imply that each isolated solu-
tion of P(x) = 0 will lie at the end of a solution path, it is also consistent
with those properties that some of the paths may diverge to infinity as
the parameter ¢ approaches 1 (the smoothness property rules this out for
t — to < 1). In other words, it is quite possible for Q(x) =0 to have more
isolated solutions than P(x) = 0. In this case, some of the paths leading
from roots of Q(x) =0 are extraneous, and diverge to infinity when ¢t — 1
(see Figure . Empirically, we find that most systems arising in applica-
tions are deficient. A great majority of the systems have fewer than, and in
some cases only a small fraction of, the “expected number ” of solutions.
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For a typical example of this sort, let’s look at the following famous Cassou-
Nogues system [65]

p1 = 15b%ed? 4 6b*c® + 210 2d — 144b%c — 8b%cPe — 28bcde
— 648b%d + 36b%d%e + 9b*d® — 120,

po = 30b*c3d — 32¢de? — 720b%cd — 24b*cPe — 432b%¢? + 5T6ce
— 576de + 16b%cd?e + 16d%e? + 16¢%e? + 9b*c* + 39b* 2 d?

(5.4) + 18b*ed® — 4320%d? + 24b*d3e — 16b*c*de — 240¢ + 5184,

p3 = 216b%cd — 162b%d* — 81b%c? 4 1008ce — 1008de + 15b%c2de
— 15b%c®e — 80cde? + 40d%e? + 40c?e® + 5184,

py = 4b%ed — 3b2d% — 4b>c? + 22ce — 22de + 261.

Since d; = 7,dy = 8,d3 = 6 and d4 = 4 for this system, the system Q(x)
in will produce di X da x d3 x dy =7 x 8 X 6 x 4 = 1344 paths for the
homotopy in . However, the system has only 16 isolated zeros.
Consequently, a major fraction of the paths are extraneous. Sending out
1344 paths in search of 16 solutions is a highly wasteful computation.

The choice of Q(x) in to solve the system P(x) = 0 requires an
amount of computational effort proportional to d; X --- x d,, and roughly,
proportional to the size of the system. We would like to derive methods
for solving deficient systems for which the computational effort is instead
proportional to the actual number of isolated solutions.

For deficient systems, there are some partial results that use algebraic
geometry to reduce the number of extraneous paths with various degrees of
success.

5.1. Random product homotopy

For a specific example that is quite simple, consider the algebraic eigenvalue
problem,

Ax = \x

where

aix . Qin

an1  +*°  App
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is an n X n matrix. This problem is actually an n polynomial equations in
the n + 1 variables A\, x1,...,z,:

p1=Ax1 — (aiz1 + - + aipey) =0
(5.5)
DPn = >\xn - (anlxl +- 4+ annxn) = 0.

Augmenting the system with a linear equation
Pn1 =C181+ -+ Cpp + Cpp1 =0

where ¢y, ...,cn41 are chosen at random, we have a polynomial system of
n + 1 equations in n 4 1 variables. Write y = (A, x) = (A, z1,...,%,). This
system has total degree 2". Thus the “expected number of solutions” is
2" and the classical homotopy continuation method using the start sys-
tem Q(y) =0 in sends out 2" paths from 2" trivial starting points.
However, the system P(y) = (p1(y),-..,Pn+1(y)) = 0 has only n isolated
solutions (even fewer for special choices of coefficients). This is a deficient
system, at least 2" — n paths will be extraneous. It is never known from the
start which of the paths will end up to be extraneous, so they must all be
followed to the end, representing wasted computation.

The random product homotopy was developed in [61} 62] to alleviate
this problem. According to that technique, a more efficient choice for the
trivial system Q(y) = 0 is

g = A+en)(xr +er2)
@2 = (A +e21)(x2 + €22)

(5.6) :
dn = (A + enl)(«Tn + en2)
Gn+1 = C1T1 + -+ + CpTn + Cnt1
where complex numbers e;; fori =1,...,n, j=1,2and ¢, k=1,...,n+1

are generically chosen. Set
H(y,t)=(1—1t)ecQ(y)+tP(y) for generic c € C.

It is clear by inspection that Q(y) = 0 has exactly n roots. Thus there
are only n paths starting from n starting points for this choice of homotopy.
Moreover, it is proved in [62] that Properties 0-2 hold for almost all complex
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numbers e;; and c. Thus all solutions of P(y) = 0 are found at the end of
the n paths. The result of [62] is then a mathematical result (that there can
be at most n solutions to (5.5))) and the basis of a numerical procedure for
approximating the solutions.

The reason this works is quite simple. The solution paths of which
do not proceed to a solution of P(y) = 0 in C"*! diverge to infinity. If the
system is viewed in projective space

CP" = {(z0,...,z,) € C"T1\(0,...,0)}/ ~
where the equivalent relation “~” is given by x ~y if x = cy for some
nonzero ¢ € C, the diverging paths simply converge to a “point at infinity”
in CP".
For a polynomial f(z1,...,x,) of degree d, denote its associated homo-
geneous polynomial by

~ I X
fzo, 21, ... 2n) = 28 <,...,n>.

The solutions of f(x) =0 “at infinity” are those zeros of f in CP" with
xo = 0 and the remaining zeros of f with 2y # 0 are the solutions of f(x) =0
in C™ when xg is set to be 1.

Viewed in projective space CP"™! the system P(y)=0 in ) has
some roots at infinity. The roots at infinity make up a nonsmgular Varlety,
specifically the linear space CP" 2 defined by g = A =0 and cjz + - - +
¢y = 0. A Chern class formula from intersection theory ([28], 9.1.1, 9.1.2)
shows that the contribution of a linear variety of solutions of dimension e to
the “total degree” dj x --- x d,, or the total expected number of solutions,
of the system is at least s, where s is the coefficient of t¢ in the Maclaurin
series expansion of

n
@+ [+ djt).
7=1
In our case, dy =---=d, =2, dy11 =1, and e = n — 2, hence,

(L+202(A+1)  (L+t+0)" i+ 70 (7)
(1+1¢)3 (412 (1+1)2
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and s = Z;L;g (7;), meaning there are at least Z;-L;Oz (?) solutions of P(y) =
0 at infinity. In addition, there is an isolated solution xg = z1 =--- =z, =

0, A =1 at infinity. Thus there are at most

n—2
2"—5—1:(1+1)"—Z<7>—1:n
 \j
7=0

solutions of P(\,z1,...,2,) = 0 in C"*!. The system Q(\,z1,...,2,) =0
is chosen to have the same nonsingular variety at infinity, and this variety
stays at infinity as the homotopy progresses from ¢ = 0 to ¢t = 1. As a result,
the infinity solutions stay infinite, the finite solution paths stay finite, and
no extraneous paths exist.

This turns out to be a fairly typical situation. Even though the sys-
tem P(x) = 0 to be solved has isolated solutions, when viewed in projective
space there may be a large number of roots at infinity and quite often high-
dimensional manifolds of roots at infinity. Extraneous paths are those that
are drawn to the manifolds lying at infinity. If Q(x) = 0 can be chosen cor-
rectly, extraneous paths can be eliminated. To be more precise, we state the
main random product homotopy result, Theorem 2.2 of [62]. Let Voo (Q) and
Voo (P) denote the zeros “at infinity” of Q)(x) = 0 and P(x) = O respectively.

Theorem 5.1. If Vo (Q) is nonsingular and contained in Voo (P), then
Properties 1 and 2 hold.

Of course, Properties 1 and 2 are not enough. Without starting points,
the path-tracing method cannot get started. Thus Q(x) = 0 should also be
chosen to be of random product forms, as in , which are trivial to solve
because of their form.

This result was superseded by the result in [60]. The complex numbers
e;; are chosen at random in [62] to ensure Properties 1 and 2. In [60], it was
proved that e;; can be any fixed numbers, as long as the complex number ¢
is chosen at random, Properties 1 and 2 still hold. In fact, the result in [60]
implies that the start system Q(x) = 0 in the above theorem need not be in
product form. It can be any chosen polynomial system as long as its zeros
in C™ are known or easy to obtain and its variety of roots at infinity Voo (Q)
is nonsingular and contained in Vy,(P).

Theorem 2.1 in [68] goes one step further. Even when the set Voo (Q) of
roots at infinity of ()(x) = 0 has singularities, if the set is contained in Voo (P)
counting multiplicities, that is, containment in the sense of scheme theory
of algebraic geometry, then Properties 1 and 2 still hold. More precisely, let
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I ={(q,...,qn) and J = (p1,...,pn) be the homogeneous ideals spanned by
homogenizations of ¢;’s and p;’s respectively. For a point p at infinity, if the
local rings I, and J), satisfy

I, CJ,

then Properties 1 and 2 hold. However, this hypothesis can be much more
difficult to verify than whether the set is nonsingular. This limits the use-
fulness of this approach for practical examples.

5.2. m-Homogeneous structure

In [81], another interesting approach to reduce the number of extrane-
ous paths is developed, using the concept of multi-homogeneous, or m-
homogeneous for short, structures.

The complex n-space C™ can be naturally embedded in the projective
space CP". Similarly, the space C* x --. x C*¥» can be naturally embed-
ded in CPkl X -+ x CP*». A point (yi,...,¥m) in CF x ... x Ck~ with
vi=( 53)7 . ,y](i)), for j =1,...,m, corresponds to a point (z1,...,2Zy,) in
CP* x ... x CPF~» withz; = (z(()j),...,z,(jj)) and z(()]) =1forallj=1,...,m.
The set of such points in CP** x -+ x CP*» is usually called the affine space
in this setting. The points in CP* x --. x CP*~ with at least one z(()]) =0
are called the points at infinity.

Let f be a polynomial in the n variables x1,...,z,. If we partition
: : _ (D (1) — (2 (2)
the variables into m groups y1 = (21 °,...,2;"), Y2 = (¥1 5., T )5 -,

Y = (xgm), . ,x,grz)) with k1 + --- + &k, = n and let d; be the degree of f
with respect to y; (more precisely, to the variables in y;), then we can define
its m-homogenization as

Fo1ye ey zm) = ()% x5 ™)y /28,y 25™).

This p(()lgznomia(l is homogeneous with respect to each group of variables
J

zj = (% 7"‘721@?)? forj =1,...,m. Here zl-(j) = a:,g]), for ¢ # 0. Such a poly-
nomial is said to be m-homogeneous with respect to the partition of the
variables, and the tuple (dy,...,dy) is called the m-homogeneous degree of

f. To illustrate this definition, let us look at the polynomial system
p1(x) = w1(anz + - + a1nxn) + brizr + - + b1z, +c1 =0
(5.7) :
pn(x) = xl(anlxl +- annxn) +bp1z1 4+ -+ bppy + ¢ = 0.
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This system has total degree d = dy - - - d,, = 2"™. Thus the “expected number
of solutions” is 2™, and the classical homotopy continuation method using
the start system Q(x) = 0 in ([5.3]) sends out 2" paths from 2" trivial starting
points. However, the system P(x) = 0 has at most n + 1 isolated solutions.
This is a deficient system, at least 2™ —n — 1 paths will be extraneous.

Now, if we consider the partition of variables y1 = (1), y2 = (z2,...,2Zy)
and z, = (x‘gl),acl), Zy = (iL'(()2),.1‘2, ..., @Ty), then for j = 1,...,n, the degree

of

pj(x) = z1(ajm1 + - + ajpxn) + bjizr + -+ bjpan + ¢
= aﬂx% + Sﬂl(ajgl‘g + -+ ainTn + bjl)
+bjoxa + -+ + bjnxy + ¢

is 2 with respect to y; and is 1 with respect to y2. Hence, its 2-homogenization
is

pj(z1,22) = ajlx%x((f) + xlxél)(ajgxg + ot T, + bﬂx(()2))

+ (m(()l))Q(ijxQ 4+ 4 bjnl‘n + ij(()2))’

(1) (2)

which is homogeneous with respect to both z; = (x5, 1) and zp = (2,
x2,...,%n). When the system (5.7) is viewed in CP" with the homogeniza-
tion

p1(wo, 1,...,2p) = 21(@11%1 + - -+ + Q10Tn)
+ (bllxl + -+ blnl‘n)xo + Clx%
= 0,
ﬁn(ﬂf07 Tly---, $n) = xl(anlxl +-- 4+ annl‘n)
+ (bnlxl + -+ bnnwn)xO + Cnx(z)
— 0,

its total degree, or the Bézout number, is d = dy x - -+ x d,, = 2". However,
when 1’ is viewed in CP! x CP""! = {(z;,22) = ((xél),xl), (3582),332, e
Zn)) where z; = (a:él),xl) € CP! and zy = (x02 T2, ..., Tp) € CP" 1) with
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2-homogenization

_ 2 2
P1(21,22) = anxfa:(() )+ 3719581)(@12372 + ot a1ty + b11$é ))

+ (.Tgl))Q(blzxg + -4 blna:n + Clx(()Q)),

Pn(z1,22) = am:v?:cgf) - -'L'll'((]l)(aan'Z + ATy + bnlw((f))

+ (w(()l))Q(bn2$2 4+ bpnn + Cnx(()Q))a

the Bézout number will be different. It is defined to be the coefficient of
a%ag_l in the product (2a; + a2)™, which is equal to 2n.

In general, for an m-homogeneous system
ﬁl(zla e 7Z’m) - 07
ﬁn(zlu o 7Zm) - 07

in CP* x ... x CP*» where p; has m-homogeneous degree (dgj ), . ,dq(%))
with respect to (z1,...,2y,) for j = 1,...,n, then the m-homogeneous Bézout
number [95] d of the system with respect to (z1,...,2y) is the coefficient of

o/fl X -+ x akm in the product

(diPar+ -+ dPDan) (@D a1+ + dPay)

(5.10)
.. (d&")al IS d%)am>_

The classical Bézout Theorem says the system has no more than d
isolated solutions, counting multiplicities, in CP** x --. x CP*». Applying
this to our example in , the upper bound on the number of isolated
solutions, in affine space and at infinity, is 2n. When solving the original
system in , we may choose the start system @(x) = 0 in the homotopy

H(x,t) = (1—1)cQ(x)+ tP(x)
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in random product form to respect the 2-homogeneous structure of P(x).
For instance, we may choose Q(x) = (¢q1(x),...,qn(x)) to be

q1(x) = (x1 +e11)(z1 +er2)(z2+ -+, + €13),

q2(x) = (w1 + e21) (w1 + ez2) (22 + €23),
(5.11)

@n(x) = (21 + en1) (21 + €n2)(Tn + €n3),

which has the same 2-homogeneous structure as P(x) with respect to the
partition y; = (x1) and y2 = (22,...,2,). Namely, for each j, gj(x) has
degree 2 with respect to y; and degree one with respect to y». It is easy to see
by inspection that for randomly chosen complex numbers e;;, Q(x) = 0 has
2n solutions in C™ = C! x C*~! (thus, no solutions at infinity when viewed
in CP! x CP"!). Hence there are 2n paths starting from 2n starting points
for this choice of the homotopy. It was shown in [81] that Properties 1 and
2 hold for all complex number ¢ except those lying on a finite number of
rays starting at the origin. Thus, all solutions of P(x) = 0 are found at the
end of n + 1 paths. The number of extraneous paths, 2n — (n+1) =n — 1,
is far less than the number of extraneous paths, 2" —n — 1, by using the
classical homotopy with Q(x) = 0 in (j5.3]).
More precisely, we state the main theorem in [81].

Theorem 5.2. Let Q(x) be a system of polynomials chosen to have the
same m-homogeneous form as P(x) with respect to certain partition of the
variables (z1,...,x,). Assume Q(x) = 0 has ezactly the Bézout number of
nonsingular solutions with respect to this partition, and let

H(x,t) = (1—1)cQ(x) + tP(x)

where t € [0,1] and ¢ € C* = C\ {0}. If c = re?® for some positive r € R,
then for all but finitely many 6 € [0, 2x], Properties 1 and 2 hold.

Notice that when the number of nonsingular isolated zeros of Q(x),
having the same m-homogeneous structure of P(x) with respect to a given

partition of variables (x1, ..., x, ), reaches the corresponding Bézout number,
then no other solutions of Q(x) = 0 exist in affine space.
In general, if x = (x1,...,x,) is partitioned into x = (y1,...,yYm) where

y1= (xgl),...,:c,(cll)), yo = (xf),...,x,(i)), ey Y = (xgm),...,x,i:b))
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with k1 + - - - +k,, =n, and for polynomial system P(x) = (p1(X),. .., pn(X))
where p;(x) has degree (dgj), e d,(fl)) with respect to (y1,...,ym) for j=
1,...,n, we may choose the start system Q(x) = (q1(x), ... ,qn(x)) where

m d(j)

(512)  ¢i(x) = [[[IVal’ + +cpal) + ), j=1,....n
i=11=1

Clearly, for each j, ¢;j(x) has degree (dgj), e d%)) with respect to (yi,...,

¥Ym), the same degree structure of p;(x). Furthermore, it is not hard to
see that, for generic coefficients Q(x) has exactly m-homogeneous Bézout
number, with respect to this particular partition x = (y1,...,¥m), of non-
singular isolated zeros in C™. They are easy to obtain. In fact, the system
Q(x) in is constructed according to this principle. In [113], the product
in (5.12)) is modified along the same line to be more efficient to evaluate.

As mentioned earlier, solving system in with the start system Q(x)
in , there are still n — 1 extraneous paths for the homotopy. This is
because, even when viewed in CP! x CP"~!, P(x) has zeros at infinity. One
can see in that

S ={(@8, 1), @, w2, .. ) € CPP x CP 1 | 2 = 0, 2 = 0}

is a set of zeros of P(x) at infinity. So, to lower the number of those extra-
neous paths further, we may choose the start system Q(x) to have the same
nonsingular variety of zeros at infinity S as P(x) does, in addition to shar-
ing the same 2-homogeneous structure of P(x). For instance, the system

Q(x) = (q1(x), -, qn(x)) where

1 (x) = (1 +en)(x1 + 224+ + 2y + e12),
@2(x) = (z1 + e21)(x1 + 22 + €22),

qn(x) = (1 + en1)(z1 + zp + €n2)

shares the same 2-homogeneous structure of P(x) with y; = (z1) and y3 =
(x2,...,xy), namely, for each j, ¢;(x) has degree two with respect to y;
and degree one with respect to ys. On the other hand, when viewed in
(z1,22) € CP! x CP"! with z; = (mél),xl) and zy = (3:823,332, ..., Tp), this
system has the same nonsingular variety S of zeros at infinity as P(x). The
system Q(x) = 0 also has n + 1 solutions in C" for generic ej;’s, and there
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will be no extraneous paths. It can be shown [68, R1] that if Q(x) = 0 in
H(x,t) = (1 —t)cQ(x) + tP(x)

is chosen to have the same m-homogeneous form as P(x) and the set of zeros
at infinity Voo (Q) of Q(x) is nonsingular and contained in V(P), the set of
zeros at infinity of P(x), then for ¢ = re? for some positive r € R and for
all but finitely many 6, Properties 1 and 2 hold.

_ Most often the zeros at infinity of an m-homogeneous polynomial system
P(zy, ...,2y) in CP* x .- x CP* is hard to identify. Nevertheless, the
choice of Q(x) =0 in , having no zeros at infinity regardless of the
structure of the zeros at infinity of P(x), can still reduce the number of
extraneous paths dramatically by simply sharing the same m-homogeneous
structure of P(x) only.

Let us look at the system

p1(x) = z1(a11x1 + - + a1p®n) + b1121 + - + b1z, + 1 =0,

pn(x) = ‘Tl(anlml +--+ annxn) + bnlxl +--+ bnnl‘n +c, =0,

in again. This time we partition the variables xi,...,z, into y; =
(x1,x2) and yo = (x3,...,x,). For this partition, the 2-homogeneous degree
structure of p;(x) stays the same, namely, the degree of p;(x) is two with
respect to y; and is one with respect to y2. However, the Bézout number with
respect to this partition becomes the coefficient of a%ag_2 in the product
(201 + a)™ according to . This number is

<g>><22:2n(n—1),

which is greater than the original Bézout number 2n with respect to the
partition y; = (z1) and y2 = (z2,...,2,) when n > 2. If the start system
Q(x) is chosen to have the same m-homogeneous structure of P(x) with
respect to this partition, then, assuming @(x) has no zeros at infinity, we
need to follow 2n(n — 1) paths to find all n + 1 isolated zeros of P(x). This
represents a much bigger amount of extraneous paths.

Apparently, the m-homogeneous Bézout number is highly sensitive to
the chosen partition: different ways of partitioning the variables produce
different Bézout numbers. By using Theorem|[5.2] we usually trace the Bézout
number (with respect to the chosen partition of variables) of paths to obtain
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all the isolated zeros of P(x). In order to minimize the number of paths need
to be traced and hence avoid more extraneous paths, it’s critically important
to find a partition which provides the lowest Bézout number possible. In
[112], an algorithm for this purpose was given. By using this algorithm one
can determine, for example, the partition P = {(b), (¢, d, e)} which gives the
lowest possible Bézout number 368 for the Cassou-Nogues system in (5.4]).
Consequently, we may construct a random product start system Q(x), as
in for instance, to respect the degree structure of the Cassou-Nogues
system with respect to this partition. The start system @(x) will have 368
isolated zeros in C", and, according to Theorem 2.2, only 368 homotopy
paths need to be followed to obtain all 16 isolated zeros of the system,
in contrast to following 1344 paths if we choose the start system Q(x) as
in (53).

In the remainder of this section, we shall elaborate the algorithm given in
[112] designed to search for a partition of variables which provides the lowest
corresponding m-homogeneous Bézout number of a polynomial system.

First of all, we need a systematic listing of all the possible partitions of
the variables {z1,...,2,}. This can be obtained via considering the refor-
mulated problem: how many different ways are there to partition n distinct
items into m identical boxes for m = 1,...,n? Denote those numbers by
g(n,m), m=1,...,n. Clearly, we have g(n,n) =1 and g(n,1) = 1. Fur-
thermore, the recursive relation

g(n’m) :mxg(n_lvm)+g(n_17m_1)

holds, because for each of the g(n — 1, m) partitions of n — 1 items, we may
add the nth item to any one of m boxes, plus for each of the g(n — 1,m — 1)
partitions of n — 1 items into m — 1 boxes we can only put the nth item in
the mth box by itself. The numbers g(n,m) are known as Stirling numbers
of the second kind [93].

For a given partition y; = (acgl), . ,xl(cll)), e Ym = (acgm), . mg:)) of
the variables {x1,...,,} of a polynomial system P(x) = (p1(x),...,pn(X))
where k1 + -+ + k,,, = n and

di; = degree of p; with respect to y;,

straightforward application of the definition given in to compute the
Bézout number, (namely, expanding the product and finding the appropri-
ate coefficient), does not lead to an efficient algorithm except in the most
simplest cases. A simpler approach is given below.
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First of all, it’s easy to see that the definition of the Bézout number given
in (5.10) can be restated as: the Bézout number is the sum of all products
of the form

dig, X dog, X <+ X dpg,

where among /1, ..., ¢, each integer j = 1,...,m appears exactly k; times.
That is, in the degree matriz

din -+ dim
(5.13) D=| : -
dnl o dnm
we sum degree products over all possible ways to choose each row once
while choosing k; entries from each column j. Thus, to calculate the Bézout
number, we may enumerate the permissible combinations, form the cor-
responding degree products, and add them up. Since many of the degree
products contain common factors, we may reduce the number of multiples
by a method resembling the evaluation of a determinant via expansion by

minors, either down the column or across the rows. The row expansion is
generally more efficient, so we shall present only this alternative.

For partition vector K = [k1, ..., ky,], consider forming degree products
in degree matrix D in as follows. First, in row 1 of D, suppose we
choose element dy;. Then to complete the degree product we must choose
one element from each of the remaining rows while only k; — 1 elements
from the jth column are included. So, a minor corresponding to di; is
derived by deleting row 1 of D and decrementing k; by 1. This minor
has the corresponding Bézout number in its own right, with respect to the

partition vector K" = [k1,...,kj—1,k; — 1,kj41,...,km]. The row ezpansion
algorithm for the Bézout number of degree matrix D with respect to the
partition vector K = [ky,...,k;,] is to compute the sum along the first row

of each dy;(k; > 0) times the Bézout number of the corresponding minor.
The Bézout number of each minor is then computed recursively by the same
row expansion procedure.

More precisely, let b(D, K ,i) be the Bézout number of the degree matrix
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consisted of the last n — i 4 1 rows of D in , with respect to the par-
tition vector K = [k1,...,kn]. Here, of course, ky + -+ ky, =n —i+ 1.
Let M(K,j) be the partition vector derived by decrementing k; in K by 1,
namely,

M(K,j) = [k1,...,kj—1,kj — L, kjs1,. ., km].

With the convention b(D, K,n + 1) := 1 the row expansion algorithm may
be written as

m
k;élo
and the Bézout number of the original degree matrix D with respect to the
partition vector K = [ky,...,ky,] is simply B = b(D, K, 1).

Note that if the degree matrix D is sparse, we may skip over computa-
tions where d;; = 0 and avoid expanding the recursion below that branch.

Example 5.3 ([112]). . For the polynomial system P(x) = (pi(x),...,
pa(x)), with x = (x1, 2, z3, 24), let y1 = (x1,22) and y2 = (x3,24). So, the
partition vector K = [2,2]. Let

di1  di2

do1  doo
D=

ds1  dso

dy1  d3za

be the degree matrix. Then, by the row expansion algorithm, the Bézout
number B of D with respect to K is,

B =d1b(D,[1,2],2) 4+ d12b(D, [2,1],2)

= dy1[da1 - b(D, [0,2],3) + daz - b(D, [1,1], 3)]
+ diz[dg1 - (D, [1,1],3) + daz - b(D, [2,0],3)]

= dy1[da1dsz - b(D, [0, 1],4) 4 daa(ds1 - b(D, [0,1],4) + dsa - b(D, [1,0],4))]
+ d19 [dgl (ds1 - b(D,[0,1],4) 4+ ds2 - b(D, [1,0],4))
+ das - (d31 - b(D, [1,0],4)]

= d11(do1d32d42 + dao(d31da2 + d3adsr))
+ d12(d21(d31da2 + dsadar) + daadsidar).
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Example 5.4 ([I12]). Consider the system

i+ w2+ 1=0
rix3+220+2=0
Toxr3 +x3 +3 =0.

There are five ways to partition the variables {x1,x9,x3}. We list the
degree matrices and Bézout numbers calculated by the row expansion algo-
rithm for all five partition schemes as follows:

1) {mla x2, x3}

2
K =[3], D= |2|, Bézout number = 8
2
2) {z1, z2}{x3}
2 0
K =2,1], D=1 1 Bézout number = 4.
1 1
3) {z1, 23} {2}
2 1
K =12,1], D= |21 Bézout number = 8
1 1
4) {a1}{ze, z3}
2 1
K =[1,2], D=1 1 Bézout number = 6
0
5) {a1}, {xa}, {23}
2 1 0
K =1[1,1,1], D=1]1 1 1 Bézout number = 5
0 1 1

Thus, the grouping ({z1,z2}, {x3}) has the lowest Bézout number(= 4)
and would lead to the most efficient homotopy continuation.
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When exhaustively searching for the partitioning of the variables which
provides the minimal Bézout number of the system, there are several ways
to speed up the process. For instance, as we sequentially test partitioning in
search for minimal Bézout numbers, we can use the smallest one found so
far to cut short unfavorable partitioning. Since the degrees are all nonnega-
tive, the Bézout number is a sum of nonnegative degree products. If at any
time the running subtotal exceeds the current minimal Bézout number, the
calculation can be aborted and testing of the next partitioning can proceed.
This can save a substantial amount of computation during an exhaustive
search. See [112] for more details.

While the number of partitioning to be tested grows rapidly with the
number of variables, the exhaustive search can be easily parallelized by sub-
dividing the tree of partitioning and distributing these branches to multiple
processors for examination. Thus, continuing advances in both raw computer
speed and in parallel machines will make progressively larger problems fea-
sible.

In [I10], a generalized Bézout number, or GB, is developed in the GBQ-
algorithm, in which the partition of variables is permitted to vary among the
p;j(x)’s. Even lower Bézout number may be achieved when a proper partition
structure of the variables for each individual polynomial p;(x), j =1,...,n
is chosen. This strategy can take a great advantage on certain sparse systems
where an appropriate partition of variables is evident.

5.3. Cheater’s homotopy

To organize our discussion in this section, we will at times use a notation
that makes the coefficients and variables in the polynomial system P(x) = 0
explicit. Thus when the dependence on coefficients is important, we will
consider the system P(c,x) = 0 of n polynomial equations in n unknowns,
where ¢ = (c1,...,cpr) are coefficients and x = (z1,...,x,) are unknowns.

A method called the cheater’s homotopy [63] [64] has been developed to
deal with the problem when the system P(c,x) = 0 is asked to be solved for
several different set of the coefficients ¢ (a similar procedure can be found
in [82]).

The idea of the method is to theoretically establish Properties 1 and 2
by deforming a sufficiently generic system (the precise sense will be given
later) and then to “cheat” on Property 0 by using a preprocessing step. The
amount of computation of preprocessing step may be large, but is amortized
among the several solving characteristics of the problem.
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We begin with an example. With x = (21, z2), let P(x) be the system
p1(x) = x3a3 + c1atms + 23 + cary + 3 =0,

po(x) = caxizl — xlze + 10+ 5 = 0.

(5.14)
This is a system of two polynomial equations in two unknowns 1 and xs.
We want to solve this system of equations several times for various specific
choices of ¢ = (c1,...,c5).

It turns out that for any choice of coefficients c, system has no
more than 10 isolated solutions. More precisely, there is an open dense subset
S of C® such that for all ¢ belonging to S, has exactly 10 solutions.
Moreover, 10 is an upper bound for the number of isolated solutions for all
c in C°. The total degree of the system is 6 x 5 = 30, meaning that if we
had taken a generic system of two polynomials in two variables of degree 5
and 6, we expect there would be 30 solutions. Thus , with any choice
of c = (ci,...,c5), is a deficient system. The classical homotopy using the
start system Q(x) = 0 in produces d = 30 paths, beginning at 30 trivial
starting points. Thus there are (at least) 20 extraneous paths.

The cheater’s homotopy continuation approach begins by solving
with randomly-chosen complex coefficients ¢ = (¢1,...,¢5); let X* be the set
of 10 solutions. No work is saved there, since 30 paths need to be followed,
and 20 paths are wasted. However, the 10 elements of the set X* are the
seeds for the remainder of the process. In the future, for each choice of
coefficients ¢ = (c1,...,c5) for which the system ([5.14)) needs to be solved,
we use the homotopy continuation method to follow a linear homotopy from
the system with coefficient € to the system with coefficient c. We follow the
10 paths beginning at the 10 elements of X*. Thus Property 0, that of having
trivial-available starting points, is satisfied. The fact that Properties 1 and
2 are also satisfied is the content of Theorem [5.5] below. Thus for each fixed
c, all 10 (or fewer) isolated solutions of lie at the end of 10 smooth
homotopy paths beginning at the seeds in X™*. After the initial preprocessing
step of finding the “seeds”, the complexity of all further solving of is
proportional to the number of solutions 10, rather than the total degree 30.

Furthermore, this method requires no a priori analysis of the system. The
first preprocessing step of finding the seeds establishes a sharp theoretical
upper bound on the number of isolated solutions as a by-product of the
computation; further solving of the system uses the optimal number of paths
to be traced.

We earlier characterized a successful homotopy continuation method as
having three properties: triviality, smoothness, and accessibility. Given an
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arbitrary system of polynomial equations, such as , it is not too hard
(through generic perturbations) to find a family of systems with the last
two properties. The problem is that one member of the family must be
trivial to solve, or the path-following cannot get started. The idea of the
cheater’s homotopy is simply to “cheat” on this part of the problem, and
run a preprocessing step (the computation of the seeds X*) which gives us
the triviality property in a roundabout way. Thus the name, the “cheater’s
homotopy”.
A statement of the theoretical result we need follows. Let

pl(Cl,... yCM X1y .- ,1’»,1) = 0,
(5.15)

pr(Cly o seny 1y ) =0,
be a system of polynomial equations in the variables c1,...,ca, T1, ..., Ty
Write P(c,x) = (pi(c, x),...,pn(c,x)). For each choice of ¢ = (c1,...,cnm)
in CM | this is a system of polynomial equations in the variables x1,. .., 2.

Let d be the total degree of the system for a generic choice of c.

Theorem 5.5. Let ¢ belong to CM. There exists an open dense full-measure
subset U of C"*M such that for (b%,...,b%,¢t,...,chp) € U, the following
holds:

(a) The set X* of solutions x = (x1,...,x,) of

@ (z1,...,xn) =pi(ci, ..., Cops @1y oy xn) £ 0] =0

an(T1, .- ) = pu(cl, o sy Ty oy Tn) + 07 =0

consists of dy isolated points, for some dy < d.

(b) The smoothness and accessibility properties hold for the homotopy

(5.16) H(x,t) = P((1 —t)c] + te, ..., (L —=t)chy +tear, @, ..., Tp)
+ (1 —t)b*

where b* = (b],...,b%). It follows that every solution of P(c,x) = 0 is
reached by a path beginning at a point of X*.
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A proof of Theorem can be found in [64]. The theorem is used as
part of the following procedure. Let P(c,x) = 0 be as in (5.15)) denote the
system to be solved for various values of the coefficients c.

Cheater’s Homotopy Procedure:

(1) Choose complex numbers (b},...,b}5,c},...,c¢};;) at random, and use
the classical homotopy continuation method to solve Q(x) = 0 in (5.16]).
Let dy denote the number of solutions found (This number is bounded

above by the total degree d). Let X* denote the set of dy solutions.

(2) For each new choice of coefficients ¢ = (c1, ..., cpr), follow the dy paths
defined by H(x,t) = 0 in (5.16]), beginning at the points in X*, to find
all solutions of P(c,x) = 0.

In Step (1) above, for random complex numbers (c7, ..., c},), using clas-
sical homotopy continuation methods to solve Q(x) = 0 in may itself
be computationally expensive. It is desirable that those numbers do not have
to be random. For illustration, consider the linear system

c1121 + - -+ + cipTy = by,
(5.17)

Cp1®1 + -+ CpnTp = bn>

which may be considered as a polynomial system with degree one of each
equation. For randomly chosen ¢;;’s, has a unique solution which is
not available right away. However, if we choose ¢;; = 6;;(the Kronecker delta;
=1ifi=j, =0if i # j), the solution is immediate.

For this purpose, an alternative is suggested in [69]. When a system
P(c,x) = 0 with a particular parameter ¢’ is solved, this ¢’ may be assigned
specifically instead of being chosen randomly, then for any parameter ¢ € CM
consider the nonlinear homotopy

(5.18)  H(a,x,t) = P((1 — [t — t(1 — t)a])c® + (t — t(1 — t)a)c,x) = 0.

It was shown in [69] that for randomly chosen complex number a the solution
paths of H(a,x,t) = 0 in , emanating from the solutions of P(c?,x) =
0 will reach the isolated solutions of P(c,x) = 0 under the natural assump-
tion that for generic ¢, P(c,x) has the same number of isolated zeros in C".

The most important advantage of the homotopy in is that the
parameter ¢’ of the start system P(c” x) = 0 need not be chosen at ran-
dom as long as it is chosen for which P(c’,x) = 0 has the same number of
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solutions as P(c,x) = 0 for generic c. Therefore, in some situations, when
the solutions of P(c,x) = 0 are easily available for certain particular param-
eter c?, the system P(c’,x) = 0 may be used as the start system in ([5.18))
and the extra effort of solving P(c,x) = 0 for a randomly chosen ¢ would
be saved.

To finish, we give a more non-trivial example of the use of the procedure
described in this section.

Consider the indirect position problem for revolute-joint kinematic
manipulators. Each joint represents a one-dimensional choice of parameters,
namely the angular position of the joint. If all angular positions are known,
then of course the position and orientation of the end of the manipulator (the
hand) are determined. The indirect position problem is the inverse problem:
given the desired position and orientation of the hand, find a set of angu-
lar parameters for the (controllable) joints which will place the hand in the
desired state.

The indirect position problem for six joints is reduced to a system of
eight nonlinear equations in eight unknowns in [I08]. The coefficients of the
equations depend on the desired position and orientation, and a solution of
the system (an eight-vector) represents the sines and cosines of the angular
parameters. Whenever the manipulator’s position is changed, the system
needs to be resolved with new coefficients. The equations are too long to
repeat here (see the appendix of [108]); suffice to say that it is a system
of eight degree-two polynomial equations in eight unknowns which is quite
deficient. The total degree of the system is 28 = 256, but there are at most
32 isolated solutions.

The nonlinear homotopy requires only 32 paths to solve the system
with different set of parameters[67, 69]. The system contains 26 coefficients,
and a specific set of coefficients is chosen for which the system has 32 solu-
tions. For subsequent solving of the system, for any choice of the coefficients
c1, ..., Co, all solutions can be found at the end of exactly 32 paths, by using
the homotopy in (5.18]) with randomly chosen complex number a.

6. Theorem of Bernshtein, mixed volume, and mixed cells
Almost all the homotopies we discussed above are in the form of
H(x,t) = (1 —t)eQ(x) + tP(x)

which is linear in . Homotopies that are nonlinear in ¢ was originally sug-
gested by S. T. Yau [116]. In the middle of 90’s, a major computational
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advance has emerged in solving polynomial systems by the nonlinear homo-
topy method. The new method takes a great advantage of Bernstein’s theo-
rem [9] which provides a much tighter bound, in general, than the classical
Bézout number and its variants for the number of isolated zeros of a poly-
nomial system in the algebraic tori (C*)"™ where C* = C\ {0}. Based on
this root count, a nonlinear homotopy, commonly known as the polyhedral
homotopy, was introduced in [42] to find all isolated zeros of polynomial
systems.

6.1. Theorem of Bernshtein
We begin with an example [42]. With x = (x1, z2), let P(x) be the system

(6.1) p1(x) = criz1x2 + c1221 + c1322 + 14 = 0,
‘ p2(x) = 6211'155'% + 622.%‘%:(}2 + co3 = 0.

Here, ¢;; € C* = C\ {0}. The formal expressions for the monomials {zx2,
x1, Tg, 1} in p; are rixg = l’%l‘%, T = :L‘%:Eg, To = :c(l)m% and 1 = x(l)xg. The
set of their exponents

Sy = {a=(0,0), b=(1,0), c=(1,1), d = (0,1)}

is called the support of p;, and its convex hull @ = conv(S]) is called
the Newton polytope of p;. Similarly, ps has support So = {e = (0,0), f =
(2,1), g = (1,2)} and Newton polytope Q2 = conv(S3). With the notation
xq = z1'z¥ for q = (¢1,2), we may rewrite (6.1)) as

p1(x) = Z c1,gx? and po(x) = Z c2,qx%.

q651 q652

For polytopes Ry, ..., R in R", their Minkowski sum [76] Ry + - -- + Ry,
is defined by

Ri+-+Ry={r1+---+r,|r;eR;, j=1,....k}.

(polytopes @1, Q2 and Q1 + Q2 for the system in (6.1) are shown in Fig-
ure . Now, consider the area of the convex polygon A\1Qq + AoQ2 with
non-negative variables A\; and A2 for the system (6.1)). First of all, the area
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atebte

a b
(a) @1

(c) The Minkowski sum Q1 + Q2

Figure 12. The Newton polytopes of p; and ps along with their Minkowski
sum

of a triangle on the plane with vertices u, v and w is known to be

W =V

(6.2) ;‘det [“ - "]

To compute the area f(A1, \2) of \1Q1 + A2Q2, we may partition the poly-
tope A1Q1 + A2Q)2 into a collection of mutually disjoint triangles Ay, As, ...,
A;. If we choose those triangles in which none of their vertices is an interior
point of the polytope A1@Q1 + A2Q)2, then all their vertices take the form
A1r1 + Aoro for certain r; € @1 and ry € Q2. From , the area of each
A; is a second degree homogeneous polynomial in A\; and A9, and there-
fore, f(A1,A2), as a sum of the areas of Aj,..., A, is also a second degree
homogeneous polynomial in A\; and Ay. Writing

FALA2) = a1A? + aA3 + a1od i \g,

the coefficient a1 of A\jAe in f is called the mized volume of the polytopes
@1 and Qg, denoted by M(Q1,Q2). Clearly,

a2 = f(171> —f(l,O) _f<071)
= area of (@1 + Q2) — area of (Q1) — area of (Q2).

The areas of Q1 + D2, Q1 and )2, as displayed in Figure are 6.5, 1
and 3.5 respectively. Therefore, the mixed volume of the polytopes )1 and
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C?Qis
M(Q1,Q2) =a12=65—-1—15=4.

On the other hand, viewed in CP?, the system (6.1)) has two zeros (zq, z1, x2)
= (0,0,1) and (0,1, 0) at infinity; hence, it can have at most 4 isolated zeros
in (C*)2. This is the content of the Bernshtein theorem: The number of
isolated zeros of (6.1]) in (C*)2, counting multiplicities, is bounded above by
the mixed volume of its Newton polytopes. Furthermore, when c¢;;’s in
are chosen generically, then these two numbers coincide.

To state the Bernshtein Theorem in general form, let the given poly-
nomial system be P(x) = (p1(x),...,pn(x)) € C[x], where x = (z1,...,Zy).
With a = (ay,...,a,) and x* = z{* - - - 28", write

p1(x) = Z 12X,

acsS;
(6.3) :
pn(x) = Z Cp X
aEes,
where S1,...,5, are fixed subsets of Njj with cardinals k; = #5;, and c}f’a €

C* for a€ Sj, j=1,...,n. As before, S; is the support of p;(x), and S =
(S1,...,8y) is the support of P(x). The convex hull Q); = conv(S;) in R™ is
the Newton polytope of p;.

For nonnegative variables Ai,...,A\,, let A\Q1+ -+ \,@Q, be the
Minkowski sum of \1Q1, ..., A\nQp, that is,

A1Q1+"'+)‘nQn:{Alrl_'_"'—i_)\nrn’rjeraj:1727"'7n}'

Following similar reasonings for calculating Vola(A1Q1 + A2Q)2), the area of
A1Q1 + A2Q)2 of the system in , it can be shown that the n-dimensional
volume, denoted by Vol,, of the polytope \iQ1 + - - - + A\, @y is a homoge-
neous polynomial of degree n in Ay, ..., \,. The coefficient of the monomial
A1 X -+ X A, in this homogeneous polynomial is called the mized volume of
the polytopes Q1,...,Qp, denoted by M(Q1,...,Qy), or the mixed volume
of the supports Si, ..., S, denoted by M(S1,...,S,). When no ambiguities
exist, it is called the mixed volume of P(x) at times.
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We now embed the system (6.3]) in the systems P(c,x) = (pi(c,x),...,
pn(c,x)) where

pi(e,x) = Y crax?,

acs;
(6.4) :
pn(C,X) = z Cn,axav
aESn
and the coefficients ¢ = (¢j.a) with a € S; for j =1,...,n are taken to be a

set of m := k1 + - -- + ky, variables. That is, we regard P(x) = P(c*,x) for
a set of specified values of coefficients ¢* = (¢} ,) in (6.4).

In what follows, the total number of isolated zeros, counting multiplic-
ities, of a polynomial system will be referred to as the root count of the

system.

Lemma 6.1 ([42]). For polynomial systems P(c,x) in (6.4]), there exists
an open and dense set U C C™ such that for those coefficients ¢* = (c}*-’a) €
U, the root count in (C*)™ of the corresponding polynomial systems in
is a fized number. Moreover, the root count in (C*)"™ the polynomial system

P(c,x) for any choice of ¢ is bounded above by this number.

Since the set U in the above lemma is open and dense (and hence has
full measure), with probability one, the corresponding polynomial system
for randomly chosen coefficients ¢* = (¢ ,) € C™ will have the same root
count in (C*)™. Such polynomial systems are said to be in general position.
That is, a polynomial system P(c,x) with the specific choice of coefficients
c € C™ is in general position if its root count in (C*)™ equals the upper

bound provide by Lemma [6.1

Remark 6.2. It is worth noting, however, the property of being in general
position has a much stronger characterization: For the family P(c,x) of
polynomial systems given in which is parametrized by the coefficients
¢ = (¢ja), there exists a polynomial G(c) such that P(c,x) is in general
position whenever G(c) # 0.

Example 6.3. A simple example that illustrates the assertions above is
the following 2 x 2 linear systems:

(6.5) €111 + c1aw2 = by,
c2171 + Ccoax2 = ba.
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Here, ¢ = (c11, c12, €21, €22, —b1, —b2). Let

G(c) :det< an e ) Xdet( cu by ) xdet( b e )
c21 €22 c1 by by c2

Then, when the coefficients ¢* = (c];, ¢y, €51, ¢y, —b], —b3) satisfies G(c*) =
0, its corresponding linear system has no isolated solution in (C*)?;
otherwise, the system has a unique solution in (C*)2. Note that those ¢ € C°
where G(c) # 0 forms an open dense set in C°.

Sn)
the

For P(c,x) in general position with support (Si,...,S,), let L(S,...,
be the fixed number of its isolated zeros in (C*)™. This number satisfies
following properties:

1: (Symmetric) L(Si,...,Sy) remains invariant when S; and Sj, i # j,

exchange their positions along with their corresponding polynomials
p; and p;.

2: (Shift invariant) L(S1,...,a+S;,...,S,) = L(S1,...,Sy,) fora € Nj.

Replacing p;(c,x) in the system in (6.4) by x®p;(c,x) results in a
new system with support (S1,...,a+S5;,...,5,). Clearly, the number
of its isolated zeros in (C*)™ stays the same.

3: (Multi-linear)  L(Sy,.. LS+ SiyeosSp) =L(S1,...,Sj,..., ) +

L(Sy, ...,Sj,...,Sn) for Sj C N,

Let P(c,x) = (p1(c,%),...,pj(¢,%),...,pj(c,x)) be a system in gen-
eral position with support (S, ...,5S;,...,S,). Then replacing p;(c,x)
in the system P(c,x) by p;(c,x)p;(c,x) yields a system with support
(S15...,8;+Sj,...,Sn). It is clear that the number of isolated zeros
of the resulting system in (C*)" is the sum of the numbers of those
isolated zeros of P(c,x) and P(c,x) in (C*)™.

4: (Automorphism invariant) L(Sy,...,S,) = L(US1,...,US,,) where U

is an n x n integer matrix with detU ==+1 and US; ={Ua|ac
Sijtforj=1,...,n.

Note that in writing x* = z{* - - - %" we regard the vector a = (ay,
...,ayn) as a column vector. Let U; be the j-th column of U = (u;)
and x =yV = (yUr, ... ,yU), ie,

Un 5

Ilfj:ij:y;Llj"'yn , ]:1,,71
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This coordinate transformation yields

(6.6) x* =gl

n
= (") (y
U101+ F U1 A, Un1G1F " FUnnGn
n

=y"?,

Un)an

and transforms the system P(x) with support (S1,...,5,) to Q(y) =
P(yY) with support (USy,...,US,). For a given isolated zeros yq of
Q(y) in (C*)", xo =y is clearly an isolated zero of P(x) in (C*)™.
Furthermore, since detU = 41, V := U~! is also an integer matrix,
and

Therefore, for an isolated zero xg of P(x) in (C*)", yo = x} is an
isolated zero of Q(y) in (C*)". This one to one correspondence between
isolated zeros of Q(y) and P(x) in (C*)™ gives L(S1,...,S,) = L(USI,
., USy).

Functions that take n finite subsets Si,...,S, of Nj and return a real
number satisfying all the above properties are rarely available. The mixed
volume M(Sy,...,S,), emerged in the early 20th century, happens to be
one of them:

1: (Symmetry) This property is obvious for M (S, ..., S,) by its defini-
tion.

2: (Shift invariant) For a € Nj and Qf = conv(S), k=1,...,n,

Vol (1Q1 4+ + j(a+ Qj) + - + 1nQn)
:Voln(fja + ngl + -+ ngj + 4+ gnQn)

Hence, M(S1,...,a+S;,...5,) = M(S1,...,5).

3: (Multi-linear) We shall only prove t_his property for the first compo-
nent of M(S1,...,Sy), namely, for 57 C Nf,

M(S) + S1,8,.. Sp) = M(S1, ..., Sp) + M(S1,...Sh).



180 T.-R. Chen and T.-Y. Li

For positive a, 3, f1,...,¢, and Q1 = conv(S}),

(67) VOln(gl(OéQl + BQI) + EQQQ + .4 énQn)
- Z a(avﬁajl,--.,jn)ﬂjf...&jmn

jitetjn=n

where a(a, 8, j1, ..., jn) denotes the coefficients of the above polyno-
mial, and

(6.8) Vol (L10Q1 + Q1 + -+ + £,Qy)
= > gt i) () (LBl

Jitiittin=n

in which the coefﬁcients are denoted by b(j1, 71, --,7n). Comparing
the coefficients of 41 --- ¥, in and . 6.8)) yields

(6.9) a(a, 8,1,...,1) = ab(1,0,1,...,1) + 8b(0,1,...,1)

Letting (1) a=8=1,(2) a=1,=0,and (3) a=0,8=11in
respectively yields

M(S1+ S1,...,8) =a(l,...,1) =b(1,0,1,...,1) +b(0,1,...,1)
_a(1o,1, 1) +a(0,1,...,1)
= M(5,..., )—l—M(Sl,...,Sn).

4: (Automorphism invariant) For linear transformation U,
VOln(U(£1Q1 +e EnQn)) = | det U’ VOln(ElQl +- EnQn)

Therefore, when det U = +1,

VOln(gl(UQl) R en(UQn)) = VOln(U(ngl + -+ EnQn))
= VOln(ElQl + -+ EnQn)a

and consequently,
MUSy,...,US,) = M(S1,...,5h).

The above connection between L(Si,...,S,) and M(S1,...,Sy,) sug-
gested the following Bernshtein theorem:
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Theorem 6.4 ([9, Theorem A]). The number of isolated zeros, counting
multiplicities, in (C*)™ of a polynomial system P(x) = (p1(x),...,pn(X))
with support S = (S1,...,Sy) is bound above by the mized volume M(Sy, ...,
Sp). When P(x) is in general position, it has exactly M(S1,...,Sy) isolated
zeros in (C*)".

In [14], the root count in the above theorem was nicknamed the BKK
bound after the works of Bernshtein [9], Kushnirenko [50] and Khovanskii
[48]. In general, it provides a much tighter bound of the number of isolated
zeros of a polynomial system compared to variant Bézout bounds discussed
in the last section. However, this theorem does have an apparent limita-
tion: it only counts the number of isolated zeros of a polynomial system in
(C*)™ rather than the number of all isolated zeros in affine space C". For
counting the number of all isolated zeros of a polynomial system in C", a
more general version of the theorem is strongly desirable. This problem was
first attempted in [91], a bound for the root count in C™ was obtained via
the notion of the shadowed sets. Later, a significantly tighter bound was
discovered in the following theorem.

Theorem 6.5 ([70]). The root count in C" of a polynomial system P(x) =
(p1(X), ..., pn(x)) with supports S = (S1,...,Sn) is bounded above by the
mized volume M(S1 U{0},...,S, U{0}).

In other words, the root count of a polynomial system P(x) = (p1(x), ...,
pr(x)) in C™ is bounded above by the root count in (C*)™ of the polynomial
system P(x) in general position obtained by augmenting constant terms to
those p;’s in P(x) which do not have constant terms. As a corollary, when
0 e S forall j=1,...,n, namely, all p;j(x)’s in P(x) have constant terms,
then the mixed volume M(Si,...,S,) of P(x) is a bound for the root count
of P(x) in C", more than just the root count of P(x) in (C*)".

This theorem was further extended in several different ways (see [43],92]).
§10] will explore one such extension in detail.

6.2. Mixed volume and fine mixed subdivision

Let us take a look at the system of two polynomials

fi(z1,z2) = Clx%ﬂﬁg + 6236% + Cst% +cq
fo(x1,22) = csaizg + com123 + c7.

(6.10) F(x1,29) = {



182 T.-R. Chen and T.-Y. Li

The supports of these two polynomials are

S = {(Qa 2)7 (270)7 (O’ 2)a (07 0)}
SQ = {(27 1)7 (172)7 (070)}

and the Newton polytopes of fi and fo are

Q1 =convSy = and Qo = conv Sy

respectively. As before, the mixed volume of (Q1,Q2) can be computed by
the formula

M(Q1,Q2) = area of (Q1 + Q2) — area of (Q1) — area of (Q2).

However, when the polynomial system has more equations, this formula
becomes

MQ1, -, Qn) = (1)1 Vol (Qi) + (=1)" > Y Vol (Qi + @)
i=1 i<j
o Vol (Q1 4+ + Qn).

Practically, it is difficult to use this somewhat complicated formula for mixed
volume computations in general. To efficiently compute the mixed volume
we must look for other formulations.

Let’s look at the following subdivision of the Minkowski sum Q1 + Q2

in which the dotted portion is an exact copy of ()1 while the crossed portion
is a translated copy of Q2. The remaining (shaded) parts come from the
Minkowski sum of “mixing” edges of )1 and Q-.

The mixed volume of (Q1,Q2) is defined via the scaled versions A\1Q
and \2Q2 with scaling factors A1, Ao € R™ and their Minkowski sum A\ Q1 +
A2@Q2. Importantly, if we assume the original partition never deteriorate after
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scaling, namely, the original partition of Q1 + Q2 stays as a partition of
A Q1 + A2Q)2 after scaling, then the area of those individual parts in \{Q1 +
A2Q2 are scaled by proper factors: The areas of the copies of @1 (dotted)
and Q3 (crossed) are scaled by A\? and A3 respectively, and the areas of the
“mixed” parts are scaled by A;Ao as marked in the picture below:

So the area of the above polytope, under the mixed scaling, can be decom-
posed into

Vola(A1Q1 + XaQ2) = A2

which is a homogeneous polynomial of degree 2 in A\; and Ag. Recall that the
mixed volume M(Q1,Q2) is defined to be the coefficient of the term ;g
in the above polynomial. Therefore,

and the BKK bound for the system is then 8.

Assembling the mixed volume M(Q1, Q2) in this manner is independent
of the scaling factors A\; and Ao. It is valid for any such subdivisions of
Q1 + Q2 as given above which never deteriorate after mixed scaling. That
is, those original subdivisions stay as subdivisions under mixed scalings.
They are known as the mized subdivisions. To state a formal definition for
such subdivisions with less notations, we shall omit those “+” and “conv” in
most of the occasions. For instance, instead of formulating the subdivision
for Q1+ -+ Qn(=conv(S1) + - - -+ conv(S,)) we shall deal with the n-
tuple (S1,...,S,) for short.
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Let S = (51, ...,5y) be a set of finite subsets of N{j, whose union affinely
spans R". By acell of S = (51, ...,S,) we mean a tuple C = (Cy,...,Cy) of
nonempty subsets C; C S;, and each C; is called a component of this cell.
For brevity, the following notations will be used throughout this section:

type C = (dim(conv C), . .., dim(conv C},))
conv C' =convCy + - -+ + conv C,
Vol C' = Vol(conv ().

In the above, it is easy to verify that conv C' is a convex polytope. Recall that
a polytope P C R™ is the convex hull of finite many points in R™. A subset
F of polytope P is called a face of P if there exists a € R™ for which the
linear functional f(x) = (o, x) for x € R" attains its minimum over P at F,
and the vector av is called an inner normal of F'. Here and after, ( , ) stands
for the usual inner product in Euclidean spaces. When P is a k-dimensional
polytope in R™, its (k — 1)-dimensional faces are called facets of P.

Definition 6.6. A subdivision of S = (S1,...,S,) is a collection D of
cells C = (C,...,Cp) of S = (S1,...,S,) such that

(a): dim(convC) =n for all C € D,

(b): For a distinct pair A, B € D, if conv A N conv B is nonempty, then
it is a common face of both,

(c): Ugep conv C = conv S.

Note that the above conditions characterize precisely a subdivision of
the single convex polytope Q = Q1+ -+ @y of dimension n in the familiar
sense: a collection of convex polytopes of dimension n in Q whose mutual
intersections only appear on their common faces and whose union is the
entire Q. While a proper subdivision of Q is important in computing the
volume of Q as long as the volume of each sub-polytope is easy to attain,
in the study of mixed volume, it is perhaps more important to find the
expression of the volume of the Minkowski sum A\1Q1 + - - - + A, @y in terms
of the scaling factors Ay, ..., A,. For this purpose, merely a subdivision as
given above is insufficient.

For A= (A1,..., ) € (RT)", we shall use the notation Ao S for the
scaled version (A1S1,...,A\nSy), and AoQ for A\ conv Sy +- -4\, conv Sy, =
AMQ1 + - -+ + A\@yp. This notation also applies to individual cells: A o (C,

L Ch)=(MCh, ., A C) for any cell C=(CY,...,Cy) of S=(51,...,5).

Under this “mixed” scaling, a general subdivision of S = (S, ..., S,) may
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not behave properly. That is, a subdivision of S = (Si,...,5,) may not
stay, after mixed scaling, as a subdivision of Ao .S = (\1S1,...,A\,Sy) cor-
respondingly. A subdivision of S = (S, ..., S,) is called scaling invariant if
after mixed scaling, the collection of scaled cells in the subdivision remains
as a subdivision of Ao S = (A151,...,A,S,). To characterize such subdivi-
sions, we add additional restrictions:

Definition 6.7. A subdivision D of S = (51,...,5,) is called a mixed
subdivision if, in addition, it satisfies

(d1): For each cell C = (C1,...,Cy) € D, 70, dim(conv Cj) = n

(d2): For any distinct pair of cells A = (Ay,...,A,), B=(B1,...,By)
€D,

(conv A) N (conv B) = (conv A; Nconv By) + - - - + (conv A,, N conv By,).
Cells of a mixed subdivision are called mixed cells.

A mixed subdivision of S = (S1,...,S,) may be refined via further sub-
division of individual components of each cell. It is computationally bene-
ficial (as Equation later in the section will show) to utilize the most
refined mixed subdivisions:

Definition 6.8. A mixed subdivision D is called a fine mixed subdivi-
sion if it also satisfies the following condition:

e): For each cell C'= (C,...,C,) € D, conv () is a simplex of dimen-
J
sion #C; —1for j=1,...,n.

The importance of mixed subdivisions (and fine mixed subdivisions)
lies in their nice behavior under the “mixed” scaling by positive factors
A= (A1,..., ). They are “scaling invariant” as mentioned above. More-
over, under this condition, one can establish the tie between the cells in a
subdivision and the expression of Vol,(\M Q1+ -+ 4+ A\,@,) by which the
mixed volume is defined.

Proposition 6.9. Let D be a mized subdivision of S = (S1,...,Sy). For
any XA = (A1,..., ) € (RT)™, the set

AoD = {(MC1, ..., \Cy) | (Ci,...,Cp) € D}
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forms a mized subdivision of Ao S = (\.S,..., \pS). Furthermore, if D is
a fine mized subdivision of S, then Ao D is a fine mixzed subdivision of

Ao S =(MS,..., \S).

This proposition actually lays the ground for the version of the mixed
volume computation algorithms to be discussed in Section |8 The complete
proof is somewhat technical, please see [18]. Here we only want to emphasize
that the condition (d2) plays a critical role in the proof and illustrate the
subtlety via a counter example:

Example 6.10. For two supports S; = {(0,0),(1,0),(0,1)} and Sy =
{(0,0), (1,0),(0,1)} in R? and their convex hulls @ = conv S; and Qs =
conv S, we have

Let A = ({(0,0),(1,0),(0,1)},{(0,0)}), B = ({(0,0), (1,0), (0, 1)},{(0,1)}),
and C' = ({(1,0),(0,1)},{(0,0),(1,0)}) be the three cells of D = {A, B,C}.
That is,

Clearly, dim(conv A) = dim(conv B) = dim(conv (') =2 and the intersec-
tion of any two is their common face. Furthermore, the union of the three

convA U convB U conv(C =

is indeed the entire Q1 + @)2. Therefore D satisfies the definition of a sub-
division (conditions (a),(b),(c)). Moreover, since cells A, B, and C are of
type (2,0),(2,0), and (1, 1) respectively, D even satisfies the condition (d1).
However, it does not behave as expected under the scaling by A = (A1, A2).
The cells will both separate and overlap as one chooses different scaling
factors.
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For example, with factors A = (A1, A2) = (1,2), the scaled version 1 -
Qi1+2-Q2is

It no longer covers the entire 1- Q1 4+ 2 - Q2.
Alternatively, with the scaling factor A = (2,1),2- Q1+ 1- Q2 is

Under the same scaling, the cells conv((2,1) o A), conv((2,1) o B), conv((2,
1) o C) are

respectively. Apparently there are overlaps among those three.

In both cases, with certain scalings X o D failed to form a subdivision of
Ao @ = AQ1 + A2Q2. The main reason is the subdivision D of S = (57, S2)
does not satisfy the condition (d2).

Remark 6.11. The condition (d2) was absent when the “mixed subdivi-
sion” was originally defined in [42]. Tt first appeared in [22].

As shown in the above example, the condition (d2) is crucial to ensure
a mixed subdivision transforms properly under mixed scaling in the sense of
Proposition The condition (d1), on the other hand, relates the volume
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Vol,,(MQ1 + -+ + A\pQy) directly to the volumes of individual cells of a
mixed subdivision:

Proposition 6.12. If D is a mized subdivision, then for a cell C' € D of
type (t1,...,tn),

(6.11) Vol,,(conv(A o C)) = Abr ... Al» Vol (conv C).

(See [18] for a detailed proof.)

Combining Propositions[6.9/and yields the important theorem which
links the mixed volume to the mixed cells of type (1,...,1).

Theorem 6.13. Let D be a mized subdivision of S = (S1,...,Sy), then

(6.12) M(Q1,...,Qn) = Z Vol,,(conv C)

CeD
type C=(1,...,1)

where QQ; = conv S for each j =1,...,n.

Proof. Note that for each cell C' € D of type (t1,...,t,), condition (d1) in
the definition of a mixed subdivision requires t; + --- + ¢, to be exactly
n. Therefore, by , each term in the polynomial Vol,(AQ1+ -+
An@n) in the variables A1, ..., A, has total degree n and hence this poly-
nomial is homogeneous of degree n. By definition, the mixed volume of
Q= (Q1,...,Qy) is the coefficient of the monomial \; x --- x A, in this
polynomial, thus, the mixed volume is the sum of volumes of those type

(1,...,1) cells in D because of (6.11)). O

In general, the volume of a cell may still be difficult to compute. However,
if D is a fine mixed subdivision, then a cell C' € D of type (1,...,1) is nec-
essarily of the form C' = ({a1,a}},...,{an, a),}) with {a;,a’} C S; for j =
1,...,n since each of its component must contain exactly 1 4+ 1 = 2 points by
condition (e). The implication is conv C' = conv{a;,a}} + - - - + conv{a,,a}
becomes a Minkowski sum of n affinely independent line segments which is
an n-dimensional parallelepiped. Its volume can be computed as follows:

al —aj'
(6.13) Vol,,(C) = |det :
aT _ a/‘l’

The above construction reveals a clear strategy for computing mixed vol-
ume: With the construction of a fine mixed subdivision of S = (S, ..., S,),
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if one can systematically enumerate all the mixed cells of type (1,...,1),
then the sum of the volume of all these cells as given in (6.13]) is precisely
the mixed volume M(Q1,...,Qn).

6.3. Mixed subdivisions induced by generic lifting

In this section we discuss a procedure, developed in [T} 42], with which a

fine mixed subdivision of S = (S1,...,S,) can be constructed.
For each j =1,...,n, let w; : S; =+ R be a function that assigns each
point in S; a real number. The function w := (wq,...,wy,) is known as

a lifting function on S = (51,...,5,). We say w; lifts S; to its graph
Sj = {(a,w;(a)) :a € S;} C R"! for each j =1,...,n,. This notation can
be extended in the 0bV10us way: S = (Sl,..., ), QJ =conv(.S}), Q=0+

-+ Qn, ete. The lifting function w = (wi,...,wy) is known as a generic lift-
ing in the sense given below. Let 7 : R**!1 — R™ be the projection by erasing
the last coordinate. So, (S;) = S; for each j = 1,...,n, and 7(conv S) =
conv S.

Consider the polytope conv S, now in R"*!. We are interested in its
“lower hull” with respect to the projection 7: A vector & € R**! is said to
be upward pointing if its last coordinate is positive. Without loss, we assume
the last coordinate of an upward pointing & is 1, that is, & = (c, 1) € R* L,
A face F of conv S is called a lower face if its inner normal is upward
pointing, namely, there exists an & = (o, 1) € R"*! such that

F = (conv S)g := {x €convS | (&, x) = min <d,y)} :

y€Econv S

It is important to note that for a lower face F of conv S, one can show that

A

F = (conv §)g = (conv S1)g + - - - + (conv Sp)a

for some upward pointing inner normal &. In other words, a lower face of
conv S is necessarily a Minkowski sum of n faces of conv Sy, ..., conv S,
respectively, they share a common inner normal of the form & = (a, 1). The
lower hull of conv S is the collection of all its n-dimensional lower facets.
We shall impose a “genericity” condition on the lifting function. To
facilitate the discussion, the following notation will be used: Fix any j €
{1,...,n} and a subset X; = {x1,...,Xjm,} C 5j, containing m; points
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for some m; > 0, define

T T

Xjo— Xj4 wj(x;1) — wj(x52)
X;3 — X5 wijlX4,1) — wj(X;2
6.14) V(X)) =| 7 77 and )= 1) . 352)

Definition 6.14. A lifting function w = (w1, ...,wy,) for S = (S1,...,5,)
is said to be generic if for any choice of n (possibly empty) subsets X; =

{Xj1,-- s Xjm, } €8 for j =1,...,n with m; > 0 the linear system
V(X1) Q(X1)
V(Xe QX5

(6.15) (, M oo [
V(Xn) Q(Xy)

in a has a solution only when the rank of the matrix on the left equals the
number of its rows. Note that if the subset X is empty, the blocks V(X})
and (X)) will not appear in the above equation.

Remark 6.15. By this definition, almost all liftings are generic, justifying

the choice of the terminology. More precisely, for each 7 =1,...,n, we can
identify w; : S; — R with its images and regard w; as an element in RN
where N; = #5;. Similarly, we may consider w = (w1, ...,wy,) as an element

in RY where N = Ny +---+ N,,. If w is not generic, then there exists a
choice of n (possibly empty) subsets {x;1,...,Xjm,} € S; for j=1,...,n
with m; > 0 for which the rank of the matrix on the left hand side of the
linear system is less than the number of its rows but the system
has a solution. This condition forces w to be in an affine subspace of lower
dimension. Since there are only finite many ways of choosing subsets of
S1,...,Sn, the set of non-generic lifting is hence contained in a finite union
of lower dimensional affine subspaces of RY determined by points in S. This
set is necessarily of measure zero. Indeed, it is closed and nowhere dense. This
is of great practical importance: one can choose a lifting at random, which
would be generic with probability one. Moreover, under this interpretation
of the genericity, it is reasonable to choose rational lifting values only. Since
the set of “non-generic” rational lifting is also contained in a finite union
of lower dimensional affine subspace of QV, with any reasonable probability
distribution one imposes on QV, the probability of picking a “non-generic”
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rational lifting should also be zero. This fact will become important in the
construction of polyhedral homotopy to be discussed in

Proposition 6.16 (Induced fine mixed subdivision). Letw = (wi,...,
wp) be a generic lifting for S = (S1,...,Sn), and let Dy, be the collection of
all C = (Ch,...,Cp) with C; CSj for each j =1,...,n such that

1) conv C'j s a lower face of conv Sj foreach j=1,...,n;

2) Those n lower faces conv C’j of conv S’j forj=1,...,n respectively
share a common inner normal of the form & = (o, 1) where a € R";
and

3) dim(conv Cy) + - - - + dim(conv Cp,) = n.
Then the projections of all cells in D,

Dy = {(x(C1),...,7(Cn)) | C = (C4,...,Cpn) € Dy}

form a fine mized subdivision of S = (S1,...,5y). It is called the subdivi-
ston induced by the lifting function w = (wy,...,w,).

(See [18] for a detailed proof.)

The subdivision I in Figure [12] for system (6.1)) is, in fact, induced by
the lifting w = ((0,1,1,1),(0,0,0)), that is

S = ({(a,0), (b, 1), (¢, 1), (d, 1)}, {(e, 0), (f,0), (9,0)})-
7. Polyhedral homotopy

In finding all isolated zeros of a given polynomial system P(zy,...,2z,) =
P(x) = (p1(x),...,pn(x)) in C", we wish to take advantage of generically
much tighter bound of the root count, mized volume, as discussed in previous
sections.

In light of Theorems|[5.5and [6.5] to find all isolated zeros of a polynomial
system P(x) = (p1(X),...,pn(x)) in C" with support S = (S1,...,Sy), we
first augment the system by appending the monomial x® = 29 ...2% =1 to
those p;’s in P(x) which do not have constant terms. Then generic coeffi-
cients are assigned for all the monomials. The resulting new system Q(x)
has supports S7,...,S], with S} = S;U{0} for j =1,...,n. We shall solve
Q(x) = 0 in the first place. After Q(x) = 0 is solved, consider the linear
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homotopy
(7.1) H(x,t) = (1—1t)cQ(x)+tP(x) =0 for generic c € C*.

By Theorem [5.5] Properties 1 and 2 (Smoothness and Accessibility) hold
for this homotopy, and because all the isolated solutions of Q(x) =0 are
known, Property 0 (triviality) also holds. Therefore, every isolated zero of
P(x) lies at the end of a homotopy path defined by H(x,t¢) = 0, emanating
from an isolated solution of Q(x) = 0.

To solve Q(x) = 0, write
(q1(x) = Z C1,aX",

aEes]
(7.2) Q(x) = :
an(x) = Z Cn,aX®.

aes!,

From Remark there exists a polynomial G(c) in the variables ¢ =
(¢ja)j=1,..n, acs! of the coefficients in ([7.2) such that @ is in general position
when G(c) # 0. Since all those coefficients ¢; 5 for a € S} and j =1,...,n are
chosen randomly, with probability one, this system is in general position.
Namely, the root count of Q(x) is exactly the BKK bound.

Let ¢ be a new complex variable and consider the polynomial system

A~

Q(x,t) = (G1(x,t), ..., Gn(x,t)) in the n + 1 variables (x,t) given by

Q(x,t) =Y e ax @),

acs;
(7.3) Q(x,t) = :
gn(x,t) = Z Cn,aX? gen(@)
acs’,
where each wj : 5’;- — Qfor j =1,...,nis afunction with generically chosen

rational numbers as its images. For a fixed tg, we rewrite the system in ([7.3])
as

Qi(x,t) = > (C1a ter ™) x2,

aEes]
Q(X7 tU) = :
Gn(x,t0) = Y (Cnaty ™) x2.

\ aES;L
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This system is in general position if for the polynomial G(c) mentioned
above

T(to) = G((Ejyat‘fg)j(a))jzl’m’n7 aES‘;v) £ 0.
The equation T'(t) = 0 can have at most finitely many solutions, since T'(t)

is not identically zero because T'(1) = G(¢j.a) # 0. Let

01
)

t1 = rlei N T Tkew’“

be the solutions of T'(¢) = 0. Then, for any § # 0, for [ = 1, ..., k, the systems

Q(x,t) = (q1(x,1),...,q,(x,t)) given by

B 1) = 3 (Er.a6 @t
aes]

Q(X7 t) = :
an(x,1) = Z (Emaeiw"(a)e)xatw"(a),

acs),

are in general position for all ¢ > 0 because

E] aein' (a)eth (a) — EJ a(tele)UJJ (a)

and
G(Ej.a(te?)*1 @) = T(te?) # 0.

Therefore, without loss of generality, (by choosing an angle 6 at random and
change the coefficients ¢; 4 to Ej7aeiwf (@)0 if necessary) we may assume the
systems Q(x, t) in are in general position for all t > 0. By Lemma
the systems Q(x,t) in have the same number of isolated zeros in (C*)"
for all ¢ > 0 and this number equals the mixed volume M(S7,...,S)) =: k.

We now regard Q(X, t) = 0 as a homotopy, commonly known as the poly-
hedral homotopy, defined on (C*)" x [0,1] with target system Q(x,1) =
Q(x). The zero set of this homotopy is made up of k homotopy paths
xD(t),...,x*)(t). Since each §j(x,t) has nonzero constant term for all
j=1,...,n, by a standard application of generalized Sard’s Theorem , all
those homotopy paths are smooth with no bifurcations. Therefore, both
Property 1 (Smoothness) and Property 2 (Accessibility) given in §5 hold
for this homotopy. However, at t = 0, Q(x, 0) = 0, or undefined, see Fig-
ure Consequently, those homotopy paths can not get started because
their starting points x(1(0),...,x*)(0) can not be identified. This problem
can be resolved by the following design.



194 T.-R. Chen and T.-Y. Li

ﬁ t=1

t=20

Figure 13. The starting point of the homotopy Q(X,t) at t = 0 cannot be

identified.

The function w = (w1, ...,w,) with wj : S} = Q, for j =1,...,n, may
be considered as a generic lifting on the support S” = (57, Sl of Q(x)

which lifts S to its graph
Si={a=(a,wj(a)acsi}, j=1,...,n
, ) € Q" satisfies the following condi-
tion:
There exists a collection of pairs {a;,a}} C S, ..., {an,al,} €S,
,a, — a),} is linearly independent and for j =

such that {a; — aj,...

Let & = (a,1) where a = (ay, ...

1,...,n,
(A)
(8, &) = (&), &)
(a,a) > (aj,&) for ac S)\{a;,a}.

For such & = (e, 1), let y =t~ *x where y = (y1,...,yn) and

—a
Al =t 11‘17

(7.4)
Yn =t “"ay.



Homotopy continuation method 195
With this transformation and a = (ay,...,a,) € Nj,

(7.5) X =i,

= (yrt®) " - (gt ™)
— y(lll . yan ta1a1+-'~+anan
n

_ yat<a,a>’

and §;(yt®,t) of Q(x,t) in 1D becomes,

(76) yta t Z & ay (a,o th(a)
acs]
= Y g aytl@n@)@n)
acs]
= Z Cj ayat<é’d>.
aEs;
Let
(7.7) ﬂ]—mlsI} (a,a) forj=1,...,n,
acs’

and consider the homotopy

(7.8) H%(y,t) = (h*(y, 1), ..., hy(y, 1)) = 0

n (C*)" x [0,1] where for j =1,...,n

(79) h;l (Y7 t) =t Cj]' (ytaa t)
— Z 5].’3 ya t(éﬂd>—ﬂj
acs]
= Z Cjay® + Z ¢y &b,
acs acs
(8,60)=p; (a, a>>5J

This homotopy retains most of the properties of the homotopy Q(x, t) = 0;
in particular, both Properties 1 (Smoothness) and 2 (Accessibility) remain
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valid and
(7.10) H(y,1) = Q(y,1) = Q(y).

From condition (A), for each j=1,...,n, (a;, &) = <A;~,d> = f; and
(4, &) > pj for a € Si\{a;,a’}, hence,

W (y,00= D cay® =ea,y™ +enay™ =0,
acs]
<é’d>::81
(7.11) H(y,0) = :
hg (y7 O) = Z En,aya = En,anya71 + Cn’a;zya:L =0.
IS
\ <é’d>::8n

Such system is known as the binomial system, and its isolated solutions in
(C*)™ are constructively available as shown in the proof of the following

Proposition 7.1. Under condition (A), the binomial system

= a — a/
Cla,y ' taay =0,

(7.12)
En,anyan + En,a;l ya;‘ =0,
has
a] —a)'
(7.13) ko := |det :
a, —aj

nonsingular isolated solutions in (C*)™.

Proof. For j =1,...,n, let v; =a; — aj. Since y € (C*)", we may rewrite

the system (7.12)) as

yV1 = b1>
(7.14)
yVn = b’l’b?
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S
where b; = —=

cj,aj

,a’.
J

for j=1,...,n. Let

(7.15) V:|:V1‘V2’ )vn}
and b = (by,...,by,). Then, (7.14) becomes
(7.16) y" =b.

Now, when the matrix V in ((7.15)) is an upper triangular matrix, known as
the Hermite Normal Formﬂ

Vi1 V12 Ulp
0 vy -+ w9

V - . )
0 0 vun

then, the equations in ([7.16|) become

y11111 — bl’
y71)12y522 — b27

(7.17)
yi)ln y;)zn . y;}Lnn — bn'

By forward substitutions, all the solutions of the system in (C*)"
can be found, and the total number of solutions is |vi1| X <+« X |vpn| =
| det V.

When V is a general matrix, we may upper triangularize it by the fol-
lowing process. Recall that the greatest common divisor d of two nonzero
integers a and b, denoted by ged(a,b), can be written as

d = ged(a,b) = ra + b,
for certain nonzero integers r and [. Let

T l

a
d d

!Usually the definition of Hermite Normal Form requires the diagonal entries to
be positive and any nondiagonal entries to have absolute values that are strictly
smaller than the diagonal entry in the same column. This restriction, though ben-
eficial from a computational point of view, is not enforced here.
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then det(M) = 1, and

wli]=] a0

Similar to using Givens rotation to produce zeros in a matrix for its QR
factorization, the matrix M can be used to upper triangularize V as follows.
For v € Z™, let a and b be its i-th and j-th (nonzero) components where
1 < j, that is,

<
~

ISHIS
SRS}

a — i-th
v=|
b — j-th.
With d = ged(a, b), let
Z‘th jth
1
1
r ! ith
(718)  U(i.) = 1
1
~ i i
1 .
1
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in which all empty entries are zero. Clearly, U(i, j) is an integer matrix with
|det(U(i,7))] = 1 and

Ui, j)v =

Thus multiplication on the left by a series of matrices in the form of U(i, j)
in can successively produce zeros in the lower triangular part of the
matrix V', resulting in an upper triangular matrix. Let U be the product of
all those U (i, j)’s. Then with |det U| = 1, and since UV is upper triangular,
we may solve the system

(7.19) (zV) =2V =b

in (C*)™ by forward substitutions. And the total number of solutions in
(CH™ is
| det(UV)| = | det(U)| - |det(V)| = | det(V)].

By letting y = zY for each solution z of (7.19) in (C*)", we obtain | det(V))|
number of solutions of the system (7.12)) in (C*)™. One can show that all
those solutions are nonsingular. 0

Now, by , following paths y(t) of the homotopy H*(y,t) =0
in that emanate from ke, as in (7.13)), isolated zeros in (C*)" of the
binomial start system H*(y,0) = 0 in , yields k¢, isolated zeros of the
system Q(x) in when ¢t = 1. Moreover, a different & = («, 1) € Q!
associated with its corresponding collection of pairs that satisfy condition
(A) will induce a different homotopies H*(y,t) = 0 in ([7.9). Following cor-
responding solution paths of those different homotopy equations will reach
different sets of isolated zeros of Q(x). Those different sets of isolated zeros
of Q(x) are actually disjoint from each other, and they hence provide ) _ kq
isolated zeros of Q(x) in total. To see they are disjoint, let paths y ()
of H*" (y,t) = 0 and y®” (¢) of H*” (y,t) = 0 for a() = (Ozgl), e ,a%l))
and a® = (agz), .. .,a,(f)) € Q" reach the same point at ¢ = 1, then their
corresponding homotopy paths x(t) = y(£)t* of Q(x,t) = 0 are the same

since zeros of the system Q(x) = Q(x,1) are isolated and nonsingular. Thus,
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]Qu)(t) R |

(7.20) 1= lim = i 7%, foreach j=1,...,n,
=0y (1)

and therefore, agl) = a§2> forall j=1,...,n.

On the other hand, when w = (w1, ...,wy,) is a generic lifting, by Propo-
sition it induces a fine mixed subdivision S/, of S’ = (5], ..., S,). It
is easy to see that the collection of pairs C* = ({aj,a}},...,{a,,a),}) with
{aj,a} C S for each j = 1,...,n satisfies condition (A) with (e, 1) € Q"
if and only if it is a cell of type (1,...,1) in S.,, and, by (6.13)),

aj —ay'
(7.21) Vol,,(C%) = |det : = Ka-
al —a'l

By Theorem the mixed volume M(S],...,S]), the root count of Q(x)
in (C*)™, is the sum of the volume of all cells C*. That is,

MY, 80 = ka

In other words, each isolated zero of Q(x) lies at the end of certain homotopy
path of the homotopy H*(y,t) = 0 induced by certain & = (o, 1) € Q"1
along with its corresponding collection of pairs that satisfy condition (A).

A key step in the procedure described above for solving system Q(x)
is the search for all those vectors & = (a,1) € Q" as well as their associ-
ated cells C* = ({ay,a]},...,{an,a),}) that satisfy condition (A). This step
turns out to be the main bottleneck in the polyhedral homotopy method for
solving polynomial systems. We shall address this important issue in the
next section.

In conclusion, we list the polyhedral homotopy procedure.

Polyhedral Homotopy Procedure

Given polynomial system P(x) = (pi(x),...,pn(x)) with support S =
(S1,...,5n), let 8" = (S1,...,5,) where ST = S; U {0} for j =1,...,n.
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Step 0. Initialization: Choose polynomial system Q(x) = (q1(x),...,
¢n(x)) having support S" = (S7,...,S),) and generically chosen coeffi-
cients. Write

gi(x) = Z Cj7a;(;a’ j=1,...,n.
acs;

Step 1. Solve: Q(x) =0

Step 1.1: Construct the functions wj : Sj’. - Q, j=1,...,n, with
generic images.

Step 1.2: Find all the cells C* = ({aj,a}},...,{an,a),}) of type
(1,...,1) with a € Q™ and {aj,a;-} - S;, j=1,...,n, in the fine
mixed subdivision S, of S = (51, ...,S),) induced by w = (w1, ...,
wp). (The algorithm for this step will be described in detail in

Step 1.3: For each e € Q™ and its associated cell C* obtained in
Step 1.2.

Step 1.3.1: Solve the binomial system

a; a’; .
Cja;y ]+Cj,a;y ’ :O7 j:17"'7n

in (C*)". Let the solution set be X},.
Step 1.3.2: Follow homotopy paths y(¢) of the homotopy equa-
tion H*(y,t) = (h{*(y,t), ..., hyy(y,t)) = 0 with

Wy t) =Y cjay™ &0 H =1 on,
acs]

where 3; = (a;, &), starting from the solutions in X(,. Collect
all the points of y(1) as a subset of isolated zeros of Q(x).

Step 2: Solve P(x) =0
Follow homotopy paths of the homotopy

H(x,t) = (1 —-1t)eQ(x) +tP(x) =0 for generic ¢ e C*

starting from the solutions of Q)(x) = 0 obtained in Step 1 to reach all
isolated solutions of P(x) =0 at t = 1.

Remark 7.2. As we can see in the above procedure, in order to find all
isolated zeros of P(x) in C", there are k = M(S],...,S]) homotopy paths
need to be followed in both Step 1.3 and Step 2, hence 2k paths in total.
This work may be reduced in half by the following strategy:
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For

. a )
pj(x):ch@x, ji=1,....n,
aes;

we select the coefficients ¢;a’s of ¢;j(x), j =1,...,n at Step 0 to be ¢, +
€ja, Where €;,’s are generically chosen small numbers to ensure each ¢;(x)
is in general position. And at Step 1.3.2, we follow homotopy paths of the
homotopy equation H*(y,t) = (h$(y,1),...,h%(y,t)) = 0, where

(7.22) Ry, t) = > [Ga+ (1= )ejaly®t > j =1, n
acs]

It can be shown that the starting system H(y,0) = 0 of this homotopy
retain the same binomial system as before which was solved at Step 1.3.1
(with different coefficients of course). Most importantly, since H%(y, 1) =
H%(x,1) = P(x), Step 2 in the above procedure is no longer necessary and
we only need to follow k paths.

However, in following the solution paths of H%(y,t) =0 by the
prediction-correction method, the first step of the predictor at ¢t = 0 can-
not be taken if a power of ¢ in H*(y,t) is less than one, since HX(y,t)
would then be undefined at ¢ = 0. If the minimum power of ¢ in is,
say, t°91 then changing variables with 7' = t°9' would solve the immediate
problem. But it would replace numerical stability and computational effi-
ciency if large powers of ¢, such as t0% were also contained in H®(y,t).
Then the tangent vector y = (H$)™! « H® would contain the terms in the
order of 100,000 * t92999 which, if evaluated at any t € [0,1), would give
0. Close to 1, however, the tangent vector would become extremely steep,
and step sizes for following the homotopy path must be correspondingly
minuscule. Actually, while these sorts of problems already exist when “the
polyhedral step” and “the linear step” are split as implemented earlier, they
become multiply amplified when the combined polyhedral-linear homotopy
is used. Ironically, notwithstanding the number of paths needed to be fol-
lowed was cut in half by combining the polyhedral and linear steps, the
difference between the computing times of the two approaches is almost
negligible most of the time.

This problem was successfully addressed in [53] by applying the transfor-
mation s=Int in , resulting in the homotopy H*(y, s) = (h$(y, 5), . - - ,
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h&(y,s)) =0, s € (—o0, 0] where

(7.23)  hS(y,s) = Z [Ga+ (1 —e)ejalydes(@@=0) 51 n
acs]

We now need to follow the solution paths of H%(y,s) = 0 from s = —co to
0. For this purpose, a crucial observation here is, by a simple computation,
one can show that for a solution path y(s) of H*(y,s) =0

. dy
| — =0.
salrfnoo ds

Hence, the values of y(s) stay close to constant for negative s of large
magnitude. Please see [53] for details.

Combining linear and nonlinear homotopies to reduce the number of
solution paths needed to be followed in the polyhedral homotopy method
by half was originally suggested back in [58]. However this idea was not
successfully implemented earlier because of the involved numerical stability
and efficiency problems. Addressing those difficulties by the transformation
s = Int and parameterizing the solution path by s € (—o0, 0] [53], a substan-
tial improvement in algorithmic efficiency and stability has been achieved as
evidenced by the results of intensive numerical experiments. This combina-
tion strategy is particularly important when the polyhedral homotopies are
used to solve large problems where mixed volumes of the systems are more
than millions.

8. Mixed cell enumeration algorithm

Having discussed in the last section, a key step in the polyhedral homotopy
for solving polynomial system P(x) = (p1(X),...,pn(x)) in C" with support
S = (S1,...,S5y) is the identification of all the vectors & = (c,1) € Q! as
well as their associate pairs ({aj,a)},...,{an,al,}) that satisfy condition
(A). For simplicity, we now assume all p;-s have constant terms, namely
S; :SjU{O} forj=1,...,n:

As mentioned before, those pairs {aj,a)},...,{a,,a)} witha = (a,1) €
Q"*! in condition (A), denoted by C* = (C1,...,Cy) with Cj = {a;,a}} C
S;j for j =1,...,n, is actually a fine mixed cell of type (1,...,1) in the sub-
division S, of S = (51, ...,S,) induced by the lifting w = (w1,...,wy). On
the other hand, by , the volume of C'* is
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al —a/
Vol,,(C%) = |det :
all —al

Moreover, by Theorem the mixed volume M(Sy,...,S,) of S=(S1,...,
Sp) is the sum of the volumes of all mixed cells C* of type (1,...,1) in
Sw. Therefore, when all those mixed cells are available, the mixed volume
M(S1,...,S,) can be assembled with little extra computational effort. Here,
let us reemphasize the critical role those pairs {aj,a},...,{a,,al,} play in
the construction of the polyhedral homotopy as we have seen in the last
section.

There is a substantial body of works devoted to the problem of enumer-
ating all the mixed cells (e.g. [16}, 18], 29] B0} 52l 59} [71], [77, 78], 106l [109]) In
this section, we shall present an algorithm given in [59] for finding all those
important mixed cells and their associated vectors & = (o, 1) € Q"+,

In detail, a mixed cell of type (1,...,1) in the subdivision S, of S =
(51, ..., Sn) induced by the lifting w= (w1, ..., wy) is an n-tuple ({agl), agl)},
...,{agn),aén)}) with {agj),agj)} C Sj,j=1,...,n, for which there exists a
vector & = (o, 1) € Q"' such that

@M a) =@M &) < (a,&) forallac S \{al” all}

@ a) =@ a) < (@ a) forallacS,\{al™, al"}

where for each a € S, &4 = (a,w;(a)) € S is its “lifted” version in R"!.

One of the most efficient class of algorithms for enumerating mixed cells
is developed from the idea of systematic “extension of subfaces”. In the
following, the concept of “subfaces” and their extensions will be defined
first. A computational procedure, known as the “one-point test”, for test-
ing the possibilities of subface extensions will then be elaborated in detail
in Using one-point test as the basic building block, a mixed cell enu-
meration algorithm can then be constructed. At this stage, the algorithm is
quite straightforward, and is far from computational efficiency. Four crucially
important techniques provided in substantially accel-
erate the process. §9| generalizes the algorithm to handle the “semi-mixed”
cases.
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8.1. Enumeration via extensions of subfaces

Instead of finding n-tuples ({agl), aél)}, ce {agn),aén)}) with {agj),ag)} C
S;, j=1,...,n, to satisfy directly, the scheme of our enumeration
constructs the mixed cells by adding one point at a time. The idea is, one
first focuses on the first lifted support Sy and locates all its lower vertices,
that is, collecting every agl) € 51 for which there exists an a € Q" such that

@M &) < (a,a) foral ac S

where & = (e, 1). Then for each of these points, one continues to search for
agl) €S\ {a(ll)} for which there exists an a € Q™ such that

@M &) =@l &) < (a,&) forall ac s\ {al’ all}

This “extends” a lower vertex of S to a lower edge of Sy. To proceed, each
of these possibilities of lower edges of S7, in turn, allows for the search of an
additional point a&m € Ss such that

<ég1),d> _ <é§1) &) < (a,a) forall ae S\ {aﬁl),ag }

@a? &) < (a,a) for all a € S.

This search, again, corresponds to the geometric action of pairing a lower
edge of S, and a lower vertex of Sy so that the two may share a common
upward pointing inner normal vector in R™*!. Similarly, for each of the
resulting positive possibilities further search attempts will be carried out
to extend them to a pair of lower edges of Sy and Sy, and they share a
common upward pointing inner normal vector in R"*!. This self-sustaining
process can proceed until one reaches all the possible n-tuples of lower edges
of 5’1, e ,S’n that share a common upward pointing inner normal vector in
R™*+! which are exactly the lifted set of all mixed cells of type (1,...,1).

To formalize the above description, we first define, for £ >0, a k-
dimensional lower face of conv Sy, or simply a lower k-face, to be an affinely
independent set of k£ + 1 points {éél), . ,é,(fl)} in Sy for which there exists
an & = (a, 1) € Q! such that

@ &) =@V a) forj=1,.. k&
<(a,&) for all a € 57\ {a(l) ...,al(cl)}.

o
S~
=

A
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Extending this notion to two supports, we define a (k:l, kg )-subface of (5’1, 5’2)
(a special case of the more general Deﬁmtlon 1| given below) to be a pair
of affinely independent subsets ({é((]l), . ak } {a(z) ...,é,(i)}) of 51 and
Sy respectively for which there exists an é& = (a,1) € Q! such that
@V,a) forj=1,... .k
(@,&) forall ae S\ {a)”,....a}.
= <A§.2),d> for j=1,...,ky
(

a? &
0 >
a? &)< (aa) forall ac S\ {a)’,... ).

Such a (kip, k2)-subface actually identifies a pair of kj-dimension and ko-
dimension lower faces of conv $; and conv Sy respectively that share a com-
mon upward pointing inner normal in R"+! .

More generally, we may define a (ki, ..., k,)-subface of (,§1, cee S’T), for
some r < n, in a similar fashion:

Definition 8.1. A (ky,...,k,)-subface of (5’1, e S’T) is a r-tuple of affinely
independent sets of the form

({agﬂ,...,a;?} L ,{ag”,...,a,g’?})
(i)

with each a;” € S; for which there exists an & = (a, 1) € Q™! such that
foreachi=1,...,r,

@), a) =" a) forj=1,... .k
@), &) <(aa forall ae S\ {a),...,al}
(where the equality only appears if k; > 1). Furthermore, we say a subface

extends another subface if the former one can be obtained by joining the
latter with a single point.

(8.2)

Remark 8.2. In this section, we focus on searching for mixed cells of type
(1,...,1). Thus, k; = 1 for all i = 1,...,n in the above definition. However,
for later use, ks are allowed to be 0 or bigger then 1.

Interpreted geometrically, a (ki, ..., k,)-subface of (5'1, e ,S’r) consists
of r lower faces of conv Sy, . .., conv S, having dimensions k1, ..., k. respec-
tively which share a common upward pointing inner normal. In partlcular
a (k)-subface of Sy defines a lower k-face of conv 5.
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An observation of great importance is that since each point in a subface
corresponds to an additional equality constraint in algebraically, a
subset of a subface must also be a subface. After all, a solution & of
would still be a solution if certain equality constraints were removed. We
state the essence of this observation as a proposition.

Proposition 8.3. Given a subface (Fy,...,F,) of (gl, ...,S)), any k-tuple
(F{,...,F}) of sets such that k <r and F| C F1,...,F, C Fy is a subface
of (S1,...,Sk).

With the notion of subfaces, the basic scheme for searching mixed cells
can then be stated as the systematic extension of (0)-subfaces to (1)-subfaces
and then to (1,0)-subfaces, etc. The process terminates when one reaches

all the (1,...,1)-subfaces of (5'1, ...,Sp) which are precisely the mixed cells
of type (1,...,1) in lifted form.

8.2. Extension of subfaces via one point test

In this subsection, we will elaborate a technique, known as the “one-point
test”, for testing the possibilities of subface extensions. It is the basic tool
for our mixed cell enumeration algorithm. Originally developed in [59], this
simple procedure has since been adopted by most software packages for
mixed cell enumerations.

First, a simple transformation of will greatly simplify the following
discussions: Consider the system of inequalities

>:< 15

) < (ag,&).

Q>
Q>
2

<d0>

<d07

[oF

By introducing a new variable h to represent the common values of {(ag, &)
and (@i, &), then the above system becomes

h = (ao, &) = (ao, @) + w(ay) (—ag, @) + h = w(ag)
h = <d1,d> = <a1,a>+w(a1) or (—al,a>+h:w(a1)
h < {as,&) = (az, a) + w(ag) (—ag,a) + h < w(ag)
in which the new unknowns (a, h) = (a4, ..., oy, h) appear only on the left-

hand-side. This is a more preferred form in discussing systems of inequali-
ties. With a similar transformation, (8.2)) can also be put into such forms:
For affinely independent sets F; = {a;",. .. ,é,gll)}, o, B = {ég), ... ,é,(;;)}
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where ég-i) € S; for each j=0,...,k;, we associate a system of inequalities

in the variables (a1, ..., a,, hi,...,h,) € QT

<—a§-1),a> +h = wl(ag-l)) for j=0,...,k
<—a(1), a> +h; < wl(a(l)) for all a) € )
8.3) I(F,....F)

<—a§r)’a> + h, = wr(a§r)) for j=0,.... k
(

<—a(’"),a> +hy <w,(a”) foralla® € s,.

With & = (e, 1) = (a1, ..., ap, 1) € R™*! this system is equivalent to (8.2),
and therefore, (F1,...,F,) is a subface if and only if I (Fy,...,F,) has
a solution. Namely, (F1,...,F,) is a (ki,..., k.)-subface of (S1,...,5,) is
equivalent to the feasibility of the system I (Fi,...,F,). Notice that this
formulation makes it possible to consider cases where F; = { }, an empty
set, for some j, indicating there is no equality constraints in the correspond-
ing blocks in .

With this setup, the possibility of extending a lower subface by a single
point can then be determined by solving a linear programming problem

known as a “one-point test”.

Definition 8.4 (One-point test). Given affinely independent sets F1, ...,
F, with each F; = {ééi), . ,é,(ji)} C S; (possibly empty) for which I(F1, ...,
F)) is feasible, and a point bes, \ F}, the one-point test of b with respect
to (F1,..., F,) is the linear programming problem

Maximize (—b,a) + h,

(—ag-l), o)+ hy = wl(agl)) for j=0,...,k

(8.4) (—aW o) + hy <wi(@V) for all aM) € 5
' subject to : :

r),a>+hr:wr(a§r)) for j=0,...,kr

(—a™ &) 4+ hy < wp(al) for all a™ € S,

which will be denoted by LP(F1,...,F,.; b).
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Clearly, if the maximum of this problem agrees with w,(b), then the
equality

(=b,a) + hy = w,(b)

is valid in addition to the above constraints. Accordingly, the (k1,...,k.)-
subface (F1,..., F,) can be extended to (k1, ..., k.+1)-subface (Fy,..., F,.U
{b}). On the other hand, if the maximum is strictly less than w,(b), then
I(Fy,...,F,U{b}) is infeasible, hence (Fy,...,F,U{b}) fails to extend
(F1,..., F).

Remark 8.5. For the efficiency in actual implementations, the auxiliary
variables hi,...,h, can be eliminated by substitution. For example, using
the equality <—a§-1), a)+h;=w; (ag-l)), or hy =w (ag.l))—l—(ag-l)cw7 all appear-
ances of the auxiliary variable hy in the rest of the system can be replaced
by w1 (a; (1 )) + (aﬁ”a) and hence being eliminated.

To demonstrate the subface extension using one-point tests, let ({al, ar},
{b1}) be a subface of (51,9) and by € S, the one-point test of by with
respect to this subface is the linear programming (LP) problem LP({a;,as},
{f)l}; 62) in the unknowns (a1, ..., an, h1, ha) given by

Maximize (—bsg, a) + ho

((—ai,a) + h = wi(ar)

(—ag, ) + h1 = wi(az)
a)+h; <wi(a) forallaeS;

(— bl,a> + ho = wa(by)
(—b, ) + hg < wsy(b) for all b € Ss.

Note that the constraints of this LP problem restrict the objective function
(—ba, a) + hy to be bounded above by wa(bz). When the maximum reaches
this upper bound, then I({a;,as}, {f)l, f)z}) is also feasible, and the subface
({a1, 42}, {b1}) can be extended to ({a1, 4z}, {b1, by}). Similarly, additional
one point tests can also be carried out to extend this newly obtained subface
to other subfaces. Using such one-point test as the basic building tool, the
algorithm for mixed cell enumeration via systematic extension of subfaces
of 5’1, e S,, can be constructed. We summarize this basic algorithm here:

subject to (—a

Step 1: Starting from supports Si, ..., S,, one assigns lifting functions
wg : Sy — Q for k=1,...,n with random images.



210 T.-R. Chen and T.-Y. Li

Step 2: A (0)-subface is obtained by solving the so-called phase-one
problem (will be discussed in §8.3.2)). This can be achieved by solving
an augmented LP problem (8.8]).

Step 3: Continue from the 0-subfaces, one proceeds to enumerate (1)-
subfaces by solving one-point test problems of the form (8.4). The
resulting (1)-subfaces, if any, are saved in a pool.

r—1
HH . . . . .

Step 4a: For each (1,...,1,0)-subface in the pool involving points in

S1,...,S5y, further one-point tests are attempted using points in S, to
T

. HH .
extend it to an (1,...,1, 1)-subface. If successful, the resulting subfaces
are saved in the pool. If » = n, then the new subfaces are mixed cells.

T

— . .
Step 4b: For each (1,...,1)-subface in the pool with r < n, further one-
point tests are attempted using points from the next support to extend
T

. /d\_\ .
ittoa (1,...,1,0)-subface. If successful, the resulting subfaces are also
saved in the pool.

Step 4a and 4b are repeated until all subfaces in the pool have been
extended, at this stage all mixed cells have been located.

However, algorithms employing one-point tests for subface extensions in
a straightforward manner may become quite inefficient. At the first sight,
there are so many one-point tests need to be carried out, especially when
the system is large. Fortunately, by the development of more advanced tech-
niques, not all one-point test problems need to be solved in the subface
extension algorithms. Those will be the subjects of the following subsec-
tions. All these techniques have been proven to be indispensable in efficient
implementation of our mixed cell enumeration algorithms.

8.3. Accelerated extension via simplex method

As mentioned above, for a subface (Fi,...,F,) with F; = {é(()i), . ,égi)} -
S;and b € S, \ F, the one-point test of b with respect to (F1,...,F)isa
linear programming problem LP(Fi,...,F,; b) (8.4) of the form
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Maximize (—b, a) + h,

,

for j=0,...,k;

subject to

(—al”, @) + hy = w,(a\") for j=0,....k

While such linear programming problems can be solved by various methods,
in our cases the classical simplex method offers a great advantage because
the rich information generated by “pivoting process” in the simplex method
enables the discovery of solutions to many other related one-point test prob-
lems without actually solving them.

8.3.1. Simplex method. The simplex method in the context of one-
point test is briefly reviewed below, and the details can be found in stan-
dard texts, e.g., [10]. For simplicity, for some fixed k, we consider the linear
programming problems of the form

Maximize (f,x)+ fo

(8.5) ci,x)<a;, forj=1,...,m
subject to (), %) < @ j
<qj7X>:7jv fOrj:17...,£
in the variables x = (x1,...,2;) € Q¥ where f € QF defines the objective

function and {c;},{q;} C QF are the constraints. Here we allow £ to be zero
in which case there are no equality constraints.

In the context of one-point tests , the equality constraints qi,...,qe
correspond to the points in the subfaces while the inequality constraints
Ci1,...,Cpy correspond to the remaining points in the supports involved. The
objective function corresponds to the point being tested. Note that since
the objective function also appears as one of the inequality constraints, this
problem, if feasible, must be bounded.

When the simplex method is used to solve the linear programming prob-
lem , it is customary, for historical as well as practical reasons, to convert
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the problem into the “standard form”
Minimize (d,y)

Ay =b
subject to
y=>0

for some vector d and some n x (m + ¢) matrix A with n < m + ¢. However,
for our needs, it is critically important to solve the problem in the form given
in directly as described in §8.3.2] §8.3.3|and §8.3.4] which utilize special
features of this formulation.

The set R of all points x € R¥ satisfying the constraints of is called
the feasible region of the LP problem, and the problem is said to be infeasible
if its feasible region is empty. For a feasible LP problem, the simplex method
is a particular way to move within the feasible region that will maximize the
objective function: It jumps from one vertex to another vertex along edges
in the direction that increases the objective function until the optimum is
reached. See the illustration in Figure

\ !
\ !
N i
A /

"\ Feasible reg. /

\

Figure 14. The simplex method jumps from one basic feasible solution to
another basic feasible solution on the boundary of the feasible region.

We now translate this geometric procedure back to algebraic terms: at a
feasible point x € R, a constraint in is said to be active if the equality
holds. A basic feasible solution of R is a point in R where exactly k con-
straints are active and these constraints are linearly independent. They are
the vertices of R. The basic matriz at a basic feasible solution is the k X k
matrix whose rows are the active constraints, therefore the basic matrix must
be nonsingular. A basic feasible solution, i.e., a vertex, is a point where at
least k edges meet. We shall see the directions of these k edges are given by
the columns of the inverse of the basic matrix at this point.

Remark 8.6. In general, it is certainly possible for more than k edges
to meet at a vertex. However, in the current context, it is easy to check
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under the assumption that the lifting values are generic in the sense of
Definition [6.14] exactly k edges meet at each vertex.

N ’
N s

N . 7
v Feasible reg. -

di\\y///dg

7N

’ N
s N

Figure 15. Columns —d; and —ds in —D = —B~! point to the direction of
the edges leaving x* while staying inside R.

For a basic feasible solution x* of (8.5) let

— by —
B= :
— b, —

be the basic matrix at x* where {bj};?:l C {c}L, U {qj}§:1 are the active
constraints (equalities in the system). Also, let §; be the entry in {ozj}}”zl U
{v; }ﬁzl corresponding to b; (the right-hand-side of the corresponding con-
straint in (8.5))). Then x* is the unique solution of the nonsingular linear
system

<b17 X*> = 51

Let D = [dy,...,dg] = B!, then by definition (b;,d;) = 0 for any i # j. Fix
any j in {1,...,k}, and consider the ray x* — td; for ¢ > 0 that originate at
x* and points to the direction of —d;. Clearly, for any i # j,

<bi,X*—tdj>:<bi,X*>—t<b¢,dj>:<bi,X*>—t'0:ﬂ¢.

That is, any point on this ray still satisfies all but the j-th equation in the
above linear system. Moreover,

<bj,X*—tdj>:<bj,X*>—t<bj,dj>:ﬁj—t.
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That is, the j-th active constraint becomes inactive (but is still valid). Geo-
metrically, this ray pointing to the —d; direction leaves the j-th active con-
straint at x* while maintaining the rest of the active constraints. See, for
example, the two-dimensional illustration in Figure

Clearly, to stay inside the feasible region, movement is only allowed in
the direction d; corresponding to an inequality constraint among ci, ..., Cp,.
Along each of these directions d;, the objective function becomes

<f7X*_tdj>+f0:<f7X*>_t<f7dj>+f0

which we intend to maximize. It increases for ¢ > 0 when (f,d;) < 0. If
(f,dj) >0 for all d; corresponding to the inequality constraints among
Ci,...,Cpy, then x* is an optimal solution of . Otherwise, the simplex
method moves along one of these directions which increase the objective
function to an adjacent basic feasible solution. This maneuver is commonly
known as pivoting. While having multiple directions along which the objec-
tive function could increase is possible, it is sufficient to choose the direction
with the largest per unit increment with respect to the increment of .

To reach the adjacent basic feasible solution, the step size along the ray
x* —td; is chosen to be the minimum ¢ > 0 for which another previously
inactive constraint becomes active, namely,

<Ci, X*> — Oy

(8.6) At = min { (o))

c; is inactive and (c;, d;) < O} )

This minimum step size always exists in the context of one-point tests (cer-
tainly not in general linear programming problems), since the objective func-
tions in problems of the form are bounded above. With this chosen step
size, a new basic feasible solution x" := x;(At) = x* — Atd, is produced with
an increased value of the objective function, and this process can be repeated
until an optimal solution is reached.

8.3.2. Solving the phase-one problem. In the above, we described the
simplex method for solving linear programming problem of the form by
jumping from one basic feasible solution to another basic feasible solution
until an optimum solution is reached. This part is known as the “phase
two” of the simplex method. To bootstrap this process, one must determine
the feasibility of the problem in the first place, and if it is indeed feasible,
one must locate a basic feasible solution to start the phase two process.
This bootstrapping step is generally referred to as the “phase one” of the
simplex method. While, in general, solving the phase one problem can be
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very costly [I0], the phase one problems for one-point test problems are
somewhat straightforward due to their special structure.

Consider first a one-point test of the form LP({}; b) which is the start-
ing point of the mixed cell enumeration process via extensions of subfaces.
It is a linear programming problem

Maximize (—b,a)+ hy
(8.7)

subject to (—a,a) +h; <wj(a) forallaeS;
for some b € 5.

Feasible reg.
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Figure 16. The initial solution with dashed lines representing artificial con-
straints.

This problem is always feasible, since by choosing an arbitrary M € Q
with M < wyq(a) for all a € Sy, (e, h1) = (0, M) is obviously a feasible point
of this linear programming problem.

For simplicity, we assume the feasible region to be full-dimensional, since
the method discussed here can be trivially extended to cases where the
feasible region is contained in a affine space of lower dimension by simply
restricting all the pivoting procedures to within that affine space.

To find a basic feasible solution to start the pivoting process, notice that
the feasible solution x° = (e, h1) = (0, M) is not a basic feasible solution
since none of the equalities hold. However, we may look at the following
problem instead

Max <—b, Oé> + hy

((—a,a) + h1 <w;i(a) forae S
a] = 0
(88) a9 = 0
subject to
a, =0
hi=M
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where the last n + 1 constraints are artificially imposed. Clearly, x° is a basic
feasible solution of this augmented problem since exactly n + 1 equalities
hold. The pivoting process can now be used on to remove the artificially
imposed constraints one at a time until a basic feasible solution of is
reached. Therefore, the phase one problem can be solved by exactly n + 1
pivots.

Feasible reg.

Figure 17. Solving the phase one problem by leaving the artificial constraints
one at a time.

From the geometric standpoint, this process first moves the initial solu-
tion x° from the interior of the feasible region to an n-dimensional (co-
dimension 1) face on the boundary of the feasible region by leaving an
artificial constraint, say a; =0, and then to an (n — 1)-dimensional (co-
dimension 2) face on the boundary by leaving another artificial constraint,
say ag =0, etc. Since we have assumed the feasible region to be full-
dimensional, eventually this process will reach a vertex on the boundary
at which all n + 1 artificially imposed constraints are removed. Figure [17] is
a 2-dimensional illustration of this process.

For general one-point tests, when the maximum for LP(F},..., F; f))
agrees with w,(b), then the basic feasible solution that reaches the optimum
of this problem is also a basic feasible solution of LP(Fy, ..., F, U{b}; b)
for any b’ € S,.. In simple terms, the optimum solution of the one-point
test that produces a new subface successfully is a basic feasible solution of
all one-point tests with respect to this subface involving the same set of
supports.

For one-point tests involving different supports, their phase one prob-
lem is still easy to solve. Let (a*,hj,...,h’) be a basic feasible solution
of I(Fi,...,F,) resulted from other one-point test. There are exactly n + r
equalities hold in I(F1,..., F;) at this point. Let

hyy1 = min {wr11(b) — (=b,a) [ b € 5,11}
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then one equality holds among
(=b,a") + hy iy < wrpa(b)

for all b € S,;1. Therefore, the point x' = (a*,h},...,hy, k¥ ) is a basic
feasible solution of LP(Fy,..., F, ; BT+1) for any b,;1 € S,11 since exactly
n 4+ r + 1 equalities hold at this point, matching the number of unknowns.

The combined cascade effects ensure that through extensions, a basic
feasible solution for any one-point test can always be obtained easily from an
optimum solution of an “upstream” one-point test in the extension process.

8.3.3. Harvesting information generated in simplex method. A
big advantage in adopting the above simplex method is when the one-point
test problem is solved by this method, rich information generated by
the pivoting process is particularly fruitful.

To illustrate this, we begin with the simplest case: Let the one-point test
LP({}; &) on a’ € Sy (the starting points of the mixed cell enumeration
procedure) be given by

Maximize (—a’,a) + hy
subject to (—a,a) +h; <wi(a) forall aeS;.

Let x* = (a*, h}) € R""! be a basic feasible solution (not necessarily opti-
mal) visited during the pivoting process in the simplex method (e.g. a vertex
in Figure [14). By definition, there are exactly n + 1 equalities hold. Sup-

pose ag,...,a, are the points in S7 correspond to those equalities. Then

x* = (a*, h}) satisfies

(—ag,a”) + h] = wi(ag)

(—an, ) + Iy = wi(an)
(—a,a™) +h] <wi(a) forall aesS;.

Evidently, it also satisfies I({ap}) given by

(—ag, ) + hi = w1 (ao)
(—a,a”) 4+ h] <wi(a) forall ae S

since the feasible region of this system contains the feasible region of the pre-
vious system. Thus, without any additional computation, I({ag}) is feasible.
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Similarly, I({a1}),...,1({a,}) are all feasible. Furthermore, x* = (a*, h})
satisfies

(—ap, ") + hi = wi(ag)
(—al, a*) + hT = (,U1(al)
(—a,a™)+h] <wi(a) forall ac 5.

Therefore I({ag,a;}) is also feasible. Indeed, by the same reasoning, for
any subset F' C {ay,...,a,}, I(F) is always feasible and hence produces the
subface F of ;. Thus the need for performing corresponding one-point tests
is completely eliminated. It is important to note that all these eliminations
are due virtually to the information generated by a single vertex.

In general, when the above simplex method is used to solve the one-
point test LP(Fy,..., Fy; 13) for some b € S, every basic feasible solution
visited in the pivoting process could potentially reveal the existence of a
large number of subfaces: Suppose x* = (a*,h],...,h}) is a basic feasi-
ble solution of LP(Fy,..., Fy; 15) and bq,...,b,, € .S, are the points cor-
responds to the equalities that hold at x* within the block for S,. Then for
any F' C {by,..., by} \ F,, the system I(F},..., F, U F’) must be feasible,
indicating the existence of the subface (Fi,..., F, UF").

Since much of this section is focusing on the algorithms for finding mixed
cells of type (1,..., 1), therefore only subfaces of the form (Fy, ..., {f)j, bi})
where bj, by, € {b1,...,b;,} would be of interest. However, the great value
of utilizing combinations of the equalities at a basic feasible solution would
become apparent in §9 where general types of mixed cells are needed.

8.3.4. Removal of extraneous constraints. In solving one-point test
problems via the simplex method described above, a significant portion of
computation lies in the step which goes through each constraint to
find the appropriate step size for moving from one basic feasible solution to
another. Indeed, when the number of points in the supports is large, this step
generally dictates the overall cost of this approach. An important resolution
is the possibility of removing a substantial amount of constraints in ,
without affecting the final result of course.

If it is known a priori that certain constraints will never become active
during the pivoting process, then the solution remains the same when those
constraints are removed. In the mixed cell enumeration process, if a one-
point test LP(Fy,...,F; B) fails, then there are no points in the feasi-
ble region of LP(Fy,...,F,; b) which satisfy (—b, &) + h, = w,(b). This
can only occur when the entire feasible region lies in the interior of {c :
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Figure 18. An extraneous constraint having no intersection with the feasible
region.

(—b,a) + h, < wr(b)}. See Figure for a simple two-dimensional illus-
tration. Consequently, the constraint (—b, a) + h, < w,(b) cannot become
active in any linear programming problems having the same feasible region
and therefore can be removed from one-point tests LP(F},..., F, ; b’ ) for
any b’. In other words, each failed one-point test LP(Fy, ..., F, ,f)) (in the
sense that it does not produce an extension) of b with respect to the sub-
face (Fi,..., F,) can eliminate the constraint corresponding to b from all
one-point tests with respect to the same subface. Furthermore, since the
extension of subfaces essentially amounts to imposing additional constraints
to the system of equalities resulting in the restriction of their feasible
regions, so the constraint (—b, a) + h, < w,(b) can also be removed from
one-point tests with respect to any subfaces containing (Fi,..., Fy).

The removal of extraneous constraints of this sort cumulatively yields a
substantial reduction in the amount of computation. Other way of remov-
ing extraneous constraints is further exploited by the construction of the
“relation table” to be discussed in

Remark 8.7. Since the simplex method solves linear programming prob-
lems by visiting vertices of the feasible region, the removal of such extraneous
constraints which can never be active has no effect on the important tech-
nique for harvesting information generated by the pivoting process described

in €33

8.4. Quick eliminations of extensions

As formulated in (8.3)), in the systematic extensions of lower subfaces, the
main event is the testing of the feasibilities of systems of inequalities of the
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form

,a>—|—hr:wr(a§. forj=1,...k

(—a" a) + h, <w,p(al”) forallac S,

in the unknowns (a, hy, ha,...,h;) € Q"". Recall that after a (1)-subface
Fyof (91) is obtained, the extension process continues as systematic attempts
of extending a solution of I(F}) to a solution of I(Fy,{b}) for some b € Sy.
If it is successful, further attempts are made to extend the solution to
I(Fy, {b,b'}). This self-sustaining process continues until all the mixed cells
are obtained.

In the context of the above system of inequalities, each extension step is
the inclusion of an additional group of constraints. An important observation
is that certain extensions that will fail can sometimes be detected without
executing the corresponding one-point tests, and hence avoiding a great
deal of computations. This section gives a geometric interpretation of this
observation. Originally introduced in [78], it has inspired several variations
which are adopted by DECiMs|[77], MixedVol-2.0[52], and MixedVol-3.0[16].

Figure 19. The feasible region of the original system of inequalities Cx < b
together with a feasible solution for which two equalities hold.

8.4.1. The effect of adding a single constraint. We first look at a
simplified scenario where a single new constraint is added to a system of
inequalities known to be feasible. That is, for a system of inequalities C'x <
w in the variables x = (x1,...,2,,) for some fixed integer m > 1 having a
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Cx<w

~FTx <6

v x<90

(a) (Infeasible) With the (b) (Feasible & inactive) (c) (Feasible & active) With
new constraint, the system  With the new constraint, the new constraint, the sys-

becomes infeasible. the system is still feasible tem is still feasible, and the
but the new constraint can  new constraint may become
never be active. active.

Figure 20. Three possible ways an additional constraint can change the fea-
sibility of a system of inequalities that is known to be feasible.

vertex x* in its feasible region (solution set), we shall investigate the possible
solution to the extended system

G

where v € R™, § € R, and v "x < § represents a single new constraint.
The addition of the new constraint can change the feasibility in three
different ways:

Infeasible: With the new constraint added, the new system of inequal-
ities may become infeasible if the feasible region of C'x < w has no

intersection with that of 4" x < §. Figure is a depiction of this
case.

Feasible, but never active: If the entire feasible region of Cx < w is
strictly contained in the feasible region of the new constraint vy ' x <
§ and does not intersect with the hyperplane defined by ' x =4,
then the new system is still feasible, but the new constraint can never
become active. See Figure [20b] for a two-dimensional illustration of the
situation.

Feasible, and possibly active: Finally, if the feasible region of C'x <
w intersects with the hyperplane defined by 4T x = §, then the new
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system is still feasible and the new constraint may become active at
some basic-feasible-solution of the new system.

Of the most importances are the first two cases (infeasible and feasible-
but-never-active), since they signify that certain extensions are impossible.
Therefore if those two cases can be simply detected, then one can immedi-
ately eliminate the need to carry out the actual extension attempts, avoid-
ing the most computationally intensive part of the mixed cells enumeration
algorithm.

8.4.2. Detecting the infeasible case. Consider the first case where
inclusion of the new constraint renders the extended system infea-
sible. Note that a vertex x* = (z7,...,z},) of the feasible region defined by
Cx < w is a point in that region where the equality holds for at least m
linearly independent constraints. The basic matrix at this point is then the
m rows of C corresponding to those constraints. Let B be the basic matrix
at the vertex x*, and let D = [dy,...,d,,] = B~!. Then each of the vectors
—dy,...,—d,, points to a direction one can move within the feasible region
and keep all but one equalities unchanged. With this understanding, if x* is
not in the feasible region of the new system of inequalities and each possible
direction one may follow to leave x* points away from the feasible region
of the new constraint v x < ¢, then the new system must be infeasible, as
illustrated by the example in Figure 21] Algebraically, if

1) v"x* >4, and

Figure 21. The feasible region of the original system of inequalities C'x < w
together with a feasible solution for which two equalities hold.
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then the new system is infeasible. This can be verified very quickly and
only local information at a basic-feasible-solution x* of Cx < w is used.

8.4.3. Detecting the feasible-but-never-active case. Similarly, with
B being the basic matrix of Cx < w at the basic feasible solution x* and
D =[dy,...,d,]) = B7!, then each of the vectors —dj,...,—d,, points to
a direction one can move within the feasible region and keep all but one
equalities unchanged. If x* is already in the interior of the new constraint
v "x < 6, then the extended system is feasible since x* is already a
feasible solution (actually a basic-feasible-solution).

Additionally, if each possible direction one is allowed to leave x* points
into the interior of the feasible region of the new constraint 4" x < §, then
this new constraint can never become active, that is, the equality v' x = §
can never hold within the feasible region of . Figure shows a two
dimensional illustration of this case.

Algebraically, if

1) v x* <6, and
2) (v,—d;) <0foreachi=1,...,m,

then the new system is feasible, but the new constraint v'x < § will
never become active.

Figure 22. The feasible region of the original system of inequalities C'x < w
together with a feasible solution for which two equalities hold.

8.5. Relation tables

A simple yet effective data structure that can reinforce the technique dis-
cussed in on quickly eliminating lower subfaces that cannot exist from
the extension process is known as the relation table.

In the construction of , each point imposes an additional con-
straint. Therefore, for two tuples (Fi,...,F,) and (Fy,...,F}) with r <

T
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T(1,1)

T(1,2) | T(2,2)

T(1,3) | T(2,3) | T(3,3)

T(L,n) | T(2,n) | T(3,n) e T(n,n)

Figure 23. Relation table

n and F;, F] C S;, if F! D F; for each ¢, then the system of inequalities
I(F{,...,F)) is a restriction of I(F},...,F,) in the sense that the feasible

region of I(FY,..., F}), if nonempty, is contained in the feasible region of
I(F,...,F,). Consequently, if I(Fy,..., F,) is not feasible, nor is I(FY,...,

In particular, for a pair of points a € S; and b € 5}, if I({a}, {b}) (or
I({a,b}) when i = j) is infeasible, then no lower subfaces containing both
points can exist. Subsequently, this information directly eliminates a large
number of candidates for one-point tests and greatly reduces the amount
of computation. The relation table is the data structure that encodes this
pairwise relation between points. It consists of pairwise relation subtables
T(i,j) between supports S; and S; for all 1 <7< j <n as shown in Fig-
ure Each subtable T'(i,j), in turn, encodes the pairwise relationships
between points of S; and S; in the following sense:

Definition 8.8. Given two points a and a’ in the same support S; for
some i, we say these two points are related if the system of inequalities
I({a,a’}), defined in (8.3), is feasible, namely, if {a,a’} defines a lower edge
of S;. Similarly, given points a € S; and a’ € S; for © # j, we say these two
points are related if the system of inequalities I({a}, {a'}) is feasible, that
is if ({a},{a’}) is a lower (0,0)-subface of (S;, S;).
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el o, a2’ a2l ] |2l 2]
[ah a;;] [32 ’ 83] . R R . .
@l af"al”, af 2l "] -+ [ald,af)
[ar,a4] | [az.a4] | [a3,a4]
anan] | @ an] |[as,an]| 0 |[@ms am,] [agl)v 3%1] [ag) » agglz] [a(a ) 35771)] o [am ) amg]
(a) A example of diagonal subtable (b) A example of non-diagonal subtable
T(%,4) of the relation table T'(i,7) of the relation table

Figure 24. Examples of subtables of the relation table

The subtable T'(¢, j) has rows corresponding to points in S; and columns

corresponding to points in Sj. Denote the entry on table 7'(4, j) located

at the row containing al() and column containing a(j ) by [al(l),a,(n)] Set

[al(z),a%)] =1if al(z) and a$) are related and [al( ), a%)] = 0 otherwise.

As noted in the feasibility of systems of the form I({a,a’}) as
well as I({a},{a'}) can be determined via one-point tests. In particular, for
thg)su‘?‘;ables T'(i,i) on the diagonal of the whole relation table, the entry
[ (2 1

a;’,a;;| can be determined by solving the linear programming problem
LP({a"}: an):
Maximize (—a), ) + h

< al( ), > +h= wi(al(i))

(—a,a) + h<w;(a) forall aes,.

subject to

If the maximum reaches w;(a”), then [al(i),a%)] =1, otherwise [agi),ag,?] =
]

0. Similarly, for subtables T'(i,7) with i # j, the entry [al( ),a% :
determined by solving the linear programming problem LP({al )} ; é%)):

can be
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Maximize (—a%), o) + ho

(. a) + I = wila;)

subject to (—a,a) + h; <w;(a) forall aes,
(—a,a) + hy <wj(a) forall aesS;.

Note that one-point tests of this type involve two supports and therefore the
technique described in can be used to quickly eliminate a large number
of such extensions and thus filling in 0 entries in the relation table without
actually performing one-point tests. Conversely, the important technique
described in for quickly revealing positive extensions in the process of
solving the one-point test problem also applies here. It can fill in many 1’s
in the relation table without solving the corresponding one-point test prob-
lems. Actually, most entries in T'(i,7) are known by these two techniques;
therefore, the relation table can usually be filled out relatively fast even
having a large number of entries. Moreover, as noted in the poten-
tially costly “phase one” aspect of these linear programming problems can
be avoided in most cases. In fact, the phase one problems only need to be
solved once. (See for details.)

Once filled, the relation table is a great data structure for significantly
reducing the computation cost in the following three ways. First, the pair-
wise relation enables the elimination of a substantial number of one-point
tests. As a simple example, let ({égl),é@)}) be a (1)-subface of Sj. If a
point b € S5 has either [agl),b] =0 or [aéll), b] = 0, then the one-point test
LP({égl), 6(2)} : b) will be bound to fail, since by Proposition if ({égl)},
{b}) or ({éil)}, {b}) are not subfaces, the tuple ({égl),ég)}, {b}) can never
be a subface. In general, for a subface (F1,..., F,), a point b in one of the
remaining supports Sy41,...,S, having [a(i),b] =0 for any 4 € F}, i =
1,...,r can be eliminated from the extension process as it is impossible
to have an extension containing both (Fi,..., F,) and b. This event alone
greatly reduces the number of one-point tests expected to be carried out.
Secondly, as explained in in solving each one-point test problem
LP(Fy,...,F,; 13), we can remove all constraints corresponding to those

points a%) € Spfor ¢ =1,...,r whose relations with any é,(;) € F; are known

to be negative, that is, [agﬁ),a,(f)] = 0. Finally, for a given subface (F1,..., F,),
if there is a support Sy in which the number of points having positive relation
with all points in F1, ..., F} is less than 2, then the progressive extensions on
this subface will eventually terminates, and therefore all extension attempts

start from this subface can be eliminated.
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8.6. Support ordering

The mixed volume is clearly independent of the ordering of the supports.
That is, for any permutation (S7,...,S)) of (S1,...,Sn),

M(S},....S.) = M(S1,....5).

Similarly, the permutation of components of mixed cells gives rise to mixed
cells of the permuted supports. More precisely, if D is a fine mixed subdivi-
sion of the supports (S1,...,Sy), then for any permutation o of n objects,
{o(C1,...,Cy) | (C1,...,Cy) € D} is a fine mixed subdivision of (51, ...,
Sp). It follows that any support ordering can be used in the mixed cell
emulation via the process of subface extensions discussed above.

However, from a computational standpoint, because the possibility of
further extensions of subfaces can be eliminated at any (especially early)
stage of the extension process, the ordering of the supports generally has a
profound effect in the overall cost of the computation.

Normally, it is beneficial to choose the support ordering so that there
are a smallest number of starting points for the extension processﬂ This can
be achieved by examining the relation table. Before the attempts to extend
a (k1,...,ky)-subface to a (ki,..., k,,0)-subface, a potentially large number
of points in Sy41,...,5, can be removed from consideration by information
provided by the relation table, as explained in Complementing this with
the techniques described in §8.4] which can instantly eliminate even more
extension possibilities in Sy41, ..., S, will greatly reduce the number of one-
point tests in most practical problems. Consequently, a much refined tally
of potential candidates for further extensions from each of the remaining
supports Syy1, ..., Sy is available. A novel idea, initiated in [77, [78], was the
realization that at this stage the optimal choice for the next support would
be the support with the least amount of remaining potential candidates for
successful extension attempts from the current subface. Similar decisions

2The opposite choice may be useful in other contexts. In [16] which focuses on
performing mixed cell enumeration on computer clusters with potentially a large
number of processors, the support with the largest number of (1)-subface (which are
the starting point of the extension process) is often chosen to be the first support
S1 to maximize the initial parallelism. This is of particular importance in cases
where some support has a small number of possible (1)-subfaces. For example, if
the first support is chosen so that there are only two (1)-subfaces then using these
two subfaces as starting points, the all but two processors (in a computer cluster)
must stay idle, wasting CPU-time, until more possibility for extension has been
discovered.
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are made at every stage of the extension process whenever a new support
is needed. In this way, the support ordering is chosen dynamically at a
subface level, and different route in the extension can use different support
orderings. As reported in [52] and [77], such a dynamic ordering of the
supports has a remarkable effect in the overall efficiency, it substantially
reduces the total amount of one-point tests needed in the mixed volume
computation. This idea has been incorporated into MixedVol-2.0 [52] as well
as many implementations after that (e.g. [16] and [I5]).

9. Mixed volume and mixed cells of semi-mixed systems

A polynomial system P(x) = (p1(x),...,pn(x)) with x = (21,...,2,) and
support S = (S1,...,Sy) is called semi-mixed of type (ki,...,k,) when
the supports S;’s are not all distinct, but they are equal within m blocks of
sizes ki, ..., kpm, i.e., there are m sets SO, ... (M) < Ng such that S =
Sit = --- = Six, where

Sile{Sl,...,Sn} fOI"lS’L'Sm, 1§l§ki,

and k1 + - -+ + km = n. P(x) is called unmixed if m = 1, that is, all the S}s
are identical, and fully mixed if m = n, that is, all the S}s are distinct. We
abbreviate S = (SM, k1; 8@ ky;...; S k), and Q = (QW, k1; QP ky;

QM k), with QW = conv S® for i =1,...,m. Let P®(x) be the
subsystem of polynomials in P(x) = (p1(x),...,pn(x)) having support S,
Namely, each polynomial of P(*)(x) can be written as

(9.1) pa(x) = Z Cilax® forl1<i:<m, 1<I<Ek.
aes®@

For further abbreviation, when no ambiguities exist, we write S = (S, ...,
Sy and P(x) = (PWM(x),..., P (x)) at times.

We may, of course, solve a semi-mixed polynomial system P(x)=
(PM(x),...,P™(x)) in C* by employing the standard polyhedral homo-
topy procedure in §7] without taking the semi-mixed structure of its supports
into account. However, if a special attention is paid to this particular struc-
ture, a revised polyhedral homotopy procedure can be developed with a great
reduction in the amount of computation, especially when P(x) is unmixed,
such as the 9-point problem in mechanism design [114].

To calculate the mixed volume of a semi-mixed system with support
S =(SW ky; SP ky; ...: 8™ k) alternatively, recall that with Q) =
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convS® for i=1,...,m the mixed volume M(QW, ky;Q® ky;...;
Q™) k) is the coefficient of H?;l Al Hle Am,;j in the expansion of
the homogeneous polynomial

ol, | 33050 | = vel, [ 30 [ Lo | @
i=1 j=1 i=1 \j=1
Let
ki
Bi = Z/\i7j for i = 1,...,m,
j=1

then the above expression becomes

R(Br..., Bm) = Volo(B1QW) + 52Q®) + - + 5,,Q"™)
which is a homogeneous polynomial of degree n in the ;’s. Notice that by
the multinomial expansion,
k

ul Koo
S DR B D Dl et § £V 2
J=1 =1

byttt =k
Therefore a monomial in 5;’s can be expanded as
- r i Ti! i t
1 m — ]
O 1 [ D SR B
J=1

=1 \ta++tir, =7

Clearly, such an expansion involves the monomial [, H?i:l Ai,j precisely
whent; ; = 1foralli=1,...,mandj =1,...,k; whichyields r; = Z?”zl ti
= Z;“:l 1 = k;. Therefore in

k1 km
R(/Blauﬁm):R Z)\l,j sy Z)‘m,] )
7=1 7=1

only the monomial ﬂfl -+« Bk involves T, H?i:l Ai;j and it appears with
coefficient k1! -- - k;,!. We thus have the following:

Proposition 9.1. For semi-mized system P(x)= (PW(x),..., P (x))
with  support S = (SM ky; 8P ko;...; 8 k), the mized volume
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M@QW k; QP ky;...; QU™ k) is the coefficient of 5f1~--5,’§;ﬂ in the
polynomial

Vol (810 + 5207 + - + Q™)
multiplied by k1! --- kp,!.

To utilize this knowledge in mixed volume computation, we shall slightly
extend the framework of cells in which the mixed subdivision is defined for
the Minkowski sum of polytopes in previous sections. With S) being a
finite subset of Njj for j = 1,...,m, and m <n, a cell of the m-tuple S =
(S ... 8 is now an m-tuple C = (Cy,...,Cy,) of nonempty subsets
C; C SU)| for j =1,...,m. With similar notations

type C' = (dim (conv Cy), . .., dim (conv Cy,))
conv C' = conv Cy + - -+ + conv Cy,
Vol,, C = Vol, (conv ),

it follows the definition:

Definition 9.2 (Fine semi-mixed subdivision). A fine semi-mixed
subdivision D of the m-tuple S = (S(l), ey S(m)) is a collection of cells
C=(Cy,...,Cp) of S =(SM ... 8§M) such that

(a): dim(convC) =n for all C € D;

(b): For a distinct pair A, B € D, if (conv A) N (conv B) is nonempty,
then it is a common face of both;

(¢): Upep conv C = conv Sy + - - - + conv Sy,;
(d1): For each cell C' = (Ch,...,Cp) € D, 377 dim (conv Cj) = n
(d2): For distinct pair of cells A = (A41,...,An),B = (B1,...By) € D,

(conv A) N (conv B) = Z(conv Aj N conv Bj);
j=1
(e): For each cell C' = (Cy,...,Cy,) € D, conv ()} is a simplex of dimen-
sion #C; —1for j =1,...,m.

Notice that replacing all the m’s in the above definition by n yields
exactly the same fine mized subdivision in Definition for a fully mixed
system. Most importantly, the properties of fine mixed subdivisions proved
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in §6.2) can be preserved with minor adjustments. In particular, the scaling
invariance of a fine semi-mixed subdivision remains valid:

Proposition 9.3. If D is a fine semi-mized subdivision of the m-tuple
S=(SW,...,8M) and B=(B1,...,Bm) € R)™, the set

BoD:= {,@OC:: (5101,...,5m0m) : C = (Cl,...,Om) ED}
forms a fine semi-mized subdivision of Bo S := (1SW,..., B,SM™).

Also, similar to (6.11]), the volume of 8;QMW + BQ®) + ... + 3,,Q(™
can be expressed in terms of volumes of individual cells of a fine semi-mixed
subdivision:

Proposition 9.4. IfD is a fine semi-mized subdivision of the m-tuple S =
(SW,...,80m)) and B = (B1,...,Bm) € (RT)™
(92) Vol (B1QW + -+ B,nQM™) = Y i+ B Vol (conv C)
CceD
where (11,...,7rm) denotes the type of C = (C1,...,Cp) € D.
For a mixed cell C' = (CY,...,Cy,) in the fine semi-mixed subdivision D

of the m-tuple S = (S(l), e S(m)) with type C = (r1,...,7p), where r; =
dim(conv Cj), we have, by definition, 71 + --- 4 7, = n, and each conv C}

is a simplex of dimension r; = #C; — 1. Write C; = {aé, e ,ai'j} for each
j=1,...,m, and define the n x r; (empty when r; = 0) matrix
(9.3) V(C;j) = [a{ - a% a{j - aﬂ ,

and combining them to construct the block matrix
(9.4) V(C) = [V(Cl) V(Cm)] .

with size n x (r1 4+ ---+7y) =n xn in which the block V(C;) will not
appear if #C; = 1. When D is a fine semi-mixed subdivision, similar to
(6.13), the volume of a cell C = (C1,...,Cy,) € Dwithtype C = (r1,...,7m),
can be computed via the formula

Vol (C) = ———— | det V()]

rilor,

This yields the expression of the mixed volume of a semi-mixed system as a

generalization of (6.13)):
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Proposition 9.5. Let D be a fine semi-mized subdivision of the support
S =(SW ki;...; S k) of a semi-mized system P(x) = (PW(x),...,
P (x)). The mized volume M(QW ky;...; QU™ k) of this system is

95)  M@QW k;QP ki sQ™ k) = > [det V(O

ceD
type C:(kl>7km)

with V(C) as defined in (9.4).

Moreover, similar to inducing a fine mixed subdivision for a fully mixed
system S = (S1,...,5,) by a generic lifting function as described in §6.3
the same procedure can be followed almost line by line to induce a fine
semi-mixed subdivision by a generic lifting function for the semi-mixed sup-
port S = (SW, ky; ...; S0 k,.) of a semi-mixed polynomial system. Hence
Proposition [6.16| can be generalized to the semi-mixed system:

Proposition 9.6 (Induced fine semi-mixed subdivision). Let w =
(Wi, ..., wm) be a generic lifting function for the m-tuple S = (SM, ..., (M),
Define

SU) .= {(a,w;(a)) : a € SW)}
for each j =1,...,m. Let Dy, be the collection of all C = (C’l, ., C) with
C'j C SU for each j =1,...,m such that

1) conv C'j is a lower face of conv S@) foreach j=1,...,m;
2) The m lower faces conv C’j of conv S) for 7 =1,...,m respectively

share a common inner normal of the form & = (a, 1) with o = (g, . . .,
ap) € R™; and

3) dim (conv Cy) + - - - + dim (conv Cy,) = n.

Then the projections of those cells
Dy = {(n(C1),...,m(Cn))) : (C1,...,Cn) € Dy}

form a fine semi-mixed subdivision of S = (S(l), .. .,S(m)), and it is called
the fine semi-mixed subdivision induced by the lifting function w =
(wl,...,wm).

ForcellC = (C,...,Cp) € Dy, the vector a = (g, ..., ) € R™ above
will also be referred to as its inner normal. To emphasize their connection,
we write C* = (C1,...,Cy,) at times.
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For P(x) = (p1(x), ..., pn(x)) with support S = (S1,...,S,) in general
position, again we assume, for simplicity, all the p;’s have constant terms,
namely, S; = 5% = S; {0} for j =1,...,n. Recall that at the beginning of
the polyhedral homotopy procedure, we first assign, in Step 1.2, a generic
lifting w = (w1,...,wp) on S =(51,...,5,). Now for semi-mixed system
P(x) = (PM(x),..., P (x)) with support § = (SM), ky;...;80™) k,,) and
generic ¢ € C* as given in (9.1), we choose generic lifting w = (w1, ...,
wm) on S = (S ... §M) where wj SU) 5 Q for j=1,...,m and look
at the homotopy Q(x,t) = (QW(x,t),...,Q" (x,t)) = 0 where equations
in QU (x,t) =0 for 1 < j < m are

(9.6) gji(x,1) Z cﬂaxat“’f =0, 1<I<Ek.
acS®)

Immediately, Q(x,1) = P(x). Let D, be the fine semi-mixed subdivision of
S =(SW,...,8(M) induced by the lifting function w = (wy,...,wn), and
let C*=(Cq,...,Cy) be a cell of type (ki,...,kn) in D, having inner

normal a = (a1, ...,a,) € Q". With & = (o, 1) and a = (a,wj(a)) for a €
SU) the cell C* = (Cy,...,Cy,) where Cj = {a{),...,afcj} c SW for j=
1,...,m must satisfy the following condition:

For1<j3<m
(A°) <A{,d>:<A{,,d> for 0<,I'<kj
and (a, &) > (A{, &) for 0<1<k; and ae SU\C;.

With coordinate transformation y =t~ %x where y; =t %x; for i =
1,...,n, equations in becomes

Gyt ) = D iy ™, 1<i<m, 1<I<k;
acSW)

Let

and consider the homotopy

(9.7) H%(y,t) = (H{'(y,t),. ., Hp(y, 1)) =0
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on (C*)" x [0,1] where for 1 < j < m equations in H{*(y,t) = 0 are

Gy, t) =t igu(yt™,t)
— Z C]layat<évd>7/8J

acSW)
= Z Cjtay® + Z Cilay NP =0, 1 <1<k
acs() acs)
(a,a)=p; (8,a)>p;

When ¢ = 0, equations in H*(y,0) = 0 become, by condition (A’),

(9.8) Sy,00= Y cay*=0, 1<1<kj.

aeCJ':{aév”wa-lij}

For each 1 < j < m, the above system consists of k; equations, each one has
the same k; + 1 monomials {ya%7 . ,yaij }. By applying Gaussian elimina-
tion to its k; x (k; + 1)-coefficient matrix (c;ja), we can replace H*(y,0) =
0 by an equivalent binomial system

/ al / al _
Gy Py =0

/ afv / aj _
Cjkj].y J +Cjkj0y 0 = 0.

Write

V(Cj) = a{ — aé aij — aé} )

Repeating this process for each Hja(y,O) =0,j=1,...,m, and com-
bining all those binomial equations, a system of ki + - - - + k;;; = n binomial
equations in n variables is produced. This binomial system is equivalent
to the start system H*(y,0) =0 of the homotopy H*(y,t) =0 in (9.7),
which admits |det V(C'®)| nonsingular isolated zeros in (C*)™ as shown in
Lemma 4.1 where

V(C*) =[V(C1) - V(Cw)].

Following solution paths of H*(y,t) = 0 emanating from those isolated
zeros, we will reach |det V (C®)| isolated zeros of P(x).



Homotopy continuation method 235

As in Proposition the mixed volume M(SW kp;...; 80 k..), the
total root count of P(x) in (C*)", is equal to

M(SW kys. 580 k) = > | det V(C'™)],

CeeD,
type(C*)=(k1,....km)

Therefore, we may obtain all isolated zeros of P(x) by repeating the above
process for all cells of type (k1, ..., kp) in D,,, the fine semi-mixed subdivi-
sionof § = (SM, ..., §(M) induced by the lifting function w = (wy, ..., wn).

Remark 9.7. The above procedure for the special case of m =1 (known
as the unmixed systems) will be elaborated in §13.3[in more details.

10. Finding isolated zeros in C" via stable cells

As remarked in the end of §4, in order to reach all isolated zeros of a polyno-
mial system P(x) = (p1(x),...,pn(x)) with support S = (S1,...,5,) in C",
we need to follow k = M(S7, ..., S},) homotopy paths, where 5% = S; U {0},
j=1,...,n. By Theorem 6.5, the number & represents an upper bound for
the root count of the system P(x) in C". However, as shown in [43], this
bound may not be exact, and in [43] a tighter upper bound for the root count
in C" of the system P(x) = (p1(X),...,pn(x)) was given. Based on this root
count, one may employ alternative algorithms to approximate all isolated
zeros of P(x) in C" by following fewer homotopy paths. For simplicity, we
only focus on fully mixed polynomial systems.

For a given generic lifting w = (w1,...,wy,) on S" = (51,...,5)), we
write & = (a,wj(a)) for a € S} and C;j={alacCj}for C; C Si. Let a =
(a1,...,00) € Q" be the inner normal of cell C = (C1,...,Cy) in the sub-
division D, of S = (51, ...,S),) induced by w = (w1, ...,wy). Such cell C' =
(C1,...,Cy) is denoted by C'* as mentioned before. When av = (avy, . .., ap)
is nonnegative, i.e., a; > 0 for all j =1,...,n, we call C* a stable cell of
S'=(5,...,8S]) with respect to the lifting w. The term stable cell alone,
without specification of its corresponding lifting, is reserved for stable cells
with respect to the particular lifting w} = (w{!, ..., w%) where w?l 18— Q
for j =1,...,n is defined as:

wi'(0)=1 if 0¢85
w?l(a):() for a € §j.
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Obviously, S = (S,...,5,) itself is a stable cell with inner normal o =

(0,...,0) (with respect to the particular lifting wj = (w1, ..., wd)).

Definition 10.1. The stable mixed volume of S = (S,...,S,), denoted
by SM(S1,...,Sp), is the sum of mixed volumes of all stable cells of S =
(S,...,Sn).

With this definition, a tighter bound for the root count of P(x) in C" is
given in the following

Theorem 10.2 ([43]). For polynomial system P(x) = (p1(X),...,pn(X))
with support S = (S, ...,Sy,), the stable mized volume SM(S1,...,Sy) sat-
isfies:

(10.1)  M(S1,...,8,) <SM(Sy,...,S,) < M(S;u{0},...,S,u{0}).
Moreover, it provides an upper bound for the root count of P(x) in C".

Based on the derivation of Theorem it was suggested in [43] that one
may find all isolated zeros of polynomial system P(x) = (p1(x),...,pp(x) in
C™ with support (S1,...,Sy) where

pj(x) = Z cax®, j=1,....,n
aGSj
by the following procedure:
Step 1: Identify all stable cells C* = (C4,...,Cy) of (Si,...,Sh).

Step 2: For each stable cell C* = (C4,...,C),) with inner normal a =
(a1,...,a,) > 0, find all isolated zeros in (C*)™ of the support system
P*(x) = (pf(x),...,p%(x)) where for j =1,...,n,

(10.2) PEE) = D ax®+e
aeC;ns;
here, €; = 0 if 0 € S}, otherwise it is an arbitrary nonzero number.

Step 3: For each isolated zero z = (z1,...,2,) of P*(x) in (C*)", let
z = (Z1,...,2n) where for j =1,...,n,

Zj = %j ifOéj:O
ZjZO if()éj?éo.

Then z is an isolated zero of P(x) = (p1(x),...,pn(x)).



Homotopy continuation method 237

Inevitably, zeros z = (z1,. .., z,) of P*(x) will depend on € = (€1, ..., €p).
However, it can be shown [43] that the transition from z to z given above
actually eliminates this dependency.

In Step 2 above, when polyhedral homotopy is used to find all isolated
zeros in (C*)™ of the support system P(x) corresponding to the stable
cell C* = (C4,...,C,), one follows M(C4,.. ., C,) homotopy paths. Accord-
ingly, the total number of homotopy paths one needs to follow to reach all iso-
lated zeros of P(x) in C™ equals to the stable mixed volume SM (S, ..., Sy),
which is strictly fewer than M(S; U {0},...,S, U{0}) in general, therefore
admitting less extraneous paths.

However, there are difficulties to implement this procedure efficiently.
First of all, types of those stable cells are undetermined. They may not
be mixed cells, cells of type (1,...,1) with respect to the lifting w} =
(w9, ... Wi, which invalidates the algorithm we developed in §8| for find-
ing mixed cells. This makes their identification in Step 1 rather difficult.
Secondly, when polyhedral homotopy is used in Step 2 to solve P*(x) =0
in (C*)™, one must find all mixed cells of a subdivision of C* = (C4,...,Cy)
induced by a further generic lifting on C'* in the first place. This accumu-
lated work for all the stable cells can be very costly, which may not be
more favorable compared to solving P(x) = 0 in C" by following the poly-
hedral homotopy procedure given in §7] directly with a generic lifting on

S" = (S1,...,5]) permitting some of the homotopy paths be extraneous.

A revision of the above procedure appeared in [31]. To begin, for k£ > 0,
let wk = (Wi, ... W), be the lifting on S’ = (57,...,S!) where for j =
1,...,n,

Wwk0)=k f0gS;

10.3 !
(10:3) w?k(a)zo for a € §;.

It is easy to see that the set of stable cells with respect to wlg remains invari-

ant for different k’s. For instance, if C' = (C4,...,C,) is a stable cell with
respect to the lifting wgl with inner normal & > 0, then C = (C1,...,C,) is
also a stable cell with respect to the lifting wgg with inner normal %a > 0.
Denote this set of stable cells by 7. Let w = (wy, ... ,wy) be a generic lifting
on 8" =(51,...,S)) where for j =1,...,n,

w;j(0) =k for0¢S;

(10.4) : .
wj(a) = a generic number in (0,1) for a € S;.



238 T.-R. Chen and T.-Y. Li

For a cell C = (C4,...,Cy) in the subdivision of S = (S],...,S),) induced
by the lifting wf = (Wi, ..., W), let w" be the restriction of w = (w1, ...,
wy) on C, which can, of course, be considered as a generic lifting on C' =
(Ch,...,Cp). It was shown in [31] that if k is sufficiently large, mixed cell
D = (Dy,...,Dy,) of subdivision S,, of S" = (57, ...,S),) induced by the lift-
ing w = (wy,...,wy) is also a mixed cell of subdivision S,c of certain cell
C = (Cy,...,Cp) of S, induced by the lifting w®. In this situation, stable
cell C = (Cq,...,Cp) in T can be assembled by grouping a collection of
proper cells in S,,, and consequently, mixed cells in this collection provides
all the mixed cells of subdivision S,c of C' = (C4,...,Cy). To be more pre-
cise, when k > n(n + 1)d" [31] where d = maxi<;<, degp;(x), any mixed
cell D = (Dy,...,D,) in the subdivision S,, induced by the lifting w =
(wi,...,wy)on 8" = (S7,...,5)) given in is a mixed cell of subdivision
S,c induced by the lifting w® of certain cell C' = (Cy,...,Cy) in the sub-
division S, induced by the lifting wf = (w*, ..., wd¥) on ' = (51,...,5))
given in ([10.3)).

Let D* = (Dy,...,D,) be any cell in the subdivision S,, which may or
may not be of type (1,...,1). Let

Dj:{aj()v'--;ajkj}, jzl,...,n7
where k1+---+kp=n. For j=1,...,n and aeS}, write a(k)=(a gk(a>)-

0
7w'
Let Dj(k)={a(k) | a € D;} for j=1,...,n and D*(k)=(Dy(k),..., Dn(k)).
Apparently, the n x (n + 1) matrix

A, (k) — (k)

is of rank n. Let a € Q" be the unique vector where & = (a, 1) is in the
kernel of V(f)*(k’)) This a is the inner normal of D* with respect to wf. Let
T () be the collection of all mixed cells in S, with the same nonnegative
inner normal a with respect to wf and let D = ({aig,a11}, ..., {ano, an1})
where {ajo,a;1} C S} for j =1,...,n be any mixed cell in 7(a). Let C =
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(C1,...,Cp) where
Cj={a€ S| (ak),&) = (a(k), &)}, j=1,...,m,
This cell satisfies, for j =1,...,n,

(a(k), &) = (b(k), &) for a,be Cj
(a(k),&) < (d(k),&) foraeCj, de S)\C;.

Q>

It is therefore a stable cell with respect to wlg with inner normal «, which, as
mentioned above, is also a stable cell with respect to w(l) with inner normal
%a. In the meantime, the cells in the collection 7 () gives all the mixed
cells in the subdivision S,c of C = (C1,...,C,) induced by the lifting w®.

From what we have discussed above, the previously listed procedure
for solving system P(x) = (p1(x),...,pn(x)) with S = (51,...,5,) in C"
suggested in [43] may now be revised as follows:

Step 0: Let d = max;<i<p degp;(z). Choose a real number k > n(n +
1)d"™ at random.

Step 1: Lift the support S" = (S7,...,5),) by a random lifting w = (w1,
..., wp) as defined in (10.4)) where for j =1,...,n,
OJj(O) =k if0 € Sj,

wj(a) = a randomly chosen number in (0,1) if a € S;.

Find cells of type (1,...,1) in the induced fine mixed subdivision S,
of 8" =(5,...,50).

Step 2: For cell D = ({ajg,a11},-..,{an0,an1}) of type (1,...,1) in S,,,
let a;;(k) = (aji,!) where for j =1,...,n,and i =0, 1,

=k ifajiZOQSj
=0 ifajiESj.

Form the n x (n + 1) matrix

afy (k) —afy(k)

V= : ,
a1 (k) — a0 (k)
and find the unique vector & = («, ..., o) where & = (o, 1) is in the

kernel of V. This « is the inner normal of D with respect to wlg. Let
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T () be the collection of all cells of type (1,...,1) in S, with the
same nonnegative inner normal & = (as, . .., a,) with respect to wf.
Step 3: (a) Choose any mixed cell D = ({ajg,ai1},. .., {ano, an1}) from
T (), let
Cj={acSj|(a(k),a)=(ao(k). &)}, j=1,...n,
where a(k) = (a,l) with
l=k ifa=0¢S9;
=0 ifae Sj.
Then C = (C1,...,C,) is a stable mixed cell of " = (5], ..., S],) with
respect to the inner normal a in S,x. Notice that
See :{(Dl,,Dn) € Sw | Dj QCJ forall1 <y STL}
is the fine mixed subdivision of C' induced by w®, the restriction of w
on C, and T («) provides all the mixed cells of type (1,...,1) in S,e.
(b) Find all the isolated zeros of the system
(10.5) P(z) = (p(x), - -, oy (%),
where
pi(x) = Z cjaX+e€, j=1,...,n,
QECJﬂSj
and
€ = 0 if 0 ¢ Sj,

6]' =1 if 0 € Sj
in (C*)™ by employing the polyhedral homotopy procedure with lift-
: C
ing w®.

(c) For zeros e = (e, ..., e,) of P*(x) found in (b), let

Then e = (é1,...,6,) is a zero of P(x) in C".

Step 4: Repeat Step 3 for all T (a) with a > 0.
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Remark 10.3. For d; = degp;(x), j =1,...,n, we may assume, without
loss, dy < dy <---<d,. It was mentioned in [3I], in Step 0 of the above
procedure, d may be replaced by do X --- X d,, X d,, which usually results in
a much smaller number.

Remark 10.4. It is commonly known that when the polyhedral homo-
topy method is used to solve polynomial systems, large differences between
the powers of parameter t in the polyhedral homotopies may cause com-
putational instability when homotopy curves are followed. In the algorithm
above, the point 0 often receives very large lifting value k, compared to the
rest of the lifting values in (0,1). It was shown in [31] that the stability of
the algorithm is independent of the large lifting value k£ when polyhedral
homotopies are used in Step 3(b).

The revised procedure listed above has been successfully implemented
in [31] with remarkable numerical results.

11. Solving nonsquare systems polynomial system
by randomization technique

By this time our discussions have been restricted to the “square” polynomial
systems where the number of variables and equations are the same. However,
nonsquare polynomial systems of the form

p1(x1,...,2n) =0
P(x) = :
Pm(T1, ..., 2n) =0

where m # n arise naturally in many applications. If m > n, then the num-
ber of equations is greater than the number of variables, and the system is
said to be overdetermined. If m < n, the number of equations is less than
the number of variables, the system is said to be underdetermined.

For an underdetermined system, it is commonly known that the solutions
of the system, if exist, cannot be isolated. The study of such “nonisolated”
(a.k.a. positive dimensional) solutions is the main subject of In this
section, we shall only focus on overdetermined systems. In particular, one
of our main goals is to find isolated solutions, if exist, of an overdetermined
system. Among a range of different techniques, the “randomization” tech-
nique, introduced in [102], fits nicely in the “probability one” framework of
the homotopy continuation methods. A comprehensive list of the variations
on this scheme can be found in [103].
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Consider the overdetermined polynomial system P(z1,...,z,) = (p1(x1,
ceisTp)y .oy Dm(T1, ..., Ty)) as a column vector of m entries. A formal prod-
uct of this column vector with an n x m matrix A = (a;;) with full row rank

(rank A = n)

aiy ot Aim y4! aiipr + -+ a1mPm
A-P(x)=1|: . ; D= :

anl - OGnpm Pm ap1P1 + -+ ApmPm

results in a vector of n entries, giving rise to a new square system of equations

a11p1(x) + - + armPm(x)
(A-P)(x) = :

an1pP1 (X) + o+ GumPm (X)

known as a randomization of P(x).

Obviously, every solution of P(x) = 0 is also a solution of A - P(x) = 0.
Moreover, it can be shown that for generic choice of the matrix A, every
isolated nonsingular solution of the original system P(x) = 0 is an isolated
nonsingular solution of the randomization system A - P(x) =0. One can
therefore solve the square system A - P(x) = 0 by using the homotopy con-
tinuation methods discussed in the previous sections and locate all the iso-
lated nonsingular solutions of the original system.

However, it is possible that the randomization induces extraneous solu-
tions. In particular, any x € C" for which P(x) € Ker A\ {0} would be a
solution of the randomized system A - P(x) = 0 but not the original system
P(x) = 0. The technique of randomization therefore transforms an overde-
termined system into a square system at the cost of introducing extraneous
solutions. These extraneous solutions can generally be filtered out easily.
Thus the handling of overdetermined system can be summarized as the fol-
lowing simple procedures:

Step 1: Choose a random (full row rank) n x m matrix and form the
square system A - P(x) of n equations in n variables.

Step 2: Solve the randomization system (A - P)(x) = 0 and collect all
the isolated nonsingular solutions.

Step 3: Filter out the extraneous solutions by checking if P(x) = 0 for
each isolated nonsingular solution x obtained in Step 2.
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12. Positive dimensional solutions

A solution x = % € C" of a polynomial system P(x) = (p1(x),...,pm(x)) =
0 is said to be isolated if there is a neighborhood of x in which x = X is
the only solution of P(x) = 0. The collection of all nonisolated solutions
is known as the positive dimensional solution set of P(x) = 0. Actually,
our discussions on solving polynomial systems have only focused on finding
isolated solutions by this time.

The existence of positive dimensional solution set of P(x) = 0 is a com-
mon occurrence in application. Sometimes they are unpleasant side shows
[102] that happen with a system generated using a model for which only
the isolated regular solutions are of interest; and sometimes, the positive
dimensional solution set is of primary interest. In either case, dealing with
positive dimensional solution set is usually computationally difficult. Ini-
tiated in [102], the computation of positive dimensional solution set via
homotopy methods has been developed into a rich and active field known as
Numerical Algebraic Geometry. This section provides an overview of certain
basic concepts and techniques in Numerical Algebraic Geometry, but defer
to references for the technical detail. Readers are encouraged to consult the
books [103] and [§].

The solution set of P(x) = (p1(x),...,pm(x)) =0 in C" is known as
an algebraic set. An algebraic set can always be decomposed into a finite
union of irreducible components which are the algebraic sets that cannot
be further decomposed into nontrivial unions of other algebraic sets. Each
irreducible component has its well defined dimension and degreeﬂ We delay
the slightly more technical explanation of “degree” to The concept of
“dimension”, leaving aside the formal definition, has an intuitive meaning:
It can be shown that near almost all points in an irreducible component,
the component locally looks like a neighborhood of a smooth manifold of a
fixed dimension.This dimension is the dimension of the component, and the
collection of all such points is known as the smooth part of the component.
To understand the decomposition as well as the dimension and degree of
each component via numerical methods, especially homotopy-based, is the
main object of this section.

3From the point of view of modern algebraic geometric where algebraic sets are
treat as geometric objects independent from equations describing them, the degree
of an irreducible component of an algebraic set is not an intrinsic invariant; rather,
it is a property of how the set is embedded in C" (or projective spaces). However,
in applications, the degree is often a useful piece of information in describing and
classifying the algebraic sets.
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At first, one must be reminded of the meaning of “reduced” solution
components of P(x) = 0. In the case of an isolated solution, the “nonre-
ducedness” manifests itself as its multiplicity structure. For positive dimen-
sional solution sets, the situation is much more complex. For example, the
two equations xy = 0 and xy? = 0 clearly define the same algebraic set in
C?, i.e., the union of two axes = 0 and y = 0. However, this set is a nonre-
duced solution set of the equation zy? = 0 as the z-axis, in a naive sense,
should have “multiplicity” 2 as a solution component. By and large, reduced
is synonymous with multiplicity-one, while nonreduced implies a multiplic-
ity greater than one [39, [103]. From the standpoint of numerical compu-
tation, the “nonreducedness” will significantly complicate the environment.
For simplicity, this section will focus solely on “generically reduced” posi-
tive dimensional solution sets which are solution sets that locally look like
a reduced one near all but a nowhere dense closed subset.

The discussion in this section is guided by three main questions:

e First of all, on a global scale, the question is whether there exists a
positive dimensional solution set of P(x) =0 ? If there is, can one
obtain some sample points from each component? These are discussed
in T2.1)

e Secondly, given a solution x = X € C” of the polynomial system P(x) =

0, is X an isolated solution? or does it belong to a positive dimensional
solution component? This question is the subject of

e Finally, can the global structure of the solution set of a polynomial
system (ignoring the nonreduced structure) be studied via “numerical
irreducible decomposition”? This will be discussed in §12.3

Interestingly, the development of techniques for detecting and studying
positive dimensional solution sets has contributed new ideas to the problem
of finding isolated solutions. Of the particular importance are the Diagonal
Homotopy [101] and the Regeneration Homotopy [40] which can be used for
finding isolated solutions.

12.1. Global sampling via linear slicing

The main subject of this section is the “global sampling” of an algebraic set;
meaning, we wish to get at least one sample point on each irreducible compo-
nent. An important technique in this regard is the “linear slicing” developed
in [I02]. This technique has now become one of the basic building blocks of
the emerging subject Numerical Algebraic Geometry. Geometrically, it is
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the procedure of intersecting an irreducible component with an affine space
of complimentary dimension, yielding isolated intersection points as sample
points of the component.

One of the theoretical results supports this technique is the Noether’s
Normalization Lemma [39] 05]. It essentially states that any d-dimensional
irreducible algebraic set in C™ can be realized as a “finite branched cover”
over C? via a linear projection.

Restricted to curves (1-dimensional algebraic set), this is a familiar tech-
nique: When studying a space curve in C3, for instance, it is common to
project the curve to one of the coordinates axis, say z-axis via w(z,y, 2) = x.
This projection is a “finite-to-one” surjective map, or more precisely, 7~ (z)
consists of finitely many points on the curve for all x. More abstractly, via
the projection m, the curve is realized as a finite branched cover over C. In
this setup, by fixing an x value and solving the equation 7(p) = z for points
p on the curve, one obtains a “cross-section” of the curve. Indeed, for almost
all choices of z, the number of complex points in 7=1(z) is a fixed number,
called the degree of the curve.

Clearly, this procedure would fail if the entire curve is contained in a
plane perpendicular to the x-axis, as the projection would map the entire
curve to a single point on the z-axis while the fiber over any other point
would be empty. One important consequence of the Noether’s Normalization
Lemma is that this can happen via a projection onto some one-dimensional
subspace of C3. In fact, with projections 7 : C> — C of the form

7T(.’E, Y, Z) =a1r + agy + aszz

where a1, as, a3 € C, one can show that for generic choices of a1, as, as, the
map m, when restricted to the curve in question is a surjective finite-to-one
map.

This procedure can be generalized to higher dimension. For a d-
dimensional irreducible algebraic set X C C”, we shall take similar linear
projections of X to a d-dimensional subspace: For a d x n matrix A = (a;;)
of full row rank, let the linear map 7 : C* — C¢ be given by

(12.1) m(x) = Ax.

We are interested in the restriction 7|x : X — C? which projects X to C%.
For a point b € C%, (7| x)~!(b) is called a linear slicing of X.

By the Noether’s Normalization Lemma, for generic choices of the matrix
A and a point b € C?, (7|x)~!(b) consists of a finite number of points in
the smooth part X,, of X. Moreover, for almost all b € C?, the number of
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points in (7|x)~!(b) is a fixed number, called the degree of X, denoted by
deg X. In such occasions, the linear slicing (7|x)~!(b) is said to be generic
with respect to X. Notice that (7|x)~!(b) is the set of intersection points
between X and the (n — d)-dimensional affine space defined by Ax = b, and
is called a generic linear slicing of X.

Algebraically, if X is an irreducible component of the solution set of the
polynomial system P(x) = 0, then (7|x)~!(b) is a subset of the solution set
of the augmented system (P(x), Ax — b), that is,

.

p1(x1,...,2n) =0

Pm(x1,. . 2n) =0

(12.2) a1y + -+ apr, = by

ag 1 + -+ + GgnTn = by.

Since the generic linear slicing intersects each irreducible d-dimensional com-
ponent of the zero set of P(x) = 0, among the zero-dimensional solution
set of , there is at least one point on each d-dimensional irreducible
component. It is, of course, possible for the system to have positive
dimensional solution set. But for generic choice of A and b, these point will
not belong to any d-dimensional irreducible components. Therefore, after
solving via homotopy methods described in the previous sections,
local dimension tests (§12.2) must be performed to filter out all nonisolated
solutions.

This procedure essentially provides the solution to the global sampling
problem: to find at least one sample point on each irreducible component of
a given dimension, and it can be summarized as the following steps:

Step 1: For the given target dimension d, pick a random d X n matrix
A € Myx,(C) and a random vector b € C?. With these, one constructs
the augmented “linear slicing” system ((12.2)).

Step 2: Solve (|12.2]) via numerical homotopy methods, possibly in con-

junction with randomization techniques discussed in if (12.2)) is
not square.

Step 3: Apply local dimension test techniques to the solutions of (12.2)
obtained and filter out nonisolated solutions. The remaining solutions
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contain at least one point on each irreducible d-dimensional component
of the solution set of the original system P(x) = 0.

Additional sample points can be generated by moving the linear slicing.
That is, one could consider the one-parameter family of linear slicings given
by A;x = by where Ag and bg represents the linear slicing in and the
homotopy

(12.3) H(x,t) = {P(x)
At X — bt.

Then the sample points obtained by solving are isolated nonsingular
solutions of H(x,0) = 0 and can thus be used as the starting points of the
homotopy paths of this homotopy. As long as the linear slicing represented
by A; and b; remains generic with respect to the irreducible components
for each t € [0,1], path tracking algorithms discussed in previous sections
can then be used to generate additional sample points. This technique of
“moving linear slicing” is also used for other purposes. describes its
use in Numerical Irreducible Decomposition.

12.2. Local dimension test

Let P(x) = (p1(x),...,pm(x)) be a system of m polynomial equations in
the n unknowns x = (x1, ..., z,). For simplicity, we assume m > n. When a
numerical solution xg of P(x) = 0 is obtained, we want to determine whether
X0 is an isolated solution of P(x) = 0 in the first place.

In theory, xq distinguishes itself as an isolated nonsingular solution of
P(x) = 0 when none of the singular values of the Jacobian of P(x), denoted
by DP(x), at x¢ vanish. In practical computation, one would commonly
admit xg as an isolated nonsingular solution if the smallest singular value of
DP(xg) is not too small. When DP(x() allows very small singular values, x
may lie on a solution component of P(x) = 0 of positive dimension or it may
still be an isolated solution with multiplicity no less than 2. In this subsec-
tion, we give a brief discussion of a method that is capable of differentiating
those cases. More generally, the method determines the dimension of the
solution component X of P(x) = 0 to which x¢ belongs. When dim & = 0,
X is of course an isolated solution of P(x) = 0.

The main strategy of the method can be briefly described as follows. As
noted above, when the Jacobian DP(x¢) has no small singular values, then
Xo can be classified as an isolated nonsingular solution. If it permits only
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one singular value that appears very small and if xg is not geometrically
isolated, then z( must lie on a one dimensional solution path of P(x) =
0. We will begin to trace this path to a substantial length by a special
designed path following scheme. If this attempt fails, no such solution path
may exist and x¢ will be classified as an isolated solution of P(x) = 0. When
DP(xp) has k > 1 very small singular values, we augment P(x) = 0 with
k — 1 generic hyperplanes af (x —xg) =0,i = 1,...,k — 1, at x¢. It follows
from the linear slicing elaborated in the last section, with minor adjustment,
the enlarged system

Px)=0

all(x —x0) =0

(12.4) P(x) =
akH_l(x —x0)=0

will produce a one dimensional solution component X of P(x) = 0 at xq if
the solution component X of P(x) = 0 to which x( belongs is of dimension
k. Thus the assertion dim X = k is accurate only if we can identify X by
tracing X to a satisfactory length. If this path following can not be carried
out successfully, such component X may not exist. We will then remove
hyperplane a | (x —x0) =0 in 1} and restart our effort to identify the
one dimensional solution component X produced by the system

P(x)=0
aH X - =
(12.5) P(x) = vx =) =0

akH_z(x —xq) = 0.

The existence of such component X implies the solution component X of
P(x) =0 is of dimension k — 1. If it fails, the process may be continued
in the same manner and the dimension of X will ultimately (very soon in
practice) be determined. For details of the specially designed “path following
scheme”, please see [49].

The above algorithm is particularly valuable when the homotopy contin-
uation method is used to solve polynomial systems. The homotopy method
follows homotopy paths emanating from solutions of known systems and
solutions of target system lie at the end of those paths. It was widely believed
that it is non-generic for the repeated appearances of the same solution to
occur on a solution component with a positive dimension. Consequently,
a solution that repeats itself at the end of different paths will always be
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taken as a multiple isolated solution if no apparent curve jumpings exist.
It turns out the results of the algorithm show that this sort of repeated
appearances actually happens in positive dimensional solution components
frequently. For a simple example, the cyclic-4 problem [7, [107] has no iso-
lated solutions. But, by polyhedral homotopy, all 16 (= the mixed volume
of the system) homotopy paths converge to 8 particular solutions repeat-
edly, twice for each one, regardless of what starting systems were used, and
our algorithm accurately determined the correct dimension of the solution
components on each individual case.

Remark 12.1. An inevitable part of this method to determine the dimen-
sion of a solution component is the rank revealing of the Jacobian matrix
DP(xg) at the solution point xg. This can normally be achieved by comput-
ing the SVD (Singular Value Decomposition) of DP(xg) and deciding which
singular values are significantly nonzero. However, in our context the rank
deficiency of DP(x¢) is usually small compared to its size. It is therefore
unnecessary to compute the full SVD which is quite expensive. One could
adopt the rank revealing technique developed in [56] which computes singu-
lar values and their associate singular vectors in ascending order from the
smallest one. By which, it needs only compute those singular values which
are smaller than the given threshold to determine the rank of DP(xg).

12.3. Numerical irreducible decomposition via
monodromy

As noted previously, the algebraic set V(P) = {x € C" | P(x) = 0} can be
decomposed into a finite union of irreducible components each having a well
defined dimension. In other words, there is an irreducible decomposition of
the form

n

(12.6) vp)=Jva=UJ U Vai
d=0

d=01i€ly

where each Vj is the union of all d-dimensional components, each Vg, is
an irreducible component of dimension d, and the index sets I are finite
and possibly empty. Notice that the set of isolated zeros of P appears in
the above decomposition as the zero-dimensional components Vy with each
point being a component. The main goal here is to find a numerical irre-
ducible decomposition that mirrors the irreducible decomposition of .
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Encapsulating this process is the foundation of the new subject Numerical
Algebraic Geometry.

We shall first focus on the case of pure dimensional algebraic sets,
say Vg, in which all components have the same dimension d. We wish to
decompose V; into the union of all d-dimensional components Vg = [ J;¢ 1, Vi
numerically, and expect, with the same process, other cases can be handled
dimension-by-dimension.

Since positive dimensional components contain infinitely many solution
points, a finite encoding of the components suitable for numerical computa-
tion is therefore required. The linear slicing discussed in turns out to
be a great way to construct such an encoding which will be called “witness
sets”.

In to answer the global sampling problem (finding at least one
point in each component), a generic linear slicing represented by L(x) =
Ax — b where A € M(,,_4)x, and b € C" % are used to select generic sample
points from the d-dimensional components. Let x be the set of all isolated
nonsingular points in the linear slicing V(P (x)) N V(L(x)), then for generic
choice of the slicing, x C V; and, among finitely many points in x there are at
least one point on each irreducible component of V;. Moreover, the number
of points of x on each irreducible component is precisely the degree of the
component. The data structure W := (x, L, P) is called a witness set of Vy,
and it is the numerical representation of V;. Here, the witness set W carries
extra information beyond the finite set x. In particular, it depends on the
systems L and P. Evidently for generic choices of L, each point in W belongs
to precisely one irreducible component in Vg = [J,¢ 1, Vai- To partition the
points in W by the components to attain a grouping W = J,¢ 1, Wi so that
W; C V4, a basic tool is the monodromy technique developed in [99].

The main structure that enables this tool is the smooth part of each pos-
itive dimensional irreducible component is path connected while the smooth
parts of different components are disjoint. The monodromy technique can be
understood as a tool to achieve the partitioning of W via the construction of
paths within the smooth parts of the components joining different witness
points in the same components respectively.

For simplicity, consider a one parameter family of linear slicing L. of
V; parametrized by a single complex variable z together with the family of
witness set W, it defines. L. can be constructed so that for generic choices
of z € C, L.(x) represents a linear slicing generic with respect to Vy (as
discussed in . That is, let U C C be the collection of all choices of
z for which L, is a linear slicing generic with respect to (the components
of) Vy, then U is open and dense in C. As z move continuously within U,
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points in the corresponding witness sets W, simply move accordingly while
remaining on the smooth parts of the components. Outside U, however, there
still can be a set of isolated “branch points”: as z moves across a branch
point, certain witness points in W, may collide.

Central to the monodromy technique is the phenomenon known as non-
trivial monodromy action: As z moves along a simple loop parametrized by
v :[0,1] — C with v(0) = (1) that contains a branch point in its interior,
the movement of a particular witness point in W, ) may trace out a path
that reaches another witness point in the same witness set W, ) = W,(1).

Example 12.2. Consider a simple yet illuminating example of the equation
P(x,y) = 2% — y = 0 which defines a quadratic curve — a parabola — in C2.
Using the linear slicing L,(z,y) =y — z = 0 yields the combined system

mQ—y:O
y—z=0.

Apparently, for any fixed value of z € C and z # 0, there are precisely two
witness points given by (z,y) = (£1/2,2) where /2 is any branch of the
square root of z. As z — 0, the two witness points would collide, making
z = 0 a branch point.

The monodromy technique in this setting essentially lets z run in a
loop around the branch point at z = 0. Consider, for example, a small
circle of radius 1 centered at z = 0 which is parametrized by z = (t) =
e'?™ with «(0) = v(1) =1 (i.e., a closed loop). At ¢t = 0, the two witness
points, as defined by (P, L)) = (0,0) are (z™M(0),y™M(0)) = (1,1) and
(2?(0),y?(0)) = (=1,1) respectively. As t varies from 0 to 1, the corre-
sponding witness points trace out two smooth curves which can be expressed
as

:L'(l) (t) _ eiﬂ't x(2) (t) _ _eiﬂ't _ eiﬂt+77

An interesting phenomenon is that when ¢ reaches 1, while the image of
v(t) returns to its starting point closing the loop, the two curves traced out
by the corresponding witness points do not return to their starting points.
Indeed, (M (1) = 2 (0) and £ (1) = z(V(0). That is, as y(¢) (and hence
the linear slicing Lv(t)) completes a circle around the branch point, the first
witness point (1,1) moves accordingly and reach the second witness point
(—1,1). Moreover, it is easy to check that for all ¢ € [0, 1], the solutions of
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(P, Lyy) = (0,0) are smooth points of V(P) and they form a smooth curve.
This curve that connects the two witness points while staying inside the
smooth part shows that they belong to the same irreducible component.

Described formally, let Wy = W, ) which consists of isolated regular
common zeros of P(x) and L, (x). For a witness point x(©) € Wy, we con-
sider the path x(t) where x(0) = x(©) and

0
Lyy(x(t)) =0

for all ¢ € [0,1]. Since v(0) = (1), the end point x(1) must be in W, ) =
Wo. Note that since v(t) € U for all t € [0, 1], the path x(¢) is contained in
the smooth part of a irreducible component. However, if x(1) # x(0) then
the path x(¢) connecting them (through the smooth part of a component)
provides a definitive proof that the two witness points are inside the same
irreducible component.

The monodromy technique can be summarized as the following numeri-
cally implementable steps centered around the path tracking:

Step 1: For a fixed dimension d, let W} be the witness set of V; in ((12.6))
obtained by solving ([12.2)) using homotopy methods.

Step 2: A one-parameter family of linear slicings L, (x):C" = CY, 2z €
C is constructed with the property that for a generic choice of z,
L(x) := L.(x) defines a linear slicing that is generic with respect to
the components of V;. Within the set of “generic choices”, a simple
loop 7 : [0,1] — C is chosen.

Step 3: Using witness points in Wy as starting points, one tracks the
solution paths defined by

Hix.t) = P(x)=0
e =0

for ¢ from 0 to 1. The end points of these solution paths are necessarily
inside the same witness set Wy. Most importantly, when a solution
path joining two different witness points, then these two points must
be in the same irreducible components.

Step 2 and 3 can be repeated with a different family of slicings and
potentially reveal the connectedness (via solution paths) between other
witness points. The trace test [100] can be used as a stopping criteria.
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It is certainly possible for all solution paths tracked in Step 3 to come back
to their respective starting point, that is, x(0) = x(1) leading to a “trivial
monodromy action”. Such paths, of course, provide no information concern-
ing the proper subdivision of the witness points. How to generate loops (and
family of linear slicings) that will give rise to nontrivial monodromy actions
(and produce useful information for grouping witness points) is still an open
problem (See [8, [103]).

A simple yet useful choice of loop of linear slicings can be constructed
based on a technique known as the gamma-trick [L03]: For two linear slicings
LO)(x) and LM (x), one constructs the one parameter family

(12.7) L.(x)=(1-2)LO(x) 4+ 2 LM (x).
Within this family, we choose the loop 7 : [0,1] — C
2t for 0 <t<1/2

(12.8) z=7(t) = Qew(t —1)
20e? —1)(t—1) 1

for t > 1/2

where 6 # 0 is a randomly chosen real number.

0.6 |- .

0.2} .

0 02 04 06 038 1

Figure 25. The loop v(t) within the one parameter family of linear slicings

Clearly, L, ;) form a closed loop in the space of linear slicings as ¢ varies
from 0 to 1. Despite the somewhat complicated formula, the loop is geo-
metrically simple: On the first leg of the trip when ¢ € [0,1/2], v(¢) simply
moves along the real axis on the complex plane from 0 to 1. '1;9he remainder
of the loop takes the form of a Mobius transformation % that
maps the line segment [1/2, 1] on the complex plane to an arc, as depicted in
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Figure[25] Since L.(x) in (12.7)) is linear in z, after substituting z(t) in (12.8))
into L, one can clear the denominators and obtain the simpler formulation
L) (1 —2t)LO)(x) + 2t LM (x) for 0 <t <1/2

X) = .
! (2t — 1) LO(x) + 2¢0(1 — )LV (x) for t > 1/2.
Extensive experiences within the community of Numerical Algebraic Geom-
etry seem to suggest that this construction is sufficient in many situations

for discovering all the nontrivial monodromy actions necessary for numerical
irreducible decompositions.

13. Positive dimensional C*-solution sets of
systems of binomial equations

The above discussion summarized the general techniques for studying posi-
tive dimensional solution sets of polynomial systems. This section highlights
special techniques for computing the positive dimensional solution set of
a subclass of polynomial systems — binomial systems. The reason behind
singling out binomial systems is threefold: First, the binomial systems arise
naturally in many applications and theoretical studies (e.g. in the context of
toric varieties). Second, specialized techniques allow much efficient handling
of large binomial systems. Finally, the description of these techniques unites
several seemingly unrelated topics discussed in previous sections which high-
lights the integral nature of this subject.

In §7] we have provided tools for finding isolated solutions of a square
binomial equations in which the number of equations matches the number
of variables in (C*)™. This section will elaborate the techniques for studying
the positive dimensional solution set of a system of binomial equations that
may or may not be a square system.

13.1. Structure of positive dimensional C*-solution sets of
Laurent binomial systems

We shall reuse many of the notations and concepts in §7} For positive integers
m and n, M, «m(Z) denotes the set of all n x m matrices with integer entries.
A square integer matrix is said to be unimodular if its determinant is
+1. Note that such a matrix A € M,»,(Z) has a unique inverse A~ =
ﬁ adj A which is also in M,,x,(Z), where adj A is the adjugate matrix of A.
The n x n identity matrix in M,,«,(Z) is denoted by I,, as usual. Just like in
the theory of binomial systems is more naturally developed in the context
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of the generalized “Laurent binomial systems” where negative exponents are
allowed. For variables x = (z1,...,2,), a Laurent monomial in x is an
expression of the form z{" - -- 24" where «q, ..., a, are integers (which may
be zero or negative). For a vector a = (o, ..., )" € Z", we still use the

notation
Qg

x% = (x1,...,2p) L] =it -apn.

As before, for a matrix A € M, xm(Z) with columns a® .. a™ ez

(13.1) x4 = xle® - atm].— (Xo‘(l),...,xa(m)).

1 B AB

With this notation, the familiar identities x'» = x and (x4)B = x48 are
still valid. Since the exponents here may be negative, it is only meaningful
to deal with the function x — x? when each z; is restricted to be nonzero.
Hence, throughout this section, we shall let x; € C* for each i =1,...,n. In
this situation, each matrix A € My, «m(Z) induces a function from (C*)™ to
(C*)™ via x +— x. Of particular importance is the function induced by a
unimodular matrix A € M, (7Z), since, in this case, A~! is also in My, x(Z).
Thus functions x — x4 and x — x4~ are inverses to each other ((x4)4™

xAAT = xIn = x).

A Laurent binomial is an expression of the form ¢;x® + coxP for some
c1,c0 € C* and o, 3 € Z™. It is just a linear combination of two Laurent
monomials. This section will focus on the structure of positive dimensional
solution set of a system of Laurent binomial equations, or simply Laurent
binomial systems. We shall restrict our attention to the portion of the
solution set inside (C*)™ which, in a sense, is the natural setting for studying
binomial systems. That is, given exponent vectors a®, .. ,a(m),,@(l), e
B(m) € Z" and the coefficients ¢; ; € C*, our goal is to describe the set of all
x € (C*)™ that satisfy the system of equations

(1) (1)
6171Xa + CLQXﬁ =0

(m) (m)
(87
Cm,1X + cm’gxﬁ = 0.

Since only the solutions in (C*)™ are in concern, this system is clearly equiv-
alent to

(xau),ﬁ(l) xo‘m)*ﬁ(m))

= (—ci2/c11,-- s —Cm2/Cm1)

g ey
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which can simply be written as
(13.2) x?=b orequivalently x?-b=0

where A € My xm(Z), having columns a(!) — BW. ... am™ — 3" repre-
sents the exponents appeared in the Laurent monomials and the vector

b = (—c12/c11,--.,—Cm2/cm,1) collects all the coefficients. Its solution set
in (C*)™ will be denoted by

(13.3) Vixd —b):={xe(C)" | x*-b=0}.

In we discussed a special case of this setup where A is a nonsingular
square matrix and x* —b = 0 is a system of n Laurent binomial equations
in n variables. In the following we shall deal with the general cases.

In the first place, we briefly review some basic facts about the C*-solution
set of a Laurent binomial system which usually fall under the subject of
toric algebraic geometry and combinatorial commutative algebra. For more
details, we refer to standard references such as [23, 26, 27, [75, [105] for
comprehensive discussions of the theoretical aspects. Certain computational
aspects have been studied in [45] [46]. Recent developments in the aspect of
parallel numerical computation have been presented in the article [17, 20].

In §7 the Hermite Normal Form of the matrix A has been used to
solve for the isolated solutions of a square binomial system in (C*)". To
understand the structure of the positive dimensional solution set of a gen-
eral Laurent binomial system, a stronger form known as the Smith Normal
Form is needed. It is known that there are unimodular square matrices
P € Myxn(Z) and Q € M5 (Z) such that

r m—r
di

L

(13.4) PAQ = d,
0
bn—r
0

with nonzero integers d; |da | - - - | d, for 7 = rank A, unique up to the signs.

Here, a|b means a divides b as usual. The matrix on the right hand side
of (13.4)) is the Smith Normal Form of A. This decomposition of the matrix
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A provides important topological information about V*(x4 —b) c (C*)"
summarized in the following proposition:

Proposition 13.1 (Topological description [26]). If V*(x* —b) in
(C*)™ is not empty, then it consists of a finite number of connected com-
ponents. Furthermore,

1) the number of components is exactly ’H;Zl dj|.

2) each solution component has codimension equal to rank A = r.

This description can be strengthened significantly. For P and @ in the
Smith Normal Form decomposition of A in , let P, € Myxn(Z) and
Py € M(n,r)xn(Z) be the top r rows and remaining n — r rows of P respec-
tively; and, in the mean time, let Q. € My,x(Z) and Qo € My, x (m—r)(Z)
be the left r columns and remaining m — r columns of ) respectively. With
these notations, the equation in becomes

(13.5) <£Z>A(Qr QO):<10) 8)

with D = diag(dy,...,d,) € M,x,(Z) and 0’s representing zero block matri-
ces of appropriate sizes. Consequently, the binomial system x4 =b can
be translated into a form from which more detailed information can be
extracted.

Since P and @ are both unimodular the maps z — z" and y — y¥ are
both bijections on (C*)™ and (C*)™ respectively. Therefore, as regard to the
solution set in (C*)", the original system x* = b is equivalent to (x4)? =
xA®@ = b, Similarly, solution sets remain equivalent after change of vari-
ables x =z, and

(2149 = 2740 _,(88) = (5(8) 2(8)) = b2 = (b2 b2 .

Since D = diag(dy, ..., d,) € Myx(Z), the original system x4 = b can now
be decomposed into a combined system

(13.6) (21, 2) d.) = b
(13.7) 1 = b
(13.8) Zraly ..., 2n ¢ free



258 T.-R. Chen and T.-Y. Li

in which appears when r < m where 1 =(1,...,1) € (C*)™™ ", and
appears when r < n. The word “free” in means the system
imposes no constraints on the n — r variables z,41,..., z,.

From the above decomposed system, we can see that if » < m, then the
system is inconsistent unless 1 = b@0. If the system is consistent (namely,

(13.7)) holds), then the solutions to ((13.6) are exactly

2 = eXm/dicy for k1 =0,...,d —1

22:62k27r/d2<2 for ko=0,...,do—1
(13.9)

Zr = ezkr”/drg} for k.=0,....d,—1

where each (; is a fixed choice of the dj;-th root of j-th coordinate of
b@. Clearly, all of them are isolated and the total number of these solu-
tions is | [[}_, d | = |det D|. If r < n, then the solution set of the decom-
posed System P breaks into “components” of the form
{(e A/ 2k G 2, t(2r41s- 05 20) € (C)"7T) and
they are in one- to—one correspondence w1th solutions in . Since each
component is parametrized by the n —r free variables z.y1,...,2,, it is
smooth and of dimension n — r. Furthermore, they are disjoint, because
these components have distinct z1, ..., 2, coordinates.

To translate the above description of the (C*)™-solution set of the decom-
posed system (in z) into a description of the original solution set V*(x* — b),
one may simply apply the change of variables x = z". Note that this map
and its inverse z = x© " are both given by monomials (bi-regular maps [39]),
the basic properties of the solution set, such as, the number of solution
components, their dimensions, and smoothness are therefore preserved. To
summarize, the above elaborations assert the following proposition.

Proposition 13.2 (Global parametrization [26], 45, 105]). For the
solution set V*(x* —b) in (C)*, let P,Q,Qo and D be those matrices
appeared in the decompositions of A in and , and let r = rank A.

If 1 # b® then the binomial system is inconsistent, and hence its solu-
tion set in (C*)™ is empty.

If1 = b then the solution set of x* = b in (C*)" consists of | [Tj=: d;l
= |det D| connected components Vi, . for k1 €{0,...,di —1},... k. €
{0,...,d, — 1}. Each component Vi, . 1. is smooth of dimension n —r, and
it is parametrized by the smooth global parametrization ¢y, . k. : ((C*)(”_T) —
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goee

(13.10) Gy, (t1s - - s tny) = (€D, Gty )F

where each (j is a fixed choice of the dj-th root of the j-th coordinate of be.

Note that, as mentioned earlier, when r = n, the solution set V*(XA —Db)
is of dimension n —r = 0. Thus, V*(x4 — b) consists of isolated points. In
such situations, the “parametrizations” ¢, . . are understood as constants
each describes a single isolated point.

Remark 13.3. While the Smith Normal Form [g 8] is unique up to a
change of signs of the diagonal entries di, ... ,d, in D (as long as the require-
ment dy | dg | - | d, is satisfied), the transformation matrices P and @ are
generally not unique. For a simple example, let A = [3] with Smith Nor-
mal Form [}] which is unique up to a change of sign. However, different
transformation matrices can be used. Indeed for any k € Z,

—1+4+3k 1-2k| (2 [ 1} |1
-3 2 3 |0
Meaning, there are infinitely many different transformation matrices.

Suppose there is a different pair of unimodular matrices P = {?J €
[9)

My «n(Z) where P c M, «n(Z) and Py e M(n_r)xn(Z) along with Q =
(Qr Qo) € Myyxm(Z) where Qp € Myyxr(Z) and Qo € My (m—r)(Z) such

that i
g a=[y )

Then since A= P~ [B 8] Q71

!

]30./4 = PQPil (lg 8) Qil = [0 0] .

It follows that PyP~1 = [0 G] for some matrix G € M(;,_p)x(n—r)(Z), and
hence
P,

=0 ¢P=[0 G [PO

|=cn,

Moreover, since P, consists of the n — r rows of the unimodular matrix P,
the matrix G must also be unimodular. In other words, columns of Py must
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be the images of columns of Py under the linear transformation given by the
unimodular matrix G.

Now the Smith Normal Form of A via PAQ yields, according to Propo-
sition the parametrization

szl,...,kr (tla cee 7tn—’r‘) = (62k17r/d1 Clv ey 62kr7r/dr<1“) tlv e 7tn—T)P
= (62k1ﬂ/d1 Cl, ceey er"ﬂ/d"Q‘)Pr o (tl, - ,tn_T)PO
= (e2rmldicy P o (b, ) )P

where “o” denotes the component-wise multiplication. Therefore while dif-
ferent transformation matrices induce different parametrization, each par-
ametrization is related to all others via nonsingular bijective transformations
of the form t — t¢ for some unimodular matrix G.

As indicated in Proposition for a consistent Laurent binomial sys-
tem x4 = b where A € M, »,,(Z) with r = rank(A) < n, each component of
the solution set in (C*)™ will be of dimension n —r > 0. In this situation,
for both theoretical interest and demand from concrete applications, one
often wishes to identify another important property: the degree of the com-
ponents. As discussed in the degree of a component can be understood
geometrically as the number of its intersections point with a generic affine
space of complimentary dimension. That is, for a component V' =V}, . of
V*(x# — b) for some fixed choice of ki,...,k, as given in Proposition
the number of isolated intersection point between V and a “generic” affine
space of complementary dimension is a fixed number, and this number is
the degree of V', denoted by deg V.

From the computational standpoint, such a generic linear slicing can be
represented by the solution set of a system of d :=n — r linear equations
with generic coefficients. Therefore deg V' is precisely the number of points
x = (z1,...,%,) € V that satisfies the system of linear equations

C11T1 + c12292 + - - + C1pnTpn = C10

C21T1 + C22%2 + - - + Con®p = C20
(13.11)

Cd1Z1 + Ca2%2 + -+ + CgnTn = C4o-

where ¢;; fori =1,...,dand j = 0,...,n are generic complex numbers. But
the set V' =V, . is precisely the image of the injective map

Ol b (b1, ooy tg) = (2m/digy o Remldre by tg)P



Homotopy continuation method 261

in Proposition If we let & = (e2R1m/dicy .. e2kem/drg Y and t = (tq,. . .,
tq) then

PT 1 1 n n
b (6) = (. 0) () = (epgptl L ept el

where for each j =1,...,n, p£j) and péj) are the j-th columns of P and Fy

respectively. In other words, V' has the global parametrization x; = §p(rl)tp<g”

fori =1,...,n. Therefore the intersections between V' and the generic affine

space defined by (13.11)) are precisely the solutions of the polynomial system
(1) (2) n (n)

Cc11 §p5'1> tpol + c12 gpﬁ?) tp°2 + -+ Cin §p5 ) tPo ' = C10

(1)

(n)
ca1 EP7

pt p®  p® p pi™
t() +C22€r tU +...+02n§r tO :C20

(n)

(1) (1) (2) (2) (n)
a1 P P cap P PO 4 g EP PO

= Cq0-

By letting ¢}; = ¢i;EP7 € C and ¢, = ¢io for each i =1,...,d and j =
1,...,n, the system above is a system of d polynomial equations in the
variables t = (t1,...,%4) with generic complex coefficients c;; and same set

. @)
of monomials tPo :

(1) (2) (n)
/ / /
Clltpo + 612tp0 —+ -+ Clntpo = C10
(13.12)
(1) (2) (n)
/ / /
g tP0 4 CgotP + - 4 ¢y, tPY = cqo.

This derivation equates the degree of V' and the number of nonzero solutions
of the above system, and this fact is summarized in the following proposition.

Proposition 13.4 (Degree via affine space cut). Ifr < n and V*(x4 —
b) # @, then the degree of each component V of V*(x* —b) agrees with
the number of solutions t € (C*)¢ of the system of d Laurent polynomial
equations

(1) (2) (n)
c11tPo + et 4o+ eptP = e

(13.13)
(1) (2) (n)
ca1t?e + caat?’ + - 4 cgptP = cao

for generic complex coefficients c;; € C.
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The “unmixed” case of Bernshtein’s Theorem (Theorem [6.4]) applies
here: for generic coefficients, the number of isolated C*-solutions is the nor-
malized volume of the Newton polytope:

Proposition 13.5 (Degree as volume).

(13.14) degV =d!- Vold(conv{p(()l), .. ,pén), 0})
where 0 = (0,...,0)T € R? and columns p(()l), e ,p(()") of the matriz Py are

considered as points in R?,

Remark 13.6. Even though the transformation matrices with which the
Smith Normal Form of A is constituted are not unique, as asserted in
Rgmark for a different pair of unimodular transformation matrices P =
[ﬂ € Myn(Z) where By € Miy_y)xn(Z) and Q € My (Z) for which

PAQ = PAQ = [’3 g]

we must have Py = G P, for some unimodular matrix G € Mn—ryx (n—r)(Z).
Therefore the columns of Py are vectors Gp(()l), cee Gpon . Since G is uni-

modular, as a linear transformation it preserves the volume, and therefore
VOld(COHV{Gpél), ce Gpén), 0}) = Vold(conv{pél), . ,pé"), 0}).

In other words, while the formulation of ((13.14) depends on the choice of
the transformation matrices in the Smith Normal Form decomposition of A,
the actual value is nonetheless invariant.

13.2. Smith Normal Form computation

As summarized in Proposition the key to finding the dimension, num-
ber of components, and global parametrization of the C*-solution set V*(XA —
b) C (C*)™ is the Smith Normal Form of the exponent matrix A. In
this section, we will list a procedure for efficiently computing the Smith
Normal Form of an integer matrix.
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To illustrate the main idea behind this procedure, we start with the
simplest case of an integer matrix

a a
A= 11 12
a1 a22

where aj; # 0. As in the computation of Hermite Normal Form discussed
in there exist, by the Bézout’s identity, integers u and v such that d} :=
gcd(an, a21) =wuail +vag. Let

¢ ! uail + va d,
11 21
Pi=| an ap|, then detPj=——— =2 =1,
AR d dy
1 1
and thus P; is unimodular. This can provide a row reduction:
U v u u d} ua1s + vag o
11 012
PlA = a1 ail |: :| = 0 a21a12 ai1as | = |:01 i2:| .
P AT az1 G2 g 7
1 1 1 1

However, our goal is to diagonalize A, hence further column reduction is
needed. Similar to row reduction, there exist integers x and y such that
dy = ged(d)y, dy) = xd| + yal,. Let

/
z N2
d / ,
Q1= 1 , then detQ:M:ﬁ:L
dll dl dl
y P
dy

and @1 is also unimodular. As desired, it gives column reduction

di 0
Al ::PlAle |:* *:|
While the progress made by the row reduction P; A seems to be demolished
by this column reduction, it is important to note that the new upper left
corner entry dy divides the original entry a1; (indeed, d; | d} | a11).

Similar row and column reductions can be applied to produce As :=
PyA1Qo, A3 = P3AsQs, ... But if d; is the upper left corner entry of A;,
then we must have 0 # d; | di—1 | -+ - | d2 | d1 | a11. Consequently, there must
be an iteration, say k-th iteration, for which dy,1 = di. It follows that dy
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must divide entries on both its row and column. That is, A; has the form
dk S dk
t dk *

for some s,t € Z. At this point further multiplications by unimodular matri-

ces
1 0 dk S dk 1 —s o dk 0
—t 1| |tdy = 0 1| |0 =«

provides the desired diagonal form.

In general, n x n and m x m version of the above matrices P and Q)
can be constructed to perform row and column reduction respectively for an
n X m integer matrix.

After repeated such row and column reduction together with poten-
tial row and column permutations one can construct unimodular matrices
PO P®) e Myyn(Z) and QW ..., QY € M,,xm(Z) such that

dy
® . pWgom .. 00|
P PYAQ QY = 0
0
with r = rank A and dy, .. ., d, are nonzeros. As noted in standard references
such as [34], employing further reductions can ensure dy | da | --- | d,, but

for the purpose of solving binomial systems, this property does not seem
necessary.

13.3. Degree computation

When the solution set consists of positive dimensional components, Proposi-
tion [L3.5 provides a computationally viable means for computing the degree
of each component as the volume of a convex polytope. Let V be a com-
ponent of V*(x4 —b) C (C*)*, d=dimV =n —r =n —rank A, and P° =
(p(()l), . 7p(()n)) € Mgxn(Z) be the matrix appears in (13.4). Considering each
p(()]) as a point in R%, let S = {p(()l), ... ,p(()n), 0} C R? be the finite point set.
Then by Proposition [13.5

(13.15) deg V' = d!Vol;(conv S).

Even though any algorithm for computing the volume of a convex poly-
tope can be used to compute the degree via (13.15]), there are two main
reasons behind our specialized algorithms for computing the degree deg V:
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First, from a numerical point of view, the fact that deg V' =d!Vol,(conv.S)
must be an integer permits the use of efficient but potentially less accurate
numerical methods as well as floating point arithmetic, they can still obtain
the correct result. Indeed, the exact result can be achieved as long as the total
absolute error remains below 1/2. This is certainly not possible for methods
that are designed to compute volumes of more general convex polytopes.

Secondly, in Numerical Algebraic Geometry, the computation of witness
points (§12) is a fundamental problem. The framework we establish to cal-
culate deg V helps, as to be described in to construct a specialized
homotopy method which is ideal for efficiently providing witness points in
this environment. The construction of the homotopy, however, requires the
simplicial subdivision of the polytope conv S. Algorithms that do not pro-
duce simplicial subdivisions are therefore not suitable for this task.

The concept of mixed volume is actually a generalization of the volume.
Indeed,

deg V = d!Voly(conv S) = M(conv S, ..., conv S).

The computation of degV therefore becomes a special case of the mixed
volume computation discussed in §6.2) and the algorithm described in
can be used directly: A “lifting function” w: S — Q with generic images
is used to “lift” points in S to one higher dimension via p — (p,w(p)) €
Q%1 Let S be the collection of the lifted points. Proposition asserts
that the projection of the facets on the lower hull of conv S form a “fine
unmixed subdivision” of S, and the algorithm of systematic face extensions
can be used to enumerate the lower facets efficiently. Here the “unmixed
subdivision” of the single polytope conv S is simply a subdivision in the
familiar sense: a collection of simplices intersecting only on their faces yet
fills the entire conv S. Such a subdivision, obtained as the projection of the
lower hull of a generic lifting, is known as a regular subdivision [51], and it
will be of critical importance in the next section.

Since the cells of such a fine ummixed subdivision are simplices, their
volume are easy to compute. The degree deg V' is then the sum of the volume
of all these cells multiplied by d!.

13.4. Computing witness sets

Witness sets, discussed in detail in §12.1] is the core concept of Numerical
Algebraic Geometry. In the case of C*-solution set of binomial systems, the
witness set can be computed by a specialized polyhedral homotopy based
method.
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By Proposition the intersection between a component V C V(x4 —
b) and a generic affine space of complementary dimension consists of pre-
cisely the points t = (t1,...,tq) € (C*)% that satisfy the system of d Laurent
polynomial equations in d variables given by

(1) (2) (n)
Clltp" + Clztpo + -+ Clntpo = C10

(13.16)
(1) (2) (n)
cantP 4+ cgatPo 4 - 4 cgptP = cq

where the coefficients depends on both the choice of the component in
V*(x4 — b) and the choice of the r-dimensional affine space. Apparently, this
system is fully unmized (every equation has exactly the same monomials).
We shall find all its isolated zeros in (C*)™ by the polyhedral homotopies.
For simylicity, we reuse the notations from Namely, we let ag =
0,a, =tP ,...,a, =tP" . With S={ag,...,a,}, let w:S — Q be the
generic lifting function used for constructing regular simplicial subdivision
of conv S in E As before, a; = (aj,w(a;)) for 7 =0,...,n, and S =
{ap,...,4,} C Q™! With a new variable s € [0, 1], consider the homotopy

cppt™ so@) 4oy Clnta"Sw(a") - Closw(ao) =0
(13.17) H(t,s) =

cq1t® swla) Loy Cdnta"sw(p‘()n)) _ Cdosw(ao) -0

which is constructed by multiplying each term in by a rational power
of the new variable s whose exponent is determined by the lifting func-
tion w : S — Q. Clearly, H(t,1) = 0 is exactly the system which we
intend to solve (inside (C*)?). Similar to solving fully mixed systems by the
polyhedral homotopies, H(t,0) cannot be used as the starting system since
at s = 0, the system is either identically zero or undefined. Therefore certain
transformation is necessary to produce a meaningful and solvable starting
System.

Let D be a fine unmixed subdivision induced by w. Each cell in D is a

projection of a cell of the form, say {ao,...,a4}, such that conv{ay,...,a,}
is a lower d-face of conv S. More precisely, there exists a (unique) vector of
the form & = (a1, ..., a4, 1) for which

ap, &) =(a;,a) forj=1,...,d and
(13.18) (80, &) = (8, @) J

(ag, &) < (a,&)  for all ae S\{ay,...,as}.
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For & = (ay,...,aq4,1), by the change of variables with y = (y1,...,%4)

tl = ylsal
(13.19) t =
tg = ydsadv

then H(t,s) becomes

H(t,s) = H(y18™,...,yqs*,s) =

\ acs acsS

Let 8 = (ap, &) and define a new homotopy

(578 1 ay?s®9
acsS

HP(y,s) = s PH(ys™,...,yas™,5) =

sh z cdyayas<é’d>.

aes

Note that the new homotopy still has the necessary property that H*(y, 1)

= 0 is identical to the system of equations in ((13.16[). Moreover, by (13.18)),
there are precisely d + 1 terms in each equation of H*#(y,s) having no

power of s (the terms corresponding to ayg, ..., a4), and all other terms have
positive powers of s. Consequently, at s = 0, terms with positive powers of
s vanish, leaving only

a, a a,
ClagY 0 +Clyaly Pt +Cl,ady ¢=0

€2,8,Y" + C2,0, Y + -+ 20,y =0
(13.20)

Cd,aoyao + Cd,a1 yal + T + Cdyadyad = O‘
Let

Cl,ag e Cl,ad

Cd,ao T Cd,ad
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then the above equation can be written as
(13.21) c-yH'=o.

For generic choices of the coefficients, there exists a nonsingular matrix
G € Myxq(C) such that

1 2
Ca1 Ca9
(13.22) GC = .
Ca1 Ci
for some cjj € C*. Thus, without altering its solution set, (13.21)) can be
converted to the equivalent system

Ly + oy = 0

* a; * a —
(13.23) GOGEN)T = o oy =0
Y™t 4y = 0,

which is apparently a square Laurent binomial system. The algorithm devel-
oped earlier for solving square Laurent binomial system can be used here to
solve this system. The solutions are precisely the solutions of the starting
system for the homotopy H®?. Tracing solution paths of H*? = 0
emanating from those solutions will locate solutions to the target system
when s = 1. They are points in the witness set of the component V'
of V*(x4 —b).

The construction of the homotopy H®”? relies on a cell whose convex
hull is a lower d-face of conv S in the fine unmixed subdivision D of conv S.
It is typical for D to contain more than one such cells. Evidently, each cell
can induce a different homotopy in the form of H®?. Just like solving fully
mixed polynomial systems by the polyhedral homotopies before, when one
goes through all those cells in D, the resulting homotopies of the form H
will find all isolated solutions of which constitute the witness set
of V.

13.5. Verifying the consistency numerically

While the binomial system is assumed to be consistent throughout previ-
ous sections, in more general cases as stated in Proposition when the
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number of equations in the given binomial system x” = b is greater than
the rank of the matrix A, the system may become inconsistent. With the
notations in ((13.5)), the system is consistent if and only if

b =1

where 1 = (1,...,1) € (C*)™". So the consistency of the binomial system
can be verified by simply checking the above equality. This can certainly
be accomplished quite easily when b is given in the exact form. When b is
only given approximately, however, verifying b%° = 1 becomes an ill-posed
problem, it should be avoided at all cost. After all, a generic perturbation
in b, however small in magnitude, will break the above equality.

The main strategy is to rephrase the question of consistency into a ques-
tion of closeness: How close is the binomial system from being consistent?
More precisely, let W be the algebraic set in (C*)™ defined by

b =1

then the binomial system is consistent if and only if b lies in W. Therefore,
the distance between b and the smooth part of W may be used as a measure
of how close the binomial system is being consistent. Under this substitu-
tion, the resulting problem becomes well-posed, and can be answered via
numerical computation.

While the distance between a point and an algebraic set may be generally
difficult to compute, the distance in the log-norm space can be obtained quite
easily: since bQ0 = 1 is equivalent to

=0
0 (mod2m)

(Re(logb)) - Qo
(Im(log b)) - Qo

where Re and Im denote the component-wise real and imaginary parts
respectively. So the distance, in the log-norm sense, can be computed sim-
ply as the distance between Re(logb) and the kernel of ()¢ and the distance
between Im(log b) and the kernel of @y modulo 27, and this distance should
provide a coarse indication for the consistency of the binomial system x* — b
over (C*)™.
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14. Numerical considerations
14.1. Scaling of the coefficients

In applications, it is not uncommon to encounter polynomial systems with
“unbalanced” coefficients — some coefficients are much larger than the oth-
ers (see examples listed in [53]) which often results in ill-conditioned Jaco-
bian matrix of the homotopy function. This will, in turn, affect the efficiency
of the path tracing algorithm. The idea of scaling the system to balance the
magnitudes of the coefficients of the polynomials first appeared in [80]. We
will illustrate the scaling method by an example.

Example 14.1. Consider the following system of two equations in two
unknowns

(14.1) 8000 2223 — 20002, +1 =0
(14.2) 5000 2122 — 30 = 0.

To scale the variables, let 1 = 1021 and zo = 10%25, and to scale the
equations, multiply (14.1)) by 10% and multiply (14.2)) by 10%. This gives

10 (8000 * 10%172¢2 22,2 _ 2000 % 10 2; + 1) = 0
10%(5000 * 102 21 29 — 30) = 0.

10512222 — 1022, + 107 =0

10512129 — 105 =0
where

Ey = 2c¢; + 2¢2 + ¢3 + log;,(8000)
E5 = ¢1 + ¢3 + log7(2000)

FEs =cs3

Ey = c1 + c2 + ¢4 + log;((5000)
Es5 = cq + logy0(30).

To have the numerical stability afforded by coefficients centered about unity,
we want each FE; to be close to 0. Furthermore, to reduce variability among
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the magnitude of the coefficients in each equation, we want the difference
between each pair of E!s in an equation to be close to 0. Thus, setting

rm=E+FE4+E2+FE} 4+ E2
ro = [(By — E2)? + (B2 — E3)* + (E1 — B3)*] + [(Eq — E5)?,

we wish to minimize r = r; 4+ ro. More explicitly,

(14.3) 7 = (2¢; + 2¢o + ¢3 + 10g(8000))% + (¢1 + ¢35 + log(2000))? + 3
+ (c1 + 2 + ¢4 + 1og(5000)) 4 (c4 + log(30))?
+ (1 + 2¢5 4 10g(8000) — log(2000))?
+ (2¢1 + 2¢o + 10g(8000))? + (c1 + log(2000))?
+ (1 + 2 + log(5000) — log(30))2.

In [R0], r is considered as a second degree polynomial in four unknowns
c1, c2, c3, ¢4 and is minimized by the solution of

or =0 fori=1,234.
862‘

Actually, r in (14.3]) can be written as

2
2 210 —log(8000)
1 01 0 —log(2000)
0010 . 0
110 1 Cl —1og(5000)
r=|| 0o 0 0 1 02 - —log(30)
1 200 63 10g(2000) — log(8000)
2200 |47 — log(8000)
100 0 z — log(2000)
110 0 log(30) — log(5000)
A b 2
= Az —b 3,

its minimization is therefore the solution of a linear least squares prob-
lem. With the solution of this least squares problem c¢; = —3.3437, ¢ =
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1.3495, c3 = 0.0427, and ¢4 = —1.5909, the original equations then become

0.9064 2325 — z; +1.1033 = 0
1.2996 2129 — 0.7695 = 0.

Clearly, the new system has coefficients with magnitudes smaller than those
of the original one. They are closer to unity and to each other. When
solutions z = (21, 22) of the new system are located, the solutions z =
(r1,22) can be attained by applying the transformation x; = 102; and
To = 10 29.

In general occasions where equations in the systems have many terms, we
will ignore the requirement that reduces variability among the magnitude
of the coefficients in each equation. Namely, we only minimize r; above,
making the corresponding linear least squires problem much easier to solve.

14.2. Endgames

14.2.1. Deflation. At the end of tracking a homotopy path where ¢t = 1,
usually Newton’s iterations is applied for the final approximation of the
solution. While Newton’s method converges rapidly with high accuracy at
nonsingular solutions of a polynomial system, the desired number of signif-
icant digits for a singular solution may not be achievable, as the following
example shows.

Example 14.2. The system of polynomial equations

x%+x1+x2+x3+x4+x5—2x1—4:0
x%+:p1+az2+m3+x4+x5—2:1:2—4:0
T3+ 2+ 20+ T3+ T4+ 75— 273 —4=0
T3+ a1+ o+ T3+ T4+ 75— 2104 —4=0
:v%—{—xl—|—a:2—|—x3—|—:v4+x5—2x5—4:0

has a solution (z1,z2,x3,z4,25) = (1,1,1,1,1) of multiplicity 16. After the
final stage of the homotopy method, the best approximation we are able to
achieve by using the double-precision IEEE floating point arithmetic have
about 4-digit accuracy, such as
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1 0.99997588488142196729
T2 0.99997475062867600718
x3 | = | 1.0000433370416735036
T4 1.0000382630564498376
x5 0.99996776439177868437

To improve the accuracy of singular solutions we further use the so-
called deflation method [55, 86), 87]. For a general polynomial system P(x) =
(p1(x),...,pn(x)) with x = (z1,...,2y), let x* = (27,...,2}) be a solution
of P(x) = 0 with multiplicity > 2. Assume DP(z*), the Jacobian of P(x)
at z*, is of rank n — d where 0 < d < n. (This d can be found efficiently by
the technique developed in [56].) Then for almost all d x n random matrix
R, the matrix
DP(x*)
e

is of full column rank. Let e; := (1,0,...,0)” € R% It is clear that the linear

system
e

has a unique solution y =y in C". Then we construct a new (2n + d) x 2n
system
P(x)
Q(x,y):= | |DP(x)| __ [0]]| =0.
R y €1

If z := (x,y) is a simple zero of Q(z) := Q(x,y), DQ(z) must be of full rank.
Denote

(DQ(2))" = [(DQ(z))"(DQ(z))] " (DQ(z))".

Then the Gaussian-Newton iterations
70+ — 0) _ (DQ(Z(J')))TQ(Z(J')) for j=0,1,...

with z(0) := (x*, ) can be used, until the residue ||Q(zU+1)||, is within the
desired accuracy. This will lead to a more accurate approximation of x*.

If z is a multiple zero of Q(z) := Q(x,y), the deflation procedure given
above can be repeated on ((z) until a satisfactory Z* is achieved.



274 T.-R. Chen and T.-Y. Li

Returning to Example evaluating the Jacobian of the system at the
solution z* = (1,1,1,1, 1), we have d = 4, and when the deflation method is
used the solution can be approximated much accurately as shown below

1 0.99999999999999999998
T2 0.99999999999999999981
z3 | = | 1.0000000000000000002
T4 1.0000000000000000000
Ts5 1.0000000000000000000

14.2.2. The local geometry of a homotopy path. While, by this time,
in the construction of the homotopies H(x,t) the parameter ¢ is normally
taken as a real variable and any solution path is a subset of C" x [0,1], in
the context of singular endgame, it is crucially important to recognize the
rich geometric information that lie beyond the real parameter space [0, 1]. In
particular, we need to consider t as a complex variable and H as a function
H : C" x C — C™. A solution path v C H~1({0}) is then a subset of C* x C.

Near a “regular point” (xo,to) € H~({0}) where the Jacobian matrix
Hy of H with respect to x is nonsingular, the geometric structure of a
solution path ~ is very simple: By the Implicit Function Theorem (for holo-
morphic functions), 7 is locally parametrized by ¢ in a small open disk of C
centered at ¢y (via a holomorphic map). Therefore, locally, 7 is simply a copy
of an open disk in C embedded in C" and hence disjoint from other paths.
The geometry near a “singular point” is much more complicated, and to
understand it requires more powerful machinery from several complex vari-
ables.

Here the solution path v of H(x,t) = 0 is a subset of C" x C (locally)
defined as the common zero set of polynomial or holomorphic functions,
known as an analytic set. Since only local behavior of the path near a point
is of interest, we will focus on the “germ of the analytic set” -, which can
be vaguely understood as an infinitely small part of a point on 7. Formally,
two analytic sets V] and V5 both containing a point p are said to be equiva-
lent at p if there exists a neighborhood U of p for which Vi NU = Vo N U.
For a fixed point p, this defines an equivalence relation, and the resulting
equivalence classes are known as the germs of analytic sets at p. A germ of
an analytic set at a point is reducible if it is the union of two proper germs
of analytic sets at that point, and is irreducible otherwise. Despite being
infinitesimal distillations of analytic sets, irreducible germs of analytic sets
indeed have well defined dimensions.

In this context, the endgame can be understood as the geometric charac-
terization of the irreducible germ of the solution path v C C" x C at its end
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point (¢, 1) as well as the computation of a better estimate for this end point
using these geometric information. The singular endgame hinges on a few
nontrivial observations: v determines an one-dimensional irreducible germ at
its end point (¢, 1). By Local Parametrization Theorem [36] this irreducible
germ can be realized as a finite branched covering over an open disk in C
(commonly known as the “local uniformization”). Topologically, the finite
branched covering must be isomorphic to the standard finite branched cov-
ering given by z — 2™ where m is the number of sheets. These observations
are made precise by the following important theorem:

Theorem 14.3. With the above notations, let ({,1) be an end point of the
path v in C" x C. Then each point (x,t) = (x1,...,2Tn,t) on v sufficiently
close to (€, 1) can be expressed by a fized convergent power series of the form

o
€Tj = Zajksk
k=0
t=1-3s"
for each j =1,...,n, and some fired m € Z*.

While power series expansions in the above form as well as the integer m
are not unique (via change of variables s = o* for some k > 1, one obtains a
different power series expansion with a different value of m), it is important
to note that the smallest such m is unique. This m is known as the winding
number of the solution path v at the end point ({,1).

The above formulation also reveals an important geometric property of
the homotopy paths near its end point: Fix any m-th root of unity w (i.e.
w™ = 1). Under the substitution s = ow, the corresponding ¢ value remains
the samesincet =1—s" =1 — ¢™w™ =1 — 0™ regardless which m-th root
of unity is chosen. In particular, as ¢ moves toward 0 along the real axis,
the corresponding ¢ converges to 1 at the same rate independent from the
choice of w. Yet the m different choices of the m-th root of unity w would
result in m distinct trajectories of x-values as o goes to 0 all converging to
(@10, - - ., anp). Consequently, there are at least m distinct homotopy paths
converging to the same end point.

Now it is possible that the solution path ~ fails to converge to any point
in C™. This may occur, by the smoothness, only when ||x|| grows boundlessly
as t — 1 along ~, the path is then characterized as “diverge to infinity”.
Theorem [14.3| can be generalized to include such cases.
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Theorem 14.4. With the same notations, for (x,t) = (z1,...,Zn,t) on
v as t close to 1, there are integers di,...,d,, possibly negative, and a
positive integer m for which (x,t) on the path vy has a convergent Laurent
series expansion of the form

o
xj = Z ajksk for some ajq, # 0
k=d
t=1-s"
forj=1,...,n and m € Z*.

Similarly, the smallest m in the above series expansion is unique and it
is called the winding number of the (possibly divergent) solution path ~. If
d; < 0 for at least one j € {1,...,n}, the corresponding variable z; would
grow unboundedly as s — 0 causing the path to diverge.

For a simpler expression in the discussions below as well as numer-
ical considerations (see the next Remark), we change the path parame-
ter via t = 1 — 7. The paths defined by H(x,t) = H(x,1 — 7) = 0 are now
parametrized by 7, and a standard notation of the end point of a path
becomes (lim,_, x, 0). Furthermore, the Laurent series expansion of the path
in Theorem [14.4] takes the form

o0
— gk
x; = E ks
k=d

m

(14.4)

T=35

Remark 14.5. In numerical computation, floating point numbers are almost
aways used for approximating real numbers (and complex numbers by exten-
sion). Floating point numbers, designed as a compromise between precision
and range, have a distributions of varying density among the real numbers
that depends on the magnitude. This distribution is biased toward zero.
That is, there are more floating point numbers near zero than there are in
the ranges of larger magnitude. Numbers near zero therefore can be approx-
imated more accurately. Moreover, denormal numbers (a.k.a. denormalized
numbers or subnormal numbersEI) has been formalized in IEEE 754 standard
to fill in the “underflow gap” (numbers that are too small to be represented

4While in the 2008 edition of the IEEE 754 standard, “subnormal numbers”
became the official name, the term “denormal numbers” remain widely used in
the community of numerical analysts.
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in the normal floating point format). It is therefore beneficial to use the path
parameter 7 = 1 — ¢ near the end point where 7 = 0.

A variety of endgames were developed based on the above formulation.
We briefly outline some of the most commonly used techniques below.

14.2.3. Cauchy integral endgame. Developed in [83] [84], the “Cauchy
integral endgame” is an efficient and effective technique for accurately ap-
proximating singular endpoints of a homotopy path. Assuming the path
has a singular end point in C" and let m be the winding number of this path.
Following the above discussion, with an abuse of notations, we shall consider
each ; = z;(s) and 7 = 7(s) as holomorphic functions of a parameter s
within some small neighborhood D of s =0 (although for m > 1, z; will
not be holomorphic in the path parameter 7). The Cauchy Integral Formula
thus provides an alternative means for computing end point of the path via

(o= L mas)
;(0) ?i d

27 S

where I' is a sufficiently small circle inside D; and the contour integral is
taken in a counter-clockwise direction. Moreover, the value of this integral
is independent from the choice of the circle as long as s =0 is the only
singularity in the interior of I' and each x; remain holomorphic on I'. Let
r be the radius of the circle, then I' can be parametrized by s = re?? with
which ds = ire®df. Therefore

1 . 1 27 .. 0 )
(14.5) 2;(0) = f ZIC / %‘;)ire*’de
2w Jr s 2w Jq re’
1 2w i
= — xj(re”)dd.
2 0

However, this integral is not directly computable, after all, the variable s
does not appear in the formulation of the homotopies and hence cannot be
manipulated independently. An indirect computation is nonetheless possible
by observing that as s goes around the small circle I' once (in the counter-
clockwise), 7 = s™ would move around a circle of a different radius m times.
Therefore the sample values needed for approximating the integral in
can be obtained indirectly by tracking the movement of x; for j =1,...,n
as 7 circle around 0 for m times. In other words, assuming m is already
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known, one can track along the solution path defined by
(14.6) H(x,0) := H(x,7e"”)

where the path parameter 7 is parametrized by 7e? starting from a point
(x(©,7(0)) on the path +. The points visited by the path tracking algorithm
are recorded. After 6 reaches 2mm, that is, after 7 goes around 0 along the
circle m times, the corresponding s variable would have made one complete
revolution (since 7 = s™). Then with the sample points obtained by path
tracking along the circle, the integral can be approximated by numer-
ical integration techniques. This yields an approximation of the end point
¢ = (z1(0),...,2,(0)).

A key question is the value of the winding number m which is usually
unknown. Fortunately, this missing piece of information can be obtained as
a by-product of the process that collects the sample points for computing
the Cauchy integral. Observe that as 6 in reaches 2mm (at which
point we terminate the path tracking), the corresponding s makes one full
revolution around 0 and comes back to the very same complex number
that corresponds to the starting point at § = 0. Consequently, the corre-
sponding values of x1,...,x,, having power series expressions in terms of
s comes back to the same values as in the starting point. Recall that from
a topological point of view m is the number of sheets in the irreducible
germ of the path + as a branched cover over 7 = 0. Subsequently, m is
the least number of revolutions one must make before the corresponding
x;’s come back to the same values. In other words, by collecting the points
(x@,0), (xM), 27), (x@), 47), ..., (x*¥)2kn), ..., as the solution path defined
by is tracked, m is the smallest positive integer such that x(©) = x(™).

14.2.4. Laurent series method for identifying divergent paths. In
this section, a technique for identifying divergent paths using the Laurent
series formulation in is presented. By “factoring out” the leading terms
(terms with the lowest power), from each z; in , it follows that

k=1 ajdj

oo o0 a
k d; jk _k
T = g aps” = ajq, s | 1+ E —s" .
k:dj

Clearly, the path diverges (to infinity) if any of the d; is negative. This
method relies on the numerical identification of the signs of d;’s.
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Within the (punctured) disk of convergences, by taking a fixed branch
of the complex logarithm function, one obtains

oo
log z; = logajq, + djlogs + log <1 + Z th:Sk>
k=1 J%

logT = mlog s

QAjk
Qjd

which are holomorphic away from s = 0. Since 1 + ) 72, sF —~1ass—

J

0, log (1 +> ;%’“sk> is holomorphic at s = 0 and has a convergent power
d

series expansion of the form

o
log 1—1—2%3’C =18t Fp8® 4.
=1 %9

log T

Moreover, substituting log s = =>= yields

d.
lOgI‘J = logajdj + EJIOgT-i-ClSl —|—0232 4+

By taking two sets of approximations of logx1,...,logx,,log T along the
path, say (log xg-l))?zl and (log xj2 )j—1 along with 7 and 73 respectively,
one can approximate

(14.7) log 2 log 2P = d (log 7™ —log 7?) + O(TT%)

)

j i T

where (’)(Ti) denotes the collection of terms that will vanish with order %
as |7| — 0. Therefore, the approximation can be taken as

log 2 log m§2) d;

14.8 J ~
(148) log7(M) —log7(® ~ m

as long as a suitable branch of logarithm is used. If it is determined that
% < 0 for some j, the path is divergent and can therefore be discarded as
it will not converge to a point in C™.

Clearly the formulation in may be unstable near the end of a
divergent path (which we want to identify) since 7 would approach 0 and
at least one of the x; — 0o. More practical numerical improvements on this
scheme were developed in [44] and [53]. The accuracy of this estimate is
limited by the winding number m since the O(Tv%) terms in have
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been discarded in the derivation. For larger m values, ((14.8]) becomes a poor
estimate. The improvement on this scheme for handling divergent paths with
larger winding number is still an open problem at this time.

14.3. Projective path tracking

Though the various methods of affine path tracking in C™ described in §4]
are sufficient in dealing with many problems, they may not be able to dif-
ferentiate between solution paths that escape C™ and “diverge to infinity”
or solution paths that converge to end points with very large norms. In
Laurent series (or, equivalently, Puiseux series) expansions with neg-
ative exponents are used to identify divergent solution paths near their end
points. In this section we present a much stronger environment where the
entire path tracking process is carried out in a “compactified” space where
solution paths cannot diverge.

Divergent paths exist, in part, because C" is not compact as a topological
space. If C™ is replaced by a compact topological space W, a compactification
of C”, in which C™ is embedded as a dense subset, then all homotopy paths,
now in W x [0, 1], must converge to points inside W at ¢t = 1 and have finite
arc length [58]. One of the most commonly used compactification of C"
in the context of algebraic geometry is the complex projective space CP".
Recall that

CP" = (C"™\{(0,...,0)})/ ~

where x ~y for x,y € C"*! if x = \y for A € C\ {0}, and points of CP"
are one dimensional linear subspaces of C"*! with “origin” removed. The
notation [xg : - - - : @] is commonly used for the homogeneous coordinate
of a point in CP" with [z¢ : - - : 2] being equivalent to [Axg : - - : Azy] for
any A € C\ {0}. With such coordinates, CP" can be covered by subsets U; =
{lwg : -+ 1y |x; #0} for j=0,...,n, called standard charts. Clearly,
each standard chart U; is isomorphic to C", as a set. These charts equip
the set CP" with a 2n-dimensional smooth manifold structure (as well as an
n-dimensional complex manifold structure).

The zero sets of polynomials in CP" are not well defined in general since
each point in CP" has infinitely many different coordinates. However, recall
that given any polynomial f € Clzy,...,z,] of degree d, its homogeniza-
tion

oo st (2 2)

) )
Lo o
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has the property that for x = (xq,..., %), f()\ x) =M. f(x) Hence the
zero set of f is well defined in CP", since for any A # 0, f()\-x) =0 if
and only if f(x) = 0. Furthermore, since f(l,:vl, cesy) = f(T1, .. x),
then, whenever xg # 0, there is a one to one correspondence between the
zero sets of f and f. This common construction allows us to “lift” a prob-
lem into the complex projective space. In particular, for a given homotopy
H = (h1,...,hy), its homogenization ﬁ(mo, XTlyennyXy) = (iLl, ce izn) with
respect to the variables (x1,...,z,) can be considered as a homotopy con-
struction that defines paths in CP" x [0, 1] which will simply be called pro-
jective paths. Note that these “projective” paths are closely related to
the original “affine” paths defined by H(x,t) = 0 in the sense that for any
affine path v C C™ x (0, 1), the corresponding path 4 = {([1, z1,...,zn],t) |
(1,...,2n,t) €4} C CP™ x (0,1) must satisfy the equation H = 0. The
path 4 will be called a projective path corresponds to v. A main advan-
tage of working in CP" is its compactness as a topological space, thus all
projective paths defined by H = 0 must converge and have finite length. In
working with CP", it is particularly convenient to use the unit sphere $27+!
as the model of computation via the well known consideration of CP" as the
quotient manifold S?"*+! /81 which we shall briefly review.

Let §?"t1 = {x € C"*! : ||x|]2 = 1} be the unit sphere of C**!, which
is a smooth manifold of 2n 4+ 1 (real) dimension. It is standard to view
CP" as the quotient of S?"*! under the action of the circle group: First
of all, each point (zq,...,z,) € S?"*! represents a point in CP" via the
map 7 : 2"t — CP" given by (g, ...,2,) + [20 : - - - : Ty, which is clearly
onto. However, the representative of a point in CIP" is not unique, i.e., 7 is not
1-to-1, as 7(x) = (A x) for any A € C*. To leave S?**! invariant, we must
have [A\| = 1, i.e., A = €. So for x € $?"*1, the points of the form e?fx with
0 € R are exactly those that represent the same point as x does. Therefore,
CP"™ can be identified with the set of equivalent classes {[x]:x € S$?"*+1}
where

[x] :={e?x|hecR}.

In fact, this identification is more than set theoretical. Let S' = {e*’ | § € R}
be the unit circle of C. With it, the set [x] can be considered as the orbit of
x under the action of a compact Lie group S!. This identifies CP™ with the
quotient S?"1 /St This quotient is a smooth manifold in its own right. On
the other hand, it has a unique smooth structure for which = is a smooth
submersion. With this smooth structure, one can show that $?7+1/S% is dif-
feomorphic to CP" whose smooth structure is given by the standard charts.
Furthermore, since S?"*! is a Riemannian manifold, with its Riemannian
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metric ggent1 inherited from the standard inner product of C"*! ~ R27+2,
the quotient map 7 also gives us a natural choice of the Riemannian metric
on CP" ~ §27+1/S1 Since 7 is a submersion, at each point x € S?"*1  its
pushforward 7, has a constant rank of 2n. Its kernel Vy C Ty S?"t1, of real-
dimension 1, is known as the vertical space, which is simply the tangent
space of the fiber over 7(x) = [x]. Its orthogonal complement with respect
to ggan+1

Hy = {h € TS* | ggznii(h,v) =0V v € Vy}

is known as the horizontal space, and it is a representation of the tangent
space of the quotient S$?"*1/S1. There is a unique Riemannian metric g,
called Fubini-Study metric, on CP", such that = is also a Riemannian
submersion, i.e., at each point x € §2"+1,

gsznir (hy, hy) = g(me(hy), 7 (hy))

for any hi,hs € Hy. In other words, m, is an isometry on the horizontal
space Hx.

The benefit of using S?"*! as our model of computation (i.e., points of
S§2n+1 are used to represent points of CP") is that, in additional to being
compact, all points in S?"*! have coordinates with norm 1, a numerically
favorable environment. Note that the “points at infinity” are represented by
points x = (g, 21, . .., 2,) € S*"*! with 29 = 0 much like the situation with
the homogeneous coordinates. To track a smooth solution path 4 C CP" x
[0,1] defined by H = 0 with parametrization x : [0,1] — CP", it is sufficient
to track a representation x : [0,1] — S?*1 in §27*1 of the projective path
X in the sense that w(x(t)) = x(¢) for all ¢ € [0,1]. Unfortunately, there are
infinitely many such representations in S?"*!. In particular, if x: [0,1] —
5§27+l g such a representation, then so is

xW(t) = "W x(¢)

for any smooth function 6 : [0,1] — R. While, in principle, any choice of
the representation would allow us to obtain our desirable end point X(1),
the Riemannian geometry of CP" suggests a natural choice: the horizontal
lift of %. Given a starting point x(?) € §2*+1 representing %(0) € CP", the
horizontal lift x : [0,1] — S?"*! is the unique smoothly parametrized curve

x(0) = x(©
(14.9) x(t) € Hx(t)

Dy H(x(t), )%(t) = —D,H(x(t), )
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This is the projective analog of the DAVIDENKO differential equation.

Intuitively, this choice is a representation whose tangent vector is always
orthogonal to the fiber direction. Concerning Riemannian geometry, this
choice is indeed a natural one, because the submersion 7 acts as an isometry
along such a curve. In addition, there are three more properties that justify
this choice: First, over each infinitesimal ¢-interval, the horizontal lift has
the minimum length among all smooth representations of 4 in S?**!, which
is certainly a desirable property. Second, when the Fubini-Study metric is
used, the horizontal lift has exactly the same length as 4. Hence this choice
of representation does not artificially stretch the curve in length. Finally,
as an arguably more important benefit for numerical algorithms, this choice
has the best numerical condition among all the representations.

Using C™*! as the ambient space, at each fixed x € $?"+! ¢ C**!, the
horizontal space Hx has a simple numerical description: Via the isomorphism
T, Cntl = CnHl 2, is given by the subspace

Hy = {veC" | (x,v)c =xIv =0}

where x is the conjugate transpose of vector x. Notice that this character-
ization of Hy is invariant under the group action of S!, since if (x,v)c = 0,
then (e"x,v)c = 0 for any e € S'. With this formulation, the projective
Davidenko differential equation can be expressed in coordinate as

(14.10) (D"ﬁéx’t)) X = <_thé(x’ t)) .

X

It is clear that under the smoothness condition of the homotopy H, the
above system of ODE uniquely determines the tangent vector x at each
point along the curve x(t). So the projective path tracking can be reduced
to the initial value problem given by on the Riemannian manifold
S2n+1 This forms the foundation to establish the projective path tracking
algorithm. In the following subsections we will outline the basic building
blocks of the algorithm.

14.3.1. Spherical projective Euler’s predictor. Given a point x =
x(tp) € S?"*1 on (or close to) a horizontal lift of a projective path and a
step size At, the task of a predictor is to produce an approximation of
the point on the path at ¢t = tg + At. In light of Equation , with the
ability to compute tangent vectors, almost any curve fitting or extrapolation
scheme on the sphere S?"*! can be used as predictors. For simplicity, we
shall focus on the generalization of Euler’s method.
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A geometric interpretation of Euler’s method in is the movement
of a point along the straight line defined by the tangent vector by certain
step length. The analogue in the context of Riemannian geometry is the
exponential map Exp : T§?n+1 — g2n+l

Exp(x,v) = (1)

where vy : R — S?"*! is a Riemannian geodesic such that 7y (0) = x and
4v(0) = v. It moves a point x € S?"*! along a Riemannian geodesic passing
though that point with the given initial tangent vector v € Ty S?"*! for a
step of unit length within the confine of S?"*!. On S?"*!, one can verify
that the geodesic with initial tangent vector v is simply given by

W(t) = cos([[v]2t)x + sin([[v][2t)v/[|V]|2.
Therefore, in this context, the exponential map is given by
Exp(x, v) = cos(||v|[2)x + sin([|v]]2)v/[[v]2.

One can construct the generalized Euler’s method out of a scaled version
of the exponential map: define spherical projective Euler’s prediction
Epxp 1 92T X R — 521 by

(14.11) Erxp (%, At) 1= cos(||x[|2At)x + sin(||X[|2At)%x /|| X2

where At is the step size. It is easy to verify that Egxp(x,0) = x, Epxp(x, At)
€ 271 and the Riemannian distance between x and Egxp(x, At) is exactly
|x|l2 - At for any At > 0, agreeing with our intuition.

14.3.2. Spherical projective Newton’s corrector. The prediction (x/,
to + At) produced by projective Euler’s predictor may not be exactly on or
even very close to the projective path defined by H = 0. If the next predic-
tion step is to start from such an approximation, the error can quickly build
up to an unacceptable level. To curb such error accumulation, a corrector is
needed to produce a refinement x” of the approximate solution x’ of H=0
at t1 = tg + At. When a corrector fails to bring the prediction back to the
path quickly and reliably, the prediction should be performed again with a
smaller step size.

A natural choice of the corrector is an extension of Newton’s iteration to
the sphere in the same way the spherical Euler’s method is constructed via
the exponential map. Starting from the prediction x() = x/ provided by the
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spherical Euler’s method, a sequence of points x(2), x(3) ... will be produced

iteratively, we wish they will converge to some approximated solution x” of
H =0 at t = t;. For the k-th iteration, the Newton direction Ax*¥) is given
via the linear system

Hyo (x5 1) ) _ —H(x*V ¢))
(o) a0 = (70,

which came from the “projective Newton’s method” developed in [96]. Con-
sidering the vector Ax(*) as a horizontal tangent vector in Hx, the spherical
Newton’s iteration is defined as

(14.12) Nizp(x*7D) 1= cos (|| Ax®) [|5)x*~D
+sin([| Ax®) ) Ax®) /]| Ax P 5.

Using this map, we can produce points
<k — NExp(X(k_l))

for k=1,2,... until certain convergence criteria are met. The exact con-
vergence criteria are implementation dependent. The Riemannian distance
dsznﬂ(x(k),x(k*l)) between consecutive points x*) and x*~1) or, in gen-
eral, dgzn+1(x(k),x(k*j)) for some j € N serve as useful stopping criteria,
since the shrinking of these distances is usually a good indication of conver-
gence. Here we refer to [53] for a list of the stopping criteria as well as their
detailed descriptions.

Remark 14.6. Note that the spherical projective Newton’s method pro-
posed here is quite different from the “Projective Newton’s method” intro-
duced in [13] and [96]. In the first place, the spherical projective Newton’s
method uses the exponential map. Secondly, while the spherical projective
Newton’s method is used as the corrector in the predictor-corrector scheme
here, [13] and [96] uses Projective Newton’s method alone to track the paths.

15. Parallel mixed cells enumeration

Modern scientific computing is marked by the advent of vector and parallel
computers and search for algorithms that are to a large extend parallel
in nature. A great advantage of the homotopy continuation algorithm for
solving polynomial systems is, it is to a large degree parallel in the sense that
each isolated zero can be computed independently. In this respect, it stands
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in contrast to the highly serial algebraic elimination methods, which use
resultants or Grobner bases. On the other hand, to attain more computing
resources for solving larger polynomial systems, the parallelization of the
homotopy method becomes inevitably essential.

The landscape of computation hardware has seen extremely active devel-
opments in recent years making available a wide spectrum of exciting new
technologies. First, developments in new processor design and network tech-
nology have allowed supercomputers and computer clusters to grow larger
and faster than ever. Second, new ideas such as cycle-scavenging and grid
computing has led to the creation of virtual supercomputers out of large
numbers of individual computers around the globe. Another exciting devel-
opment is the advent of parallel computing on GPUs (Graphical Processing
Units). While originally designed to handle 2D and 3D graphics rendering
only, over the years GPUs have become sufficiently sophisticated to handle
a much wider range of problems. Highly parallel by design, GPUs are more
efficient than general purpose CPUs in carrying out a range of complex algo-
rithms. Living in such interesting times is exciting and daunting. We must
rise up to the challenge, fully incorporate all these cutting-edge parallel
computing technology, and solve larger and larger polynomial systems.

As mentioned above, the “path tracking” part of the homotopy contin-
uation method is pleasantly parallel, since each path can be tracked inde-
pendent from one another. In the context of polyhedral homotopy (@,
however, the main preprocessing step of “mixed cell enumeration”, detailed
in §8] appears to be quite serial and is potentially a major bottleneck for
the parallel scalability. Based on the idea of reformulating the problem into
a graph-theoretic search problem, a fully parallel mixed cell enumeration
algorithm that is efficient, robust, and highly scalable has been developed
in Hom4PS-3 [15]. In this section, we briefly explain this algorithm.

In the main algorithm for mixed cell enumeration described in while
some of the one-point tests are closely related, most of the other one-point
tests are independent from one another. Based on this observation, the mixed
cell enumeration algorithm have since been modified to a parallel algorithm
developed in [16] rooted from classical algorithms in graph theory.

In the reformulation, related one-point tests can be group together to
form “tasks”: a task is a series of one-point tests originated from
the same subface. Namely, they are the sets of one-point tests of the form
LP(F,%) := {LP(F,b) : b € S;}. For instance, all one-point tests originated
from the subface ({&,&'},{b,b'}) will be grouped together to form a task
denoted by LP(({a,a’},{b,b’}), *). Such tasks will be our smallest units of
computation around which the parallel algorithm is designed.
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[LP(({a1,a2}), %]

\LP(({ax, a2}, {b1}), )| [LP(({a1, a2}, {bs}), )|

N

[LP(({ar,as}, {b1,bs}), %) [LP(({ar, a0}, {b1,b2}), )] [LP(({an, a2}, {b2, bs}), »)]

Figure 26. A direct acyclic graph containing tasks

Tasks are interconnected in such a way that they form a direct acyclic
graph or DAG, whose vertices are the tasks and edges between vertices are
given by the natural extension relation between subfaces of the tasks as
elaborated in Figure 26| depicts an example of such graphs. In this way,
a graph representation of the totality of the one-point tests is produced. Of
course, some of the one-point tests in the graph will be infeasible. With this
connection, the mixed cell enumeration process via one-point tests can be
understood as a special case of the graph traverse problem (the problem of
visiting vertices of a graph by walking along edges connecting them). One
important distinction is that in the mixed cell enumeration process there is
no need to visit every vertex. Recall that by advanced techniques discussed
in and results of many one point tests can quickly be
attained. As a consequence, only a small fraction of one-point tests need to
be solved formally. This specialized graph traverse problem can be handled
by graph traversal algorithms following a “discover-explore” procedure with
a proper book keeping. The theory behind such graph traverse algorithms
can be found in standard textbooks such as [97].

In order to keep track of the progress of the exploration and coordi-
nate multiple threadsﬁ the collection of discovered (but not yet completely
explored) vertices are stored in a data structure called “task pool”. Though
a number of data structures can be used, Hom4PS-3 chooses to use a priority
queue to maintain the task pool which provides fine-grained control of the

SHere a “thread” refers to the smallest unit of a sequence of instructions that
can be executed independently by the processor.
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exploration process, e.g., depth-first-search versus breadth-first-search. We
refer to [16] for details.

Multiple threads will operate on the task pool and perform one point
tests simultaneously: Each thread repeatedly fetches a single task from the
pool and explores it by performing a series of one-point tests. This “fetch-
and-explore” procedure continues until the task pool is empty and there is
no tasks that are currently being explored. At this point the feasible one
point tests in the DAG are completely explored and all the mixed cells have
been obtained. The algorithm then terminates. Since multiple threads will
access the priority queue concurrently, operations on the queue must be
made thread-safe to prevent race condition [41] (a condition in which mul-
tiple threads access the same data structure resulting in catastrophic data
corruption). In [16], “mutex” (“mutual exclusion”, a standard mechanism
commonly used to ensure only one thread has access to a data structure)
was proposed to guard the task pool and prevent race conditions. A much
more efficient and scalable solution using “concurrent data structure” was
later adopted in Hom4PS-3.

On multi-core systems, the implementation of this algorithm, based on
Intel TBB (and optionally OpenMP), in Hom4PS-3 has achieved remarkable
efficiency and scalability. Nearly n-fold linear speedups scalable up to 64
processor cores have been exhibited in experiments on standard test suite
problems. Figure shows the speedup ratio on the standard benchmark
problem cyclic-15 [12].

This general parallel algorithm for mixed cell enumeration can be further
modified to adapt to other parallel architectures including NUMA systems,
computer clusters, distributed environments, and GPU devices (See. [16]).

15.1. On-the-fly NUMA optimization

Modern shared-memory systems with a large number of processor cores usu-
ally adopt a Non-Uniform Memory Access [41], or NUMA. In this architec-
ture each processor core can access all the available memory with different
speeds, depending on the relative closeness between the core and memory.
Developed in the 1990s as an answer to the scalability limitation in the
traditional SMP (symmetric multiprocessing) architectures, it has gained
a great popularity in the world of high performance computing especially
when AMD and Intel adopted the technology under the names HyperTrans-
port (2003) and QPI (2007) respectively.

Figure [28] shows the “memory-processor topology” of a NUMA system
that consists of 8 nodes. Each node contains 4 processor cores as well as



Homotopy continuation method 289

60 | |
2
= 40/ |
o
=
=}
o
& 20| .
O, |
| | | |

16 32 48 64

Processor cores

Figure 27. Speedup ratio achieved on a 64 core system (AMD Opteron with
512GB memory) for the cyclic-15 [12] problem showing close to n-fold linear
speedups for up to 64 cores. The speedup is computed in comparison with
the fastest serial implementations published: MixedVol-2.0 [52] and DEMiCs
[77, [78].
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Figure 28. An example of a NUMA node structure

their “local” memory which they can access at full speed. The edges between
nodes indicate the direct connectedness between nodes and determine the
speed at which processor cores on one node can access memory on other



290 T.-R. Chen and T.-Y. Li

nodes. For instance a processor on node 1 can access the memory on node 2
at a slower rate than it could access its local memory on node 1. The same
core can access memory on node 3 at a even slower rate due to the minimum
two jumps required (through node 2 or 4). Similarly there are at least three
jumps between node 1 and node 7. Consequently, that processor core would
have the slowest memory access to memory on node 7.

Recall that most of the data required by our algorithm for mixed cell
enumeration reside in the task pool. On the NUMA system, it is there-
fore crucial to split a single task pool into several task pools shared by
the threads in an optimized pattern that ideally matches the underlying
memory-processor topology. The planning of this pattern is governed by
two conflicting constraints:

1) Each thread should access a task pool that is placed as close as possible
in terms of memory-processor topology to optimize the memory access
time.

2) Each task pool should be shared by as many threads as possible to
avoid load balancing issues (to be discussed in detail in §15.2)).

Unfortunately there is no standardized method currently available to
determine precisely the memory-processor topology [41]. In particular, while
one could inquire from the operating system which memory access patterns
are slow, but not how slow. Coupled with the fact that the operating sys-
tem can, at any time, migrate a running thread from one processor core to
another, a dynamic and on-the-fly planning of the task pool placement and
sharing pattern is therefore a necessity. Here we briefly outline the proce-
dure.

At the beginning of the extension process, the program starts with an
initial “evaluation phase” in which each thread is spawned with its own task
pool in the memory local to the processor core that the thread runs onﬁ
During the extension process, each thread will access tasks from all task
pools. The average time for accessing each task pool is monitored, and the
resulting data is used to construct a list of “preferred” task pools for having
best access time. (see for example Figure . Then threads that prefer the
same task pool are grouped into “thread clusters” (see Figure for the
formation of clusters). Conversely task pools that are preferred by the same
cluster of threads are merged (see Figure for the merger of task pools).

50n Linux, this is done via the standard library libnuma provided by most Linux
distributions. On Unix this step requires the correct configuration to be set by the
user.
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Figure 29. Dynamic optimization of the task pool sharing pattern on NUMA
architectures

This process is repeated until the threads’ preference of task pools stabilizes.
At this point each cluster of threads has a single preferred task pool that has
the best access time and this “evaluation phase” is terminated. Afterwards,
this task pool sharing pattern is fixed and each thread only access its own
preferred task pool. This optimization procedure can be performed again
whenever threads have migrated to different processor cores or certain task
pool becomes empty before others.

Incurring minimum additional computational cost at the initial “eval-
uation phase”, this technique substantially improves the memory access
time on NUMA systems. As shown in Table [3] in experiments on standard
benchmark problems: the cyclic family [12], the five-body central configura-
tion problem (fivebody) [3| 37, [54], and the 6-vortex problem (vortexAC6)
[38, [I11], approximately 1.5x to 20x speedup (150% to 2000%) in mem-
ory access timeﬂ have been observed which resulted in 5% to 35% overall
speedups in the extension process.

Remark 15.1. The sensitivity in the overall run time to memory access
pattern exhibited in Table [3] highlights the possibility that for sufficiently
large systems, the mixed cell enumeration problem will become memory-
bound. That is, the run time will no longer be dominated by the number
of floating point operations but will instead be dominated by the memory

"The memory access time is approximated by using the “memory access latency”
provided by the Intel VTune software which closely correlates to the actual memory
access time that is generally difficult to measure. For the best accuracy, all CPU
caches were disabled when measuring memory access latency.
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access latency, an important factor that is often ignored in complexity anal-
ysis.

System | Mem. acc. speedup | Overall reduction
cyclic-14* 1.40 4.9%
cyclic-15%* 2.40 8.2%
cyclic-16* 4.50 9.5%
fivebody 17.55 33.2%
vortex-6 19.95 34.5%

Table 3. The memory access speedup (with errors within £0.05) and overall
reductions in run time in the extension process over the basic algorithm
observed in experiments with a few large systems in standard test suites on
a NUMA system consisting of 8 node each having 8 quad-core AMD Opteron
processor with a total of 256 cores. Experiments marked by “*’ only used 4
out of 8 nodes (128 of the 256 cores) due to smaller size. The time spent on
the computation of cell volume and the accumulation of the mixed
volume are not included since they are not affect by the memory access
pattern.

15.2. Extending to computer clusters

While the above referenced NUMA architecture allows shared-memory sys-
tems to scale to tens or even more than 100 processor cores, their scala-
bility is still limited by the inherently high cost. Larger systems that con-
tain several hundreds or even thousands of cores generally take the form of
distributed-memory systems in which nodes, connected by some network,
do not directly share memory spaces but communicate with one another
by passing messages instead. The parallel algorithm described above can
be extended to distributed-memory systems including computer clusters in
which nodes are connected by dedicated high speed network.

In such distributed-memory systems, a master-worker model is chosen to
extend the parallel algorithm described above. In this model, the “master”
runs on a single node in the system. It first populates its own task pool with
an initial set of subfaces. The number of initial subfaces is determined based
on the number of nodes available within the system (a prescribed multiple
of the number of nodes). This initial task pool is then divided into equal
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portions and sent to each of the remaining nodes as seeds for exploration.
Each worker executes the EXPLORE algorithm described in §8 and explores
the subgraph accessible from the initial set of nodes sent by the master until
its task pool becomes empty. At the end each worker would have a collection
of mutually exclusive mixed cells. These are then passed back to the master
to form a final set of mixed cells. This basic scheme was proposed in [66]
and significantly improved in [16]. Figure [30[ shows a typical setup in which
arrows indicate the passing of tasks between nodes.

Master

Initial pool

Worker 1  Worker 2 Worker 3 Worker 4

[Pool 1| |[Pool 2|  [Pool 3] |Pool 4|

Figure 30. A master-worker setup for performing parallel mixed cell enu-
meration on a computer cluster with 5 nodes. One node act as the master
and the remaining nodes act as workers each having their own task pools.
The initial tasks are passed to each worker for exploration.

The Message Passing Interface, or MPI, is a specification that allows
nodes to communicate with one another in a cluster. Though not sanctioned
by any major standards body, MPI has became a de facto standard for
scientific computation on computer clusters. In Hom4PS-3, this protocol is
used for the communication between the master and workers.

An implementation based on this master-worker model would not be
scalable without load balancing mechanisms. In exploring the spanning tree
of the feasible subgraph, certain branches may require significantly more
CPU time than other branches. Such imbalances generally cannot be detected
easily ahead of time, a dynamic load balancing mechanism that actively
shifts tasks from one worker to another is therefore critically essential to
the overall efficiency and scalability of this algorithm. In [I6], this problem
is resolved by requiring each worker to request more tasks from the master
when it exhausted its own task pool. However, the waiting spent on mes-
sage passing incurs a measurable and sometime significant cost. Indeed, in
large clusters, experiments suggest that the waiting time often dominate the
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overall run time as the single master node can be easily overwhelmed by the
large number of worker nodes.

A major improvement Hom4PS-3 provides over [16] is the use of asyn-
chronous message passing and buffering to further improve the load balanc-
ing mechanism: In addition to the task pool, each worker also maintains an
“overflow buffer” which is filled with newly discovered tasks whenever the
number of tasks in the task pool exceeds a prescribed threshold. The num-
ber of tasks in the buffer is periodically reported back to the master which
maintains a dynamic tally of the imbalance of buffers among the workers.
The master periodically broadcasts to all workers which buffer has the low-
est number of tasks. Upon receiving the notice, each worker whose buffer has
higher number of tasks then passes certain number of tasks to the buffers
with lowest number of tasks. Here the passing of tasks from one buffer to
another is performed via efficient asynchronous message passing provided by
recent revisions of the MPI standard that are asynchronous in the sense that
they do not interrupt the threads from their main computational intensive
task. That is, the transmission of data takes place in the background and the
workers have no need to wait for the sending or receiving. See Figure [31] for
the illustration. When a worker exhausted its own task pool, it moves tasks
from its own buffer, which resides in the worker’s local memory space, to its
task pool so that the task pool reaches the original prescribed capacity. The
worker then continues its exploration.

3 b 3 b

Buffer 1

Buffer 2 F >{ Buffer 3

Buffer 4

Worker 1 Worker 2 Worker 3 Worker 4

’Pooll‘ ’POOIQ‘ ’P0013‘ ’Pool4‘

Figure 31. Buffering and load balancing mechanisms among workers. Tasks
are moved from one buffer to another in the background. In contrast to the
simple master-worker setup illustrated in Figure this model relies mostly
on direct (peer-to-peer) communication among worker nodes.

The asynchronous load balancing substantially improved the efficiency
and scalability of the basic scheme developed in [16]. The implementation
exhibits great scalability on clusters having between 32 and 200 nodes. It
is expected that the speedup ratio cannot get close to those achieved on a
multi-core system (as shown in Figure due to the inherently higher cost
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in communication. However it is possible to scale to many more processors
cores than on multi-core or NUMA system. For example, the speedup ratios
achieved using multiple nodes in a cluster for the fivebody (five body central
configuration) problem [3| 37, [54] is shown in Figure

192 |- o

128 -

64

Speedup ratio
©
(@)
T

32

| |
32 64 96 128 192

Processor cores

Figure 32. Speedup ratios achieved by the distributed-memory variation
of the parallel algorithm for mixed cell enumeration over the fastest serial
implementations MixedVol-2.0 [52] and DEMiCs [77]. Measurements are done
in a cluster containing up to 192 processor cores.

15.3. GPU accelerated mixed cell enumeration algorithm

An exciting development in the world of computing is the advent of general
purpose parallel computation on GPUs. Highly parallel by design, GPUs are
more efficient than traditional CPUs in performing a variety of complicated
tasks [85]. In terms of raw computational power, GPU devices have now
surpassed the fastest CPU available [85]. However, hurdles still exist along
the path to fully employing GPU computing. In particular, both the memory
layout and thread organization are very different from their counterparts in
traditional CPUs. In NVidia's CUDA architecture, for example, threads are
always organized in groups of 32 threads called “warps” [85] which are the
basic scheduling units in CUDA GPUs with all threads in a warp always
perform the same instruction at the same time.

In an attempt to take advantage of GPU devices, Hom4PS-3 adopts the
approach of GPU accelerated mixed cell enumeration algorithm where the
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CPUs still perform the main algorithm, and GPU devices provide assistance
in computation intensive tasks that are best suited for GPUs. Though still an
experimental part of the software with active development currently under-
way, the remarkable speedups achieved definitely merit further investigation
on the idea. We therefore present the preliminary results here.

The GPU accelerated mixed cell enumeration algorithm explores the
parallelism inside individual “tasks” which is not directly utilized in the
approaches discussed above. It comes in the form of a separated module that
performs a specific set of operations inside the one-point test problems .
As we mentioned in in the mixed cell enumeration algorithm included
in Hom4PS-3, the simplex method is preferred due to the great amount
of additional information it generates which can be used to substantially
accelerate the mixed cell enumeration process (see §8.3.3)).

The simplex method is an iterative method for solving the linear pro-
gramming problems of the form . Leaving aside the technical details,
the key property being exploited here is that each iteration in the sim-
plex method involves the manipulation of a fixed size matrix. In particular,
the part that dominates the overall computational cost takes the form of a
matrix-vector multiplication

y« A-x

where A is a fixed matrix with real entries whose number of rows is much
greater than the number of columns. The potential parallelism in this oper-
ation is immediate: in principle, every scalar-scalar multiplication involved
can be computed independently.

A straightforward approach would be to utilize the standard NVidia
cuBLAS library [85] which has built-in functions designed specifically for
handling this task. Unfortunately, the cuBLAS library incurs a small but
measurable amount of additional cost upon each invocation. Recall that the
enumeration of mixed cells involves a large number of one-point tests, the
cumulative costs associated with cuBLAS often outweighs its benefits, as our
experiments suggest.

A direct programming approach is therefore in place. The computation
is divided into two steps. First, all the scalar-scalar products {a; ; - x;} are
computed in parallel where a; ; and x; are the entries of A and x respectively.
GPU devices are generally capable of running hundreds or even thousands of
threads simultaneously. Conforming to the organization of threads on GPU,
this step is done in block of 16 x 16 threads. That is, the (i,7) block of
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System (dimension) | Avg. speedup in y < Ax
cyclicl5 (15) 3.55
cyclic19 (19) 3.95
cyclic23 (23) 8.09
cyclic27 (27) 9.00
cyclic31 (31) 31.54
cyclicd7 (47) 39.90

Table 4. The average speedup ratio in computing y < Ax and solving one-
point test problems respectively observed in some standard test suite prob-
lems. The data reflect the average of 10000 one-point tests for each problem.

16 x 16 threads computes the array of products

164,165 * L1635 a16i,16j+1 * T165+1 a164,16j+15 - L165+15
a16i4+1,165 * T165  A16i4+1,1654+1 * T1654+1  ***  A16i+1,16j+15 * L165+15
a16i+15,165 - L165 A16i+15,165+1 * L165+1 *°°  A16i+15,165+15 * L165+15

with one thread computing each entry. Once the scalar-scalar products
{ai;-x;} are all computed, the standard “parallel reduction” algorithm is
then applied to compute the row sums among blocks of the above form.
Table (4] shows the speedup results of this algorithm observed on some stan-
dard test suite problems using a NVidia GTX 970 graphic card. Measur-
ing this operation of computing y < Ax alone, approximately 3.5x to 40x
speedup ratio have been achieved on sufficiently large systems.

Though still limited in its functionality and portability, on sufficiently
large systems the GPU accelerated part shows remarkably promising results.
Developments in applying GPU to more operations in the mixed cell enu-
meration algorithm are currently underway.
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