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“Hobbits delighted ...to have books filled with things that they already knew,
set out fair and square with no contradictions.”

— J. R. R. Tolkien The Fellowship of the Ring, Prologue, §1 at end.

1. INTRODUCTION

The theory of convex polyhedra in several dimensions is important in a wide
variety of contexts. For instance, it underlies the topic of linear programming. The
text by Ziegler[3] is modern and inclusive. Among the publicly available collections
of software that handle convex polyhedra, the Parma Polyhedra Library (PPL) at
http://www.cs.unipr.it/ppl/ is very well designed and documented.

For another project, I wanted to compute some elementary properties of a con-
vex polyhedron. Specifically, I had a convex polytope, defined by equalities and
inequalities. T wanted to project it along one or more coordinate axes, and charac-
terize the resulting polytope in a similar way. Ziegler showed me the theory, but
omitted some details and relegated others to exercises.! The PPL dealt with all the
computational issues, but was dauntingly large. I decided to do it myself.

The process of explaining it to myself, well enough that I adequately knew what
I was doing, has resulted in these notes. To a large extent they follow Ziegler; the
algorithmic aspects are strongly influenced by the PPL, and a crucial proof comes
from Komornik[2].

A convex polytope can also be characterized by its vertices. The two character-
izations can be used together to good effect. Therefore a considerable part of these
notes is devoted to the relationship between these two characterizations.

Convex polytopes are bounded, and thus are a special case of convex polyhedra,
which may be unbounded. I found that another special case, that of convex poly-
hedral cones, has two advantages: its properties are somewhat simpler, and the
general case can be reduced to this special case. Therefore, much of these notes is
focused on convex polyhedral cones.

1.1. Notation. In these notes, R? represents the vector space of all d-dimensional
column vectors with real components. Vectors will be named in bold-face lower case,
e.g. x. When it is necessary to be explicit about the components of a particular
vector, I will write (vy,vs,...,v4)7. The standard basis of R? is eq,...,es. The

1S0, to some extent, these notes record my working of those exercises. I do not feel that I am
supplying anyone with a spoiler or cheat-sheet, however, because I had to do the exercises for a

different special case than the one that Ziegler prefers.
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usual norm and inner product will be denoted ||...|| and (...,...); thus, (v,w) =
T
viw.

If x € R, then the ray generated by x is
Ry = {tx|t > 0}
and the line generated by x is
Ly = {tx|t e R} .

We shall use sans-serif capitals to name lists of vectors, for instance: A =
(a,...,a,). Ifa, € R4, = 1,...,m, then A € R*™, A list of m real num-
bers is a row vector, or a member of R'*™  denoted by a small sans-serif letter.
The empty list, or list of length 0, will be denoted O.

1.2. Two definitions of “convex polyhedron”. In general, a set S C R? is
convex if, whenever two vectors x; and x5 belong to S, so do the points of the
segment joining x; and xp. Algebraically, these are the vectors t1x; + toxo, t1 >
0, to >0 ,t1 +t2 = 1. A set S is a convex cone if it is convex and, for every
x € Sand t > 0, tx € S. Algebraically, S is a convex cone if, given x; € S and
xQES,andtlzo, to >0,

t1X1 +taxo € S .

These notes are about convex sets that are “polyhedral”. Part of our task is to
define and describe polyhedral convex sets. We shall give two descriptions, which
we must show are equivalent.

A closed convex polyhedron may be defined as the intersection of a finite set of
closed half-spaces in R?. This may or may not be bounded, and it may or may not
be contained in an affine subspace such as a hyperplane. The definition includes as
extreme cases the empty set and the entirety of R%. This definition can be made
more formal:

Definition 1.1. Let A €¢ R>*™ B € R™" v € R and w € R'*". The
H-polyhedron presented by A, B, v, and w is the set

Poly (C v%) =

{x € RY(an,x) = va,a =1,...,m;(bg,x) <ws,B=1,...,n}

where
A= (a,...,an),
B =(by,...,by),
v=(01,...,0m),
w = (wy,...,wy,).

If v and w are both 0, we shall write Poly (A, B); this is the H-cone presented by
A and B.

Definition 1.2. A closed convex polyhedron is any set P which can be pre-
sented as an H-polyhedron. The dimension of P, denoted dim(P), is the dimen-
sion of the smallest affine subspace containing P.

Another way to describe a convex polyhedron is to construct it from generating
elements. These elements may be lines, rays, or points.
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Definition 1.3. Let A € R¥*™, B € R¥" and C € R¥*P; let
(1.1) Hull(A,B,C) =
{riar + -+ rpay + s1by + -+ s,b, +ticr + - 1,3,
ro €ERa=1,...,m; s3>0,6=1,...,n;
ty >0,y =1,...,p; ty+---t, =1}.
Then Hull(A, B, C) is the convex-conical hull generated by the lines L,,, ...,

La,,, the rays Ry, ..., Rp,, and the points cy,..., ¢, where

A=(a,...,an,),

B=(by,...,by),

C=(c1,...,cp).
If the list C = O, we shall write Hull(A, B); this is the cone generated by the
lines La,, ..., La,, and the rays Ry,, ..., Rp,,.

1.3. Summary of further sections. In §2, I define convex polyhedral cones.
I show how questions about the more general class of convex polyhedra can be
reduced to this subclass.

83 introduces polarity for closed convex polyhedral cones. §4 introduces the op-
erations of intersection and projection for closed convex polyhedral cones. These
can be implemented by an important algorithm called Fourier-Motzkin elimi-
nation. They are then used in §5, to prove that H-polyhedra and convex-conical
hulls are two definitions of the same class of sets. This will, in fact, be the “main
theorem” of these notes.

The next part of these notes is motivated by the problem of computing descrip-
tions of closed convex polyhedra. §6 introduces double descriptions of these polyhe-
dra, and describes some of the ways in which these descriptions can be otimized. §7
is concerned with the last stage of optimization, which is to eliminate redundancy
from the descriptions. We have to characterize “redundancy,” both geometrically
and algebraically. In §8 we show how redundant parts of a description can be
detected economically.

The final part of these notes is concerned with the problem of computing the
double descriptors of convex polyhedral cones. In §9, we consider the effects of
adding a single descriptor to part of the double description. In the course of this,
we revisit the Fourier-Motzkin algorithm, in which we can not only detect redun-
dant descriptors but prevent their formation. Finally, in §10, we discuss how the
contents of these notes are used in some Mathematica(TM) code which these notes
accompany.

2. REDUCTION TO THE SUBPROBLEM OF CONVEX POLYHEDRAL CONES
It is useful to define two embeddings of R into R4*1:
T T
vi (1, 2q) — (21, .., 24,1)
and
T T
Wi (@1 wa) s (., 74,0)

Definition 2.1. Let S be a closed set in R%. Then C(S), the closed cone over S,
is the closure of the union of the rays R, for x € S.
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We will show that an H-polyhedron or a convex-conical hull is determined by
the closed cone over it.

2.1. Closed cones over H-polyhedra.
Proposition 2.2. Let P be a non-empty H-polyhedron in R%:

P = Poly (C VBV> .

where
A=(ai,...,a,) € R>™
B=(by,...,b,) € R™",
v=(v1,...,0,) € RX™,
w=(wy,...,w,) € R>™,
Let
An = L0Aq — Va€dt1, * =1,...,m,
Bﬁ:LobgfwgedH,ﬂ: 1,...,n,
E>n+1 = —€441 -
and
K= (an,... &) € RExm
B = (Br,... Busy) € REHDX(mHD).
Then
(2.1) P = Poly(A,B) N RY.

Also, the closed cone over P is
C(P) = Poly(A, B).

Proof. Equation (2.1) is an immediate consequence of the definitions.

Let us show that C(P) C Poly(A,B). Indeed, if x € P then it is immediate
that ¢x € Poly(A, B). Therefore the ray through ¢x is contained in Poly (A, B). But
Poly (A, B) is a closed set, so it contains the closure of the union of those rays, which
is just C(P).

Next we show that Poly(A,B) C C(P), let y € Poly(A,B). Then ys41 > 0
because of the last member of B. There are two cases to consider.

(i) If yg41 > 0, let z = (y441) " 'y. Then z = 1x for some x € P.

(ii) If ygr1 = 0, then y = 1ou where u € R?, and

(ap,u) =0, a=1,...,m,
(bg,u) <0, B=1,...,n.
Let x be any point in P. We check that x + Au € P, so that (x + Av € C(P).

Divide by A and let A — oo; we have that A~1ix + v belongs to C(P) and tends to
V. (]

The moral of this tale is that the theory of H-polyhedra can be reduced to that
of H-cones.
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2.2. Closed cones over convex-conical hulls. The following proposition, taken
from [2], is crucial to Theorem 3.3, known as “Farkas’s lemma.”

Proposition 2.3. Let Y = {y1,y2,...,yr} € R>* and let K = Hull(O,Y). Then
for every x € R? there is a closest point x' in K.

Proof. The proof is by induction on k. The statement is obvious if k¥ = 1. Let
k > 2. There are three cases to consider.

(1) If x € K then we may choose x' = x.

(2) If x ¢ K but x belongs to the linear hull L of {y1,y2,...,¥x}, then
by the induction hypothesis we may assume that, for each j, the cone K; =
Hull(O, (y1,---,¥;-1,¥j+1,---,¥k)) has a closest point x’ to x. Let x’ be the
closest point to x among {x},x5,...,x)}. We show that ||x — x'|| < ||x — 2| for
every z € K.

We have

X=oy1 + -+ oy,
in which «; < 0 for some j because x ¢ K. We also have

Z=7y1+ +V%Yk;
in which ~q,...,v% > 0. Let

t:=min{y;/(7; — ;) [1 < j <k, o <O}.
Then 0 < ¢ < 1 and the minimum is attained at some index 7. Therefore
to; + (1 —t)y; >0 for all j
and
ta; +(1—t)y =0.

The geometrical meaning of these inequalities is that the segment from x to z meets
the side K; of K at tx + (1 — t)z. Therefore

= x| < flx = x| < [lx = (tx+ (1 = D)z)|| = (1 - t)[[x — 2]|;

therefore
x = x| < [lx — 2]
(3) If x ¢ L, then choose an orthonormal basis fi,...,f; of L and set x =
(x,£1)f; +...(x,£)f;. From steps (1) and (2), there is in K a closest point X’ to Z.
Now x — x is orthogonal to L. So, if z € K, we have

% = x'|I* = flx = %[* + [|x = x||* < |x = %[* + % — 2]|* = [Ix — 2*;
thus, x’ is also a closest point in K to x. O
Corollary 2.4. Let K be as in Prop. 2.3; then K is closed.

These results, as stated, apply to conical hulls determined by ray generators. Line
generators, while very convenient, are not indispensable, as the following proposi-
tion shows.

Proposition 2.5. Let
A=(ay,...,a,) € R
B=(by,...,b,) € RX"
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and let
C= (ala e QAL ey, T,
bi,..., bn) e Rdx(%n-{-n) .
Then
Hull(A, B) = Hull(0, C) .
Proof. Each of these hulls contains the generators of the other hull. O

Corollary 2.6. Let
A=(ay,...,a,) € R>X™,
B = (by,...,b,) € R¥*",

and let
K = Hull(A,B).

Then for every x € R? there is a closest point x' in K. Also, K is closed.

Proof. Apply Proposition 2.5 to K; then apply Proposition 2.3 and Corollary 2.4.
O

Similarly, equality constraints are not indispensable; one could replace each of
them by a pair of inequalities. However, both line generators and equality con-
straints make the descriptions more concise and more informative about the sets
being described.

Proposition 2.7. Let

A=(ay,...,a,) c R>™,
B = (by,...,b,) € R*",
C=(c1,...,cp) € RVP,
and let
P =Hull(A,B,C).
Let
A= (voan, ..., toam),
B= (tobi,. .., tobn, te1, ... 0Cy).
Then
(2.2) C(P) = Hull(A, B)
and
(2.3) P = Hull(A, B) N R?.

Proof. P consists of points of the form given in (1.1). If x is any point of that
form, then (x € Hull(A, B); that is to say, «P C Hull(A,B) N R%. Conversely, if
w € Hull(A, B), then

(24) w =ria; + -+ rmloam + S1tobr + - + spLoby +tieer + - 4 tpicy
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where 7, € Ryaa = 1,...,m, sg > 0,s =1,...,n, and ¢, > 0,7 = 1,...,p; if
moreover w € (R, then t; + -+, = 1. It follows that w = /x for some x of the
form given in in (1.1). Therefore, Hull(A, B) N tR% C . P, and (2.3) is proved.

To prove that Hull(A, I§) C C(P), consider a vector w € Hull(,&7 I§), given by
(2.4), and let t =t1 + - - - +t,. There are two cases to consider:

(i) If t > 0, then t~*w € (R%, so t~'w € P by (2.3); therefore w € C(P).

(ii) If t = 0, then w = (gu, where u € Hull(A,B). Let x € P. If A > 0, then
X + Au € P; therefore tx + Aw € C(P). Divide by A and let A — oco; we have that
A~lix +w belongs to C(P) and tends to w.

To prove that C(P) C Hull(A, B), we simply observe that Hull(A, B) is closed,
by Corollary 2.6, and contains every ray through a point of ¢P. (I

This proposition shows that the general case of convex-conical hulls can be re-
duced to that of conical hulls.

3. POLARITY

This is a relation between convex polyhedral cones that naturally relates H-cones
to conical hulls.

Definition 3.1. Let K be a convex cone in R%. The polar of K is the set K°
defined by
K°={xeR¥|(x,y)<0forally € K}.

It is easily seen that K° is also a convex cone.
Proposition 3.2. Let A € R™*™ gnd B € R™*"; [et
K =Hull(A,B).

Then
K° =Poly(A,B).

Proof. Let A = (aj,...,a;,) and B = (by,...,b,). The statement that x €
Poly (A, B) is equivalent to

(aq,x) =0,a=1,...,m,
(bg,x) <0,8=1,...,n.
But these relations are clearly equivalent to x € K°. (I

This easy proposition says that the polar of a conical hull is an H-cone. What
about the polar of an H-cone : is it a conical hull? The affirmative answer to this
question is a fundamental result, first proved in [1]. Ziegler[3] gives many equivalent
formulations, with references to its history. The proof given here, dependent on
Proposition 2.3, is due to Komornik[2].

Theorem 3.3. (Farkas’s Lemma) Let A € R¥*™ and B € R¥" and let
K = Poly(A,B).

Then
K° =Hull(A,B).
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Proof. Let
A=(ay,...,an),
B=(by,...,b,).
Then the statement that x € K is equivalent to the inequalities
(3.1) (ag,x) =0, a=1,...,m,(bg,x) <0, f=1,...,n.
Thus it is immediate that
Hull(A,B) C K°.
Let us prove that, conversely,
K° C Hull(A, B).

Let y € K°; that is, (y,x) < 0 for all x € R? satisfying (3.1).
By virtue of Prop. 2.6, we may let z be a point in Hull(A, B) closest to y. We
will prove that

(3.2) (g, y —2) =0, a=1,...,m,
(3.3) (bg,y —2) <0, pf=1,...,n
and

(3.4) (—z,y —z) <0.

Indeed, if one of the equalities (3.2) were not valid, then for sufficiently small t € R
such that t(a,,y — z) > 0 we would have

Iy = (z+taq)lI* = | (y —2) —taa||* = lly —2|* —2t(aa, y —2) +*[bg[|* < |y —z|* ,

whereas if one of the inequalities (3.3) or (3.4) were not valid, then for a sufficiently
small ¢ € (0,1) we would have

Iy = (z+tbg)|I* = [I(y —2) —tbg||* = |ly —2l|* —2t(bs,y —2) +*||bs||* < |ly —z]*,
that is,

(a) ly = (z +tbg) > < |y — 2|,

or

ly = (z—t2)|* = |(y —2) + tz]|* = |y —2|* = 2t(~2,y —2) + *ly:l* < [ly —=]*,
that is,

(b) ly = (z —t2)|* < |y —z|*;

but z + ta,, z + tbg and z — tz = (1 — t)z belong to Hull(A, B), so inequalities (a)
and (b) are contrary to the choice of z.

Now by hypothesis the inequalities (3.2) and (3.3) imply that (y,y —z) < 0.
Together with (3.4) this implies (y — z,y —z) < 0. Thus y = z and therefore
y € Hull(A, B). O

Proposition 3.2 and Theorem 3.3 show that polarity gives a very exact corre-
spondence between convex cones presented as H-cones and convex cones described
as conical hulls. It is worth noting that for cones of either description, K = K°°.
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4. SOME OPERATIONS ON CONES

The intersection of a convex cone with a linear subspace is a convex cone in the
subspace. If the original cone is polyhedral, what about the intersection? It is very
easy to see that the intersection of an H-cone with a subspace is also an H-cone.
For conical hulls, one feels that the intersection ought to be polyhedral, but proving
it is not trivial.

If the enclosing vector space is projected onto a vector space of lower dimension,
then a convex cone is projected onto a convex cone. Again one may ask, if the
original cone is polyhedral, is the image polyhedral? If the original is a conical hull,
then it is very easy to see that the image is also a conical hull. For H-cones, the
affirmative answer to the question is, again, very plausible but not trivial to prove.

The non-trivial part of these problems is solved by using a process called Fourier-
Motzkin elimination. We will define it in a way that is slightly more general
than what we need here, but will be useful later.

Definition 4.1. Let B € R?*"; let v € R%. Then FM (B, v) is a list of the following
vectors in R%:

(1) any element d of D such that (v,b) = 0;
(2) for any b’ and b” in D such that (v,b’) > 0 and (v,b”) < 0, the vector

(v,b)b"” + (—(v,b"))b" .
Fourier-Motzkin elimination is the process of generating F'M (B, v).

Proposition 4.2. Let A € R¥™*™ gnd B € R¥"™, Let v € R? be orthogonal to each
element of A. Then

Hull(A,B) N vt = Hull(A, FM(B,v)) .

Proof. To check that the right-hand side of this equation is included in the left, it
is sufficient to observe that each generator on the right is contained in the Hull on
the left, and is orthogonal to v.

Next we must show inclusion in the other direction. Let x be contained in the
set specified on the left-hand side. Then

x € Hull(A,B) ,
and also (v,x) = 0. Therefore
X = Zsz’ai +Ztib1ﬁ , >0,
and also
Zti(v,bi) =0.
i
It may be the case that all the products ¢;(v,b;) are 0. If so, then
x € Hull(A,BY)

where B is a list of those elements b of B such that (v, b) = 0. But by Definition
4.1, B° C FM(B,v).
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On the other hand, consider the case that some of the products ¢;(v,b;) are not
zero. Remembering that n is the number of elements in B, let us define

P={i|1<i<n, (v,b;) >0},
M={i|l1<i<n, (v,b;) <0},
Z=A{il1<i<mn, (v,b;) =0}.
Then, if we define A by
A=) ti(v,b;) >0,
ieP

we also have

A= ti(=(v,by) .

ieM
With this, we can rewrite our expression for x as

1€EZ ieP JEM

= Zsiaﬁ Ztibﬁ%z > ti(=(v.by)) | tib;

A ieP \jeM

+ % Z (Zti(v,bi)> tjbj

jEM \i€P

= Zsiai + Ztibi + Z Z tij ((=(v,b;))b; + (v, bi)b;)

i€z ieP \jeM
We see that the expression on the last line belongs to Hull(A, FM (B, v)). O

To make the technicalities easier, we consider a special case of a subspace or
quotient space. Specifically, we start with a convex cone K in R%*! and recall the
linear map ¢y. We also define

(4.1) 7ot RIT S RY (21, .. ,xd,xd+1)T — (z1,... ,a:d)T .
Note that
(4.2) (Lox,y) = (x,my), x€R?  yeRIL,

We will also describe our convex cones withut using line generators or hyperplane
constraints. As shown by Proposition 2.5, this entails no loss of generality.
Now, for a general convex cone K C R¥*! we define

K'={xeR|x € K} =m(K Neg,,)
and
K™ ={my|y € K}.

We wish to prove that, if B € R(4*1)*" and K = Hull(O, B), then K* = Hull(O, B")
for some B’ € R . Similarly, we wish to prove that if K = Poly(O,B), then
K™ = Poly(0, B).
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Proposition 4.3. Let B = (by,...,b,) be a list of vectors in R?, and let K =
Hull(O, B). Let B be the list of vectors mob’ where b’ is an element of FM (B, e441).
Then

K™ =Hull(O,B) .

Proof. 1t follows directly from Proposition 4.2 that
K'=m(K Neg,,)
= mo(Hull(O, FM (B, e4+1)))
= Hull(O, B').

Proposition 4.4. Let K be a convex cone in R, Then
K™ = K°".

Proof. Let x € R, Then the statement that x € K™ is equivalent to the statement
that for all y € K, (x,m0y) < 0. This in turn is equivalent to the statement that
for ally € K, (1ox,y) < 0. But the latter statement is equivalent to the statement
that 1ox € K°, that is, to x € K°". O

Proposition 4.5. Let K be an H-cone in R*1:
K = Poly(0,B), B e RU4TLxn

Then
K™ = Poly(0O,B’)

where B' is defined as in Proposition 4.3.

Proof. By Theorem 3.3,
K° =Hull(O,B).
By Proposition 4.3,
K°* = Hull(O,B’).
By Proposition 4.4,
K™ = Hull(O,B).
By Proposition 3.2,
K™ =Poly(0,B’).
O

It is clear that we can express the intersection of Hull(O, B) with any subspace as
a conical hull, and the projection of Poly(O, B) on any quotient space as an H-cone,
by linear transformations and repeated application of Fourier-Motzkin elimination.
This is not a good way to go, computationally, because the number of generators
of halfplanes may grow horribly fast. If B contains n vectors, then the number of
vectors in F'M (B, v) may be as large as n?/4. Many of these may be redundant; we
shall see later how to discard the redundant vectors or even avoid computing them
in the first place. (We shall also find a less inelegant way of treating line generators
and hyperplane constraints, than sweeping them under the rug into the lists of rays
or halfspaces.)
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5. FUNDAMENTAL THEOREMS

We can now prove the main theorem, in three different forms. First we consider
convex cones; then, convex polyhedra which may not be bounded, finally, bounded
convex polyhedra or polytopes.

Theorem 5.1. (Main theorem for cones) A subset of R is a conical hull if and
only if it is an H-cone.

Proof. First, let K = Hull(O,B) C RY, where B € R¥*"; we must prove that K is
an H-cone. Now if B = (by,...,b,), then
K = {Stgbg|t > 0,t € R"}
={xecRY|FteR" : t >0, x=tzbs}.
The set

{(f) €RM™ [t >0, x = Stzbs)

is clearly an H-cone, and K is obtained from it by projecting out the last n com-
ponents. Therefore the conclusion that K itself is an H-cone follows from n appli-
cations of Proposition 4.5.

Second, let C = Poly(O,B); we must prove that C' is a conical hull. By
Proposition 3.2, C° = Hull(O,B). But now, by the first part of this theorem,
C° = Poly(O, C). Therefore, by Theorem 3.3, C' = C°° = Hull(O, C). O

Theorem 5.2. (Main theorem for unbounded polyhedra) A subset of R? is a convex-
conical hull if and only if it is an H-polyhedron.

Proof. First, let K = Hull(A, B, C), where A, B, and C are lists of vectors in RY; we
must prove that K is an H-polyhedron. By Proposition 2.7, there is a conical hull
K= Hull(A7 I§) in R4t such that 1K = K NR%. By Theorem 5.1, K = Poly (0O, C)
for some C € R(+D*" That is,

1K = Poly(0,C) NtRY.

From Proposition 2.2, we see that

K = Poly ((g 3)

K = Poly <A B> ;

for suitable D and w.
Second, let

vV ow
we must prove that K is a convex-conical hull. By Proposition 2.2,

LK = Poly(A,B)NR? ;
and by Theorem 5.1, Poly(A, I§) = Hull(O, C) for a suitable list C of vectors in

R¥*1. Now the form of C given in Proposition 2.2 ensures that each vector ¢ in
C satisfies cgy1 > 0. We populate two lists D and E of vectors in R? as follows:

for every ¢ = (c1,...,¢q,cqr1)T in the list C, if cqyq = 0 then let (cy,...,cq)T
belong to D; and if cqy1 > 0 then let (c1/cay1,---,ci/car1)T belong to E. Then
K = Hull(O, D, E). O

A bounded convex polyhedron is also called a convex polytope.
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Theorem 5.3. (Main theorem for polytopes) A subset of RY is the convex hull of
a finite set of vectors in R? if and only if it is a bounded H-polyhedron.

Proof. Let P be the convex hull of a finite set V of vectors in R?. Then, by Theorem
5.2, P is an H-polyhedron, and it clearly is bounded.

Conversely, suppose that P is a bounded H-polyhedron. Then, again by The-
orem 5.2, P is a convex-conical hull Hull(O,D,E). But P is bounded, so in this
expression for P the set D must be empty. O

6. DESCRIPTIONS

To describe algorithms for dealing with convex cones, it is useful to be somewhat
wordy about how the cones themselves are described. We use the word descriptor
for a vector in R<.

As we saw in §5, we can describe a particular convex cone by generators, or by
constraints. We may define two-sided and one-sided descriptors for either kind
of description..

In the description of K by generators, each two-sided descriptor spans a line
that is contained in K, and each one-sided descriptor spans a ray in K.

In the description of K by constraints, each two-sided descriptor v determines
a hyperplane {x € R%|(v,x) = 0}, and each one-sided descriptor w determines a
halfspace {x € R%|(w,x) < 0}.

Table 1 summarizes the terms I have just introduced:

Two-sided | One-sided
Generators lines rays
Constraints | hyperplanes | halfspaces

TABLE 1. Nomenclature for descriptors

The double description of K consists of the two kinds of description. We shall
represent a double description thus:

(6.1) D = ((A,B),(C,D))

where A is the list of line generators, B is the list of ray generators, C is the list of
hyperplane constraints, and D is the list of halfspace constraints.

Much of the “fundamental theory” of convex cones can be summarized by two
remarks:

(1) the cone described by the above D is
K = Hull(A,B) = Poly(C,D) ;

(2) a double description of K° is obtained from that of K by exchanging the
generators with the constraints.

Every line descriptor is necessarily orthogonal to all of the constraint descriptors,
and similarly every hyperplane descriptor is orthogonal to all of the generators.
The inner product of a ray descriptor with halfspace generator may be 0 or strictly
negative. Table 2 summarizes the inner products of the generator and constraint
descriptors.
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Generator
line | ray
Constraint | hyperplane 0 0
halfplane 0] <0

TABLE 2. Inner products of descriptors

6.1. The intuitive notion of “best” description. Evidently there can be many
different double descriptions of the same cone. We would like to find the best
descriptions, even if we are not quite sure what “best” means here. What are we
looking for? The best descriptions should be economized, not using unnecessary
descriptors. And it would be nice if the best descriptions made certain intrinsic
properties of the cones apparent “on inspection.”

Two intrinsic properties of any convex polyhedron are these:

Definition 6.1. Let P be a convex set in R?. Then the lineality space of P,
denoted lineal(P), is

lineal(P) := {y € RY|x +ty € PVx € P,t € R}.
The affine hull of P, denoted aff(P), is the smallest affine subspace containing P.

Note that if P contains the origin (for instance, if P is a cone), then aff(P) is a
vector space.

If K is a closed convex polyhedral cone and lineal(K) = {0}, then we say that
K is pointed. If aff(K) = R? then we say that K is d-dimensional or of full
dimension; then K has interior points.

It turns out that lineal(K) and aff (K) can both be revealed by a properly com-
posed description. We can make sure that, in (6.1), A is a basis of lineal(K) and C
is a basis of (aff(K))*. In particular,

dim lineal(K') = #(A)

and
dimaff(K) =d — #(C) .

For the one-sided descriptors, the important thing is not to be redundant. Infor-
mally, a descriptor is redundant if it can be removed from the description without
having any effect on the thing being described. We will give this notion a more rig-
orous definition. We also demonstrate some criteria for deciding when a descriptor
is redundant.

It is convenient to define the optimization of double descriptions in stages.

6.2. First-Stage Optimization.

Definition 6.2. Let K be a convex polyhedral cone, and Ist D be a double de-
scription of K. A one-sided descriptor v is saturated if it is orthogonal to all the
one-sided descriptors in the opposite description.

Proposition 6.3. Let K be a convex polyhedral cone in RY, with a double descrip-
tion D; let v be a saturated one-sided descriptor. If v is a ray descriptor, then
the line R, is contained in K. If v is a halfspace descriptor, then the hyperplane
{x € R*| (x,v) = 0} contains K.
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Proof. If v is a saturated ray descriptor, then R, satisfies all the constraints in D.
On the other hand, if v is a saturated halfspace descriptor, then all the generators
in D satisfy the hyperplane constraint. O

Corollary 6.4. Let K be a convez polyhedral cone in R?, with a double description
D. Then another double description of K may be obtained by moving each satu-
rated ray descriptor into the list of line descriptors, and each saturated halfspace
descriptor into the list of hyperplane descriptors.

Definition 6.5. Let K be a convex polyhedral cone in R?, with a double descrip-
tion D. Then D is first-stage optimized if it contains no saturated one-sided
descriptors.

The corollary shows that every convex polyhedral cone does have a first-stage
optimized double description.

Proposition 6.6. Let K be a convex polyhedral cone in R%, with a double de-
scription D which is first-stage optimized. Then lineal(K) is spanned by the line
generators of D.

Proof. From the definition,
lineal(K) ={x € K|Rx C K} .

Let D be as in (6.1). It is evident that every element of A is contained in lineal(K).
Conversely, if x € lineal(K), then we will show that x is a linear combination of
the elements of A. Because x € K, we have

X = Xt;a; + Zu;b; s

where the a; are elements of A, the b; are elements of B, and u; > 0. Now suppose
u; > 0 for some i. By hypothesis, b; is not saturated; therefore there is a halfspace
constraint descriptor d; such that (b;,d;) < 0. From this it follows that (x,d;) < 0,
and therefore, in particular, —x ¢ K. This implication shows that if Ry C K, then
all the terms wu;b; in the above expression for x must vanish, q.e.d. O

Proposition 6.7. Let K be a convex polyhedral cone in RY, with a double descrip-
tion D which is first-stage optimized. Then (aff(K))* is spanned by the hyperplane
constraint descriptors of D.

Proof. If D = ((A,B),(C,D)), then D° = ((C,D), (A,B)) is a double descriptor of
K°. Now by hypothesis, Rx C K°; so, by Proposition 6.6, x is in the vector space
spanned by the vectors in D. O

6.3. Second-stage optimization.

Definition 6.8. Let K be a convex polyhedral cone in R?, with a double descrip-
tion D = ((A,B),(C,D)). Then D is second-stage optimized if it is first-stage
optimized and, in addition, each of A and C is a linearly independent list of vectors.

Gaussian elimination is a well-known method for finding, from a finite set of
vectors, another, linearly independent set which generates the same vector space.
The method can be described as a sequence of transformations of a list of vectors.
It proceeds through the list, taking as “current vector v” the first element, then the
second, and so on until the list is exhausted. If the current vector is 0, then it is
eliminated. Otherwise, let ¢ be the index of a non-zero component v, of v. It may
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be felt convenient, but it is not strictly necessary, to scale v so that v, = 1. Then,
every other vector w is altered, by subtracting from it a multiple of v so that w,
becomes 0. This step having been performed for v, the process goes on to the next
vector in the list.

Each step in the process of Gaussian elimination leads to a list of vectors which
spans the same vector space. Thus the vector space is the same at the end of the
process as it was at the beginning. At the end of the process, for each vector that
remains in the list there is a component index, such that this vector, and only this
vector, has a non-zero component at this index. From this property of the list, it
easily follows that the list of vectors is linearly independent.

6.4. Third-stage optimization.

Definition 6.9. Let K be a closed convex polyhedral cone, and let £ = lineal(K).
Let viw € K\ L. Then v and w are lineally equivalent (for K) if w = Av +u
for some non-zero A and some u € L.

Lineal equivalence is evidently an equivalence relation. (You would hope so,
would you not?) In the generator description of a cone, ray descriptors can be
replaced by others which are lineally equivalent, without changing the cone being
described. To put this more formally, let K be a closed convex polyhedral cone,
described by generators:

K = Hull(A,B) ;

suppose that A is a basis of lineal(K) — as will be the case, if (A, B) is part of a
double description that is second-stage optimized. Then the cone is not changed if
any element of B is replaced by a lineally equivalent vector. Furthermore, it is clear
that if two elements of B are lineally equivalent, then one of them may be removed
from the list without changing the cone.

Lineal equivalence also applies to the constraint description of a cone:

K = Poly(C,D) ;

by analogy, we suppose that C is a basis of (aff K)* = lineal(K°). Then a halfspace
descriptor d is lineally equivalent (for K°) to a vector obtained from it by non-zero
scaling and addition of a vector from lineal(K°).

Definition 6.10. Let K be a closed convex polyhedral cone, and let
D= ((A,B),(C,D))

be a double description of K. Thn D is third-stage optimized if it is second-stage
optimized and moreover no two elements of B are lineally equivalent (for K) and
no two elements of D are lineally equivalent (for K°).

Gaussian elimination can be extended so as to facilitate the detection of lineally
equivalent descriptors. For instance, in the generator description (A, B), the “cur-
rent vector” v ranges over the elements of A; but the vector w which is altered to
make w, = 0 ranges over both A and B. When this has been done, two vectors in
the transformed B are lineally equivalent if and only if they are proportional.
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7. FACES, DESCRIPTORS, AND REDUNDANCY

7.1. Faces.

Definition 7.1. Let P be a closed convex polyhedron in R¢. Let ¢ € R% and
¢o € R. Then ¢ and ¢y define a valid inequality for P if (c,x) < ¢y for every
x € P.

Definition 7.2. Let P be a closed convex polyhedron in R%. Then a face of P is
any set of the form
Pni{xecR(c,x)=co}
where ¢ and ¢y define a valid inequality for P.
One sees that () and P are faces of P. Any non-empty face of P is a closed

convex polyhedron. It is common to use the terms vertex, edge, and facet for
faces whose dimension is, respectively, 0, 1, and dim(P) — 1.

Proposition 7.3. Let K be a convex polyhedral cone in R%, and let F' be a non-
empty face of K. Then F is the intersection of K with a hyperplane passing through
the origin.

Proof. By hypothesis, there exist ¢ and cg such that
F=Kn{xeR|(c,x)=co}
and
(c,x)<c¢y Vx€EK.

Now let xg € F; then (c,x0) = ¢p. However, A\xy € K for all nonnegative A, which
implies
)\CO S Co VA Z 0.

It is easy to see from this that ¢y = 0. O

Proposition 7.4. If K is a convex polyhedral cone and F is a non-empty face of
K, then F D lineal(K).

Proof. By hypothesis and Proposition 7.3, there exists ¢ such that (¢,x) < 0 for
all x € K and also F = {x € K |(c,x) = 0}. Now if x € lineal(K), then x € K
and —x € K, from which it follows that (c,x) = 0. O

Proposition 7.5. Let K be a closed convex cone; then lineal(K) is a face of K.

Proof. Let ((A,B),(C,D)) be a double description of K which is second-stage opti-
mized; let f be the sum of the vectors in D. Then f and 0 define a valid inequality
for K; we claim that the face of K defined by (f,x) = 0 is lineal(K).

Indeed, (f,a) = 0 for every a belonging to A. If b belongs to B, then because b
is not saturated (f,b) < 0. Now, if x € K then

X = Ytqa, + Yugbg, ug>0.

In order to have (f,x) = 0, it must be the case that ug = 0 V3. This x is in the
vector space generated by A. which is just lineal(K). O
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7.2. Descriptors and redundancy. We need to formalize the concept of redun-
dancy for one-sided descriptors. Informally, a descriptor is redundant if dropping
it from the description does not change the cone. So it would seem that being
redundant is essentially dependent, not just on the descriptor itself but also on the
whole description. The following proposition will be used to show that this is not
quite true.

Proposition 7.6. Let K be a closed convex polyhedral cone,
K = Hull(A,B),

where A is a basis of lineal(K') and none of the elements of B belong to lineal(K).
Let £ = lineal(K). Let b be an element of B, and let B' be the result of removing
b from B. If

K’ = Hull(A,B) # K |
then KN (L ® Ly) is a face of K.

Proof. If b were a member of K', then K would equal K'; so we must have b ¢ K.
Therefore, there is a vector f € (K’)° such that (f,b) > 0. On the other hand,
because L is a face of K, there is a vector g € R? such that (g,x) = 0if x € L,
and

(g,b) <0, (g,b') <0, Vb’ €B’.
Let p=(f,b)/(g,b) <0, and let h =f — pg. Then (h,x) =0if x € £, and
(h,b) =0, (h,b’) <0Vb' €B’.
It follows that
KNn(L& Ly) ={xec K|(h,x)=0}.
]

Theorem 7.7. Let K be a convex polyhedral cone in R?; let £ = lineal(K); and
let ve K\ L. Then the following three statements are equivalent:
(i) KN(L®Ly) is a face of K;
(ii) in any expression of v as a sum of elements of K, all the terms must belong
to L& Ly;
(iii) in any description of K by generators, the ray generators must include an
element of K N (L & Ly).

Proof. These implications have to be checked:
(i)= (ii):

Suppose that K N (£ @® Ly) is a face of K. Then there is a vector f € R? such that
xe K= (f,x)<0;
Kn(L&Ly)={xeK|(f,x)=0}.

Thus, if v = wy + -+ + w,, where w; € K, then we have (f,w;) < 0 for i =
1,...,n and also (f,v) = 0. The last equality forces (f,w;) = 0, which implies
(ii)= (ii):
Suppose that condition (ii) is satisfied. Let K = Hull(A, B). Then
v = Xtaa, + Yugbg ;
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since v ¢ L, one of the terms ugbg must be non-zero. By supposition, every term
in this sum must be a member of £ @ Ly; thus this particular bg must belong to
Kn(L& Ly).

(ii)= (i):
Suppose that condition (iii) is satisfied. Let K = Hull(A, B); we may assume that
A is a basis of £ and no element of B belongs to £. By supposition, B must contain
at least one element of K N (L & Ly ). The convex-conical hull will not be changed
if one such element is replaced by v itself; nor will it be changed if other elements
of KN (L ® Ly) are omitted. Thus, we may assume that

B=(v=bibs,...,by),
where bg, ..., b, do not belong to K N (£ & Ly).
Let
B’ = (ba,...,b,),
and
K’ = Hull(A,B') .

By condition (iii), K’ # K. Proposition 7.6 now implies the desired conclusion. O

Definition 7.8. Let K be a closed convex polyhedral cone. Then a vector v is
relatively extremal for K if it satisfies the conditions of Proposition 7.7.

Definition 7.9. Let K be a closed convex polyhedral cone, with a double descrip-
tion

D= ((A,B),(C,D)).

Then an element of B is a redundant generator for D if it is not relatively
extremal for K; and an element of D is a redundant constraint for D if it is not
relatively extremal for K°.

Proposition 7.10. Let K be a closed convex polyhedral cone, with a double de-
scription

D= ((A,B), (C7 D)) :
Let b be an element of B that is redundant for D; let B’ be the result of removing
b from B. Then Hull(A,B’) = K.

Proof. By hypothesis, b is not relatively extremal for K. By Definition 7.8, K N
(lineal(K)@ Ly ) is not a face of K. The conclusion follows from Proposition 7.6. [

Corollary 7.11. Let K be a closed convex polyhedral cone, with a double descrip-
tion

D= ((AB),(C,D)) .
Let d be an element of D that is redundant for D; let D’ be the result of removing
d from D. Then Poly(C,D’) = K.

Proof. By hypothesis, d is not relatively extremal for K°. Therefore, by Proposition
7.10, K° = Hull(C,D’). By Theorem 3.3, K = Poly(C,D’). O

Definition 7.12. Let K be a closed convex polyhedral cone. Then a double de-
scription D of K is fully optimized if it is third-stage optimized and, in addition,
no one-sided generators are redundant for D).
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It is clear that every closed convex polyhedral cone K has a fully optimized
double description

Its descriptors are related to the intrinsic structure of K:

e A s a basis of lineal(K).

e B consists of relatively extremal vectors for K. In any other fully optimized
double description of K, the ray generators would each be lineally equivalent
(for K) to one element of B.

e Cis a basis of lineal(K°), which is the same as (aff(K))*.

e D consists of relatively extremal vectors for K°. In any other fully optimized
double description of K, the halfspace constraints would each be lineally
equivalent (for K°) to one element of D.

Proposition 7.13. Let K be a closed convex polyhedral cone in R?, and let v be a
relatively extremal vector for K. Let K1 = K + Ly. Then

(K1)° = {x e K°[(x,v) =0},
and (K1)° is a facet of K°.
Proof. The characterization of (K7)° is easily checked. Note that because of it,
(K1)° is a face of K°. We need to verify that it has the desired dimension.

Consider a fully optimized double description of K as above. If A; is A with v
appended, and B; is B with v removed, then K; = Hull(A;, B;). Therefore

dim aff ((K1)°) = d — dimlineal(K;) = d — dimlineal(K) — 1 = dim aff (K°) — 1,
q.e.d. (I

We will use the notation K°V for the facet (K)° in this proposition.

8. DETECTION OF REDUNDANT DESCRIPTORS

Useful criteria for detecting redundant descriptors can be found using only the
inner products of ray and halfspace descriptors; in fact, all that matters is which
of these inner products are 0.

By the theory of polarity, there is complete symmetry between the ray descriptors
on the one hand and the halfspace descriptors on the other. We will describe the
redundancy criteria in terms of eliminating redundant rays.

Definition 8.1. Let
D = ((A,B),(C,D))
be a double description of a closed convex cone, with
B=(by,...,bn),
D=(dy,...,d,).
Then
0i(D)={je{l,...,n}|(b;,d;) =0}, i=1,...,m.

When the choice of D is clear from context we shall omit it.
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Proposition 8.2. Let K be a closed convex polyhedral cone, with a double descrip-
tion D as in Definition 8.1. For any ¢ with 1 < < m, if

#(0;) < dimaff(K) — dim lineal(K) — 1,
then the ray descriptor b, is redundant for D.

Proof. Suppose, on the contrary, that b; is not redundant, but is in fact a relatively
extremal vector for K. Then, by Proposition 7.13,
dim aff(K°P) = dim aff(K°) — 1
=d — dimlineal(K) — 1.
But K°Pi is generated by C together with {d, |j € o;}. Therefore
dim aff (K°P7) < #C + #(0y)
<d—dimaff(K) + #(0;) .
This inequality and the preceding equality together imply that
#(0;) > dimaff(K) — dim lineal(K) — 1.
|

Corollary 8.3. Let K be a closed convex polyhedral cone, with a double description
D as in Definition 8.1; suppose also that D is second-stage optimized. For any i
with 1 <1 <m, if

oy < d—#(A) — #(C) — 1,
then the ray descriptor b, is redundant for D.

That proposition gives us a sufficient condition for deciding that a descriptor is
redundant. Here is a necessary and sufficient condition, which however takes more
work to apply.

Proposition 8.4. Let K be a closed convex polyhedral cone, and let D be a double
description of K. With the notations of Definition 8.1, a ray descriptor b; is
redundant for D if and only if o; C o; for some j # 1.

Proof. First, let us suppose that b; is redundant for D; we must show that o; C o}
for some j # i. Let B’ denote a list of all the elements in B except b;. By Proposition
7.10, b; € Hull(A, B’). That is to say,

bi = Zsaaa +thbj 5 tj Z 0.
« VE
There must be an index j such that ¢; > 0. For this j, and for an element d of D,
(bi;d) =0 = (b;,d)=0;

in other words, o; C 0;.

Second, let us suppose that b; is not redundant for D; we must show that, for
every j # 4, 1 < j < m, thereis a k, 1 < k < n, such that k € o; but k ¢ o;.
Indeed, by Theorem 7.7(i), b; is contained in a face of K that does not contain any
of the b; with j # i. Therefore there is a vector y € K° such that (b;,y) = 0 but
(bj,y) < 0. Now

n
y:ZSWC'yJFZtkdk y e >0
v k=1
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there must be a value of k for which ¢; > 0 and (b;,d;) < 0 but (b;,dg) = 0. That
is, k ¢ o but k € o;; this is what we needed to show. O

It might happen that two elements of B, say b; and bj, are lineally equivalent.
Then o0; = 05, and each one is redundant—given that the other one is present. One
may be removed without changing K, but it is not safe to remove both of them.
Thus it is better to apply Proposition 8.4 after third-stage optimization.

9. INCREMENTAL OPERATIONS ON CONES AND THEIR DESCRIPTIONS

By an “incremental operation” we mean adding a single descriptor. This usage
sounds right if we are adding a line or a ray, and taking the convex hull of the result.
“Adding” a constraint may appear to be quite different; it amounts to taking the
intersection of the given cone with a halfspace or hyperplane. In fact, the operations
are profoundly similar. If I change K by adding a line or a ray, then I change K°
by intersecting it with a hyperplane or a halfspace. In this section, we consider how
to obtain a double description of the changed cone, given a double description of
the original cone.

The operations K +— K* and K — K7™ of §4 are thinly disguised special cases of
incremental changes to cones in R4, The disguise is pretty transparent for going
from K to K*, because K* is just the pre-image, with respect to ¢, of K N oR%.
As for K™, one way of describing the construction is to let K; be the convex hull
of the union of K with the line generated by e4y1; then K™ is the pre-image of K3
with respect to ¢g.

The computational details are quite symmetrical between generators and con-
straints. We will assume that we are adding a line or a ray, and describe how the
hyperplane and halfspace constraints are affected.

So, let K be a closed polyhedral cone in R?, with double description

The descriptor v is to be added to either A or B, to define the cone K’'. Our problem
is to determine how C and D must be changed to obtain a double description of
K'. Two cases must be distinguished. In the first case, there is a descriptor ¢ in C
such that (v, c) # 0; in the second case, there is no such c.

9.1. First case. The geometric significance of the inequality (v,c) # 0 is that,
while K lies in the hyperplane ¢ orthogonal to c, the line or ray being added lies
outside this hyperplane. Thus the affine hull of K’ is larger than that of K.

To find a constraint description of K’, we begin by observing that an arbitrary
multiple of ¢ can be added to each of the other constraints in (C, D) without having
any effect on the cone being described. Let us suppose this to be done, in such a
way that, except for ¢, every constraint in (C, D) is orthogonal to v. We may also
assume that (v, c) < 0.

The geometrical picture of this transformation is that each of the other hy-
perplanes orthogonal to a constraint descriptor is swung around, pivoting on its
intersection with ¢, until it passes through the new generating descriptor. If the
new descriptor is a line, then K’ is described by these constraints, with ¢ omitted.
If the new descriptor is a ray, then ¢ survives as a halfspace constraint.

The last paragraph may be intuitive; but let us also have a proof.
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Proposition 9.1. Let
K = Hull(A,B) = Poly(C,D) C R?.
Let v € R%. Suppose that c is an element of C such that (v,c) < 0 but all other
elements of C, and all elements of D, are orthogonal to v. Then
(9.1) Hull(A + (v),B) = Poly(C — (¢),D),
(9.2) Hull(A, B + (v)) = Poly(C — (c),D + (c)).
Proof. In each equation, the Hull is a subset of the Poly; it is sufficient to check
that each generator on the left satisfies each constraint on the right. To prove
inclusion the other way, let us suppose that x is a vector in R% which satisfies all
the constraints on the right side of the equation; that is, if ¢’ is an element of
C — (c) then (x,c¢’) = 0; if d is an element of D, then (x,d) < 0; and, in the case
of equation 9.2, (x,¢) < 0. Let
A=(x,¢)/(v,c).

Note that in the case of equation 9.2, A > 0. Then x = x’ + Av where (x,c) = 0.
It can be checked that x’ satisfies all the constraints needed to imply that

x" € Poly(C,D) = Hull(A,B);
it follows that x belongs to the Hull on the left side of the equation. O

9.2. Second case. In the second case, we need to apply Fourier-Motzkin elimina-
tion to the halfspace descriptors D. We recall Definition 4.1; after showing that
it gives us what we want, we will define a more efficient form of Fourier-Motzkin
elimination, and prove that it leads to the same result.
Proposition 9.2. Let K be a closed polyhedral convex cone in R%:

K = Hull(A,B) = Poly(C,D) ;
let v € R% be orthogonal to all the elements of C. Then

(9.3) Hull(A + (v), B) = Poly(C, FM(D,v)) .
If D™ is a list of those elements d of D such that (v,d) < 0, then
(9.4) Hull(A, B+ (v)) = Poly(C, D™ + FM(D,v)) .

Proof. Tt is more convenient to prove the equivalent statements about the polar
cone. Given
K° = Hull(C,D) = Poly(A, B),

we must prove

(9.5) Hull(C, FM(D,v)) = Poly(A + (v), B)
and
(9.6) Hull(C, D™ + FM(D,v)) = Poly(A, B+ (v)) .

We have done all the work of proving equation (9.5) in Proposition 4.2, from
which we see that

Hull(C, FM(D,v)) = Hull(C,D)Nnv

= Poly(A, B)

= Poly(A + (v),B) .

1
L

N
nv
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To prove equation (9.6), we most modify part of the reasoning of Proposition
4.2. First, the Hull is included in the Poly, because every generator of the former
is contained in the latter. To prove inclusion the other way, let

x € Poly(A,B+ (v)) ;

that is,
x € Poly(A,B) = Hull(C, D)

and also (v,x) < 0. Therefore
X:ZSiCi+Ztidi , t; >0,
i i

and also

Zti(v,di) S 0.

If n is the number of elements in D, let
P={i|1<i<n,(v,b;) >0},
M={i|l1<i<n, (v,b;) <0},
Z={i|1<i<n, (v,b;)=0}.

Also, let
Xp = Ztidi , XM = Z tid; ,
i€P ieM
Xz =Y tidi, Xo=)Y_ sic;.
icZ s

If we define Ap and Ay, by
Ap =) ti(v,d;) = (v,xp),
i€P
A=) ti(=(v,dy)) = —(v,xn)

then

If Ap =0, then xp = 0 and
X=Xc+Xpm+Xz;

all the terms belong to Hull(C, D~ + FM(D, v)).
If Ap > 0, then
X =Xco+Xp+Xz+Xpm =x"+x"

where

P
X' =x¢+Xp+Xz+ —Xum,
A

Ap

"

={1-— .
X ( A]\/j>XM

x’ € Hull(C,D) Nnv*t = Hull(C, FM(D, v))

Now
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by Proposition 4.2; and x” € Hull(O,D™). Therefore
x € Hull(C, D™ + FM(D,v)) .
O

9.3. Economized Fourier-Motzkin elimination. At this point we seem to have
convex polyhedral cones pretty well described. We understand their descriptions,
both by generators and by constraints; and we now know, in principle, how to build
up these descriptions from scratch. For instance, if we were given a set of generators
of a cone and wanted to know its description by constraints, we could find it. We
could start with the zero cone and add generators, one at a time, keeping track of
the constraints as we went. Moreover, from §6 and Propositions 8.2 and 8.4, we
know how to optimize the resulting double description. Our goal was to understand
how to compute the descriptions of convex polyhedran abd perform operations on
them, with reasonable efficiency. Have we not reached it?

No—almost, but not quite. The problem is that the process of Fourier-Motzkin
elimination is combinatorially explosive. As we remarked at the end of §4, that
process can turn n descriptors into anything up to n?/4 descriptors. For any serious
computation, we need to be able to economize here.

From Proposition 4.2, we know that the Fourier-Motzkin process, starting with
the ray generators of a cone, arrives at a set of ray generators of the intersection
of that cone with a hyperplane. We may optimize that set of generators, applying
Propositions 8.2 and 8.4. This would get rid of redundant decriptors. It would be
even better to avoid creating those redundant descriptors in the first place.

In this subsection, we prove two propositions which enable us to do just that.
Let us suppose given a cone K with a double description

D= ((Av B), (Cv D)) )
so that
K = Hull(A, B) = POly(C, D) .

Let us add a hyperplane constraint with descriptor v, and suppose that v is or-
thogonal to all the line descriptors in A. Then, by Proposition 9.2, the resulting
cone K’ has this double description:

D' = ((A7FM(B’V))7 (C + (V)v D)) ;
that is,
K' = Hull(A, FM (B, v)) = Poly(C + (v),D) .

Recall that if B = (by,...,b,,), then FM (B, v) contains those vectors by, such
that (v,by) = 0, and the vectors

b;j = (vai)bj - (Vabj)bi ) (vai) >0, (Vabj) <0.
We recall the notation o; = 0;(D) in Definition 8.1. Let us extend it by setting
Oij :{kE {1,,77/}‘(}3/ dk) :0} .

K
Lemma 9.3. Let K, D, and v be as above. Let i and j be indexes of elements of
B such that (v,b;) >0 and (v,b;) < 0. Then o;; = 0; Noj.
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Proof. First, it is easy to see that if £ € 0;No;, then k € 0;;. to prove the converse,
suppose that k € ¢;;. Then

0= (v,b;)(bj, di) — (v, b;)(bi, dk)
= (v, bi)(bj, di) + (=(v,b;)(bs;, dk)) ;

in the last expression, both summands are < 0. Since their sum is 0, each summand
must be 0, that is, £ € 0; N o;. O

Before we apply Lemma 9.3 to economizing the description of K’, we consider a
special case. If v Is orthogonal to all the descriptors in A and B then it is redundant,
and K' = K.

Proposition 9.4. Let K, D, v, K’ and D’ be as above, and assume that v is
orthogonal to all descriptors in A, but not to all descriptors in B. Let i and j be
indezes of elements of B such that (v,b;) >0 and (v,b;) <0. If

#(0; Noj) < dimaff(K) — dim lineal(K) — 2,
then by, is redundant for D’.
Proof. By Proposition 8.2, b}, is redundant if
#0;; < dimaff(K') — dimlineal(K') — 1 .
But, by Lemma 9.3, 0;; = 0; N oj; and the hypotheses on v imply that
dimaff(K') = dimaff(K) — 1, dimlineal(K’) = dim lineal(K) .
U

Proposition 9.5. Let K, D, v, K’ and D' be as above, and assume that v is
orthogonal to all descriptors in A, but not to all descriptors in B. Let ¢ and j
be indeves of elements of B such that (v,b;) > 0 and (v,b;) < 0. Then bj; is
redundant for D' if and only if o; No; C oy for some k not equal to i or j.

Proof. First, suppose that bgj is redundant. Then, by Proposition 8.4, there is an
index k, or a pair of indexes (gh) distinct from (i), such that o;; C o, or 035 C ogp.
But in the second case, o;; C 04 and o045 C op,.
Next, suppose that bgj is not redundant. We must show that, for every k €
{1,...,m} other than i and j, 0;; € ox. Consider the following cases:
L] (V, bk) =0.
In this case, by is an element of FM (B, v), so by Proposition 8.4 applied
to D', we have o;; ¢ 0.
e (v,by) >0, but k #i.
In this case, by the same Proposition, o;; € oy;, that is,

aiﬂojgzokﬂaj.

This relation easily implies o; No; € oy.
e (v,by) <0, but k # j.
This case is like the previous one, applied to o;.
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Propositions 9.4 and 9.5 suggest an efficient way to construct an economical
equivalent to F'M (B, v): construct the sets o;, and examine the intersections o;;, to
determine whether b ; will be redundant before going to the expense of constructing
it at all. The careful reader may feel misgivings about this strategy, connected
with the possibility that some of the rays constructed in FM (B, v) may be lineally
equivalent. If, for instance, b}; and by, are lineally equivalent, then testing o;; and
oy will reveal both to be redundant. Is it safe, then, to exclude both from the list
of new descriptors?

Yes. Suppose that b}; and by, are lineally equivalent, that is

(9.7) b, =Aby, +x, A>0, x¢€lineal(K).

Then both bj; and bj; can be omitted, because they are lineally equivalent to a
strictly positive combination of b}; and by, ;- Indeed, we have

1 1 1
——b); = —b; — —b;
VU5 Uj (3

o . - /
and similar equations for by, b, and bj ;. Therefore

1 ! 1 / 1 / 1 /
—Dbi; + ——by; = —by + ——by,,
V;Vj VE U ViU VgVj

which together with equation (9.7) gives the desired lineal equivalence.

10. IMPLEMENTATION NOTES

These notes accompany two Mathematica packages, “ConvexPolyhedra” and
“ConvexCones.” These packages supply functions for constructing convex poly-
hedra in R? and performing elementary operations on them. A small suite of test
programs accompanies the packages. In this section, I describe, using Mathematica-
related vocabulary, how these packages are organized.

The packages are contained in two Notebook files: ConvexPolyhedra.nb and Con-
vexCones.nb. It is assumed that these files are in a folder named Convex, which is
contained in a folder on the $Path. You can modify this assumption, if you want,
by changing the arguments of the BeginPackage commands in the two Notebooks.

“ConvexPolyhedra” defines the symbol ConvexPolyhedron, which is the Head of
any expression that denotes a convex polyhedron. Several classes of functions are
provided:

e to construct a polyhedron by giving lists of generators or lists of constraints;

e to modify a polyhedron by adding one or more generators or imposing one
or more constraints;

e to retrieve the generators and constraints that describe a polyhedron;

e to perform other transformations on a polyhedron;

e to test for containment, subset relations, or equality of polyhedra.

The contents of ConvexPolyhedra can be made available by this command:
Needs[* 'Convex'ConvexPolyhedra’"];

In these notes, we showed how to relate convex polyhedra to convex cones, and
after that worked mostly on convex cones. In the same way, the package Convex-
Polyhedra does most of its work by calling on ConvexCones. The latter package has
a similar structure to the former, with some simplifications.
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The internal structure of an expression denoting a convex cone consists of its
ambient dimension and its double description, in the form of four lists of descrip-
tors: hyperplanes, halfspaces, lines, and rays. We take advantage of the symme-
try between generators and constraints, so that adding a generator, and adding a
constraint, are both imnplemented by calling an internal function, AddDescriptor.
Functions for initializing a convex cone, or adding several generators or constraints,
make repeaded calls to this function.

AddDescriptor is central to the implementation of ConvexCones. This function
separates the problem of adding a new descriptor into three cases, just as we did in
§9. For convenience, it first takes care of the special case that the new descriptor is
redundant. Next in handles the “first case,” as in §9.1; the details are taken care of
by two calls to another internal function ShiftDescriptors. Finally, the “second case”,
as in §9.2, is handled; most of the details are in the economized Fourier-Motzkin
process, which is taken care of by the internal function FME.

Optimization is done in two functions: FME and SimplifyCone. When one tries
to optimize anything, there can be a trade-off between the quality of the result,
and the amount of work needed to achieve this result. I decided that economizing
every use of the Fourier-Motzkin process was best. It costs little, because some of
the time spent deciding which new descriptors are redundant is made up by not
computing the redundant descriptors. SimplifyCone, however, is not called within
AddDescriptor; it is called once in every publicly visible function that needs it. Each
application of AddDescriptor may make some existing descriptors redundant; but it
does not cause a combinatorial explosion of redundant new descriptors.
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