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A Geometric View of Parametric Linear Programming’
Tlan Adler? and Renato D. C. Monteiro®

Abstract. 'We present a new definition of optimality intervals for the parametric right-hand side linear
programming (parametric RHS LP) Problem ¢(1) = min{c"x|Ax = b + b, x > 0}. We then show
that an optimality interval consists either of a breakpoint or the open interval between two consecutive
breakpoints of the continuous piecewise linear convex function ¢(4). As a consequence, the optimality
intervals form a partition of the closed interval {1; |¢p(4)] < oo}. Based on these optimality intervals,
we also introduce an algorithm for solving the parametric RHS LP problem which requires an LP
solver as a subroutine. If a polynomial-time LP solver is used to implement this subroutine, we obtain
a substantial improvement on the complexity of those parametric RHS LP instances which exhibit
degeneracy. When the number of breakpoints of (1) is polynomial in terms of the size of the parametric
problem, we show that the latter can be solved in polynomial time.

Key Words. Parametric linear programming, Sensitivity analysis, Postoptimality analysis, Linear
programming.

1. Introduction. The subject of this paper is to study the parametric right-hand
side linear programming (parametric RHS LP) problem as follows:

(P,) min{cTx|Ax = b + b, x > 0},

where A is an m x n matrix and b, b, and ¢ are vectors of dimensions m, m, and
n, respectively. The parametric RHS LP problem (P,), 1 €R, consists of solving
each linear programming (LP) problem (P,) for all values of AeR (or for 4 in a
certain required interval). If ¢(/) denotes the optimal value of (P,), it is well known
that the function 1€ R — ¢(1) is a convex piecewise linear continuous function. In
view of this property, only a finite amount of information is necessary to solve
the parametric RHS LP problem. Basically, it consists of finding the “breakpoints”
of ¢(4) and an optimal solution of (P,) for all breakpoints A.

We present a way of approaching this problem which differs from the usual
method based on the simplex method. Our main motivation to look back into
this problem was the introduction of new methods for solving LP problems like
the ellipsoid method introduced by Khachiyan [7] and the new interior point
algorithm presented by Karmarkar [6].
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The existing method to solve this problem is the parametric RHS LP simplex
method which was first discussed by Gass and Saaty [5] a few years after the
simplex method was developed by Dantzig. Many textbooks describe this variant
of the simplex method. See, for instance, Dantzig [1] and Murty [9]. The theory
of sensitivity and parametric analysis both in discrete and continuous linear (and
nonlinear) optimization has been the subject of intensive research. For example,
the book by Gal [4] contains about 700 references related to sensitivity and
parametric analysis.

Both the existing theory of sensitivity and parametric analysis depends crucially
on the concept of the optimality (or characteristic) interval associated with an
optimal basis, that is, the set of values of 4 for which this basis is optimal for the
LP problem (P,).

In this paper we introduce a different definition of optimality intervals and
derive an algorithm for solving the parametric RHS LP problem which can be
implemented with the aid of any LP solver. As a first step we have to get rid of
the concept of basis and introduce another invariant associated with the problem
in order to define our optimality intervals. This is done by considering those
partitions (B, N), which we call optimal partitions, such that BUN = {1,...,n},
BAN=F and (x; >0, je N) and (4%y < ¢;, j B) are, respectively, the set of
always-active constraints with respect to the primal optimal face and the dual
optimal face of some problem (P,). We then show that an optimality interval is
either an open interval between two consecutive breakpoints of ¢(J) or consists
of a breakpoint itself. This shows that the real line is covered in a unique way
using these optimality intervals. This is in contrast with the basis optimality
intervals where even the closed interval determined by two consecutive breakpoints
of @(/) can be covered in many ways with possibly an exponential number of these
intervals.

The second step is to provide an algorithm for the parametric RHS LP problem,
based on any LP solver, that computes a sequence of optimal partitions and their
associated optimality intervals so that at the end we have covered the required
interval by these optimality intervals. The approach is the same as in the existing
pivot method which successively finds adjacent optimality intervals either going
to the left or to the right of the real line. However, our approach solves an LP
problem to find the adjacent partition and the corresponding optimality interval.

It is well known that the parametric RHS LP problem cannot be solved in
polynomial time due the existence of instances of the problem whose correspond-
ing function ¢(4) exhibits an exponential number of breakpoints. One of the main
consequences of our algorithm is an affirmative answer to the following related
computational complexity issue: Can the parametric RHS LP problem be solved
in time polynomially bounded by the size of the input and the number of
breakpoints of ¢(4)? For nondegenerate problems, the answer to this issue is rather
trivial and is provided by the parametric RHS simplex method discussed above.
For degenerate problems, we show in Section 4 that the parametric RHS LP
problem can be solved in O(kZ) where k is the number of breakpoints and Z is
the complexity of solving a single LP problem of the same dimension.

Our paper is organized as follows. In Section 2 we introduce some notation and
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review basic results related to our development in this paper. In Section 3 we
define our optimality intervals and provide a complete characterization of these
intervals. In Section 4 we describe the algorithm for the parametric RHS problem
based on any LP solver. In Section 5 we conclude the paper with some remarks.

2. Problem Description and Some Theoretical Background. In this section we
introduce the class of problems with which this paper is concerned. We also review
some results pertinent to the present work.

2.1. Preliminary Notations. R" R",and R" , denotes the sets of n-vectors with
reals components, nonnegative reals components, and (strictly) positive reals
components, respectively. Let A be an m x n matrix. Given a subset B of the index
set {1,...,n}, we denote by A4y the submatrix of 4 associated with the index set
B. Also, the subspace generated by the columns of 4 is denoted by range(A4). The
ith row and jth column of 4 is denoted by A; and A, respectively. A closed
interval in R with extreme points « and f is denoted by [«, ] even when either
o= —oo or = o0. The closure of a set X = R” is denoted by cl X. R denotes
the set of extended reals, that is, R = R U {~ 00, o0}.

2.2. True Inequalities. Consider a polyhedron Q = R” thatis, Q = {xeR"|Ax <
b; Cx = d}. The system of linear constraints Ax < b, Cx = d is then said to be
a representation of Q. A subset F of Q is a face of Q if either F = {f or F is the
set of optimal solutions for min{c"x|xe Q} for some ceR". We say that an
inequality ax < § of the system Ax < b is a true inequality for the face F if ax < §
for some x € F. When the face F is the whole polyhedron {x|4x < b, Cx = d}, the
set of true inequalities for the face F is referred to simply as the set of true
inequalities for the system Ax < b, Cx =d. Let A’x < b’ be the true inequalities
for the face F and A"x < b” be the other inequalities from Ax < b. It can be shown
(see, for example, Section 8.3 of [10]) that

@.1) F={xeR|Ax<V; A"x =b"; Cx = d).

The following observation easily follows from (2.1) and the definition of true
inequalities.

ReMARK 2.1. Let F and F' be two faces of the polyhedron Q. Then F < F' if and
only if every true inequality for F is also a true inequality for F'.

The following result will be useful later and can be easily proved.

PROPOSITION 2.1.  Let the face F and the matrices A’, A", and C be as above and

let f € R" be given. Then the linear function x — fTx is constant on F if and only if
[ erange[(AT, CT].



164 1. Adler and R. D. C. Monteiro

2.3. Optimal Partitions. Consider the LP problem in standard form
(P) min{c"x|Ax = b; x > 0}

and its dual

(D) max{bTy| ATy < c},

where A4 is an m x n matrix, ¢ is an n-vector, and b is an m-vector. Let X* and
Y* denote the set of optimal solutions of problems (P) and (D), respectively.
Assume that X* (and consequently Y*) is nonempty. Clearly, X* (resp. Y*) is a
face of the polyhedron of feasible solutions for problem (P) (resp. (D)). Let the
inequalities x; >0 with je B< {1,...,n} and the inequalities ALy < ¢; with
jeN = {1,...,n} be the set of true inequalities for the faces X* and Y*, respec-
tively. This is equivalent to saying that

2.2) B = {jlx; >0 for some xe X* and j = 1,..., n},
(2.3) N = {jl¢;— A%y >0 for some ye Y* and j = 1,..., n}.

We then have the following well-known resuit.

PROPOSITION 2.2. Assume that X* is nonempty and let B< {l,...,n} and
N<{l,...,n} be as in (2.2) and (2.3). Then BAN = ZFand BUN = {1,..., n}.

The pair of index sets (B, N) then determines a partition of the index set
{1,...,n}. We refer to (B, N) as the optimal partition associated with problem (P).
For a proof of Proposition 2.2, see, for example, Section 7.9 of [10]. In terms of
the partition (B, N), the optimal faces X* and Y* can be written as

X* = {x|Agxy = b; xp = 0; xy = 0},

Y* = {y|AfFy = cp; Ayy <y}

2.4. Description of the Parametric RHS LP Problem and Related Preliminary
Results.  In this subsection we introduce the problem which is the object of our
analysis in this paper.

Consider the parametrized family of LP problems in standard form
(P,) min{c’x|Ax = b + 1b; x = 0}
and the corresponding parametrized family of dual problems

(D) max{(b + b)Ty|4Ty < ¢},

where b, b are m-vectors, ¢ is an n-vector, A is an m x n matrix, and AeR.
Solving (P,) for all 1 € R is known as the parametric RHS LP problem. We denote
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the optimal value of (P,) by @(4) with the convention that ¢(4) = o if (P,) is
infeasible and ¢(A) = — oo if (P,) is feasible and unbounded. With this convention,
we then obtain an extended convex function ¢: R — R, that is, a function taking
values on R and whose epigraph epi ¢ = {(x, )€ R" x R|0 > ¢(x)} is a convex set
(see Proposition 2.3 below).

The next proposition characterizes the “shape” of the function ¢.

ProrosiTioN 2.3.  There exists a closed interval [, §] (possibly empty) such that:

(@) o(d) = <o for all 1¢[a, f]. :
(b) Either @(1) = — o0 for all Ae[o, f] or o([a, f1) = R and in this case ¢|[a, f]
is a continuous convex piecewise linear function.

For a proof of Proposition 2.3, see, for example, Theorem 8.3, p. 288, of [9].
The cases in which either [, §] is empty or (1) = —co for all 1€ [a, f] present
no difficulty to our analysis. Henceforth, we make the following assumption.

AssUMPTION 2.1.  [a, B] is nonempty and ¢(1) eR for all A€ [a, f].

In view of Assumption 2.1, there exists a finite set of points o = 2, < 4; <
-+ < & = B and real constants g;, h;, i€ {1,..., k}, such that ¢(4) = g;4 + h; for
all 2e[4;_4, 4,}. The convexity of ¢ implies that g, < g, < - < g,. Obviously, ¢
has left and right derivatives for all 2 € [o, f]. Indeed, forallie {1,..., k}, ¢'() = g;
ifAe(A;_q, 4), 0 (A1) = g:, and ¢'_(4;) = g;. By convention, if « (resp. f) is finite,
we let ¢ () = — oo (resp. ¢, (f) = o).

Throughout this paper we let X(4) and Y(2), where A € [«, §], denote the primal
and dual optimal faces for problems (P;) and (D), respectively. Also (B(4), N(1))
denotes the optimal partition associated with problem (P;) where A e[, f].

The next proposition expresses the left and right derivatives of the function ¢
in terms of certain LP problems.

ProPOSITION 2.4.  For any A€ [a, f], the left and right derivatives ¢'_(1) and ¢'.(4)
are given by

¢"(4) = min{b"y|y e Y(A)},
@, (4) = max{bTy|ye Y(A)},

For a proof of Proposition 2.4, see, for example, Theorem 8.2, p. 288, of [9].

3. Characterization of Optimality Sets of Optimal Partitions. The existing theory
of sensitivity and parametric analysis depends crucially on the concept of the
optimality (or characteristic) interval associated with an optimal basis, that is, a
basis which is primal and dual feasible for some problem (P,) where e [a, §]. In
this case, the optimality set of an optimal basis is defined to be the set of all
i€ [a, B] for which such basis is optimal for the LP problem (P,). Hence, this



166 1. Adler and R. D. C. Monteiro

theory studies the invariance of the optimality of a basis with respect to change
on the parameter 1. Instead, our analysis is based on the optimality set of an
optimal partition. In this section we introduce and characterize the optimality set
of an optimal partition. We also present some results relating “adjacent” optimal
partitions.

We start by defining the optimality set of an optimal partition. Let (B, N) =
(B(A*¥), N(4*)) be an optimal partition associated with (P,.) where A* € [, ff]. The
optimality set of (B, N) is the set defined as

A(B, N) = {A|(B(®), N(1)) = (B, N)}.
We also consider the set associated with the optimal partition (B, N) as follows:

A(B,N) = {A|B()) < B}
= {AIN() 2 N}

Note that A(B, N) < A(B, N). Note also that there are a finite number of
optimality sets, one for each distinct optimal partition that appears in [«, f].
Moreover, these optimality sets form a partition of [«, f]. Using Remark 2.1, we
can easily present equivalent definitions of the sets A(B, N) and A(B, N) in terms
of the dual optimal faces Y(4) as follows:

A(B, N) = {A]Y(}) = Y(A%)},

(3.1 _ )
AB, N) = {A]Y(}) =2 Y(4%)},
where we recall that A* is such that (B, N) = (B(A*), N(A*)).
Our main result, the characterization of the optimality sets, is given in the
following theorem.

THEOREM 3.1. Let (B, N) = (B(A¥), N(A*)) for A* €[a, f]. Then:

(a) If A* = A, for some i€ {0,1,...,k}, that is, A* is a breakpoint of ¢(7), then
A(B, N) = A(B, N) = {A*}. ~

(b) If i* € (A;—y, A) for some ie {1,..., k}, then A(B, N) = (4;_1, 4;) and A(B, N) =
[;“i~15 j'l]

In order to prove Theorem 3.1, we proceed as follows. Consider an optimal
partition (B, N) = (B(4), N(4)) for some 4 € [, f]. First, we show that the optimality
sets A(B, N) and A(B, N) can be expressed as linear projections of certain poly-
hedral sets (Lemma 3.1). This fact immediately implies that A(B, N) and A(B, N)
are intervals which, in Lemma 3.2, are characterized by a certain algebraic
condition on Ay and b. In view of this result, from now on we refer to the
optimality sets A(B, N) as optimality intervals. Finally, we show in Lemma 3.3
that this algebraic condition is related to the condition that 4 be a breakpoint,
Theorem 3.1 then follows from these three lemmas.
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We now introduce new sets as follows. For B< {l,....,n} and N =
{1,...,n} — B, let

Xy(4) = {xeR"Ax = b + Ab; x3 > 0; xy = 0},
Xp(h) = {xeR"Ax = b + 1b; x5 = 0; xy = 0},
I(B) = {11 X 4(1) # &},
I(B) = {1 X5(1) # &},
Y = {yeR"[Apy = cp; Ay < cn}.

An equivalent definition of the sets I'(B) and I'(B) which we use later is as
follows. Let 7: R x R" — R denote the projection n{4, x) = 4, (4, x)eR x R” and
consider the sets Qp and Qp as follows:

Qp= {4 x)eR x R"|Agxy — b = b, x5 > 0, xy = 0},
Op={(4 x)eR x R"|Agxy — b = b, x5 > 0, xy = 0}.

Then the sets I'(B) and T'(B) are the projection sets n(Qp) and n(Q5), respectively.
The following lemma relates the projection sets T'(B) and I'(B) to the sets A(B, N)
and A(B, N), N = {1,...,n} — B, when (B, N) is an optimal partition.

LemMA 3.1.  Let (B, N) = (B(4*), N(4¥)) for some A* € [a, B]. Then:

(a) A(B, N) = T(B).
(b) A(B, N) = T(B).
(c) X(A) = X5(4) for all 2 eT(B) (and hence for all ). A(B, N)).

Proor. Note first that Proposition 2.2 easily implies that (B, N) = (B(1), N{(4)) if
and only if X (1) # & and Y # . Clearly, Yz # & since (B, N) = (B(A*), N(1*))
by assumption. These two observations imply (a). We next show (b) and (c). By
complementary slackness. condition, Xy(1) # & implies Y3 < Y(4) which implies
that X(4) = X z(4). This shows (c). Clearly, (c) implies that B(4) < B for all A e T\(B).
Hence, T'(B) < A(B, N). The inclusion T'(B) 2 A(B, N) is immediate since B(4) < B
implies J # X(1) = X 5,(4) < X y(4). Hence (b) follows. O

LEMMA 3.2. Let B < {1,...,n} be given. Assume that T'(B) # (J and let ;* € T'(B).
Then:

(a) T(B) = {A*} if and only if b ¢ range(Ap).
(b) T'(B) is an open interval (containing 1*) if and only if b € range(Ap).
(©) T(B) = cl(T(B)).

Proor. Consider the sets Qp and @ and the projection n(4, x) = x mentioned
before the statement of Lemma 3.1. We know that n(Qp) = ['(B) and n(Q,) = I\(B).
Since both Qp and Qjp are convex sets and n is linear, it follows that both I'(B)
and T'(B) are convex sets and hence intervals. We first show (c). Clearly, since
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Qg # &, we have Qg = cl Qp. Since © is continuous, this implies that T(B) =
(Qp) < cl n(Qp) = ¢l T(B). Next, observe that I'(B) is closed since Q0 is a poly-
hedron and =(Q) = I'(B). Since ['(B) = I'(B), it follows that cl I'(B) = I'(B). Hence
(c) follows. We next show (a) and (b). Assume first that b ¢ range(4,). We will show
that T'(B) = {A*}. Indeed, since A*eI'(B), we have b + J*berange(Ay). Since
b ¢ range(A ), we can easily see that b + 1b ¢ range(Ay) for any 1 # 2*. Therefore,
Xp(7) = & for any A # A* which implies that T'(B) = {4*}. Assume next that
b € range(Ag). We will show that I'(B) is open and hence an open interval. Indeed,
let AeT(B). Then we have Agxz=b+ b for some xzeRIPl. Also, since
berange(Ay), we have Agzu=>h for some ucR'®. Since Xz + fu> 0 for all
sufficiently small real number 6 and Ag(xz + 6u) = b + (Z + 0)b, it follows that
1 + 0 eT(B) for all sufficiently small 8. We have thus shown that any 1 € I'(B) has
a neighborhood contained in I'(B). Hence, I'(B) is an open interval. This completes
the proof of (a) and (b). |

LemMMA 3.3.  The point A€o, f] is a breakpoint of ¢(4), that is, A = 4, for some
i€{0,1,...,k} if and only if b ¢ range(Ag) where B = B(J).

Proor. Let B = B(4) and N = N(2). Clearly, A€ [a, §] is a breakpoint of ¢(2) if
and only if ¢'.(4) > ¢".(1). By Proposition 2.4, the condition ¢, (1) > ¢'_(4) is
equivalent to the condition that the linear function y — b7y is not constant on the
optimal face Y(J) = {y|Afy = cs; ANy <cy}. Since, by definition, the true
equalities for the face Y(4) are the inequalities of the system Ay y < cy, it follows
from Proposition 2.1 that y — b7y is not constant on Y(4) if and only if
b ¢ range(Ap). Therefore, the result follows. O

We are now in a position to prove Theorem 3.1.

Proor oF THEOREM 3.1. Statement (a) follows immediately from statements (a)
and (b) of Lemma 3.1, statements (a) and (c) of Lemma 3.2, and from Lemma 3.3.
We next show (b). We first show that A(B, N) < [4;_, 4;]. By Proposition 2.3, it
is enough to show that ¢(4) is affine linear on A(B, N). Indeed, consider an arbitrary
point y in Y(1*). From (3.1), it follows that ye Y(4) for all A e A(B, N). Hence,
@A) = (b + ib)Ty for all A& A(B, N) which proves our claim. By (a) of Lemma 3.1,
(b) of Lemma 3.2, and Lemma 3.3, we know that A(B, N) is an open interval, say
(y, 8). Since A(B, N) < [4;_y, 4], we have (3, 8) = (4;_, 4;). We next show that
y = A;_,. Consider the optimality interval A(y) = A(B(y), N(y)). Clearly, A(y) is not
an open interval since otherwise A(B, N) N A(y) # & which is a contradiction.
Therefore, we must have y = 1;_, since otherwise we would have y e (4;_, 4;) and
by the arguments above A(y) would be an open interval. The proof that 6 = 4, is
analogous. Hence A(B, N) = (4;_1, 4;). From (b) of Lemma 3.1 and (c) of Lemma
3.2, it follows that A(B, N) = [4;_, 4] O

Theorem 3.1 has a number of consequences which we now point out.

COROLLARY 3.1. Forie{l,...,k},all Y(A), B(2), and N(A) with A€ (;_,, 4;) do not
change.
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Proor. Immediate from Theorem 3.1. O

Henceforth, for all Ae(4;_,, /), we denote the dual optimal faces Y(2) and the
index sets B(A) and N(J) by Y, B, and N;, respectively (i€ {1,..., k}). Another
consequence is the following.

CoroLLARY 3.2. Forie{l,..., k}, we have:

(@) B(4;_,) and B(1}) is contained in B; properly.

(b) N(;_,) and N(i;) contain N, properly.

(c) Y(A;_,) and Y(4;) contain Y, properly.

) Y() N Y(i) = & for alli,je{0,1,...,k} with |i — j| = 2.
© Y )oYh) =Y

() All dual optimal faces Y, ie {1,..., k}, are disjoint.

Proor. Clearly, statements (a), (b), and (c) are equivalent and they follow directly
from Theorem 3.1 and the definition of the sets A(B, N} and A(B, N). We next
show (d). We may assume without loss of generality that A; < 4;. First observe that

o) — @ 2 Gilhey — A) > Giva Z (Ae1 = A) = Gip1(A; — A

I=it+1 I=i+1

To show (d), let y € Y(4,) be given. Then ¢(4) = bTy + 4; bTy and, by Proposition
2.4, we also have g;, , > b”y. Hence,

@(A5) > @A) + Gia1(A; — A) = (BTy + A:DTy) + (BT yNA; — 4) = bTy + 4;b7y,

which implies that y¢ Y(4;). Thus, Y(4)n Y(4;) = ¢ and (d) follows. We next
show (e). Clearly, by (¢), Y(4;,_1) n Y(4,) 2 Y;. To show that Y(J,_ ) n Y(}) € Y,
let ye Y(J;_,) 0 Y(1) be given. Then @(i;_,) = by + 4, b7y and () = bTy +
4;b"y. Since ¢(2) is affine linear on [4;_ ;, 4.}, we can easily show that o(1) = bTy +
Ab"y and hence that ye Y(J) for any Ae(4,_,, 4). Since Y, = Y(J) for Le(4,_,, 4,),
we have ye Y; and (e} follows. Statement (f) follows immediately from statements
(c) and (d). O

It follows from (a) of Corollary 3.2 that B(4;_,) u B(4;) < B; for ie{l,..., k}.
We leave the reader to verify that this inclusion may be proper for certain instances.

Yet another consequence of Theorem 3.1 is the following condition on the primal
optimal faces X(A).

CoOROLLARY 3.3. Forallie{l,...,k} and ye[0, 1], we have
(1 = P)X(Ai- ) + vX(4) € XA = p)Ai-q + 4.

Proor. Let x'"'eX(4;-,) and x‘eX(1). Let x(y)=(1 —y)x'~!+ yx' for
7€ [0, 1]. Clearly, x(y) is a feasible solution for problem (P,) with A = (1 — y)A,_, +
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y4;. Moreover, if we let h(y) = c"x(y), we have that h(0) = ¢(4;_,), k(1) = ¢(1,) and,
since both h and ¢ are affine functions on [4;_;, 4], we must have h(y) =
o((1 =)y +y4) for all ye[0,1]. Hence, x(y)e X(1 — y)4i_; + y4) for all
ye[0, 1] and the result follows. ]

Corollary 3.3 ensures that if we know optimal solutions corresponding to two
consecutive breakpoints, then we can determine optimal solutions corresponding
to any 4 between these breakpoints.

Finally, we briefly comment on the similarities and differences between the
results above and the existing theory of parametric RHS LP. Recall that the key
to the analysis of the parametric RHS LP problem in the existing theory is A(B, N)
where B is assumed to be a primal-dual basic vector with respect to (P;) for some
iela, f] and N ={1,...,n} — B. In particular, it has been shown (see, for
example Chapter 8 of [9]) that there exists a sequence of adjacent basic vectors
B,,...,B and points a = I, < A, < - < J,_; < 4, = f such that

AB,NYnAB,  N,.)={L}, i=1..,1—1,
i
U K(Eia 1\71) = [Oﬂ, ﬁ]s

where N, = {1,.. — B, forie{l,...,1}. Indeed, under primal and dual non-
degeneracy, the sequence of numbers A and the pair of index sets (B;, N;) above
are uniquely determined and they are prec1se1y the sequence of numbers 4; and
the optimal partitions B;, respectively, as described in the results above. The
differences between the two theories stem from the presence of primal and/or dual
degeneracies in the parametric RHS LP problem (P;), 1€R. In fact, while the
partitions (B;, N;) and (B(4;), N{4)) as described above are uniquely defined, the
sequence of adjacent primal-dual basic vectors B;, ie[l,...,[], are no longer
uniquely defined. Actually, it is possible to have a subsequence of intervals A(5))
consisting of the same point (breakpoint) or a subsequence of these intervals
covering an interval between two consecutive breakpoints. The significance of
these differences will become more apparent in the discussion at the end of
Section 4.

4. An Algorithm for the Parametric RHS LP Problem. In this section we present
an algorithm for the parametric RHS LP problem. During the run of the algo-
rithm, a sequence of LP problems is generated in such a way that the solution of
one problem determines the next one to be solved. By solving this sequence of LP
problems, we also obtain the solution to the given parametric RHS LP problem.
As in the parametric RHS LP pivot algorithm, given a parameter A* € [«, f] (see
Proposition 2.3), the algorithm looks for the breakpoints of ¢(4) first in one side
of 2* and then in the other side of A*.
By solving the parametric RHS LP problem, we mean:

(1) Find « and § satisfying the conditions of Proposition 2.3.
(2) Determine whether ¢([«, f]) = {—co}. If so, the solution to the parametric
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RHS LP problem is completely specified and we stop. Otherwise, we have
o([a, B]) < R and we continue to find the following additional information:

(a) the breakpoints o = 1, < 1; < -+ < A, = § of the function ¢(1);

(b) the slopes g; such that g; = ¢'(}) for Ae(4; 1, A), i€ {l,..., k};

{c) the optimal partitions (B;, N;} such that (B;, N;) = (B(A), N(4)) for A€ (4;_1,
), ief{l,. .. k};

(d) the optimal partitions (B(4;), N(4)) for i€ {0, 1,..., k};

() x'e X(4,) for ie{0,1,..., k};

() y'eY forie{l,..., k}.

If we are interested in just finding the values ¢(A) for all A€ [«, f], all we need
is (a) and (b) together with the value @(4*) for some A* € [«, f]. Points in the sets
X(4) and Y(4) for all 1e[a, f] can be obtained from information (e) and (f) by
using the results of Corollaries 3.2 and 3.3.

In order to construct an algorithm that produces the required information, we
present below some results which are consequences of the theory developed in
Section 3.

As a consequence of Theorem 3.1 and the lemmas preceding it, we have the
following observation. Given the optimal partition (B;, N,), ie {1,..., k}, we may
compute the optimality interval A(B;, N;) = (4,_,, 4;) by solving the following LP
problems:

(BRFin) Ay = min{A|Apxp — b = b; x5 > 0},
(BRP) 4y = max{A|Agxy — Ab = b; xz > 0}.

We may also compute the index sets B(4;_,) and B(4,) by using ‘the following
corollary of Theorem 3.1 and Lemma 3.1.

CoROLLARY 4.1.  The index set B(1;_,) (resp. B(4,)} is the set of all indices je B;
such that x;>0 is a true inequality for the optimal face of problem (BR™™)
{resp. (BR™)).

Proor. From (c) of Lemma 3.1 and the fact that A,_,, A;€ A(B;, N,), the optimal
faces of problems (BR{™") and (BR™) are respectively

optimal face of (BR™™) = {xg|x € X(4;_ 1)} % {A:i_1},
optimal face of (BR™) = {xz|x € X(4,)} x {4},

from which the result easily follows. ]

Let A;, ie{1,..., k}, be a breakpoint of ¢(4) and consider the two LP problems
(see Proposition 2.4} as follows: '

(SLM™) min{l;TyI ye Y()Li)} = min{ETy|A£ui)y = Cp(ay> AI(I(A,-).V < CN(A,-)}’
(SLF™) max{ETylye Y(4)} = max{ETy|A§ui)y = Cpay> AIC(l,—)y = CN(A,-)}'



172 1. Adler and R. D. C. Monteiro
We then have the following result.

THEOREM 4.1.  The optimal faces of problems (SL™") and (SL™*) are equal to the
optimal faces Y, and Y, 4, respectively.

ProoF. Let Y; denote the optimal face of (SL®™). To show that ¥, = ¥;, we only

1

need to show that ¥; = Y(4) for some Ae(4;_,, 4;). First note that since (1) is
affine linear on [4;_,, 4], we have
(4 = o(4) + (4 — A)¢'(A)
= @A) + (A — A)g;

for any 1 & (4;_,, 4;). We first show that Y, < Y(A). Let § € ¥, be given. Then j e Y(4))
and b") = g, by Proposition 2.4. Therefore,

(4.1)

b+ D75 = (b + LD + (4 — AT
= @(4) + (A — A)g; = o(4),

which implies that je Y(1). We next show that Y(/) = Y.. Let j€Y(A). Then
$ e Y(4,) by Corollary 3.2 and (b + 1b)"§ = @(4). Therefore,
bTH = [(b + 2B)" — (b + L:D)"FA — 4)
= [p(4) — (A2 — 1) = g;.

Since, by Proposition 2.4, g; is the optimal value of (SL{™™), if follows that j e Y.
We have thus shown that Y, = Y,. The proof that the optimal face of (SL{™*) is
equal to Y;, , is analogous. O

As a consequence of the previous result, we have the following corollary.

COROLLARY 4.2.  The set of true inequalities for the optimal face of problem (SL™™)
(resp. (SL™) is the set of all inequalities ALy < c; with je B; (resp. j € B; ).

Proor. Immediate from Theorem 4.1. O
Using the results above, we are now in a position to construct an algorithm to

solve the parametric RHS LP problem (P,), A€ R. The basis for this algorithm is

an oracle, which for brevity we call Oracle A, for the following strong version of

the LP problem.

ORACLE A. Given the following LP problem,

(P) min{c"x|Ax < b; Cx = d},

decide if (P) is infeasible, unbounded, or finite. If (P) is finite, find the set of true

inequalities 4’x < b’ for the optimal face of (P) and a pair of primal and dual
optimal solutions for (P).
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Clearly, if we provide as input to Oracle A any of the problems (P,) with
4e[a, B, as in Section 2, we obtain the optimal partition (B(4), N(A)). We discuss
later how to implement such an oracle based on any LP solver.

We now describe the parametric RHS LP algorithm based on the results
presented above. Assume that we have solved problem (P;) for some Ae[«, f],
say A = A*. Determine if A* is a breakpoint by checking whether b € range(A4 ;).
For simplicity, assume that 1* is not a breakpoint and hence that 2*e(4;_, 4)
for some ie {1,..., k}. We describe how to find the necessary information to the
right of A*, that is, for all values Ae[A*, f]. Clearly, 4; can be determined as
J; = max{A|Agxy — b = b; xz >0}, where (B,N)=(B;, N))=(B(}*), N(*).
Moreover, by Corollary 4.1, the set of true inequalities for the optimal face of this
LP subproblem determines the optimal partition (B(4;), N(4))). At the breakpoint
A;, it follows from Proposition 2.4 that we can compute the slope g;,, as
giv1 = max{bTy|ALy = cp; ALy < cy} where now (B, N) = (B(J,), N(4;)). More-
over, by Corollary 4.2, the set of true inequalities for the optimal face of this LP
subproblem determines the optimal partition (B;, ;, N;, ;). We are now in the same
position as at the start and, by repeating the cycle described above, the breakpoints
Ais .-, 4 and the slopes ¢;, 1, ..., g, will be determined consecutively. Note that
the sequence of subproblems that are solved consecutively is (according to the
notation adopted previously) (BR™), (SL™*), (BRF ), (SLF), ..., (BRP™), and
(SLP™). The information to the left of 1* can be found in a similar way by using
a suitable sequence of LP subproblems in minimization form, more specificaily
the sequence (BRF®), (SLM9), (BRF), (SLFT), ..., (BRTM), and (SLT"), The
situation for the case in which A* is a breakpoint is very similar to the one above
and therefore the details are omitted.

We next discuss how we can implement Oracle A. Toward this end, we first
state a result presented in [3] which shows how to identify the set of true
inequalities of a system of linear constraints by solving exactly one LP problem.
Consider the following system of linear constraints:

4.2) Ax<b, Cx=d,

where AeR™", CeR?*" beR™ and deRP and consider the following LP
problem associated with (4.2):

maximize e’y
subjectto Ax + u — ba <0,
4.3) Cx —ad=0,
0<ucx<e,
=1,
where the variables are xe R"”, ue R™, and a e R, and ec R™ is the vector of all

ones. Note that if problem (4.3) is feasible then it is finite. We can state the result
as follows.
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ProrosiTiON 4.1 [3].  The system (4.2) is feasible if and only if the LP problem
(4.3) is feasible (and hence finite). In this case, any optimal solution (%, i, &) of (4.3)
satisfies

. 1 if the ith inequality of Ax < b is a true inequality of (4.2),
"0 otherwise.

Furthermore, X/8 is in the relative interior of the polyhedron defined by (4.2).

Hence, an optimal solution of (4.3) completely determines the set of true
inequalities of (4.2). For further discussion on how to identify the set of true
inequalities of a linear constraint system see the brief note by Freund et al. [3].
Using the previous proposition, we can now discuss two approaches to implement
Oracle A.

ApproAcH 1. Solve the LP problem (P) and let 6* denote the optimal value of
(P). Next, apply the result of Proposition 4.1 to obtain the set of true inequalities
of Ax < b, Cx = d, and ¢Tx = 0*. The resulting true inequalities are exactly the
true inequalities for the optimal face of problem (P).

ApPROACH 2. Combine both the primal and dual problems to obtain an equi-
valent feasiblity problem in the form of a linear constraint system and apply the
result of Proposition 4.1 to determine the true inequalities of this system. Those
inequalities of Ax < b that are true inequalities for the above system are exactly
the true inequalities for the optimal face of problem (P).

As a consequence of the above discussion, we obtain the following complexity
result.

THEOREM 4.2. If there are k breakpoints in the piecewise linear function @(A)
(describing the optimal objective value as a function of the single parameter A for the
right-hand side vector), then the complexity of generating the entire function and the
optimal faces is O(kZ) where Z is the complexity of solving a single LP of the same
dimension.

Assume that the data of the parametric RHS LP problem is rational and let L
denote the size of the problem, that is, the number of bits required to represent
the data of the problem. It has been shown in [8] that there exists a class of
parametric problems with a constraint matrix of dimension n x 2n (n =1,2,..))
for which O(L) = n and the number of breakpoints k of ¢(4) is exponential in n.
Hence, the parametric RHS LP problem clearly cannot be solved in a time
bounded by a polynomial function of n and L. However, if k, the number of
breakpoints of ¢(4), is bounded by a polynomial function of L and n, then it follows
from Theorem 4.2 and the existence of polynomial algorithms for solving LP
problems that the parametric RHS LP problem (4.1) can be solved in polynomial
time. The above result is clearly an improvement over the complexity of the based
simplex algorithm for the parametric RHS LP problem. Roughly speaking, the
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sequence of basic vectors generated by the parametric RHS LP simplex algorithm
can be viewed as solving alternately the LP problems (BR™) (or (BR™")) and
(SL™%) (or (SL™n)). However, this algorithm may generate an exponential number
of basic vectors to solve any one of these LP problems which is a property shared
by some variants of the simplex algorithm. It is exactly under these circumstances
that our parametric RHS LP algorithm may show substantial complexity improve-
ment if Oracle A is implemented via a polynomial-time LP algorithm to solve the
LP problems (BR®*) (or (BRF™) and (SLF*) (or (SLP™)).

5. Remarks. In this section we provide some remarks as follows.

(1) Both of the approaches mentioned above to implement Oracle A have
practical drawbacks. The first one involves solving two LP problems while the
second one combines two LP problems into a larger one. We believe that a more
promising approach is to solve the given LP problem by an interior-point method
and be able to determine the set of true inequalities for the optimal face upon
termination of the algorithm. This belief is justified by the fact that some
interior-point methods are guaranteed to generate a sequence of interior points
converging to (or accumulating at) some interior point in the relative interior of
the optimal face of the LP problem. Interior-point path-following algorithms using
short step size can be shown to satisfy this property. However, the assumption of
using short step size is still very restrictive and most of the algorithms implemented
in practice use long step size. In [2], an interior-point algorithm, known as the
affine-scaling algorithm, which uses long step size, was shown to converge to the
relative interior of the optimal face under primal nondegeneracy assumption.

(2) 1t should be noted that the knowledge of the optimal partition (B, N) of an
LP provides extra information on the nature of the set of all optimal solutions.
We believe that this extra information can be valuable for LP practitioners and
should be a welcomed addition to the analysis of any parametric RHS LP problem.

(3) It is easy to see that under primal-dual nondegeneracy the following
statements are true:

(a) X(4) is a singleton consisting of a vertex of the polyhedron {x|Ax = b + b,
x> 0} for all 1e[a, B1.

(b) Y(4) is a singleton consisting of a vertex of the polyhedron { y]ATy <c} for
any Le(d;_, 4) and ie{l,...,k} and Y(1) is an edge of the polyhedron
{y|ATy < ¢} for any A€ {4,, ).1, s Mt

(c) B; is the unique primal-dual feasible basic vector associated with the vertex
Y(4) for any Ae(4;_y, 4)and ie {1,..., k}.

Thus, under primal and dual nondegeneracy, the LP problems (BR™*) (or
(BRr™) and (SL) (or (SLP") can be solved trivially as follows. Solving the LP
problem (BR{™") and (BR™®) in this case means finding the optimality interval for
the basic vector B; which can be easily computed by using a ratio test procedure
(see, for example, Chapter 8 of [9]) in O(n) arithmetic operations. The LP problems
(SL™") and (SL™™) in this case involves minimizing a linear function over an edge
of the polyhedron {y|A”y < ¢}. Thus, this LP problem can be easily solved by
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means of a pivot step (in O(n?) arithmetic operations) which is exactly the step
performed by the parametric RHS LP simplex algorithm.

Hence, under primal and dual nondegeneracy, both approaches execute the
same steps to cover the interval [o, f].
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