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1 Introduction

In this tutorial, we shall discuss the problems of Linear Programming and Integer Programming, within the
framework of Matrix Games.

We shall discuss 2 algorithms for Linear Programming, viz., the Fourier-Motzkin (FM) elimination procedure
and the Simplex method.

The FM procedure which was developed by Fourier [Fou24] and rediscovered by Motzkin [DE73] is a incremen-
tal, elegant procedure that works well when either the constraint system has a small dimension (2 or 3) or it has
at most 2 non-zero variables per row [HN94]. However, in general, it is not a practical algorithm for moderate
sized problems, which lack the above properties.

The Simplex method was developed by George B. Dantzig in 1947 and to date, is one of the most popular
schemes for implementing linear programming models. Although, based on a number of simple observations,
understanding the details of the algorithm requires a certain amount of mathematical maturity.

The pedagogical material for this tutorial has been taken in part from [IC93], [BJ77], [Sch87], [GLS88], [Sub03]
and [Sub].

This tutorial has been organized into 4 sessions. The first 2 sessions will be held on August 12, while the
remaining 2 sesssions will be held on August 13.

The topics covered in Session I are as follows:

1. Introduction to Linear Programming and Integer Programming.
2. The Fourier Motzkin elimination Procedure.

3. The Simplex Algorithm.

In Session II, the following topics will be covered:

1. The Simplex Algorithm (contd.)

2. Introduction to Quantified Linear Programming.

3. A decision procedure for deciding Quantified Linear Programs.
4. Proof of Correctness.

Session 1T will be concerned with the following topics:

1. Proof of Correctness (Contd.)

2. Analysis.

*This tutorial was funded in part by Aalborg Universitet, where the instructor was supported by a CISS Faculty Fellowship.
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. Oblivious and Clairvoyant games.

In Session IV, we shall cover the following topics:

1.
2.

RANEE

Introduction to Quantified Integer Programming.

Total Unimodularity of the Constraint matrix.

Introduction to Linear Programming and Integer Programming

Definition.

Decision Variables, Constraints, feasibility region.
The Diet problem.

The Min-Cost Flow problem.

The Matchbox problem (Exercise) - A company manufactures 2 types of matchboxes, say 77 and T». Selling
a unit of T} nets a profit of $10, while a unit of T5 nets a profit of $15. Each matchbox goes through a
cutting process and a labeling process. A unit of T7 requires 2 hours of cutting and an hour of labeling,
whereas a unit of T5 requires 1 hours of cutting and 2 hours of labeling. The company can support at most
10 hours of labeling and at most 10 hours of cutting hours, per week. Due to contractual obligations, the
company must make at least 3 units of T per week. What is the optimal product mix for the company?
Solution: z = 83%7 3% units of 77 and 3% units of 1.

The Clausal Satisfiability problem.

The Graphical Method

min z = 2z + dxg

s.t.
1+ 22 >6
—r1 — 219 > —18
x1, T2 >0

Solution: 1 =6, 2o =0, z = 12.

max z = x1 + 32
s.t.

1+ 22 <6

—x1 + 229 <8

T1,x2 > 0.

Solution: z; = %, To = %, z = 15%.

This method can be used for the case only when the number of variables is 2 or 3.
Possible events in any linear program:

1

2
3
4

. Unique optimum.
. Alternative optima.
. Unbounded optimum.

. Empty feasible region.



3 Fourier-Motzkin Elimination

The Fourier-Motzkin elimination procedure is an elegant, syntactic, variable elimination scheme to solve constraint
systems that are comprised of linear inequalities. It was discovered initially by Fourier [Fou24] and later by
Motzkin [DE73], who used it to solve general purpose Linear programs.

The key idea in the elimination procedure is that a constraint system in n variables ( i.e. R™ ), can be
projected onto a space of n — 1 variables (i.e. R"~! ), without altering the solution space. In other words,
polyhedral projection of a constraint set is solution preserving. This idea is applied recursively, till we are left
with a single variable ( say x1 ). If we have a < 27 < b,a < b, then the system is consistent, for any value of x
in the interval [a, b]. Working backwards, we can deduce the values of all the variables za,...,2,. If a > b, we
conclude that the system is infeasible.

Algorithm (3.1) is a formal description of the above procedure.

—

Function FOURIER-MOTZKIN ELIMINATION (A, b)

1: for (i=ndown to2) do
2. Let I = { set of constraints that can be written in the form z; > ()}
}

3:  Let I = { set of constraints that can be written in the form z; < ()
4. for ( each constraint k € I ) do

5: for ( each constraint ! € I” ) do

6: Add k <l to the original constraints

7: end for

8 end for

9:  Delete all constraints containing x;

10: end for

11: if (a<xz; <b, a,b>0) then

12:  Linear program is consistent
13:  return

14: else

15:  Linear program is inconsistent
16: return

17: end if

Algorithm 3.1: The Fourier-Motzkin Elimination Procedure

Though elegant, this syntactic procedure suffers from an exponential growth in the constraint set, as it pro-
gresses. This growth has been observed both in theory [Sch87] and in practice [HLL90, LM91]. By appropriately
choosing the constraint matrix A, it can be shown that eliminating k variables causes the size of the constraint
set to increase from m to O(mzk) [Sch87]. Algorithm (3.1) remains useful though as a tool for proving theorems
on polyhedral spaces [VR99]. [Sch87] gives a detailed exposition of this procedure.

3.1 One Person Rational Matrix games

Both Linear Programming and Integer Programming can be thought as of guessing a vector that satisfies certain
conditions. If the guessed vector meets the conditions, the game is won by the player; otherwise the game is lost.
4 Basic Feasible solutions

1. Extreme points and Optimality.
Basic Feasible Solutions (BFS).

Degeneracy.

L

Correspondence between Basic Feasible Solutions and Extreme Points.
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The Simplex Method

1. Improving a BFS.

2. Picking a variable to enter the current Basis.

w

. Picking a variable to leave the current Basis.

4. Termination and Unboundedness.

Algorithm (5.1) summarizes the above discussion.

Function SIMPLEX (A, b, ©)

1:

10:
11:
12:
13:
14:
15:

16:

We are solving the linear program

min € -

A -

Hiony P
L g M

>

=)

Assume that you are given an initial feasible basis B.

Partition A into (B : N), X into (Xg, xN) and € into (¢, cN).
Let J denote the index set of the nonbasic variables.

Set xp = B*IB, xi =0 and 2z = cj - XB.

Set w = cgB1.

Calculate z; — ¢; for all the nonbasic variables. Let

2k — Cp = Maxzj — Cj
jeJ

if (Zk - Ck) S 0 then
return(The current basis is optimal.)
end if .
Solve the system B - yx = ax.
if yi < 0 then
return(The optimal solution is unbounded.)
end if
xy, (actually ay) enters the basis and xp, leaves the basis, where the index r is determined by the Minimum
Ratio Test:

b, b;
— = min — :y; >0
Yrk 1<i<m Yk

Update the basis B, the index set J and Goto Step 3 :.

6

Algorithm 5.1: The Simplex Algorithm

Quantified Linear Programming

Quantified Linear Programming is the problem of checking whether a polyhedron specified by a linear system

of

inequalities is non-empty, with respect to a specified quantifier string. Quantified Linear Programming sub-

sumes traditional Linear Programming, since in traditional Linear Programming, all the program variables are




existentially quantified (implicitly), whereas, in Quantified Linear Programming, a program variable may be exis-
tentially quantified or universally quantified over a continuous range. On account of the alternation of quantifiers
in the specification of a Quantified Linear Program (QLP), this problem is non-trivial. QLPs represent a class of
Declarative Constraint Logic Programs (CLPs) that are extremely rich in their expressive power.

We are interested in deciding the following query:

G:dz; € [&1,()1] Vyl S [ll,ul] dzo € [CLQ,bQ] Vyg S [lQ,UQ] ... dz, € [&n,bn] Vyn S [ln,un]
<

where
e A is an m X 2 -n matrix called the constraint matrix,
e X is a n—vector, representing the control variables (these are existentially quantified)

e y is a n—vector, representing the variables that can assume values within a pre-specified range; i.e., com-
ponent y; has a lower bound of /; and an upper bound of u; (these are universally quantified);

—

e b is an m—vector

The pair (A, 6) is called the Constraint System. Without loss of generality, we assume that the quantifiers are
strictly alternating, since we can always add dummy variables (and constraints, if necessary) without affecting
the correctness or complexity of the problem.

6.1 Constraint Satisfaction and Model Verification

Definition 6.1 Let G =< Q(X,y), (A, B) > represent an arbitrary Parametric Polytope (QLP) in the form
specified by System (1). We say that G is true or non-empty if there exists an x1 € R, such that for all
y1 € [l1,u1] (which could depend upon x1), there exists an xo € R (which could depend upon y1), there exists a
Y2 € [la, ug) (which could depend upon x1 and x3) and so on such that A - [R §]T < b, where X = [x1, 29, ..., 2,7
and ¥ = [y1, 92, - -, Y] -

In order to better understand Definition (6.1), we resort to the following 2-person game. Let X denote the
existential player and Y denote the Universal player. The game is played in a sequence of 2 - n rounds, with X
making his i** move, z;, in round 2 -i — 1 and Y making his i** move, y;, in round 2 - i. The initial constraint
system A - [® ¥|T < b is referred to as the initial board configuration. The following conventions are followed in
the game:

Lozyy €R, oy € [liswi] i=1,2,...n,

2. The moves are strictly alternating, i.e., X makes his i** move before Y makes his i** move, before X makes
his (i + 1)** move and so on,

3. When either player makes a move, the configuration of the board changes; for instance, suppose that X makes
the first move as 5. The current configuration is then transformed from A - [X §]T <bto A’ [x' y'|T <P/,

where A’ is obtained from A, by dropping the first column, x’ = [€2,23,...,7,]T and b =b-5-aj, with
ay denoting the first column of A.

4. The i*" move made by X, viz., 2; may depend upon the current board configuration as well as the first
(i — 1) moves made by Y; likewise, y; may depend upon the current board configuration and the first 4
moves made by X.

5. Let X3 denote the numerical vector of the n moves made by X; y7 is defined similarly. If A - [x3 y1]T < B,
then X is said to have won the game; otherwise, the game is a win for Y. It is important to note that the
game as described above is non-deterministic in nature, in that we have not specified how X and Y make
their moves. Further, if it is possible for X to win the game, then he will make the correct sequence of



moves; likewise, if X cannot win the game, then corresponding to every sequence of moves that he makes,
Y has a corresponding sequence of moves to ensure that at least one constraint in the constraint system is
violated. (See [Pap94, HO02].)

6. From the above discussion, it is clear that the moves made by X will have the following form:

%= [er, i) f2 (U1, 92)s - Foea (1,92, - yn—1)]” (2)

where ¢ is a constant and z; = f;_1(y1,¥2,...,¥i—1) captures the dependence of z; on the first (i — 1)
moves of Y.

Likewise, the moves made by Y have the following form:
Y = [g1(21), g2 (w1, 22), -, gn (21, @2, ., w0)]" (3)

The f;() and g¢;() are Skolem functions.

The following phrases are equivalent and will be used interchangeably for the rest of this paper:

(a) X is a solution vector of G,
(b) X is a model for G,

()
(d) X is appropriate for G,
(e) X € G,

(f) X is a winning strategy for G.

X satisfies G,

Note that corresponding to any game (QLP) G, either the Existential player (X) has a winning strategy
against all strategies employed by the Universal player (Y) or (mutually exclusively) the Universal player
(Y) has a winnging strategy, against all strategies employed by the Existential player. However a specific
strategy X, for X may or may not be winning; if it is not a winning strategy for X, then Y has a winning
strategy ¥(X), corresponding to X.

Suppose that a solution vector X in the form described by Equation (2) is given; then the above model verification
algorithm requires an infinite precision Alternating Turing Machine, since there is no guarantee that the guessed
values have polynomial size or even finite size!

7 A Decision Procedure for Quantified Linear Programs

7.1 Analysis
Lemma 7.1 Given an m x n totally unimodular constraint matriz, Algorithm (7.1) runs in polynomial time.

Proof: We have observed previously that eliminating a universally quantified variable does not increase the
number of constraints and hence can be implemented in time O(m - n), through variable substitution. Further,
since it corresponds to simple deletion of a column, the matrix stays totally unimodular. From [Sub03], we know
that there are at most O(n?) non-redundant constraints. Eliminating an existentially quantified variable, could
create at most as O(n?) constraints, since m = O(n?) [VR99]. A routine to eliminate the redundant constraints
can be implemented in time n x O(n* - logn*) = O(n® - logn) through a sort procedure. (There are O(n?)
row vectors in all; comparing two row vectors takes time O(n).) The procedures PRUNE-CONSTRAINTS() and
CHECK-INCONSISTENCY () work only with single variable constraints and hence both can be implemented in time
O(m - n). Thus a single iteration of the i loop in Algorithm (7.1) takes time at most O(n® - logn) and hence the
total time taken by Algorithm (7.1) to decide a given QLP is at most O(n® - logn). O

Remark 7.1 We could use a variation of RADIX-SORT(), to achieve sorting in time O(n x n*), to give a total
running time of O(n®).



Function QLP-DECIDE (A, b)

_ =
=

12:
13:
14:
15:
16:
17:
18:

/n+1 =A;bh1=b
for (i =n down to 2) do

(AL, l;’i) = ELIM-UNIV-VARIABLE (A{, 4, l;'iﬂ,yi, li,ui)

(A, b/;) = ELIM-EXIST-VARIABLE (A, b's, ;)

if (CHECK-INCONSISTENCY()) then

return (false)

end if

PRUNE-CONSTRAINTS( )
end for
(A}, b/1) =ELIM-UNIV-VARIABLE (A}, b/a, 41,11, u1)
{After the elimination of y;, the original system is reduced to a one-variable system, i.e., a series of intervals
on the x;-axis. We can therefore check whether this system provides an interval or declares an inconsistency.
An interval results if after the elimination of redundant constraints, we are left with 1 > a, 21 < b,a < b; an
inconsistency results if we are left with z; > a,21 < b,b < a.}
if (a<z1<b, a,b>0, a<b)then

System is feasible

return
else

System is infeasible

return
end if

Algorithm 7.1: A Quantifier Elimination Algorithm for deciding Query G

Function ELIM-UNIV-VARIABLE (A, b, Yiy iy u;)

1:

{Every constraint involving the variable y; can be re-written in the form y; < () or (exclusively) y; > (), i.e.,
in a way that the coefficient of y; is +1.}

Substitute y; = [; in each constraint that can be written in the form y; > ()

Substitute y; = u; in each constraint that can be written in the form y; < ()

Create the new coefficient matrix A’ and the new vector b’ after the requisite manipulations
return(A’,b')

Algorithm 7.2: Eliminating Universally Quantified variable y; € [l;, u;]

Function ELIM-EXIST-VARIABLE (A, b, z;)

1:

10:

11:

Form the set L< of every constraint that can be written in the form z; < (). If z; < my; is a constraint in
(A,b), m; is added to L<.
Form the set L> of every constraint that can be written in the form z; > (). Corresponding to the constraint
x; > ny, of (A,B), ny, is added to L.
Form the set L_ of every constraint that does not contain x;
L=¢.
for each constraint m; € L< do

for each constraint n; € L> do

Create the new constraint l; : np <my; L= L Ul;.

end for
end for
Create the new coefficient matrix A’ and the new vector l;’, to include all the constraints in £ = LU L_,
after the requisite manipulations.
return(A’, b')

Algorithm 7.3: Eliminating Existentially Quantified variable x;




8 Restricted Games

Definition 8.1 An E-QLP is a QLP in which all the existential quantifiers precede the universal quantifiers,
i.e., a QLP of the form:

13y ... Az, Vo € [, wa]Vys € [l2,u), .. Von € [ln,un] A-[R ¥]T<b

Definition 8.2 An F-QLP is a QLP in which all the universal quantifiers precede the existential quantifiers,
i.e., a QLP of the form:

V1 € [y, u1] Vyo € [lo, usl, .. . Vyn € [ln, tn] Fz1 2o ... 32, A-[R 7T <D

9 Quantified Integer Programming

Definition 9.1 Let x1,x2,...x, be a set of n variables with integral ranges. A mathematical program of the
form

lelE{al—bl}ngge{ag—bg},...
Qnancf{a”—b"} A-X<b (4)

where each Q; is either 3 or V is called a Quantified Integer Program (QIP).
Definition 9.2 A TQLP is a QLP in which the constraint matriz is totally unimodular.

Definition 9.3 A Quantified Integer Program in which some variables have discrete ranges, while the rest have
continuous ranges is called a Mized QIP (MQIP).

Theorem (9.1) argues the equivalence of certain MQIPs and QLPs. The consequences of this equivalence, when
the constraint matrix is totally unimodular, are pointed out in Corollary (9.2).

Theorem 9.1

L :32; € [a*,b'] Yy € {c' —d'}
Jzo € [a?, V%] Yy € {c* — d*}

... 3z, € [a™, 0] Vy, € {c" —d"}
A R¥]T<b

54

R 32, € [a', 0] Yy, €
Jzo € [a®, 1] Vyo €
...z, € [a", V"] Yy, €
T<p (5)

In other words, the existential player of the game L has a winning strategy, if and only if the existential player of
the game R has a winning strategy.

Proof: Let Xy, and Y7y, denote the existential and universal players of the game L respectively. Likewise, let Xg
and Yr denote the existential and universal players of the game R.

Observe that R is a QLP, while L is an MQIP.
R = L is straightforward. Suppose that Xg has a strategy that is winning when the universal player Yr can
choose his i*" move from the continuous interval [¢?, d’]; then clearly the strategy will also be winning, when the
universal player has to choose his ' move from the discrete interval {c¢’ — d’}. Thus Xy, can adopt the same
strategy as Xg and win against any strategy employed by Yr..



We now focus on proving L = R. Our proof uses induction on the length of the quantifier string and therefore
on the dimension of A. Note that as described in System (1), the quantifier string is always of even length, with
the existentially quantified variables and the universally quantified variables strictly alternating. Further, the
first variable is always existentially quantified and the last variable is always universally quantified.

In the base case of the induction, the length of the quantifier string is 2; accordingly, we have to show that:

L:32; € [0 b Vg € {¢' —d'} A - [v1 )"
= R:3z; € [a!, 0" Vy1 € [, d' ] A - [z )T

IN A
Tl T

Let us say that L is true and let ;1 = ¢ be a solution, where cg € [a',bl]. We can write the constraint system

A - [r; y1)T <b as: x1-g1 + 1y -hy <b. Note that cg is a fixed constant, independent of y; and holds for all
integral values of y; in {c! — d'}. Accordingly, we have:

o 81

—

Co- 81

Cl-hl

B
b—d' -hy (6)

IAIA

Now consider the (real) parametric point y3 = A - ¢! + (1 — A) - d, 0 < XA < 1. Observe that

b—(\-ct+(1—=X)-d") hy
=A-b+(1-A)-b-X-c'
~(1=A)-d"-hy
=X-(b—c"-hy))+(1—-A)-(b—d"-hy)
> A-(co-81)+ (1 —A)(co-81)
=co- 81

In other words, z1 = ¢ holds for all values of y; in the continuous range [c!, d'], thereby proving the base case.

Assume that Theorem (9.1) always holds, when the quantifier string has length 2 - m; we need to show that it
holds when the quantifier string has length 2 - m + 2, i.e., we need to show that:

L:3z; € [a*,b'] Yy € {c' —d"'}
Jzo € [a%,b%] Yy € {c* — d°}

o By € [ BT
Vmi1 € {c™T —am Ty

A R¥T<b

=

R 32, € [a',b'] Yy, € [}, dY)
Jzo € [a?,b%] Vya € [?,d?]

1

e 3Tyt € [aerl,bmJr ]
vmerl c [chrl’derl]
AR T <b (7)
Let X5 = [z1, 22, . . . ,me]T be a model for L, in the manner described in Section §6.1. We consider 2 distinct

games Ly and Ly to decide L; one in which Y7, is forced to choose ¢™*! for g,,,1 and another in which Y7, is
forced to pick Y41 = d™HL.

Consider the complete set of moves made in (m + 1) rounds by X, and Yy, to decide L in both games; let
X1, denote the numeric vector guessed by Xi,, while yr1 denotes the vector guessed by Yr, for game Ly and yrs
denotes the vector guessed by Y, for game Ly. Note that the moves made by Xy, cannot depend on ¥,,4+1 and
hence the vector guessed by Xp, is the same for both games; further yr; and ytz differ only in their (m + 1)
component. We denote the m-vector (numeric) corresponding to the first m components of the 2 vectors yr1



and yr2 by y1. We rewrite the constraint system A -[X¥ ¥|T < bas G-X+H -y + ymi1-hmy1 < b, where

R = [z1,72, ..., Tmy1]’ and y = [Y1,y2, - - Ym) T
Since Xz is a model for L, we must have
G XL +H yi+c™ i <b 8)
and
G-xi,+H yi+d"" hm1 <b (9)

Now consider the (real) parametric point
Yma1 = A- T (1= \) - d™HL
Observe that:
G- X, +H ¥i+ Y1 Byt
=G X +H yi+ AT (1= N) - d™ ) hpyg
=X (G-Xg +H - yi + ™ hygyr)
+(1 =X (G-%i, +H -yi +d™" hyr)
<Ab+(1-))-b

Tl

In other words, xg serves as a winning strategy for Xy, for all values of y,,4+1 in the continuous range
[¢m+L dmF1]. Accordingly, we are required to show that

L :3z; € [a*,b'] Yy, € {¢' —d'}

Jzo € [a?, 1] Vys € {* — d*}

Ay € [@™ T 0T

Yym1 € [ d™ ] AR §]T <Db

=

R 32, € [a!, 0] Yy, € [}, d")

Jag € [a®,b%] Vyo € [, d?]

R < [am+1, bm+1]
Yymi1 € [T dm ] AR §]T <b (10)
Observe that both y,,11 and x,,+1 are continuous in L and R and hence can be eliminated using the quan-
tifier elimination techniques used to eliminate the variables of a Quantified Linear Program [Sub03]; y;41 is
eliminated using variable substitution, while x,,+; is eliminated using the Fourier-Motzkin elimination technique.
Accordingly, the constraint system A -[X ¥|T < b is transformed into the system A;-[x3 y1|T < b1, where
X1 = [x1,%2,...,om|T and y1 = [y1,¥2,...,Ym]?. Since the quantifier string is now of length 2 - m, we can use

the inductive hypothesis to conclude that L = R.
It follows that Theorem (9.1) is proven. O

Corollary 9.1 If all the existentially quantified variables of a QIP have continuous ranges, then the discrete
ranges of the universally quantified variables can be relazed into continuous ranges.

Theorem 9.2 Let
R : 32 € [a*,b'] Yy, € [, d"]
Jzo € [a?, 1] Vyo € [?,d?]
... 3z, € [a™, 0] Yy, € [, d"]
ARFT<B (11)

10



have a model, where A is totally unimodular. Then x1 can always be chosen integral, by the existential player
(say XRr), without affecting the outcome of the game.

Proof: (Recall that a;,b;,¢;,d;, i = 1,2,...n are integral and b is integral.) Observe that R is a QLP,
hence we can use the algorithm developed in [Sub03] to decide it. The algorithm therein, eliminates a universally
quantified variable as follows: The vector b is replaced with a new integral vector, say lc;’, obtained by subtracting
an appropriate integral vector from b. The only change to the A matrix is that a column is eliminated and hence
it stays totally unimodular. Existentially quantified variables are eliminated using Fourier-Motzkin elimination,
which is a variation of pivoting and hence their elimination also preserves total unimodularity (See [NW99]). Since
R has a model, the algorithm in [Sub03] determines a range for 1 of the form a < x; < b. Since A is totally
unimodular and stays so under the elimination operations, and b is integral and stays so under the elimination
operations, there is at least one integer in this range. O

Corollary 9.2 Let

R 32 € [a', 0] Yy, € {c! —d*}

Jxo € [a?, V%] Yy € {? — d?}

... 3z, € [0, "] Vy, € {c" —d"}
A-Z¥"<b (12)

be true, where A is TUM. Then x1 can always be chosen integral.

Proof: Follows from Theorem (9.1) and Theorem (9.2). O

Theorem 9.3

L:3x € {a' —b'} vy € {c! —d'}
dxy € {a2 - b2} Yyo € {02 — d2}
... 3z, € {a" = 0"} Vy, € {" —d"}
A-R¥T<b
54
R:3z; € [a},b'] Yy, € {c' —d'}
3z € [a%, V%] Vyo € {? — d°}
.. 3z, € [a", 0] Vy, € {c" —d"}
A [R¥]T<b (13)
where A is TUM.

Proof: Let Xy, and Y7y, denote the existential and universal players of the game L respectively. Likewise, let Xg
and YR denote the existential and universal players of the game R.

L = R is straightforward. If there exists a winning strategy for Xy, against Yy,, when Xy, is forced to choose
his i*" move from the discrete interval {a® — b}, then the same strategy will also be winning for Xy,, when he
is allowed to choose his i*" move from the continuous interval [a' — b']. Thus Xg can adopt the same strategy
against Yr and win.

We focus on proving R = L. Let Xg have a winning strategy against against Yg in the game R.

From the hypothesis, we know that there exists a rational z1 € [a1,b1], for all integral values of y; € {¢1 —d1},
there exists a rational x5 € [az, b2] (which could depend on y), for all integral values of yo € {ca — da}, ..., there
exists a rational x,, € [ay,by] (Which could depend upon y1,y2, ..., yn—1), for all integral values of y,, € {¢,, — dn}
such that A - [¥ §]T < b. From Corollary (9.2), we know that z; can always be guessed integral (say p1), since

11



A is TUM. Since y; must be guessed integral (say ¢i1), at the end of round 1, we have guessed 2 integers and
the constraint system A -[X ¥|T < b is transformed into A’ - x y1T < b/, where A’ is obtained by deleting
the first column (a3) and the (n + 1)™ column (ani1) of A, X' = [z, @3,..., 207, ¥ = [Y2,¥3,-..,yn]? and
b'=b— P1 — 41, where p7 is the m—vector (p; -a3) and q3 is the m—vector (g1 -ant1). Note that once again A’
is TUM and b’ is integral. So z9 can be guessed integral and ys must be integral. Thus, the game can be played
with the X constantly guessing integral values and Y being forced to make integral moves. From the hypothesis
R is true; it follows that L is true. O

Theorem 9.4 TQIPs can be decided in polynomial time.

Proof: Use Theorem (9.3) to relax the ranges of the existentially quantified variables and Theorem (9.1) to relax
the ranges of the universally quantified variables to get a TQLP; then use the algorithm in [Sub03] to decide the
TQLP in polynomial time. O

Remark 9.1 We have thus shown that when the constraint matriz representing a system of linear inequalities is
totally unimodular, a Quantified Integer Program can be relaxed to a Quantified Linear Program, in exactly the
same way that a traditional Integer Program can be relaxed to a traditional Linear Program.
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