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Abstract  Kitahara and Mizuno [3] get upper bounds for the maximum number of different basic feasible
solutions generated by the simplex method with the most negative pivoting rule. In this paper, we obtain
lower bounds of the maximum number to show how tight the upper bounds are.

Part of the results in this paper are shown in Kitahara and Mizuno [4] as a quick report without proof.
They present a simple variant of Klee-Minty’s LP and get a lower bound. In this paper, we explain and
prove the properties of the variant more precisely. We also show a new lower bound by using a simple
example of LP.
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1. Introduction

Kitahara and Mizuno [3] generalize Ye’s analysis [6] for the Markov Decision problem to LPs
(linear programming problems), and they get upper bounds for the number of different BF'Ss
(basic feasible solutions) generated by Dantzig’s simplex method [1] (the simplex method
with the most negative pivoting rule) for the standard form of LP

: T
min c'zx, (1.1)

subject to Ax =b, x > 0,

where the number of equality constraints is m, the number of variables is n, A € R™*",
be R ce R, and x € R". One of the upper bounds they get is

n {m% log (m%ﬂ ) (1.2)

where ¢ and 7 are the minimum and the maximum values of all the positive elements of
BF'Ss, respectively, and [a] denotes the smallest integer bigger than a € . The size of the
bound highly depends on the ratio /0. A question one may have is how tight the bound
is. We will partially answer to this question by showing lower bounds.

Let M(m,n,d,7v) be the maximum number of different BFSs generated by Dantzig’s
simplex method for any standard form of LP (1.1) and any initial BF'S, where the number
of equality constraints is at most m, the number of variables is at most n, the minimum
value of all the positive elements of BFSs is at least §, and the maximum value of all the
positive elements of BFSs is at most 7. We are interested in the size of M (m,n,d,~), but it
is usually very difficult to get it. So it is important to get lower and upper bounds of it such
that the gap or the ratio between them is small. Kitahara and Mizuno [3] show that (1.2)
is an upper bound of M(m,n,d,~y). In this paper, we obtain lower bounds of M (m,n,?d,~).
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192 T. Kitahara & S Mizuno

Part of the results in this paper are shown in Kitahara and Mizuno [4] as a quick report
without proof. They present a simple variant of Klee-Minty’s LP [5] and show that the
number of BFSs generated by Dantzig’s simplex method for it is just v/d. Hence v/ is a
lower bound of M (m,n,d,), that is,

M(m,n,d,7) > /0.

In this paper, we explain and prove the properties of the variant of Klee-Minty’s LP more
precisely.

We also give a simple example of LP such that v = § and Dantzig’s simplex method
generates m BFSs, and we show that there exists no s € [0, 1) such that the inequality

M(m,n,é,~) < msg

holds for any m > 1, n > m, § > 0, and v > ¢. Hence the upper bound (1.2) is fairly good.

2. A Simple Variant of Klee-Minty’s LP
Klee-Minty’s LP presented in Dantzig and Thapa [2] is

max S 10m iy,
i=1
subject to x; <1,
k—1 .
25107 g + xp, < 10071 for k=2,3,--- ,m,
i=1
x>0,
where © = (21,79, -+ ,2,,)" is a variable vector. Note that not only the right hand side
constants but the coefficients of the objective function and the constraints are exponentially
big in this LP. Kitahara and Mizuno [4] present a simple variant of Klee-Minty’s LP, which
is represented as

max >,
i=1
subject to x; <1,
h—1 (2.1)
2N w4 <28 —1 fork=2,3,---,m,
i=1
x>0,

where the coefficients of the objective function and the constraints are very simple (0, 1, or

2). The standard form using a vector y = (y1, s, -+ ,ym) ' of slack variables is written as
max >,
i=1

subject to x; +y; =1,
k-1 (2.2)
22$1+$k+yk:2k—1 fork}:2737...’m7
i=1

w%O,yZO.

The number of equality constraints of this problem is m and the number of variables is
n = 2m.
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The Maximum Number of Solutions by the Smplex Method 193

Lemma 2.1. The variant (2.2) has the following properties
1. for each k € {1,2,--- ,m} at any BFS (basic feasible solution), exactly one of xy and
Y 1S a basic variable,
the problem has 2™ BFSs,
each component of any BFS is an integer,
the problem is nondegenerate,
the optimal BFS is

Crds Lo o

x* = (0,0,---,0,2m —1)T,

y =(1,22-1,--. 27t —10)7,
and the optimal value is (2™ — 1),

6. the minimum and the maximum values of all the positive elements of BFSs are 1 and
(2™ — 1), that is,

§=1, y=2m_1.

Proof. We easily get from the equality constraints of (2.2) that
zp, <2 —landy, <2F -1 (2.3)
for any feasible solution (x,y) and any k € {1,2,--- ,m}. Next we will show that
Tr +yr > 1. (2.4)

From the first equality constraint in (2.2), we have (2.4) for k = 1. When k£ > 2, we have
from the (k — 1)-th and k-th constraints that

k—2

23 Tt Tpo F Y1 =281 — 1,
i=1
k-1

25w+ +yp =28 — 1.
=1

7

Subtracting the first equality from the second equality, we get
T+ Yk + Tror — Y1 = 2571 (2.5)

Hence we obtain (2.4) from (2.3), (2.5), and yx_; > 0.

Let (z,y) be any BFS of (2.2). From (2.4), either x) or y; for any k € {1,2,--- ;m}
must be a basic variable. Since the number of basic variables of any BFS is m, exactly one
of z; and y; is a basic variable.

If we choose one of x; and y; as a basic variable for each k € {1,2,--- ,m}, a basic
solution (a’,y’) is determined. The value of x] or y; is 1 from the equality constraint
) +y; = 1, and the values of z}, or y; for k = 2,3,--- ,m are easily computed from (2.5)

in this order. Then we can show that the value of each basic variable x}, or y; is a positive
integer between 1 and 2% — 1 from (2.5) inductively. So the basic solution (', y’) is feasible
and nondegenerate. The number of such basic feasible solutions is obviously 2. We have
proved the properties from 1 to 4.

Then we will prove the last two properties. We get from the last equality constraint of
(2.2) that

m m—1
Zmi SQZIi—l—xm—l—ym:Qm—l.
i=1 i=1
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194 T. Kitahara & S Mizuno

Thus the object function value is at most (2™ —1). When y; (i € {1,2,--- ,m —1}) and z,,
are basic variables, the BFS is computed as in property 5 of the lemma. Since the object
function value is (2™ — 1), it is an optimal solution. The last property 6 in the lemma is
obvious from the discussion above. O

3. Dantzig’s Simplex Method for the Variant

Suppose that the initial BFS of the problem (2.2) is € =0, y = (1,22 — 1,--- ,2m — 1)T,

and we generate a sequence of BFSs by Dantzig’s simplex method [1], in which

e a nonbasic variable, whose reduced cost is maximum (in the case of a maximization
problem), is chosen as an entering variable,

e if two or more nonbasic variables have the maximal reduced cost, then a variable (either
x; or y;) of the minimum index in them is chosen as an entering variable.

At first, we explain the case when m = 1. Since z; = 0, y; = 1 at the initial BFS, y; is
the basic variable and the dictionary of (2.2) for the initial BFS is

£ = I,

y = 1 —uxy, (3:1)

where z represents the objective function. Then Dantzig’s simplex method updates the
dictionary as follows: x; is chosen as the entering variable from (3.1), and the second
dictionary is calculated as

z =1 —uy,

r = 1 —y.
This dictionary is optimal. We get an optimal solution x; = 1, y; = 0 and an optimal value
1.

Then we explain the case when m = 2. Since £ = 0, y = (1,3)" at the initial BFS, y;
and y, are the basic variables and the dictionary for the initial BFS is

z = Ty +Za,
Y1 1 —a, (3.2)
Yo = 3 —2x;; —xo,

where z represents the objective function. Then Dantzig’s simplex method updates the
dictionaries as follows: x; is chosen as the entering variable from (3.2), and the second
dictionary is calculated as

z =1 -y +uxg,

o= 1 —u,

yo = 1 42y —xs.
The third dictionary is

z = 2 Fyp

rr = 1 =y,

Ty = 1 +2y1 —yo.
The 4-th dictionary is

z = 3 —x1 —Yo

no= 1 -z, (3.3)

To = 3 —2;1 —Ys.
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The Maximum Number of Solutions by the Smplex Method 195

This dictionary is optimal. We get an optimal solution (xy, z2) = (0,3), (y1,¥2) = (1,0) and
an optimal value (22 — 1) = 3. The x-parts of BFSs generated are

0 1 1 0
0 _ 1_ 2 _ 3 _
= (o) =(0)w=(1)>=(5):
We observe that

e the number of iterations is (22 — 1),

e any reduced cost of every dictionary is 1 or —1,

e the objective function value increases by 1 at each iteration.
Now we consider the following variant of Klee-Minty’s LP

max (2m —1) = > x,
i=1

subject to x; <1,
k—1
2N witap <28 —1 fork=2,3,--- ,m,
i=1
x>0,

where the constraints are the same as the problem (2.1) but the objective function has the
opposite sign of (2.1). The standard form using a vector y = (y1,%2, -+ ,Ym) ' of slack
variables is written as

max 2" —1) = Xz,
i=1
subject to z1 + 1y = 1,
k-1 (3.4)
22x1+$k+yk:2k—1 fork:273’...’m’
i=1
x>0, y=>0.

It is easy to see that this problem (3.4) also has the properties in Lemma 2.1 except for the
optimal solution. The optimal solution of (3.4) is x = 0, y = (1,22 — 1,--- ,2™ — 1), and
the optimal value is (2™ — 1).

Suppose that the initial BFS is © = (0,0,---,0,2™—1)", y = (1,22—1,--. ,2m71-1,0)7,
and we generate a sequence of BFSs by Dantzig’s simplex method for the problem (3.4).
When m = 1, Dantzig’s simplex method finds the optimal solution in one iteration just as
the case of the problem (2.2). Next we explain the case when m = 2. Since & = (0,3),
y = (1,0) at the initial BFS, y; and x5 are the basic variables and the dictionary for the
initial BF'S is

w = 0 +x1 +Y2,
y1 = 1 —xq, (3.5)
To = 3 —2ZE1 —Ya.

where w represents the objective function. Then Dantzig’s simplex method updates the
dictionaries as follows: x; is chosen as the entering variable from (3.5), and the second
dictionary is calculated as

w = 1 =y +yo,

= 1 =y,

rg = 1 +2y1 —yo.
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The third dictionary is

w o= 2 4y —u,
) L =y,
Yo = 1 42y —xo.
The 4-th dictionary is
w = 3 —I; —T9,
n o= 1 —u, (3.6)

Yoz = 3 —2[L’1 —X9.

This dictionary is optimal. We get an optimal solution (z1,x2) = (0,0), (v1,v2) = (1,3)
and an optimal value 3. The x-parts of BFSs generated are v?, v?, v!, and v°, which are
opposite in order for the case of the problem (2.2). We observe that

e the number of iterations is (22 — 1),

e any reduced cost of every dictionary is 1 or —1,

e the objective function value increases by 1 at each iteration.

We can get the same properties for any m as shown in the next theorem.

Theorem 3.1. If we generate a sequence of BFSs by Dantzig’s simplex method for the
problem (2.2) from an initial BFS x =0, y = (1,22 —1,--- ,2™ —1)7, then

e the number of iterations is (2™ — 1),

e any reduced cost of every dictionary is 1 or —1,

e the objective function value increases by 1 at each iteration.

If we generate a sequence of BFSs by Dantzig’s simplex method for the problem (8.4) from
an initial BFS = (0,0,---,0,2m —1)", y = (1,22 —1,--- ,2m~L —1,0)7, then

e the number of iterations is (2™ — 1),

e any reduced cost of every dictionary is 1 or —1,

e the objective function value increases by 1 at each iteration.

We will prove this theorem by using induction in the next section. Here we state two
corollaries, which are obtained from the second and third results for each problem in the
theorem.

Corollary 3.1. The sequence of BFSs generated by the simplex method for the problem
(2.2) with the minimum index rule is the same as the case of Dantzig’s rule.

Corollary 3.2. Let {(v',u') € R*™ : 4 = 0,1,2,---,2™ — 1} be the sequence of BFSs
generated by Dantzig’s simplex method for the problem (2.2) from an initial BFS = 0,
y=(1,22=1,---,2™ —1)7 . Then the sequence of BFSs generated by Dantzig’s simplex
method for the problem (3.4) from an initial BFS © = (0,0,---,0,2™ — 1)7, y = (1,22 —
1,---,2m 1 —1,0)" is just the opposite order, that is, {(v?" 171 w?"~17%) € R . | =
0,1,2,---,2m — 1}.

4. Proof of Theorem 3.1

In this section, we prove Theorem 3.1 by using induction.

Proof. We have gotten all the results of Theorem 3.1 when m = 1,2. Assume that the
results are true when m = k. When m = k + 1, the first dictionary of the problem (2.2) at
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the initial BFS £ =0, y = (1,22 —1,--- ;21 —1)T is

& = ry o +Tk FTa,
Yy = 1 —zq,
: (1)
e = (2F=1) =2z - —uxy,
U = (M —1) —2z; - 22, —apyg

Note that the nonbasic variable z;,; does not appear except for the objective function and
the last constraint in (4.1), and that the reduced cost of x4 is 1. So the variable zyq is
not chosen as an entering variable until the reduced costs of the other nonbasic variables
become less than 1. While the variable z; is nonbasic, the dictionaries except for the last
constraint are updated just as in the case when m = k. All the reduced costs become less
than 1 only when an optimal BF'S for m = k is obtained, because of the assumption. Thus
the first (2% — 1) iterations are just like the case when m = k. After (2¥ — 1) iterations, the

basic variables are yi, - -+, Yr_1, Tk, Yrs1, and we get the 2*-th dictionary
zo= (2P0 w0 g Fae,
hoo= L =,
: (4.2)
r, = (28—1) 22, -+ —uy,
Ykt1 = L 220 - 2y —Zppa-

This dictionary except for the last row and the last column is just the same as the dictionary
of the optimal BFS for m = k. At this dictionary, ;. is chosen as the entering variable,
and the (2% + 1)-th dictionary is

z = 28 4r o U — Ukt
yo= I =,
: (4.3)
v o= (28—1) 2m; - -y,
Tpy1 = I +22 - 200 —Yrta-

We see that the objective function value increases by 1, and each reduced cost is 1 or —1 in
this case too. The nonbasic variable y;1 does not appear except for the objective function
and the last constraint in (4.3), and the reduced cost of yx,1 is —1. So the variable yy4q
does not chosen as an entering variable until the algorithm stops. Hence iterations are just
like the case when m = k. The dictionary (4.3) except for the last column, the last row,
and the constant in z is the same as the initial dictionary of the problem (3.4) when m = k.
Thus the next (2% — 1) iterations are just like the case of the problem (3.4) when m = k.
After (2F — 1) iterations, we get the 2**1-th dictionary

o= 2" -1 - —m —uk
U1 = 1 —Z1,

po o= (2P—1) 2 -

T+l = (2k+1—1) 2wy 0 2T —Ypi-

This dictionary is optimal and the optimal value is (2¥** — 1). It is easy to check that all
the results for the problem (2.2) in the theorem are true when m = k + 1.

In the similar way, we can also prove that all the results for the problem (3.4) in the
theorem are true when m = k + 1. ]
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5. Lower Bounds

Recall that M(m,n,d,v) denotes the maximum number of different BFSs generated by
Dantzig’s simplex method for any standard form of LP (1.1) and any initial BFS, where
the number of equality constraints is at most m, the number of variables is at most n, the
minimum value of all the positive elements of BFSs is at least §, and the maximum value
of all the positive elements of BFSs is at most . From Theorem 3.1, we easily get the next
result.

Theorem 5.1. When n = 2m and v = (2™ — 1)d, we have that

r-)/

M(m,n,d,7v) > 5

Note that this theorem is valid only when n = 2m and v = (2 — 1)J. In a general case,
we get a lower bound in the next corollary.

Corollary 5.1. For any m, n, 0, and v such thatn>m >1,n > 2, and v > 20 > 0, we
have that

. |
M(m,n,d,~) > min {2m — 1,20 -1, (% . 1) } , (5.1)

where [a] denotes the smallest integer bigger than a € R.

Proof. We prove the corollary by considering four cases.
Case 1: When n > 2m and v/6 > 2™ —1,set n’ =2m < n and 7y = (2" — 1)§ < ~.
From the definition of M (m,n,d,v) and Theorem 5.1, we have that

/
M(m,n,d,v) > M(m,n',5,~") > % =2m 1.

Case 2: When n > 2m and /6 < 2™ — 1, there exists m’ < m — 1 such that

2m’—1§%<2m’+1—1.

From the result of Case 1, we have that

/ m’ 1 ’y
> >om 1> (L 1),
M(m,n,d,v) > M(m',n,d,~v) > 2 1_2<5 1)

Case 3: When 2m > n and /6 > 20371 — 1, set m’ = [2 — 1] <m, n' = 2m’ < n, and
7' = (2™ —1)§ < 7. From the definition of M (m,n,d,~) and Theorem 5.1, we have that

/
M(m,n,5,7) > M(n',n',6,9) > & = 20871 — 1,

Case 4: When 2m > n and /6 < 2/27!1 — 1, there exists m’ < [2 — 1] — 1 such that
o 1< Lot
J
Since 2m’ < 2([5 — 1] — 1) < n, we have from the result of Case 1 that

/ m’ 1 v
M(m,n,d,v) > M(m',n,d,vy) > 2 1_2<5 1)
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Combining the results of these four cases, we get (5.1). n

The lower bound in Corollary 5.1 is less interesting when /0 is small. We will get a
different lower bound when /6 = 1 by presenting a very simple example. The example is
the following LP on an n-dimensional cube

max >,
. =1 (5.2)
subject to xp <1 fork=1,2,--- m, ’
x> 0.
The standard form using a vector y = (y1,%2, -+ ,%m) ' of slack variables is written as
max >,
i=1

subject to zp +yr =1 for k=1,2,---,m,
x>0, y>0.

The number of equality constraints of this problem is m, the number of variables is n = 2m,
and the optimal solution is

Since all the components of BFSs are 0 or 1, we have that
0=1,~v=1
Let
CEO: <0707 aO)Ta y0: (1717 71)T

be the initial BF'S. Then Dantzig’s simplex method generates BFSs as follows

T .. y!=(0,1,---,1)7,
332:(, 7'.'aO)T7 y2:(0707”'71)T7

so we get the optimal solution in m iterations and the number of BFSs generated is also m.
Hence we obtain the next result.

Theorem 5.2. When n = 2m and v = 9, we have that
M(m,n,d,7v) > m.
In a general case, we can easily get the next corollary, which has advantage over Corollary
5.1 when /6 is small.

Corollary 5.2. For any m, n, 6, and v such thatn>m >1,n>2, and v > 6 > 0, we
have that

M(m,n,é,7) Zmin{m, {S_Q}

From Theorem 5.2, we also obtain the next corollary.
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Corollary 5.3. There exists no s € [0,1) such that the inequality

M(m,n,8,7) < m% (5.3)
holds for anym > 1, n>m, d >0, and v > 4.
Proof. 1f there exists s € [0, 1) such that the inequality (5.3) holds, then we have
msg > M(m,n,d,v) >m
from Theorem 5.2. We have contradiction when m > 2 and v = §. O
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