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Abstract Mixed-integer rounding (MIR) is a simple, yet powerful procedure for
generating valid inequalities for mixed-integer programs. When used as cutting planes,
MIR inequalities are very effective for mixed-integer programming problems with
unbounded integer variables. For problems with bounded integer variables, however,
cutting planes based on lifting techniques appear to be more effective. This is not
surprising as lifting techniques make explicit use of the bounds on variables, whereas
the MIR procedure does not. In this paper we describe a simple procedure, which
we call mingling, for incorporating variable bound information into MIR. By explic-
itly using the variable bounds, the mingling procedure leads to strong inequalities
for mixed-integer sets with bounded variables. We show that facets of mixed-integer
knapsack sets derived earlier by superadditive lifting techniques can be obtained by
the mingling procedure. In particular, the mingling inequalities developed in this paper
subsume the continuous cover and reverse continuous cover inequalities of Marchand
and Wolsey (Math Program 85:15-33, 1999) as well as the continuous integer knapsack
cover and pack inequalities of Atamtiirk (Math Program 98:145-175, 2003; Ann Oper
Res 139:21-38, 2005). In addition, mingling inequalities give a generalization of the
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two-step MIR inequalities of Dash and Giinliik (Math Program 105:29-53, 2006)
under some conditions.
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1 Introduction

Mixed-integer rounding (MIR) is a general procedure for deriving valid inequalities
for mixed-integer programming. The MIR cuts, introduced by Nemhauser and Wolsey
[11,12], are applied to a single constraint (possibly implied by other constraints) of a
mixed-integer program (MIP), much like the Chvatal-Gomory integer rounding cuts
[5] for pure integer programs. MIR cuts are equivalent to Gomory’s mixed-integer cuts
for MIPs [8] and split cuts of Cook et al. [6] and are a special case of the disjunctive
cuts of Balas [4].

Marchand and Wolsey [10] show that when applied carefully MIR cuts can give
some of the well-known strong cuts for special mixed-integer sets. In their computa-
tional study, they make a convincing case that applying MIR cuts after aggregating
constraints into a single constraint and complementing variables—that is, replacing a
variable x satisfying 0 < x < u with x = u — x by appropriately updating the coeffi-
cients of the constraint—is very effective in solving MIPs. MIR cuts are implemented
in major MIP solvers, more or less, by following this approach.

Unlike lifted inequalities for sets with special structures, the MIR cuts do not explic-
itly use the upper bounds of the variables; however, they use their lower bounds.
Therefore, complementing variables allows MIR to make use of the upper bound
information to some degree. In this paper we present a new way of incorporating
upper bounds of the variables by a simple procedure, which we refer to as mingling
the variables. By explicitly using the variable bounds, the mingling procedure leads to
strong inequalities for mixed-integer sets with bounded variables. We show that facets
of the mixed-integer knapsack sets derived earlier by superadditive lifting techniques
are, indeed, mingling inequalities or two-step mingling inequalities.

Let us now recall the MIR inequalities. Consider the mixed-integer set given by

Zaixi+szb, eri’,seﬂ&., (1)
ieN
where the base inequality ax + s > b may be implied by constraints of an MIP. For
any « > 0, the «-MIR inequality for (1) is
Zﬂa,h(ai)xi +5 = fap(b), (2)
ieN
where
tab(ai) =rlai/a) +min{r,r;}, i €N,
Map(b) =r|bja] +1,
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Mixed-integer rounding with bounds 317

and
r=b—ualb/a], ri=a; —alai/a], i €N.

Observe that an «-MIR inequality is the 1-MIR inequality written after dividing
the base inequality by o > 0. In order to highlight the inequalities of this paper, it is
important to remark that nonnegativity of x;, i € N, is necessary for the validity of
the a-MIR inequality unless a; /o € 7Z (see Marchand and Wolsey [10] for a simple
proof of validity of the MIR inequalities).

Lemma 1 [11] The MIR function L.} is nondecreasing and subadditive for o« > 0.

If it is known that a, b > 0, then using the nonnegativity of the variables, we can
first strengthen the base inequality as

Zmin{ai, blx; +s>b 3)
ieEN

and then apply o-MIR to obtain

Dt p(minfa;, bHxi 45 > phe,p(b), “
ieN

which dominates «-MIR inequality (2) as j1q 5 is nondecreasing.

In this paper, we present a similar strengthening idea when the coefficients of the
base inequality are unrestricted in sign by using the lower bounds as well as the upper
bounds of the variables. We illustrate this point with a simple set in the next section.
In Sects. 3 and 4 we present the mingling inequalities in general form and in Sect. 5
we show the connection of the mingling inequalities with other inequalities given in
the literature before. Finally, in Sect. 6 we conclude with a few closing remarks.

2 A simple set

In this section, we describe a simple mixed-integer knapsack set to give an intuition
for the inequalities that incorporate variable bound information into MIR. Consider
the following three-variable set

S={en e xRiax +x+s2b 12002020520},

where the coefficients satisfya; <0 < b < 1 <upandujy € Z.Becausea; < 0,coef-
ficient improvement as in (3) is not applicable to the base inequality ajx; +x2+s > b.
However, in this case, we can utilize the upper bound of x, in order to derive a valid
inequality that generalizes the MIR inequalities.
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2.1 Basic inequality
Adding and subtracting u>x1, we rewrite the base inequality of S as
(a1 +uz)xi + (x2 —uzx1) +s = b. (%)

By considering the disjunction x; = 0 Vv x; > 1, we obtain from (5) the valid
inequality

(a1 +u2)xy +b(x2 —uzx)) +s > b (6)
for S. For x; = 0, inequality (6) is the 1-MIR inequality for (5) as 0 < b < 1 and
s > 0; and for x; > 1, inequality (6) is arelaxation of (5)asb < 1 and xp —upx; < 0.

This type of coefficient improvement using the upper bound of x; is of interest when
aj + uy < 0 because otherwise, the 1-MIR inequality

pip(@n)x + pip(Dxz + 5 = p,p(b) (7
is at least as strong as (6). Writing (7) explicitly as
min{a; — a1}, blxi + b(x2 + laiJx) +s = b (®)

makes the comparison easier. Now, defining k := min{u,, —|aj |}, we can generalize
(6) and (8) as

min{a; + k, b}x; + b(xo —kx1) +s > b. ©)]
Observe thatif up < —|aj |, then (9) is stronger than 1-MIR inequality (8). Otherwise,
(9)is atleast as strong as (6). Indeed, inequality (9) is facet-defining for conv(S), which
is easily checked with the affinely independent points (x1, x2, s) of S listed below:

0,0,b), (0,1,0), (1, k,(b—a; —k)™).

Hence, by using the upper bound of x,, we have strengthened the basic MIR inequal-
ity (7). In Sect. 3, we generalize inequality (9) to obtain the mingling inequality (21).

Remark 1 We should point out that complementing x; in the base inequality and then
applying 1-MIR does not lead to a new inequality as

mipla)xy + prp(=1) w2 —x2) +5 > w1 p(b —uz),
which equals
miplan)xy —b(uy —x2) +s > b — buy

for any uy € Z, is the 1-MIR inequality (7) obtained without complementing x».
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Mixed-integer rounding with bounds 319

2.2 A two-step inequality

Next we will derive a new inequality based on (9). First we consider the case a1 +k < b.
As inequality (9) and

(a1 +k)x1 + (o —kx;) +s >0
are both valid for §, their convex combination
(a1 + k)xi + B(x2 — kx1) +5 > b, (10)

where b < B < 1, is valid as well. Choosing § = «[b/a] < 1 for some o > 0 such
that b/a ¢ Z and applying o-MIR to (10), we obtain

Haplar + k)x1 + pap(e[b/al)(x2 — kx1) +5 = pa,p(b), (1D
or, equivalently,
Map(@r +k)x1 + pap (D) (X2 — kx1) +5 = tap (D). (12)
Note that validity of the «-MIR inequality (11) crucially depends on the fact that 8/«
is integral since xp — kx| may not be nonnegative.
Next consider the case a; + k > b. We now write the base inequality as
(a1 + (k= 1)x1 + (x2 = (k = Dx1) + 5 = b,
which, as a; + (k — 1) < 0 in this case, can be relaxed to
I(xa — (k—1Dx1) +s > b.
Also inequality (9) can be written in a similar form as
b(xa — (k — Dx1) +s > b.
Then,
B(x2 — (k—Dx1) +s5 = b, (13)

where b < B < 1, is valid as well. Choosing f = «[b/a] < 1 for some o > 0 such
that b/a ¢ Z and applying a-MIR to (13), this time, we obtain

Ha,b(B)(x2 — (kK — 1)x1) +5 = pa,p(b). (14)
Combining (12) and (14), we obtain the following valid inequality for S:

Me,p(min{a) + k, bPx1 + pa,p(b)(x2 — kx1) +5 > fap (D). (15)
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320 A. Atamtiirk, O. Giinliik

We note that when u» > —|ap], inequality (15) becomes the two-step MIR
inequality [7]. In Sect. 3, we generalize inequality (15) to obtain the two-step mingling
inequality (31).

Remark 2 1t is of interest to know how inequality (15) compares with a direct appli-
cation of MIR to inequality (9). In order to do so, we collect the terms for x; in (9)
and rewrite it as

(min{a; + k, b} — bk)x; + bxy +s > b.
Applying o-MIR to this inequality, we obtain
Map(minfar +k, b} — bk)x1 + pa,p(D)x2 + 5 = pab(b). (16)

If o is chosen as above, then the difference between (15) and (16) is only the coefficient
of x;. However, because j1o 5 is subadditive and k € Z., we have

He,p(min{a + k, b}) < pgp(minfa; + k, by — bk) + 1o p(bk)
< Wap(min{a; + k, b} — bk) + kg p(b)

and, therefore, (15) is at least as strong as (16). The numerical example below illustrates
that (15) dominates (16) strictly.

Example 1 Let set S be given as
—Sx14+x2+s5>05 s>0, x>0, 2>x2>0.

Then k = min{2, 5} = 2 and inequality (9) is

—3x1 +0.5(xp —2x1) +5 > 0.5.
For o = 0.3, we have r = 0.2, and inequality (15)

—2x1 +04(xp —2x1) +5 > 04
strictly dominates inequality (16)

—2.6x1 +0.4x2 +5 > 0.4.

We note that this inequality is not facet-defining for conv(S).
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Mixed-integer rounding with bounds 321

3 A mingling procedure

In this section we generalize inequalities (9) and (15) to obtain valid inequalities for
the mixed-integer knapsack set

K> = (x,s)eZNxR:Zaixi—i—Zajxj—i—szb, u>x>0,s>0z,
iel jeJ

where max;c;{a;} > b and (1, J) is the partitioning of N with a; > 0 fori € I and
aj < 0for j € J. We allow the upper bound on each variable to be either a positive
integer or infinite. Throughout this section we assume that » > 0 and derive valid
inequalities for K> using upper bounds u;, i € I.In the next section, we derive valid
inequalities when b < 0 using upper bounds u;, j € J.

3.1 Mingling inequalities

Let us first introduce some new notation. For x € ZV, let x(S) := Dies Xi for
S C N.LetIT :={1,...,n} be a nonempty subset of {i € I : a; > b} indexed in
nonincreasing order_ofai’s, K= Zieﬁ ajui,and J := {(jeJ:aj+k <0}

For any j € J\J, we next define a set /; and numbers 0 < u;; < u; fori € I;
such that a; + Zielj a;ii;j > 0. More precisely, for j € J\J, let

p
Ij:=={l,...,p(j)}, where p(j) := min{p elt:a; +Zaiui > 0] (17)
i=1
and
r(jH—1
kj:=min{keZy aj+ D ami+appk=0¢. (18)

i=1

Furthermore, for j € J \f ,andi € [}, let

i .
mj:lu, it i <p(j) (19)

ki, if Q= p()).
For j € J, we let Ij = I, p(j) :=n, kj:=u,andu;; =u; fori € I;.

Fori el,letJ; :={j € J:iel;};hence, J; =0 fori € I\I7". Observe that the
definitions of mingling sets I; and J; imply that they are nested. Precisely,

fori,kel’, g >ar = Jp CJ;
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322 A. Atamtiirk, O. Giinliik

and
forj,kelJ, aj<a = IxCIj.

The nestedness property of the mingling sets is crucial for the validity of the mingling
inequalities introduced next.

Using the mingling sets defined above we can now write the base inequality in K~
as follows:

Sai | xi— > dgxy |+ (aj+ D aiii | xj +5 = b. (20)

iel Jjeldi jeJ iel;

Note that in this forma; + >, I; a;u;j is nonnegative for j € J\ J and negative for

j € J. The main result of this section is the derivation of the mingling inequality

Zb xl‘—ZL_tij.Xj + Z aix,-—i-Zmin b,aj—i-zaiﬁij xj+s > b,

ielt JEJ; iel\I* jeJ ielj

2n

from (20). Observe that if I™ = @, then inequality (21) reduces to the base inequal-
ity (20). The validity of the mingling inequality for K~ is not obvious and does
not follow from MIR of (20) because the terms (x; — > jed; ujjxj), i € 1 +, and
(aj +2c 1; @ittij), j € J, are not necessarily nonnegative. Furthermore, it does not
seem to be possible to derive inequality (21) as a straightforward extension of (9).
In the following, we first prove the validity and then the strength of the mingling
inequality.

Proposition 1 The mingling inequality (21) is valid for K .

Proof First we will write inequality (21) more explicitly with the aid of some new
notation. For j € J, let

r(j)—1
dj=aj+ Z a,‘ui—i-a,,(j)kj:aj—}—Za,’ﬁij. (22)
i=1 iel;

We have §; < O for j eJ_and(Sj >0for j e J\J.For j e J\J and i €1}, let

Ui, it i <p(),
iij =4 kj, if i=p() and §; <b, (23)
kj—1, if i=p(j) and §; >b.

@ Springer



Mixed-integer rounding with bounds 323

Note that #;; = u;; — 1 if i = p(j) and§; > b, and u;; = u;; otherwise. Also
observe that for j € J\J

aj + E a,'ft,'j=

lE[j

5 >0 if §; <b,
(24)

5]‘ — dp(j) <0 if 5j > b.

Now let w = s + > ;¢\ /+ @ixi. We treat w as a nonnegative continuous variable.
Instead of u, using u let us write the mingling inequality (21) explicitly as

+
w+2b|:xi—uix(j)— z ﬁinj:|+Z(aj+K)Xj+ z (“j‘i‘zaiﬁij) xj>b.

ielt jedi\J jel jeI\J iel;
(25)

Using the same notation, consider also the following relaxation of the base inequality

4
w+ Z a; |:x,-—u,~x(J_)— Z IZinj:| +Z(aj+/()xj~ + Z (aj+ Zaiﬁij) xj=b.
ielt jedi\J jed je\J iel;

(26)

Let (x, s) be a feasible point of K. We will examine two cases and show that
(x, 5) satisfies inequality (25). First assume that ¥(J) > 1. In this case [X; — u,-)E(J_) —
Zjeji\]- i;jx;] <Oforalli e I asx; < u;. Therefore, inequality (25) is a relaxation
of (26) for (x, 5).

So, we can now assume that ¥(J) = 0. If x(J\J) # 0, let j/ := argrninjej{aj :
%; > 1} and note that j' € J\J as X(J) = 0. Now let £ := p(j’); thus, [;; =
{1,...,¢}. In other words, j' € J; foralli = 1,...,¢ and j/ & J; forany i =
L+1,..., n. Furthermore, observe that it;; = u; fori < £and j € Ji\J_, andx; =0
for j € J;\J fori > £. Then, fori < ¢, we have x; — ZjeJ;\jﬁijij <xi—u; <0
and fori > ¢, we have X; — ZjeJ;\j ijjXj = X; = 0. Thus,

<0 if i<t
X — 2 0jjix; forall ielt. 27)
Jr . .
= >0 if i>¢
JEJiNJ

If ¥(J\J) = 0, then let £ = 1 and notice that (27) still holds. As (X, 5) € K-, it
satisfies (26) and as a; > ay fori < £ and a; < ay fori > £ it also satisfies

+
w—i—Zae Xi — Z ﬂinj +Z aj—l—ZailZij Xij. (28)
iel* jedi\J jet i€l;
Therefore, it has to satisfy the a;-MIR inequality for (28)
+
w+Zb Xi — Z ﬁ[jxj' +Z aj+2aiﬁ,-j szb, 29)
ielt jedi\J jeJ iel;
which is same as (25) when x(J) = 0. O
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324 A. Atamtiirk, O. Giinliik

We next show that the mingling inequality is facet-defining for conv(K>) when
I ischosentobe {i € I : a; > b}. Furthermore, when J # ¢, then it can also be
facet-defining when I is a proper subset of {i € I : a; > b}.

Proposition 2 The mingling inequality (21) is facet-defining for conv(K>) if
b—minfa;+k:jeJ}>max{a :a >b, i eI\I"}.

Proof We use the notation introduced in the proof of Proposition 1. In addition, let
J=JUJ UJ' where J'={jeJ\J :8; <bland J" ={j € J\J : §; > b},
andlet/ = ITUl'Ul” wherel' ={i el :a; <b}andI" ={i e I\IT : a; > b).
Furthermore, let j* = argmin{a; : j € J }, and note that if J=0¢thenI = IT and
1" = ( by the assumption of the proposition.

It is easily seen that the following |I| + |J| 4 1 affinely independent points are on
the face defined by (21):

s =0b,

ielt : s=0, xi=1,

iel/ N SZb—al‘, Xl'=1,

jed s=b—aj—«, xi=ui, i €It xj =1,

jEJ/ . S=b—5j, x,-=12,~j,ielj, x]'=1,

jGJ” : S=O, X,'Zﬁ,’j,ielj, ijl,

iel” © s=b—ap—k—a, x=u, kel xpx=1, x =1

Each row above shows only the nonzero components of a point. O

3.2 Two-step mingling inequalities

Next we will derive a second class of inequalities based on the mingling inequalities

S+Zb Xi— Z I/_t,'jxj' + Z aixi+Zmin b, aj+ Zaiﬁ,‘j X >b. (30)
ielt JjeJi iel\It jeJ iel;

For any @ > 0 such that «[b/a] < min;c;+ a;, let the two-step mingling inequality
be defined as

S+ D pan®) [xi = D digx; |+ D pasl@x

iel+ jed; iel\It

+ D o | min {b.a; + D> aiiiij t | xj = pap®). (31
jelJ iEIj

where (o 5 is the MIR function described in Sect. 1.
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Observe that if It = @, then inequality (30) is same as the base inequality (20)
and therefore inequality (31) simply becomes the o-MIR inequality obtained from
inequality (20). If I # ¢, however, this is not the case even though inequality (31)
is obtained by applying the MIR function jq 5 to the coefficients of the variables in
inequality (30). Notice that the terms (x; —2_ ;¢ #ijx;), i € *+, are not necessarily
nonnegative and therefore validity of (31) does not follow from MIR. As shown in
Remark 2, due to subadditivity of 4 5, MIR of inequality (30) produces a weaker
inequality than inequality (31) for the same «. Finally, if b/a € Z, then inequality
(30) reduces to s > 0 as does the MIR inequality (2).

Proposition 3 The two-step mingling inequality (31) is valid for K.

Proof We use the notation introduced in the proof of Proposition 1. Let (x, 5) be a fea-
sible point of K> and consider the relaxation (26) of the base inequality. If x(J) = 0,
then using the same arguments as in the proof of Proposition 1, the inequality

s+ Z a,-xi+agz xi —uix(J) — Z Wjjx;

iel\I+ ielt jed\J
+
2@ tx+ > (a4 X @iy | xj=b o (32)
jel jend iel;

is valid for (x, 5) for some £ € ™. Consider, again, mingling inequality (21), written
in its explicit form

s+ Z aixi—i-bz xi —uix(J) — Z UijXxj

iel\I+ iel* jeI\T
+
+Z(aj+/c)xj+ Z aj+2a,-ﬁij xj>=b. (33)
jel jend iel;
As both inequalities (32) and (33) are valid for (x, §), inequality
s + z aixi + B Z xi —uix(J) — z UjXj
iel\It+ ielt jedi\J
+
+D (et D e+ D aid | xjzb (34
jel jeINT iel)

is valid for (x, 5) for any 8 such that b < 8 < ay. Then, chgosing b<p<a:=
min; ¢+ a; ensures validity of (34) for (x, 5) provided that x(J) = 0.
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On the other hand, if ¥(J) > 1, as [%; — uiX(J) = X ¢\ j#ijX;] < 0 for all
i € I, inequality (34) is a relaxation of (26) for (X, §) provided that 8 < a.

Hence, (34) is valid for all (x,s5) € K> provided that » < f < a. By taking
B = a[b/a],(31)simply becomes the «-MIR inequality for (34). Note that, 1o 1, (b) =
Mo, p(a[b/a]) by definition, and as B is an integer multiple of «, it is not necessary
for the integer term > ;. ;+[x; — uix(J) — Zjeji\j i;jx;] in (34) to be nonnegative
for the corresponding «-MIR inequality to be valid for K> (see [7]). O

Remark3 If IT = {i € I : aq; > b} and « is chosen such that min; ¢+ a; > o > b,
then mingling inequality (21) dominates two-step mingling inequality (31). To see
this, observe that for such o, we have (y 5(a) = a for 0 < a < b. On the other hand,
Hap(a) > aforanya <0Oand o > 0.

Proposition 4 The two-step mingling inequality (31) is facet-defining for conv(K>)
ifb>0J=01"={iecl:a >a[b/al}, anda = a; for somei € I.

Proof We show in Sect. 5.2 thatif I™ = {i € I : a; > a[b/a]}, then two-step min-
gling inequalities become the continuous integer cover inequalities [1] obtained by
superadditive lifting with integer variables [2]. These inequalities are facet-defining
for conv(K>) when b > 0, J=@,anda = a; for some i € I as shown in Theorem 6
of Atamtiirk [1]. O

4 Symmetric inequalities

In this section we present inequalities for the mixed-integer knapsack set K> when
b < 0. The two classes of inequalities we present below are “symmetric” to the min-
gling inequality (21) and the two-step mingling inequality (31) developed for the case
when b > 0.

To develop the symmetric inequalities, we use a basic observation that shows the
correspondence between the facets of conv(K'>) and the facets of conv(K <), where

Kfz{(x,t)eZNxR: ax <b+1, uzxzo,tzo}.

Based on this observation, we utilize the results in the previous section. Note that we
do not restrict the sign of a or b in the following lemma.

Lemma 2 Inequality wx +s > m, is valid for K> if and only if inequality (a —m)x <
b — 1, +t isvalid for K<. Moreover, tx +s > m, defines a facet of conv(K>) if and
only if (a — m)x < b — m, + t defines a facet of conv(K <).

Proof To see the first part, by adding a slack variable s let us write K< as
K = {(x,s,t)eZNxRxR: ax+s=b+t, u>x>0, s,tzO}

and consider its “relaxation” K> obtained by dropping ¢. Because mx + s > m,
is valid for K, it is also valid for K. Substituting b 4+ ¢ — ax for s, we obtain
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(a —m)x < b—m, +t as a valid inequality for K<. The other direction is the same.
For the second part, observe that conv(K <) is isomorphic to conv(K), which is iso-
morphic to conv(K> ). Thus, there is a one-to-one correspondence between the facets
of conv(K <) and conv(K>). O

Based on this observation, we next describe how to derive valid inequalities for
K> when b < 0. First we multiply the base inequality ax > b by —1 to obtain an
equivalent representation of the set in K< form with a nonnegative right-hand-side.
We then use Lemma 2, and utilize the facets of the corresponding K> set (again with
a nonnegative right-hand-side) to obtain facets of the K < representation. The inequal-
ities presented below generalize the reverse continuous cover inequality developed
by Marchand and Wolsey [9] and the continuous integer knapsack pack inequality of
Atamtiirk [1,3]. We compare them in detail later in Sect. 5.

4.1 Symmetric mingling inequalities

We now consider the case b < 0 for K. Our approach this time is to update the
coefficients of x;, i € 1, in the base inequality of K> using the upper bounds of x;,
Jj € J, to get a more convenient form (36). Toward this end, let J~ := {1, ..., m}
be a nonempty subset of {j € J : a; < b}, indexed in nondecreasing order of a;’s,
vi=2 - ajujand I :={i € I :a; +v > 0}.Fori € I\, let

P
Ji:={1,.... p(D)}, where p(i) :==min{ p e J™ :a; + > aju; <0
j=1

and
p(i)—1
ki:=minyk € Z4 : a; + Z ajuj +apik <0

j=1

Fori € I, welet J; := J~, p(@):=m,and k; := u,,. Forandi € [ and j € J;, let

B uj, if j < p(@),
Ujj = (35)

ki, if j=pG).

Forje J,letlj :={i el :jeJi} Notel; =¢forje J\J . Using these
mingling sets, the base inequality of K> can be written as

Zaj xj_zﬁjixi +Z ai—}-Zajﬁji Xi +s>0b. (36)

jeJ i€l iel jeJ;
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We define the symmetric mingling inequality corresponding to (36) as
> (@j=b) (xj= > ijix; | + > min {ai+ > ajitji—b.0f xi+s = 0. (37)
JjeJ~ i€l iel JE€Ji

Observe that if J~ = (J, then inequality (37) reduces to s > 0.

Proposition 5 The symmetric mingling inequality (37) is valid for K. Furthermore,
it is facet-defining for conv(K>) provided that

min{a; :a; < b, jeJ\J Y=max{a +v:iel}.

Proof After rewriting the base inequality of K> as

Z—ajxj +Z—a,~xi <—b+s

jeJ iel

in K< form, we use the corresponding K> set

Z —ajxj+ Z—a,-xi +s5s>—-b (38)

jeJ iel

to generate mingling inequalities of Sect. 3.1 as —b > 0. Using the mingling sets
defined in this section, the corresponding mingling inequality (21) for (38) is

Z —b Xj— E L_tj,'xi + E —ajx;
jeJ— i€l jeJ\J~

—{-Zmin —b, —a;— Zajﬁji x;+s > —b. 39)
iel JjeJi

Translating this inequality for the original K < set using Lemma 2, we obtain
Z(—aj+b)xj— Z Zbﬁjixi-l—z —a;— min{ —b, —ai—Zajﬁji X <s,
jelJ— jelJ~i€l; iel jeJdi

which is equivalent to (37). The facet condition follows from Proposition 2 and
Lemma 2. O
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4.2 Symmetric two-step mingling inequalities
In this section, we give the symmetric class of inequalities for two-step mingling

inequalities for the case b < 0. For any & > 0 such that max ;¢ ;- a; < «|b/a], let
us define the symmetric two-step mingling inequality corresponding to (36) as

D@+ pa—p(=0) [ x; = D djixi |+ D (@) + pa—b(—a))x;

jel- icl jeINI-
+Z aj +Z ajuji + fo,—p | Min § —b, —a; —zajﬁji X
iel JE€Ji jel;
+5 = b+ pa,—p(=D). (40)

Observe that if b/« € Z, then the symmetric two-step mingling inequality (40)
reduces to the base inequality (1). Therefore, we assume below that b/a ¢ Z. If
J~ = {, then inequality (40) reduces to

> (@i + pa—p(—a))xi + 5 = b+ o, p(—b),
ieN

which equals the «-MIR inequality

> tab(@)xi +5 = tap(b)
ieN

because (g p(a;) = a;i+ o, —p(—a;i) fora; € Rascheckedbelow. Letr = b—a|b/a]
and r; =a; —alai/al, i € N.Ifa;/a & Z, then

Ma,b(@i) = pa,—p(—a;) = rlai/a] + min{r, ri}—(a—r)|—a; /o] — minfe—r, a—r;}
=rlai/o] +min{r, r;} + (¢—r)[a; /o] —a + max{r, r;}
= min{r, r;} + a[a; /o] —r—o + max{r, r;}
=alaj/al—r +r+r;

= d;.
Andifa;/a € Z,wehave py p(a;) — pho,—p(—ai) = r(a; /o) — (¢ —r)(—a;i/a) = a;.

Proposition 6 The symmetric two-step mingling inequality (40) is valid for K. Fur-
thermore, it is facet-defining for conv(K>) ifb < 0, I =0, J- ={j e J :a; <
alb/al}, and a = aj for some j € J.
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Proof Applying Proposition 3 to inequality (39), for any & > O such thata[—b/a| <
min; ;- —a;, we obtain

D tap(=b) [xj =D djixi |+ D tap(—ajx;

jel- iel; jeINT-

+2Ma’_b min 3 —b, —a; — z a‘,‘ﬁji Xi +5 > po—p(—=b). (41)
iel JeJi

Translating it to the original K < form using Lemma 2 gives

D (aj—pa (D)X D (—aj—ha,—b(=a)x] + ha,—b(=D) D D ijixi

jel- jeNI- jeli€l;

+ D | ~ai—tta—p | min § =b, —ai— > ajiiji p | | % <5—b—pa,-p(~b).
iel jed;

which is equivalent to (40). The facet condition follows from Proposition 4 and
Lemma 2. m|

5 Connections with other inequalities

In this section we present some well-known valid inequalities from the literature for
knapsack sets and describe how to obtain them as (symmetric) mingling or (symmet-
ric) two-step mingling inequalities. In particular, we consider the continuous cover
and reverse continuous cover inequalities of Marchand and Wolsey [9] and the contin-
uous integer knapsack cover and pack inequalities of Atamtiirk [1,3]. We would like
to emphasize that all these inequalities can be obtained by mingling when the set /™
(or, J7, respectively) is taken to be {i € I : a; > b} (or, {j € J : aj < b}, respec-
tively). When subsets of {i € I : a; > b} ({j € J : aj < b}) are used for I (),
the mingling procedure leads to new inequalities for these sets.

5.1 Continuous 0-1 cover inequalities
Consider the mixed 0-1 knapsack set
Kl = {(x,s) c{0, 1}V xR : Zaix,- <b+s, s> 0},
ieN
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where a > 0. A subset C of N is called a cover if A := >, .- a; — b > 0. Letting
x; =1 —x;,i € C, after rewriting the base inequality as

Daiki+ D —aixi+s = A (42)

ieC ieN\C
forIT C{i € C:a; > A}and J = N\C, we obtain the mingling inequality
DoalE=D xj |+ D afi+ D min{r —aj+ D aitxj+s=r (43)
ielt JjEJ;i ieC\It JEN\C iel;
For IT = {i € C : a; > A}, mingling inequality (43) reduces to
Zmin{x,ai}xi + Z —AlIj| 4 min A, —a; +Za,- Xjds>h (44
ieC jeN\C iel;

which is equivalent to the continuous cover inequality (Marchand and Wolsey [9]).
We will illustrate inequality (44) in Example 2.

Now assume that there exists ak € C suchthaté = ax —A > 0. In this case writing
the base inequality as

> axi+ Y. —aixi+s= -9, (45)

ieC\k ieN\(C\k)

for J= C {j € N\(C\k) : aj > 0} and I = C\k, we obtain the symmetric mingling
inequality

> min 0. — D aj+0 5+ > @ —a)|xj— D %i|+s=0.
ieC\k jedi jeJ- iel;
(46)
For J= = {j € N\(C\k) : a; > 0}, symmetric mingling inequality (46) reduces to

Z min O,ai—Zaj+9 +Z(aj—9) Xi— Z (aj—9)+xj+s20,

ieC\k jed; jedi JEN\(C\K)
(47)

which is the reverse continuous cover inequality [9].
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5.2 Continuous integer cover inequalities

Consider now the mixed-integer knapsack set with finite upper bounds for all integer
variables

K; ::[(x,s)EZNXR : Zaixi <b4+s,u>x>0, SEO},
ieN

where a > 0. A subset C of N is called a cover if A := >, - aju; —b > 0. After
letting x; = u; — x;, i € C, by rewriting the base inequality as

Daiki+ D —aixi+s = A (48)

ieC ieN\C

for IT C{i e C:a; > A}and J = N\C, we obtain the mingling inequality

Z)u X —Zﬁ,-jxj + Z a,»)EiJerin A,—aj+2aiﬁij Xj

ielt JjeJ; ieC\It jeJ ielj
+5> A (49)

Now assume that there exists a k € C such that 6 = aguy — A > 0 and A/ay & Z.
Furthermore, let n = [6/a;] and p = 0 — ax|0/ax]. Then [A/ay| = ux — n + 1
and A —ag|A/ax| =ax — p.For IT C {i € C : a; > ax[)/ay]}, the corresponding
two-step inequality for (48) with o = gy is then

D —ntDax —p) [ B— D x|+ D tapa(@k

ielt jeJi ieC\It

+ D aea | min YA —at D aiii t | xjbs = (= gD (@ — p). - (50)
jeJ iel;

Observe that if uy = 1, then we have ay — p = A and n = 1. In this case, inequal-
ities (49) and (50) are the same if C\I* = {i € C : ¢; < A} and J = @ because
J = ¢ implies that —a; + Zie,/ ajujj > 0 forall j € J and g, (a) = a for
0<a<A<a. '

Alternatively, writing the base inequality as

Daxi+ D> —axi+s = -0, (51)

ieC\k ieN\(C\k)
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forJ= € {j € N\(C\k) :aj > 0}and I = C\k, we obtain the symmetric mingling
inequality

Z min O,ai—Zajﬁj,-—l—@ Xi + Z(@—aj) xj_zﬁjifi +s5>0. (52

ieC\k JjeJi jeJ— i€l

For J= C{j € N\ (C\k):aj > ax[0/ax]}, the corresponding symmetric two-step
inequality for (51) with @ = ai is then

Z(—aj-l-np) (xj_ Zﬁji5i>+ z (—aj + pa0(aj)) x;

i€l jeJ\J~

+ Z (a,'—i— Zﬁj,‘-i-pbak,g min [9,—(1,‘4- zajﬁji]))xi""s > —0+np.

ieC\k Jjedi jedi
(53)

Observe that if u; = 1, then we have p = 6 and n = 1. In this case, inequalities (52)
and (53) are the same if J\J~ = {j € N\(C\k) : a; < 0} and I = { because
[ = ¢ implies that —a; +_;; ajiij; = Oforalli € I = C\kand pq ¢(a) = a for
0<a<0 <a.

For a cover C, Atamtiirk [1,3] gives the following continuous integer knapsack
cover and pack inequalities

D —B(—aFi + Yy —ylaxj+s = e —n+ Dla—p) (54
ieC jeJ

and

> —Pilapxj+ D —or(—a)Fi+s = —6 +np, (55)
jeJ ieC\k

where

(n —ux — D(ak — p) if a < —4,
Dr(a) =1 a— pg p(a) if —A<a<@, for ke N
a—np if a>2@,
and y and wy are superadditive lifting functions [2] described explicitly in these

references. By inspection, it can be verified that if IT = {i € C : a; > ar[A/ax]},
then

vk(aj) = Zﬁij(uk—n+l)(ak—p) = Ko (min '/\, (—aj + Zﬂh’%j) ]) for jeJ

ielj i€l
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andif J~ = {j € N\(C\k) : a; > a;[6/a;]}, then

op(a) = ai+ Y i jip—1) — pay [min 10, [a; + > ajitji for ieC\k.
Jeli JeJi

Hence, inequalities (50) and (53) are equivalent to (54) and (55), respectively.

5.3 C-MIR inequalities

As mentioned in the Introduction, complemented MIR inequalities, given by Marc-
hand and Wolsey [10], have been successfully implemented as cutting planes in com-
mercial MIP solvers. These cuts involve obtaining a base inequality from the MIP
via constraint aggregation and then complementing some of the variables that have
finite upper bounds. An «-MIR inequality is then written for the complemented base
inequality.

Here we apply the C-MIR inequalities to the mixed-integer knapsack set K% and
compare them with the mingling inequalities. Let C € N be a cover such that g :=
max;ec a; > A. Complementing x;, i € C, we can then write the complemented base
inequality as

Daiki+ D —aixi+s = A (56)

ieC ieN\C

where X; denotes u — x; as before. Consider the a-MIR inequality for (56)

D min{hai}%i + > pan(—a)xi+s5 =i (57)
ieC ieN\C

We now show that the mingling inequality (49)

Z)» )Ei—ZIZ,‘ij + Z a,-i,ﬁ—Zmin )»,aj+Za,-ﬁ,~j Xj+s=A,

ielt JjeJ; ieC\It jeJ iel;
(58)

where IT = {i € C : aq; > A} and J = N\ C, dominates (57). By definition of I
the coefficients for C are the same for both inequalities (57) and (58). For j € N\C,
letk; = [aj/a]. Then

maxr(—a;) = —Ak; +min{A, ak; —a;}. 59)
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On the other hand, the coefficient of x;, j € J,in (58) is

gj = —kZﬁij+min A,Zaiﬁij—aj . (60)

i€l i€l

We consider three cases: 1. if Zielj ujj =kj,theno; < ug(—aj)as Zielj ajitjj <
c_lkj; 2.1f Zielj IZij > kj + 1, then oj < /L,;’)\(—aj) as min{A, _Zielj al‘lzij —aj} —
min{X, ak; — a;} < A; and finally, 3. if Zielj ijj < kj—1,then

o) <D (@i — Wit —aj < D (@— Witj; —aj <(@—k; — 1) —a; < pa(—aj).
iE[j iE[j

If C is chosen to be a minimal 0-1 cover, (57) is the familiar 0-1 knapsack cover
inequality

D oaxi+ D —par(—a)xi <A(ICI—1) +s 61)

ieC ieN\C

lifted using the MIR function p1; ;. The numerical example below illustrates the coef-
ficients of x;, i € N\C for (61) and (43) for comparison.

Example 2 Consider a mixed 0-1 knapsack set given by
13x1 4+ 10x2 + 9x3 + 8x4 + 5x5 +axg <42 +s, x € {0,1}%, s > 0.

For cover C = {1,2,3,4,5}, we have A = 3 and a = 13. Writing the knapsack
inequality as

5
D ai(l —x;) —axe +s = A, (62)
i=1

we see that the corresponding complemented a-MIR inequality (61) is

5
D axi — piza(—a)xe < 4h+s. (63)

i=1
For the base inequality (62), we have I = {1, 2, 3, 4, 5}. The mingling set for x¢

is a function of its coefficient a. For instance, if 32 < a < 40, then Is = {1, 2, 3, 4},
Ji={6}fori =1,...,4, and J5 = (J. Rewriting the base inequality (56) as

4 4
> ail(l = x;) — x6] + as(1 — x5) + (—a + Zai)xs +s=x, (64

i=1 i=1
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-m-- —Haa(—a)

5\
4\
3\
2\

13 23 32 40 45 a

Fig. 1 Coefficients of mingling and C-MIR inequalities compared

we obtain the corresponding mingling inequality

4 4

DM = x) = x6] + (1~ xs) +min{x, —a +Za,-]x6+s =1 (65)
i=1 i=1

or, equivalently,

I'(a)

5 4
Zxxi+(4x—min{,\,—a+zai})x654)\+s. (66)
i=1

i=1

In Fig. 1 we plot the coefficient of x¢ as a function of a for mingling and comple-
mented MIR inequalities. In general, we have I"(a) > —uz,)(—a) foralla > 0.

5.4 Two-step inequalities
We next consider the case when variables do not have finite upper bounds. In this case,
let /" C{iel:a>b}, It #@,andleta :=a; = max{a; :i € It} Asu; = o0
foralli € I't, we have J = ¢, and therefore p(j) = 1 and I; = {1} forall j € J.
Furthermore, J1 = J and J; = @ fori > 1. Letting

kj = ﬁlj = —Laj/dj, and rji=aj —C_ZLa.//C_lJ, ] eJ,
inequality (21) becomes
blx+ ZLaj/Zlej + Z bx; + Z a;x; + Zmin{b, rj}xj +s>b,

jeJ ielt\({1} iel\It jeJ
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which, if I™ = {i € I : a; > b} reduces to

s+ > (min{b. r;} + blaj/al)x; + > min{a;, b}x; > b,
jeJ iel

or, equivalently, the a-MIR inequality

s+ > mapla)x;+ Y papax; = papb) =b
jeJ iel

applied to the base inequality. In addition, for o > O such that ¢ [b/a] < min{a; : i €
I7} inequality (31) becomes

S+ D tapG)Xi+ D pan(@)xit D [ thapmingb, 1D —prap Bk 1x; > 110, 5(b),
ielt iel\I* jelJ

which is the two-step MIR inequality developed by Dash and Giinliik [7] when applied
to a base inequality ax > b that has max;ey{a;} =1 > b.

6 Final remarks

Mingling is a simple procedure for incorporating upper bound information into MIR
cuts. The fact that many strong inequalities for the fundamental knapsack sets can also
be obtained via mingling suggests that mingling may be effective as a cut generation
procedure for solving general MIPs. Furthermore, because mingling uses only MIR
functions to describe the cuts, mingling inequalities can be easily implemented using
existing MIR routines.

We also note that (symmetric) mingling and two-step mingling inequalities can (and
should) be applied after aggregating constraints of the MIP to form base inequality
that defines the knapsack set. An effective approach to achieve this has been described
by Marchand and Wolsey [10] for MIR inequalities.
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