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Abstract We consider a scheduling problem where a set of unit-time jobs have
to be sequenced on a single machine without any idle times between the jobs.
Preemption of processing is not allowed. The processing cost of a job is determined
by the position in the sequence, i.e., for each job and each position, there is an
associated weight, and one has to determine a sequence of jobs which minimizes
the total weight incurred by the positions of the jobs. In addition, the ordering
of the jobs must satisfy the given chain precedence constraints. In this paper we
investigate the polyhedron associated with a special case of the problem where each
chain has length two. We show that optimizing over this polyhedron is strongly
NP-hard, however, we present a class of facet-defining inequalities along with a
polynomial-time separation procedure. We generalize these results to the case of
chains with lengths at most two. Finally, we present our computational results
that show that separating these inequalities can significantly improve a linear
programming based branch-and-bound procedure to solve the problem.
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1 Introduction

We consider a scheduling problem where a set of unit-time jobs have to be se-
quenced on a single machine without any idle times between the jobs. Preemption
of processing is not allowed. The ordering of the jobs must satisfy a given prece-
dence relation derived from a directed acyclic graph. The processing cost of a job
is determined by the position in the sequence, i.e., for each job and each position,
there is an associated weight (which can be any rational number), and one has
to determine a sequence of jobs which minimizes the total weight incurred by the
positions of the jobs. In the following we consider the case of chain precedence
constraints with chain-lengths at most two, that is, each job has at most one im-
mediate predecessor and at most one immediate successor, and each chain consists
of at most two jobs.

Formally, let 7 = {J1,...,Jn} be the set of unit-time jobs, that is, each job J;
has processing time p; = 1. For a given schedule S and job J; let af e{l,...,n}
indicating the position of the job in the sequence (that is, ajS = k if exactly k—1 jobs
are scheduled before J;). For each job J; and position k given a weight w; ; € Q,
thus the weight of job J; for a given schedule S is WS- The goal of the problem

is to determine a schedule S that minimizes the total weight 2?21 w; ,s. Using
g

the classification of deterministic sequencing and scheduling problems introduced
by Graham et al. (1979) we denote the problem as 1|p; = 1| } w;,,. In the
case of precedence relations we have a directed acyclic graph where the nodes
correspond to the jobs, and if there is an arc between nodes ¢ and j, then job J; must
be processed before job J;. This problem is denoted as 1|prec,p; = 1| ij,(,j,
and if the directed acyclic graph decomposes into chains, then the problem is
1|chains,p; = 1| Y wj ;. Note that problem 1|p; = 1| } wj ,, is equivalent to
the well-known assignment problem (Kuhn, 1955), thus the problem 1 |prec,p; =
1] ij’o-j can be considered as a generalized assignment problem where the set
of positions is ordered, and the assignment must satisfy the given precedence
constraints.

In this paper we investigate the polyhedra associated with special cases of the
problem 1 |chains,p; = 1| ijﬂj. First, we consider the case where each chain
has length two (i.e., the precedence graph is a directed perfect matching), that is,
each node has either in-degree exactly one or out-degree exactly one. We denote
this problem as 1|2-chains,p; = 1| ) wj ,;, where expression 2-chains indicates
that each chain has length two, that is, consists of exactly two jobs. Then, we
generalize the results of this problem to the case where the precedence constraints
consist of chains with length at most two. The associated constraint is denoted by
chains, chain-length € {1,2}.

The purpose of the paper at hand is to investigate the polyhedral structure of
problems of the form 1 |chains,p; = 1|v. In Section 3 we give an integer program-
ming formulation for the problem 1|prec,p; = 1|o (i.e, we consider feasibility, but
neglect the optimality criterion), then in Section 4.1 we simplify it to the prob-
lem 1|2-chains,p; = 1|o. In Section 4.2 we show that optimizing over the set
of feasible solutions is NP-hard in the strong sense by showing that the problem
1|2-chains,p; = 1| Y wj o, is strongly NP-hard. Note that the latter result implies
that the problem 1 |prec,p; = 1| ij,c,j is NP-hard in the strong sense even in
the case of chain precedence constraints with chain-lengths at most two. In Sec-
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tion 4.3 we determine the dimension of the polyhedron of the feasible solutions
of 1|2-chains,p; = 1|o. In Section 4.4 we present a class of valid inequalities for
the given formulation, we prove that these inequalities are facet-defining, and we
show that they can be separated in polynomial time. In Section 5 we generalize
these inequalities for the problem 1|chains,chain-length € {1,2},p; = 1|~. Fi-
nally, in Section 6 we present our computational experiments, where we show that
separating our inequalities can significantly improve a linear programming based
branch-and-bound procedure to solve the problems 1|2-chains,p; = 1| ij’aj
and 1 |chains, chain-length € {1,2},p; = 1 ij,gj.

2 Literature Review

Lenstra and Rinnooy Kan (1980) and Leung and Young (1990) present complexity
results for scheduling unit-time jobs on a single machine with chain precedence
constraints, i.e., problems of the form 1|chains,p; = 1|~. Clearly, the problems
with 7 = Cmax and v = )" w;C; are polynomially solvable. Lenstra and Rinnooy
Kan (1980) and Leung and Young (1990) show that problems with v = Y U;
and v = ) T; are NP-hard, respectively. Our results in this paper imply that the
problem with v =} wj; ,, is NP-hard in the strong sense even if each chain in the
precedence relation has length 2.

Wan and Qi (2010) introduce new scheduling models where time slot costs have
to be taken into consideration. In their models the planning horizon is divided
into K > 2?21 p;j time slots with unit length, where the kth time slot has cost
7y, and the time slot cost of a job J; with starting time ¢ is Zkesj T, Where
sj = {t+1,...,t + p;}. The objective of their models is a combination of the
total time slot cost with a traditional scheduling criterion, that is, they consider
problems of the form 1|slotcost|y + ;3 pe,, k- Wan and Qi (2010) show that
in case of non-decreasing time slot costs (that is, m1 < ... < 7)) the problem can
be reduced to one without slot costs. Under the assumption of arbitrarily varied
time slot costs they prove that the problems with v =3 C}, v = Lmax, ¥ = Timax,
v = > Uj and v = > Tj are strongly NP-hard. They also show that in case of
non-increasing time slot costs some of these problems can be solved in polynomial
or pseudo-polynomial time. Zhao et al. (2016) prove that in case of non-increasing
time slot costs, the problem 1 [slotcost| > (C; —I—ZkESj 7 ) is NP-hard in the strong
sense. Kulkarni and Munagala (2012) introduce a model similar to that of (Wan
and Qi, 2010), however, they deal with online algorithms to minimize the total
time slot costs plus the total weighted completion time. Note that the problem
investigated in this paper can be considered as a generalization of a special case
of the model of Wan and Qi (2010). That is, in case of unit-time jobs (with
K = Z?:l pj = n) the problem 1 |slotcost,p; = 1| Zj Zk@j m, 1s similar to that
of llp; =1 > wj,5;, however, in the latter problem the time slot costs depend on
the jobs.

3 Problem formulation

Recall that J = {J1,...,Jn} is the set of unit-time jobs, and let P = {1,...,n}
be the set of positions. Let D = (V, A) be the directed acyclic precedence graph



4 Marké Horvath, Tamaés Kis

with node set V = {1,...,n}. The presence of a directed i—j path in D implies
that job J; have to be assigned to an earlier position than job J; (that is, job J;
is a predecessor of job J;, and job J; is a successor of job J;). Let J; << J; (or
equivalently ¢ << j) denote if J; is a predecessor of job J;. In addition, let J; < J;
if job J; is an immediate predecessor of job Jj, that is, J; << J;, but there is no
job Jj, such that J; << Jp << J;.

Let z; ; be the binary variable indicating whether job J; is assigned to posi-
tion j. The problem 1 |prec,p; = 1| o can be formulated as

n
Swig=1, ie{l,...,n}, (1)
j=1
n
Zl'i’j:l, je{17"'an}7 (2)
=1
k+1 k
Zmi%jgzmihj’ i1<i2, ke{l,...,nfl}, (3)
j=1 j=1
z;; €{0,1}, i€{1,...,n}, j€{1,...,n}, (4)

where constraints (1) and (2) model the job-position assignment constraints, and
constraint (3) ensures that the precedence constraints are satisfied. Let Jf =
{Ji € T Jy =< Jy} (J~ ={Jyw € T : Jy << J;}) be the set of successors
(predecessors) of job J;. Clearly, for each feasible solution =z € {0,1}""™ of the
problem (1)—(4) we have

2ij =0, ie{l,....n}, je{l,..., |7 |} (5)
2i;=0, i€{l,...,n}, je{n—|F"|+1,...,n}. (6)

In case of problem 1 |prec, p; = 1| Y wjq, for given weights w : 7 x P — Q the
optimality criterion can be formulated as

n n
minimize E E Wi §%5 5.

i=1j=1

4 Problem 1 |2-chains,p; = 1| v

In this section we investigate the problem 1 |2-chains, p; = 1|v. Recall that in this
problem the set of jobs has even cardinality, and each job has either exactly one
predecessor or exactly one successor. In Section 4.1 we reformulate the problem
described in the previous section, and define the set Q%€ of its feasible solutions.
In Section 4.2 we show that optimizing over Q%*“ i.e., the problem 1 |2-chains, p; =
1| > wj,o,, is strongly NP-hard. In Section 4.3 we determine the dimension of the
polytope Q2. In Section 4.4 we present a class of valid inequalities for Q% that
are facet-defining, and we also provide a polynomial time algorithm for separating
these inequalities. For basic concepts of polyhedral combinatorics we refer the
reader to (Nemhauser and Wolsey, 1988).



Polyhedral results for position based scheduling of chains on a single machine 5

4.1 Problem formulation

In order to simplify our notation, in this section let J = {J1,...,Jan} be the set
of unit-time jobs, and C = {C1,...,Cn} be the set of chain-precedence constraints,
where C; = (Jo;—1,J2;), that is, Ja;—1 < Jo; for each i € {1,...,n}. We say that
job Ja;—1 (Ja;) is the first (second) job of chain C;. In addition, let P = {1,...,2n}
be the set of positions.

Let s;; (es ;) indicate whether the first (second) job of chain C; € C is assigned
to position j € P. Using these variables we reformulate (1)—(6) as:

2n
ZSiJZL 1€{1,...,n}, (7)
j=1
2n
Y eij=1,i€{l,...,n}, (8)
j=1
sion =0, i€ {1,...,n}, (9)
e;1 =0, i€{l,...,n}, (10)
n
D sia=1, (11)
=1
S (sijtei) =1, j€{2,....2n—1}, (12)
=1
n
Zei72n =1, (13)
=1
k+1 k
> e <Y sig i€{l,...,n} kefl,...,2n -2}, (14)
j=1 j=1

Constraints (7)—(8) and (11)—(13) are the job-position assignment constraints
(see (1) and (2)). Constraints (9)—(10) ensure that each first-job precedes the
corresponding second-job (see (3)). Finally, constraints (9)—(10) forbid to assign a
first-job to the last, or a second-job to the first position (see (5)—(6)).

Let P2¢ C {0,1}™ (™ x {0,1}™ ™ be the set of incidence vectors correspond-
ing to feasible job-position assignments, and let Q2¢ = com}(PﬁC). By construc-
tion, we have the following proposition.

Proposition 1 P?° = {(s,e) € {0,1}"2" x {0,1}"2" : (s,e) satisfies (7) — (14)}.

For a given point P = (s,e) € P2Y, let s(P,i) = j (e(P,i) = j) if s;; = 1
(ei,j = 1). For a given i € {1,...,n} let 0;(P) be a 2-dimensional vector such that
0i(P) = (s(P,i),e(P,i)), and o(P) be a 2n-dimensional vector such that o(P) =
(c1(P),...,on(P)). For example, for the point P indicated in Figure 1 we have
P = (1,0,0,0, 0,1,0,0, 0,0,1,0, 0,0,0,1), o1(P) = (1,3), 02(P) = (2,4), and
o(P) = (1,3,2,4).
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Ch
Co
\ \ \ | ---P
1 2 3 4

Fig. 1 Representation of point P = (s,e) € P22C with s11 =e13 =522 =e24 =1

V1 v v3
*—ao— possible start positions of the first job of chain t3
e e e L e e e e e A e
L1 L1 L1 L1
t1 to t3 t1 L L to L L

fi.2 i — L f2,3 fo,3— L]

91,2 91,2 o 7923 92,3

Fig. 2 Construction for the 2-length path

4.2 Optimizing over Q2¢

In Theorem 1 we will show that optimizing over the polyhedron Q%C is NP-hard
in the strong sense. We will transform the INDEPENDENT SET (IS) problem to prob-
lem (15). An instance of IS is given by an undirected graph G = (V, E) with node
set V = {v1,...,vn}, and a maximum size subset of nodes I C V is sought such
that for each edge {u,v} € E, |[{u,v}NI| < 1. The basic idea of the transformation
can be seen in Figure 2, where we depict the construction for the 2-length path.
Briefly stated, we will create a chain ¢; for each node v; and two chains f; ; and
gi,; for each edge {v;,v;} of the IS instance, and some additional dummy chains.
To each of these chains we will designate two potential start and two potential
end positions. On the one hand, by determining appropriate weights we will force
that in each solution with non-negative total weight, each of these chains either
starts/ends at its first start/end position, or at its second start/end position. In
Figure 2 we depict the two potential states of these chains. On the other hand,
by designating these positions properly, we will force that each solution with non-
negative total weight represents an independent set in the IS instance and vice
versa. Namely, a node is in the independent set if and only if the corresponding
chain starts/ends its second start/end position. For example, in Figure 3 we depict
the solution that represents the independent set {v2} (without the dummy chains).
Note that since chain ¢o starts/ends at its second start/end position, i.e., v2 is in
the independent set, thus chains g1,2, f1,2 and therefore ¢; should start/end at
its first start/end position, i.e., v1 cannot be in the independent set. Similarly, ¢3
cannot start/end at its second start/end position, that is, vz cannot be in the in-
dependent set. In Figure 4 we depict the solution that represents the independent
set {v1,v3} (without the dummy chains).

Theorem 1 Let w®, w®: {1,...,n} x {1,...,2n} — R be arbitrary weight functions.
The problem

n 2n n 2n

maximize Z Zws(z}j)si’j + Z Zwe(i,j)ei’j . (s,e) € PX¢ (15)

i=1j=1 i=1j=1
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U1 Vo v3
o —o——200
e e e e e e e e e A
L1 L L1 L I L
t1 to t3 g — L to L | L1 t3
fi,2 f1o— L f2,3 fo,3— L
91,2 g1,2 92,3 92,3

Fig. 3 Solution representing independent set {va}

v1 v2 v3
o —o
e e e e e e e I e e
L | LI L | [— L L1
t to ts t L L1 o L1 L t3
f1,2 fi2b— LI f2,3 fo,3— (S—
91,2 91,2 92,3 92,3

Fig. 4 Solution representing independent set {v1,v3}

is NP-hard in the strong sense.

Proof We transform the INDEPENDENT SET (IS) problem to problem (15). Let
G = (V,E) be an instance for the independent set problem with node set V =
{v1,...,vn}, and let E = {(vi,v5) : {vs,v;} € E, i < j} be the set of directed
edges, i.e., we replace undirected edge {v;,v;} by directed edge (v;,v;) for i < j.
For a node v; let succ(i) = {v; : (v;,v;) € E} (pred(i) = {v; : (vj,v;) € ﬁ})
denote its immediate successors (predecessors).

For each v; € V we create a node-chain ¢;, and for each edge (v;,v;) € E we
create edge-chains f; ; and g; ;. Let 7y = {t; : v; € V} and Tz = {fij>9i5 :

(vi,v5) € ﬁ} To each node-chain ¢; € 7y, we designate four distinct positions:

alty)  B(t1) altn) Bltn) a(t1) B(t1) alta) B(t2) atn) Bltn)
\ [ ] \ \ [ ] [ ] \

1 2 2n—1 2n 2n+1 2n+2

Fig. 5 Designated positions for node-chains

alt;) < B(t;) < a(t;) < B(t;) such that
1=a(t;) =pB(t;)—1, forallie {1,...,n},

7
n+1=a()=7p5(t1) -1,

iil) B(t;) < altiyr) =B(tir1) — 1, forallie{1,...,n—1},
see Figure 5. To each edge-chain f; ; € T3 we designate four distinct positions:

a(fi;) < B(fij) < alfi;) < B(fi;)- Consider a node v; € V and its immediate
successors succ(i) = {vj,, ..+, Vj 0 - Let

iv) afiz) = B(t),
V) a(fi,je) = ﬁ(fi,jz) —-1= &(fi,jg) — 2, forall £ e {1, RV |Sl1(3(3(i)|}7
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; B(t:) a(fij,) a(fijs) B B )

® Vi alt; B(fijy) B(fijs) B(fijs) @(fiss) Bfiz) B(fije) Bfijs) alts
/. Viz ) a(fijy) " a(figs) 20 alfigs) ja) Sy ! ! s) altin)

vi L‘ vy | | | | | | | | | | e

Fig. 6 Designated positions for edge-chains (part 1)

; ( il') ( iz') i3] B( iQ') B(gi1; a(t;) _
iy ;(j ) ;; ) ;Ej ; How) o)) B(Z ) o) /32 ; 2lns) Btgj ) 7
v2 i1j i2J 137 i3] ioj i1j

\

v, N v; | L L [ T T R

Fig. 7 Designated positions for edge-chains (part 2)

ol

vi) a(fij,) = a(fije.,), for all £ € {1,.. |succ( )| -1},
vil) & (fhj\succ(m) = ﬁ(fi,jl) -1= ﬁ(fiJ?) 2= = B(fl,j\succ(i)\) — [suce(d)],
Viid) B(fi.jjeecsy) < @ltist1),

see Figure 6. Finally, to each edge-chain g; ; € T3 we designate four distinct
positions: a(g; ;) < B(gi,;) < a(gi,;) < B(gi,;). Consider a node v; € V and its

immediate predecessors pred(j) = {vi;,-- -, Vi 000y }- Let
ix) B(gi,,5) = alty), B
x) B(Qiz,j) = O:‘(QU,J) = B(gi, J) 2, for all £ € {1,..., [pred(j)l},
xi) B(9ir,5) = B(Giri1,5)s for all £ e {1 ,|pred(j)| — 1},
xii) a(gi,,;) = B(fi,,j), for all £ € {1,. \pred( )|},
Xlll) B(tjfl) < ﬁ(gll,\pred(]ﬂ)

see Figure 7.

For each v; € V' we have created 1 chain and designated 4 positions, and for
each (v, v;5) € we have created 2 chains and designated 8 positions, however,
positions a(f; ;), B(gi,;) and B(f; ;) coincide with other positions (see iv), vi), ix),
xi), and xii)), hence we have |V| + 2|E| chains, and 4|V| + 5|E| distinct positions.
Thus, we also create |V|+ |E| dummy chains and |E| dummy positions, therefore
we have 2|V| 4 3|E| chains and 2 x (2|V| + 3|E|) positions, that is, we have a valid
instance for problem (15).

Let M > n. For each ¢; € Ty let

—Mif j = a(t;), M if j = B(t:),
w®(t;,5) = 0if j =a(t;), and w(t;,j)= 1if j = B(t),
—2M otherwise, —2M otherwise.

For each t; j € T3 (t;,; is either f; ; or g; ;) let

—M if j = alt;;), M if j = B(ti5),
ws(ti,j,j) = 0 lfj = a(ti)j), and we(ti7j,j) = 0 lf] = B(ti,j)7
—2M otherwise, —2M otherwise.

Finally, let w®(¢,j) = w®(t,j) = 0, for each dummy chains ¢t and for all j =
1., (AV] + 6| E]).
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ki ki fija figa
[ \ [ \
\ \ \ \ \ \ \ \ \ \
B(gr,4) a(ts) B(t; a(fijy)
Blore) o) g M B alfi)
B(gryi) Blgrkyi)  alfij) a(fijy)

Fig. 8 Assignments for node v; € V '\ I

Jkyi t; Jin
1 1 1
[ \ \ \ \ \ \ [

B(gky4) ati) B(t:) a(fij,) _
a(gkyi)  @(Gryi) algryi) B(fij1) B(fiza)  B(fijy
o o B(groi) o Blgrys)  alfiji) ! a(fijy) ! i)

Fig. 9 Assignments for node v; € I

Remark 1 By construction, in any feasible solution for the constructed problem,
for each t € Ty we have

O0if 81,00 = et = 1,
Y _ow(tg) + ) jwi (L) = Lif s ae) = €50y = 1
J J < —M + 1 otherwise,

and for each t € Tﬁ we have

0if s =e =10r s; 501 =€ 54y =1
S(p i €t i) = t,o(t) t,B(t) t,a(t) t,B(t) )
Zw (t.4) +Zw (t.5) {g — M otherwise.

J J
Thus a solution for the created problem has non-negative total weight if and only if
each chain t € Ty, UT@ starts/ends either its first start/end or its second start/end
position.

Proposition 2 Let I CV an independent set. There is a solution for the constructed
problem with total weight |I|.

PT‘OOf If’UZ ¢ I, then let Sty,a(ty) = €ty,B(t:) — 17 for each (111'7’0]') € E let sfi,jaa(fij) =
efiiB(fi;) = 1, and for each (vg,v;) € let Sgki,a(gri) = CgpiBlgns) — 1 (see Fig-

i

ure 8). Otherwise, if v; € I, then let s;, 5(1,) = e, Bt = 1, for each (vi,v5) € F let

sfij76¢(fij) = efij7ﬁ_(fij) = 1, and for each (Ulmvi) S ﬁ let Sgki’a(gki) = egki,ﬁ(gki) =1
(see Figure 9). The variables for dummy chains can be arbitrary fixed.

On the one hand, we claim that this assignment yields a feasible solution. We
need to show, that each position that designated to multiple jobs is assigned to a

single job. It is easy to check that it is true for positions a(f; ;) and B(g; ;). We
also know, that B(f; ;) = a(g; ;) for all edge (v;,v;) € (see xii)), however, we

assigned position B(f; ;) to job f; ; and position a(g; ;) to job g; ; if and only if
v; € I and v; € I, respectively, however it is impossible, since I is independent. On

the other hand, it is clear that the weight of the solution is equal to |1]. O
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Proposition 3 Consider a solution to the constructed problem with non-negative total
weight W. There is an independent set I C'V with |I| = W.

Proof Since W is non-negative, according to Remark 1, for each ¢ € Ty, U TE we
have either s; ) = €y g1y = 1 or 84 5(1) = e gy = 1. We claim that the node set
I={v; €V : 84, at;) = € B(t) = 1} is independent.

Suppose for a contradiction that there is an edge (v, v;) € E such that v;,v; €
I. Let succ(i) = {vj,,..., Vjiauee(iy} D€ the set of the immediate successors of node
v;. Since e, B(t;) = 1 and by construction B(t;) = al(fij,), thus Sfia(fiy,) = 0and
therefore sy, af,; ) = €t B = 1. Again, by construction a(fi;,) = a(fij,),
thus sy, o(f;,) =0and therefore 8 fisnsa(fiin) = €fij B(fizy) = 1. Similarly, we can
show that Sfisnalfisg) = €fis, Blfi5,) = 1 holds for all £ =1, ..., |succ(i)|, moreover,
since j = jy for some £ € {1,...,|succ(i)|} we have €f By = 1-

Let pred(j) = {viys---1%i, ., } e the set of the immediate predecessors of
node v;. Similarly, we can show that Sgip5:(915) = €gip5B(gi,s) = 1 holds for
all £ = 1,...,|pred(j)|, and since i = iy for some £ € {1,...,|pred(j)|} we have
Sgi5.0(9:) = L.

To sum up, we have € B = Sgisalgi) = 1 which yields a contradiction,
since by construction B(f;;) = a(gi;)- |

Finally, it is easy to see that our transformation is a pseudo-polynomial transfor-
mation, thus the problem is NP-hard in the strong sense. a

Note that multiplying each weight value by -1 yields that the minimization
version is also strongly NP-hard.

Corollary 1 The problem 1|2-chains,p; = 1| ij’gj is strongly NP-hard.

Corollary 2 The problem 1 |chains,p; = 1| ij,aj is strongly NP-hard even in the
case of chains with length at most 2.

Corollary 3 The problem 1|prec,p; = 1| Y wj o, is strongly NP-hard.

4.3 Dimension of Q2¢

In this section we investigate the dimension of the polyhedron Q2¢.

Theorem 2
0ifn=1,
dim(Q2°) = 5ifn=2,
A% —6n+1ifn>3.

Sketch of the proof of Theorem 2 (n > 3) We will show (see Theorem 3 and Proposi-
tion 6) that a minimal equation system for Q%C has rank 6n—1, thus the dimension
of Q2¢ is 4n? — (6n —1).

Theorem 3 Letn > 3. The equation system {(7)—(13)} contains a minimal equation
system for Q%C.
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Proof We show that any equation which holds for all points of Q%C is a linear
combination of the equations (7)—(13). Assume that

n 2n n 2n
Zzai’jsi’j +Zzﬂivjeivj = (16)
i=1j=1 i=1j=1

holds for all (s,e) € Q2. In order to show that equation (16) is a linear combi-
nation of equations (7)—(13) we explicitly create a linear combination (17), and in
Propositions 4 and 5 we prove that (16) and (17) are the same. In these proposition
we use Lemma 1, however, for its proofs we refer to the appendix.

Lemma 1 For equation (16) the following statements hold:

Z) Qp g/ — Qp ) = Bq,j” — Bq7j/ Y p,q € {1, . .777,}7 1< j/ < j,/ < 27’L,
ZZ) Qp 7 — Qp 4/ = Qg 1 — Qg j V p,q€ {1,...,’(1,}7 1 S]/ <j// < 2n,
le) ,prj// — /BPJ’ = Bq,j” — Bq,j’ V p,q€ {1, .. .,TL}, 1< j/ < j” < 2n.

Note that in case of 1) p may be equal to q.

Consider the linear combination of equations (7)—(13) with coefficients \!, A8,
A, ATO AL )\}2, M3 (ie{l,...,n}, j€{2,...,2n — 1}), respectively, where

° )\Z =1 — a1 for all 7 € {1, - .,n},

o AP =Bian —Bran + P12 —aie forallie{1,...,n},

Y )\? = Qj,2n — ai,l + 1,1 for all ¢ c {1, . .,TL},

. )\%O =Bi1— Bion+Pron—Bi2+aip forallie{1,... n},

o M1 = a1,1,

o \j?=ayforallje{2,...,2n—1},

e M3 =810, — P12+ a1

Let

n 2n n 2n
SN digsii+ Y. Y Bijei; =% (17)
i=1j=1 i=1j=1

be the resulted equation. Note that the left-hand side can be written as

n

> (OT 4+ A1+ AT+ ADsizzn + (A8 + Mein + OF +3)eizn) +
=1
n 2n—1
303 (AT A0+ OF + 2 er)
i=1 j=2

Proposition 4 For linear combination (17) the following statement holds:
I) & j=qa;j forallie{l,...,n} and j € {1,...,2n}.
Proof Let i € {1,...,n} be fixed. For j = 1 we have
Gi1 =M AAN = (1 —aig) +ai = a1,
and for j = 2n we have

. 7 49
Gion =M A = (a1 —a1,1) + (@20 — i1 +01,1) = @ on.
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For a given j € {2,...,2n — 1} we have

A 7 12 i1)
Qi =N+ A" = (01 —a11) Foqj = ay,

where for the last equation we use statement ii) of Lemma 1 with p = 1, ¢ = 1,
j'=1and j’ =j. O

Proposition 5 For linear combination (17) the following statement holds:

1) Bij=Bij foralli€{l,...,n} and j € {1,...,2n}.

Proof Let ¢ € {1,...,n} be fixed. For j =1 we have

Bin = AN AN = (Bian—B12n+B12—a1,2)+(Bi1—Bian+B12n—B12+a12) = Bii,

and for j = 2n we have

Bion = A4+ A2 = (Bian — Bion + B2 —a12) + (Bian — Bi,2 + a12) = Bian.
For a given j € {2,...,2n — 1} we have
o« iii) i)
Bij = AP+ Agu = (Bion —Pron+Pi2—012)+oq; = Bio—aiz+ar; =0 ;.
since Bjon — Bi,2n + B1,2 = Bi2 according to statement iii) of Lemma 1, and
Bij2 — a1,2 + a1 = Bi,; due to statement i) of Lemma, 1. |

Corollary 4 Linear combination (17) yields equation (16).

Proof According to Proposition 4 and 5, the left-hand sides of (17) and (16) are the
same. Since both of them are satisfied by the points from the non-empty set P,QLC,
the right-hand sides also coincide. ad

O

Proposition 6 Let n > 3. The rank of the equation system {(7) — (13)} is 6n — 1.

Proof Consider a linear combination of equations (7)—(13) with coefficients A/, A%,
A, L0 AT )\;2, M3 (ie{l,...,n}, j€{2,...,2n — 1}), respectively. This linear
combination can be written as

S

> ( A+ 2N si0 + A+ 2AD)si.00 + A8+ A1 + (OF +2)e;, gn) +

i=1

n 2n
7 42505+ (OF + 0 2)ei ) = A+ 2 430 (AT +28) + 30002
i=1 j=1

n 2n-—1

13D

i=1 j=2

/N

It is the zero-equation (i.e., both of the right-hand side and the coefficients of
the equation are zero) if and only if A\ = —\7 = A AT = ,)\]1,2 = A% and
MO = A% = A3 hold for all i € {1,...,n}, j € {2,...,2n — 1} and the right-
hand side is zero. On the one hand, it is clear that we can easily choose non-zero
coefficients that yield the zero-equation, thus the equations are linearly dependent.
On the other hand, if we omit a single equation from (7)—(13), that is, we fix a
single coefficient from )\Z, ..., A3 to zero, then all the remaining coefficients will be
zero, that is, that remaining equations are linearly independent. Thus the equation
system {(7) — (13)} containing 6n equations has rank 6n — 1. O
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Fig. 10 The six points of P22C

Proof (Theorem 2) In case of n = 1, PZY consists of a single point P with o(P) =
(1,2), thus dim(Q2%) = 0.

In case of n = 2, P3¢ = {P1,...,Ps}, where o(P1) = (1,2,3,4), o(P2) =
(1,3,2,4), o(Ps) = (1,4,2,3), o(Ps) = (2,3,1,4), o(P5) = (2,4,1,3), o(Ps) =

(3,4,1,2), see Figure 10. The linear combination of these points with coefficients A1, . ..

respectively, is

(M F A2+ 23)s1,1 + (Aa 4+ As)s1,2 + A6s1,3 + (Aa + As + Ag)s2,1 + (A2 + A3)s2,2+
+A1s2,3 + Aer,2 + (A2 + Aa)er,s + (A3 + As + Xe)ei,a + Asez2+
+(As 4+ As)ez,s + (M1 + A2 + da)ea .

Clearly, we get the zero-vector if and only if A\ =0, A\¢ =0 and Ao = —A3 = X5 =
—X4. On the one hand, we can easily choose non-zero Ag, ..., A5 coefficients to get
the zero-vector, thus points Pi,..., Ps are dependent. On the other hand, if we
omit for example Ps, i.e., we fix A2 = 0, we could get the zero-vector if and only
if A1 = ... = X¢ = 0, that is, points P1, P3, P4, Ps, Ps are independent. Therefore
dim(P3¢) = 5.

Finally, assume that n > 3. Clearly, all points from Q,QLC satisfy the equations
(7)—(13). According to Theorem 3, (7)—(13) contains a minimal equation system
for Q2¢, thus according to Proposition 6, the rank of such a minimal equation
system is 6n — 1. We have 4n? variables, thus dim(Q2°¢) = 4n? — (6n — 1). |

4.4 Parity inequalities

Theorem 4 Let n > 2. The following inequalities are valid for Q%C :

2k 2k
Do (sig—eig) SISI=1+ > (sij —eij)

i€S j=1 i¢S j=1
VSC{l,...,n}:|S|is odd, k <mn, (18)
2k— 2k—1
ZZ Szj—e” <‘S|—1+ZZ Si,j — el,j
€s j=1 i¢S j=1

VSC{l,...,n}:|S| is even, k <n. (19)
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We say that a chain is active in interval [j1, j2] (that is, between positions j1 < j2)
if its first job is assigned to a position j' < j1 and its second job is assigned
to a position j” > jo. Let z;; == Y7 (six — € ) for all i € {1,...,n} and
Jj €{L,...,2n — 1}. By this, z ; is equal to 1, if and only if chain C; is active in
interval [7,7 + 1] (otherwise it is zero). We can write (18) and (19) as

Zzi,Qj <|S| -1+ Zzz’,Qj

ies i¢s
VSC{l,...,n}:|Slisodd, je{l,...,n—1}, (20)

Zzi,zjﬂ <|S|-1+ Zzz',zjﬂ

€S ¢S
VSC{l,...,n}:|S|iseven, je{l,...,n}, (21)

or equivalently

1<) (1= zig) + Y zi2
i€S ¢S
VSC{l,....,n}:|S|isodd, je{l,...,n—1}, (22)

1< Z(l — Zigj—1) + Zzi,zg‘q

ics i¢s
VS C{l,...,n}:|S]iseven, je{l,...,n}. (23)

Proof (Theorem 4) Let (s,e) be an arbitrary point from P2¢ and define z as above.
Consider a set S C {1,...,n} with odd cardinality, and fix j € {1,...,n — 1}. If
Yics Zi2j < |S] —1 then (20) clearly holds, thus assume that ), ¢z 25 = [S].
Since the set {1,...,2j} of position has even cardinality, the number of chains that
active in [2j, 27+ 1] (i.e, chains with first-job assigned to positions from {1,..., 25},
and second-job assigned to position from {2j + 1,...,2n}) is also even, that is,
2?21 2;,2; is an even number. Therefore, since ZieS 2,25 = |S| is odd, there is at
least one chain i ¢ S with z; o5 = 1, thus (20) holds.

Similarly, one can prove that (21) (thus (19) and (23)) is valid for Q2. O

4.4.1 Separation

Theorem 5 Inequalities (22) can be separated in polynomial time, that is, for a given
vector z € [0, 1}"'(2”71) and for a given index j the following problem can be solved in
polynomial time:

maximize ¢ 1— Z(l — Zi25) + Zémj : SCA{1,...,n}, |S] is odd
i€S i¢s
Lemma 2 Let 1 > v >v2 > ... >vp >0, and let f(S) := Zies(l —v;) +Zi¢3”i
for all S C{1,...,n}. Consider the following problems:

minimize {f(S): S C{1,...,n}, |S] is odd}, (24)
minimize {f(S): S C{1,...,n}, |S]| is even}. (25)
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a) Let So := 0 and S; := {1,...,i} for all t = 1,...,n. There is an optimal so-
lution Sopr for problem (24) (problem (25)) such that Sopr = Sk for some
ke {0,...,n}.

b) Lett:=0if 1—v; > v; holds for alli = 1,... n, otherwise, lett :== max{i: 1—v; <
v;i}. One of the sets St—1, St and Siy1 is an optimal solution for problem (24)
(problem (25)).

Proof To prove statement a), consider an optimal solution Sppr for problem (24)
such that p := max{i: S; C Sopr} is maximal. Clearly, p + 1 ¢ Sopr. Suppose
for a contradiction that there is an index ¢ > p 4+ 1 such that ¢ € Sopr. Let
S":= (Sopr U{p+1}) \ {¢}. Now, we have f(Sopr) < f(5') = f(Sopr) + (1 -
Upt1) = vpt1 — (1 = vg) +vg = f(Sopr) +2(vg — vp+1) < f(Sopr), thus S’ is
also an optimal solution for problem (24), however p < max{i : S; C S’} which
contradicts our assumption for Sppr.

According to statement a) problems (24) and (25) can be restricted to subsets
of the form S;, ¢ = 0,...,n. For each i < ¢, 1 — v;41 < v;41, thus f(S;11) =
F(Si) + (1 —viy1) —vigr > f(S;). For each i > ¢, 1 —v; > v;, thus f(S;) =
F(Si—1) + (1 —v;) —v; < f(Six1). Therefore, we have

f(S1) > ... > f(Se—1) > f(Se) and f(St) < f(St41) < ... < f(Sn),

thus if Sy has odd (even) cardinality, then it is an optimal solution for problem (24)
(problem (25)), otherwise, argmin{f(S¢—1), f(St+1)} is an optimal solution for
problem (24) (problem (25)). |

Proof (Theorem 5) For a given vector z and a given index j, let v; := Z; 25, 1 < i < n,
and let f(S) := > ,cq(1 —v;) + Zi¢S v; for all S C {1,...,n}. Without loss of
generality, we can assume that v; > vg > ... > vy. By this, the separation problem
is equivalent with problem (24) which can be solved in polynomial time according
to Lemma 2. ad

Similarly, one can prove the following theorem.

Theorem 6 Inequalities (23) can be separated in polynomial time.
4.4.2 Facets

In the section we show that some of the inequalities (18) are facet-defining. Simi-
larly, one can show that a subset of inequalities (19) are also facet-defining.

Let 3 <t < n be a fixed odd number; 1 < k < n such that ¢t < 2k and t < 2(n—k)
hold; and S C {1,...,n} with cardinality ¢. To simplify our notation, without loss
of generality, we assume that S = {1,...,¢}. The corresponding parity inequality
is:

t 2k n 2k
ZZ(Si’j —67;’j) St—l—l— Z Z(Si’j —62'7]'). (26)
i=1j=1 i=t+1j=1

Remark 2 A point from P2¢ satisfies (26) with equation if and only if

— exactly t — 1 chains from {1,...,t} and exactly 0 chain from {t + 1,...,n} are
active in interval [2k, 2k + 1], or

— exactly ¢ chains from {1,...,¢} and exactly 1 chain from {t+1,...,n} are active
in interval [2k, 2k + 1].



16 Marké Horvath, Tamaés Kis

Sketch of the proof of the theorem Let PEVEN = {(s,e) € P?C : (s,e) satisfies (26)}
and QEVEN — conu(PEVEN). To prove that inequalities (26) are facet-defining
for Q2¢ we will show that dim(QEVEN) = dim(Q2°) — 1. To do this, we apply
a similar procedure as in Section 4.3, that is, we will prove that equation system
QEVEN .— [(7) — (13),(27)} contains a minimal equation system for QFVEN
where we have

t 2k n 2k
Z Z(Si’j — ei,j) + Z Z(ei7j — 5i7j) =t—1. (27)
i=1j=1 i=t+1j=1

On the one hand, according to Theorem 3, rank(QEVEN) < rank({(7)—(13)}) +1,
thus dim(QEVFN) > dim(Q2°) — 1. On the other hand, QEVEN C Q2°.

Theorem 7 The equation system QEVEN = {(7) — (13),(27)} contains a minimal
equation system for QEVEN.

Proof Assume that

n 2n n 2n
Zzai,jsi,j +ZZ/Bi,jei,j =7 (28)
im1j=1 =1 =1

holds for all (s,e) € QEVEN. In order to show that equation (28) is a linear
combination of equations (7)—(13) and (27) we explicitly create a linear combina-~
tion (29), and in Propositions 7-10 we prove that (28) and (29) are the same. In
these proposition we use Lemmas 3 and 4, however for their proofs we refer to the
appendix.

Lemma 3 For equation (28) the following statements hold:

i) apjr—ap =g —agy Yp,ge{l,. .. t}, 1< g < j" <2k,
i) ap g —ap g =g —agy Ypge{l .t} 1< <2k <" <2n -1,
Z’LZ) 6177.7" — ﬁp,j’ = BqJ" — 5q,j’ Y p,q€e {1, .. .,t}, 2k < jl < j// < 2n,
W) By — Bpjr = Bajr — Bgjr Y pya€{l,... .t} 2<j <2k <j’ <2n,
v) apjr =y =By — By Vg€l t} 1<) <5 <2k,
U’i) Qp 11— Op jr = /Bq,j” — ﬂq,j’ YV p,qé€ {1, .. .,t}, 2k < j, < j” < 2n.

Note that in case of v) and vi) p may be equal to q.

Lemma 4 For equation (28) the following statements hold:

Uii) Qup j11 —Qup j1 = Qg 11— 0O 5/ Vpe {1, .. .,t}, q e {t+1,. .. ,n}, 1< j/ < j” < 2k,
viti) By — Bpjr = Bajr —Bgy Ype{l,... .t} ge{t+1,....n}, 2k <j' <j" <
2n,
zz) Qup,j" —Qp 1 = Bq,j”*ﬂq,j’ VpeE {1,. .. ,t}, qe {t+1, S ,TL}, 1< j/ < j” < 2k,
I) Qp i — Qp j/ = ﬁq—,ju —ﬂqu Vp S {17...,15}, qE {t—i—l,...,n}, 1 <j/ <2k <
j" < 2n,
x1) ﬂp)j// —ﬂp)j/ = agjr — og,j’ Vvpe{l,...,t}, ge {t+1,...,n}, 1 <jl <2k <
j" < 2n,
I’LZ) 6177.7" _Bp,j’ = Qg5 — Qg,j’ Vpe {1, .. 7t}, qc {t+ 1,... ,n}, 2k < jl < j// <
2n.
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Consider the linear combination of equations (7)-(13) and (27) with coeffi-
cients A, AY, A7, A%, AT AR AP and AT, (i€ {1,...,n}, j € {2,...,2n— 1})
respectively, where

o \27 = A, where X := (ai,2 — agop+1 — P2 + 517%4_1)/2,
o AT — J @111 ifie{l,...,t},

’ a;1 —a11+2)ifie {t+1,...,n},
Bi2—a12+2) ifi=1,
Bioan — Bi,on + p1 if i € {2,...,n},

a1.2n ifi=1,
o N ={ ajon—a;1 +arn ifie{2,...,t},
ajon —og1 +arr —2Xifie {t+1,...,n},
)\10:{51‘,1%—)\7% ifie{1,...,t},
) Bir—A—piifie{t+1,...,n},

o Ml =qqq - )
. )\1_2:{al,ijiij{Q,...ﬂk},

j a1y ifje{2%k+1,..., 20— 1},
o M3 =810, — .

o A8 = p;, where p; == {

Let n 2n n 2n R
szi,jsi,j +ZZﬂi,j6i,j =9 (29)
i=1j=1 im1j=1

be the resulting equation. Note that the left-hand side can be written as

t n
3 ((/\Z FA N5+ (A + A0 - A”)ei,l) + 3 ((AZ A= AT)si0 + (A + A0+ A”)em) +

i=1 1=t+1
n t 2k
+ 37 (O +X)sian + OF + 23 )eizn ) + 30D (7 + A7+ 3 )sig + (A8 + 232 = XT)ei ) +
i=1 i=1j=2
n 2k n 2n—1
+> Y ((AZ A2 =2+ (8 A+ /\27)ei,j) >N ((/\Z + 212855+ (A8 + /\}Z)ei,j) .
i=t+1j=2 i=1j=2k+1

Proposition 7 For linear combination (29) the following statement holds:

I) &5 =a;; forallic{1,...,t} and j € {1,...,2n}.

Proof By construction, the statement clearly holds for ¢ = 1. Let ¢ € {2,...,t} be
fixed. For j = 1 we have

Gi1 =M AN ENT = (a1 —aia) (a1 = A) A= a;q,
and for j = 2n we have

Gion =M+ A = (i1 —a11) + (Qion +a11 —@i1) = Qion.
For a given j € {2,...,2k} we have

&ij =\ + Ajl-z + 20 = (a1 —a11) (@ j— N+ A=a1,; —a11+ a1 2 Qs
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where for the last equation we use statement i) of Lemma 3 with p = 1, ¢ = 1,
4/ =1, and j” = j. Finally, for a given j € {2k +1,...,2n — 1} we have

A 7 12 i1)
Qi =N+ AT =1 —a11 o = g,

where for the last equation we use statement ii) of Lemma 3 with p =1, ¢ =4
j'=1and j” =j. O

Proposition 8 For linear combination (29) the following statement holds:
1) Bi,j = i forallie {1,...,t} and j € {1,...,2n}.
Proof First, assume that ¢ = 1. For j = 1 we have
31,1 =X A =N =+ Big+A—p1)— A= B,
and for j = 2n we have
Bron =AM+ X% =1 + (Bran — 1) = Bi2n.

For a given j € {2,...,2k} we have

Brj =+ A7 AT = (Bro—12+2 )+ (a1 j—A) —A=fi2tarj—a1e 2 B1,5s
where the last equation clearly holds for ;7 = 2, and for 2 < j we can use
statement v) of Lemma 3 with p = ¢ = 1, j/ = 2 and j” = j. For a given
je{2k+1,...,2n — 1} we have

A 8 12 i)
B =AM+ A" =Pr2+a1;—a12+2A=0a1; —aiop+1 + Bi2k+1 = Bijs

according to statement vi) of Lemma 3 with p = ¢ =1, /' = 2k + 1 and j” = j.
Now, let i € {2,...,¢}. For j =1 we have

Bin =N+ N =N = i+ (g + A — i) = A= Bi,
and for j = 2n we have
Bron = AP+ A2 = (Bion — Bron + 1) + (Br2n — 1) = Bi,2n-
For a given j € {2,...,2k} we have
Bi,j =A% + )\]1'2 = (Bijan — Bran + P12 —a12 +2X) + (a1, —A) — A
v Bijs

since 1,2 —a1,2+a1, j = B1,; according to statement v) of Lemma 3 with p = ¢ = 1,
j'=2and j” = j, and Bi2n — B1,2n + B1,j; = Bi,j due to statement iv) of Lemma 3
with p=1, ¢ =i, j' = j and j” = 2n. Finally, for a given j € {2k +1,...,2n — 1}
we have

v)
= Bion —Pron+ P12 — a1 2+ a1 j = Bion — P20+ B

5 8, 12 vi) iv)
Bij = A +A;" = Bion—0B12nto1j—a1 op+1+612k+1 = Bi2n—0B1,2nt061,5 = Bijs

since o j — a1 op41 + B1,2k+1 = B1,; according to statement vi) of Lemma 3 with
p=q=1,j =2k+1and j” = j, and B; 2, —B1,2n+B1,; = Bi,j due to statement iv)
of Lemma 3 with p =1, ¢ =4, j' = j and j” = 2n. ]
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Proposition 9 For linear combination (29) the following statement holds:
II) G5 =y forallie {t+1,...,n} and j € {1,...,2n}.

Proof Let ¢t € {t +1,...,n} be fixed. For j = 1 we have

Gin =M AN AT = (1 —a1 F20) + (a1 —A) = A=,
and for j = 2n we have
Gion =M +A) = (i1 — a1 +20) 4 (aion — @in + a1, — 20) = a;on.

For a given j € {2,...,2k} we have

OACi,j — )\1-74»)\]1-2 —)\27 = (ai,l —Qa11 +2)\) +(Ocl’j —)\) -\ = ay,5— 01,1 + o vg) 5,
where for the last equation we use statement vii) of Lemma 4 with p = 1, ¢ = 1,
4/ =1 and j” = j. Finally, for a given j € {2k +1,...,2n — 1} we have

Q5 = A+ )\31‘2 = (o4 — a1+ a2 — B2+ B1okt1 — Q1 ok+1) + a1

2 aj1—ai1+taiz— P12+ B "2 ajo— B2+ B, = a; g,

since By gk+1—a1 2k+1+01,j = B1,; according to statement vi) of Lemma 3 with p =
q=1,j =2k+1land j” = j, and a; 1 —a1,1+1,2 = a; 2 according to statement vii)
of Lemma 4 with p=1, g =14, j/ =1 and j” =2, and a; 5 — 1,2 + B1,; = a; j due
to statement xi) of Lemma 4 with p =1, § =14, j/ = 2 and j” = j. O
Proposition 10 For linear combination (29) the following statement holds:
IV) Bij = Bij foralli€ {t+1,...,n} and j € {1,...,2n}.

Proof Let ¢t € {t +1,...,n} be fixed. For j = 1 we have

31‘,1 =X HM N =g+ (Big — A — i) + A= Bi1,
and for j = 2n we have
Bron = A + 0% = (Bian — Bron +p1) + (Br2n — 1) = Bi,2n-
For a given j € {2,...,2k} we have

A 7
Bij =X\ + >\gl‘2 + X7 = Bion + a1 — Bian — a1 ok+1 1 B1,2k+1

V41) )
=" a1, — a1 2641 + Bi2k+1 = Bij,
since B on — B1,2n + B1,26+1 = Bi2k+1 according to statement viii) of Lemma 4
withp=1,g=1i, j'=2k+1and j” = 2n, and a1 j — a; 2k41 + Bi2k+1 = Bi,; due
to statement x) of Lemma 4 with p =1, g =4, ;' = j and j/ = 2k + 1. Finally, for
agiven j € {2k+1,...,2n — 1} we have
. i) viii)
Bij = /\§+/\}2 = Bion—B1,2nta1 j—a1 2p+1+t81,2k+1 = Bian—Br2n+b1,; = Bij»
since aij — o1 ok+1 + B1,26k+1 = B1,; according to statement vi) of Lemma 4 with
p=13g=14,j =2k+1and j” = j, and B2, — B1,2n + B1,; = Bi,; due to
statement viii) of Lemma 4 with p=1, g=14, ' = j and j” = 2n. O

Corollary 5 Linear combination (29) yields equation (28).
Proof According to Proposition 7-10, the left-hand sides of (28) and (29) are the
same. Since both of them are satisfied for the points from PFYVEN | the right-hand

sides also coincide with each other. |
O
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5 Problem 1 |chains, chain-length € {1,2},p; = 1|~

In this section we generalize the parity inequalities (18)—(19) to the case when the
precedence constraints consist of chains with length one or two.

5.1 Problem formulation

In order to simplify notation, in this section let 7 = {Ju,..., Jon+m} be the set of
unit-time jobs. Let C2 = {C1,...,Cr} be the set of chains with length 2 such that
C; = (Joi—1, J2;) for each i € {1,...,n}, that is, Jo;—1 < Jo;. We say that job Ja;_1
(J2;) is the first (second) job of chain C;. In addition, let C1 = {Cn+1,...,Cnim}
be the set of chains with length 1 such that C,,4; = {J2p4} foreachi e {1,...,m}.
For the sake of convenience we also say that job Jap; is the first job of chain Ci, ;.

Let s; ; indicate whether the first job of chain C; is assigned to position j, for
eachi e {1,...,n+m}, j € {1,...,2n+m}, and let ¢; ; indicate whether the second
job of chain C; is assigned to position j, for each i € {1,...,n}, 5 € {1,...,2n+m}.
We can formulate the problem as:

2n+m
Y osiy=1ie{l,...,n+m} (30)
j=1
2n+m
> eyj=1ie{l,...,n} (31)
j=1
n+m n
Zsi’j+zei’j:1 je{l,...72n—|—m}7 (32)
i=1 i=1
k+1 k
Zei}j < Zsi,j ie{l,...,n}, ke{l,...,.2n+m — 1}, (33)
j=1 j=1

and one can strengthen the formulation by fixing some of the variables:

Sianem =0 i€{1,...,n}, (34)
ei1=0 ie{l,...,n} (35)

5.2 Generalized parity inequalities

Given an instance (J,C = C1 UCz) of the problem IT = (1|chains, chain-length €
{1,2},p; = 1]7), we create an instance (J',C’ = C1 UC3) of the problem II' =
(1|2-chains, p; = 1|v). On the one hand, we create m dummy jobs J5,, { i 1s-- - Jontom
such that 7' = T U {9 ma1s---»> Janiom}- On the other hand, let C5 = C2 and

Ci ={Cni1,---,Chom} where C}; = (Jan+is Joppmyi), that is, we create prece-
dence constraints Jop1; < Jy, 4y for each i € {1,...,m}.

Consider a feasible solution for problem I7. Clearly, if we assign the dummy
jobs Jby tima1s - -+ s Jonom arbitrary to positions 2n+m+1,...,2n + 2m we get a
feasible solution for problem II’. Moreover, if in a feasible solution for problem II’
the jobs Jb, yma1s---s Joniom are assigned to positions 2n+m + 1,...,2n + 2m,
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then the assignment of jobs J1, ..., Jan+m to positions 1,. .., 2n+m yields a feasible
solution for problem I7. Thus, if we consider the problem (7) (14) for the instance
(J',C") such that enq;ontm+i = 1 for each i € {1,...,m}, then each feasible
solution for that problem yields a feasible solution for the problem (30)—(33), and
vice versa. Since for each k£ € {1,...,n +m — 1} and for each Sz C {1,...,n},
S1 C{n+1,...,n+m} such that S; US> has odd cardinality, the inequality

Z > (sig—eiy) <|Slu52|—1+z > (sij—eig), (36)

j=1i€S,USy Jj=14€5,U8,

is valid for (7)—(14) (see inequality (18)) where So = {1,...,n}\ S2 and S1 =
{n+1,...,n+m}\ S1, thus the following inequality is valid for (30)—(33):

2k
oA D Gig—ed)+ D siy

Jj=1 \i€S2 1€S51

2k
<S1USal 14> [ D (sig—eis)+ Y sij |- (37)

Jj=1 \ieS, €S,

Similarly (see inequality (19)), for each k € {1,...,n + m} and for each Sy C
{1,...,n}, S1 € {n+1,...,n + m} such that S; U S2 has even cardinality, the
following inequality is valid (30)—(33):

2k—1
Do DD Gig—eni)+ D siy
Jj=1 i€ S2 €S,
2k—1
<IS1USal =14 > | D (sij—eij)+ > sy |- (38)
j=1 i€Sy i€S;

Using the transformation of problem instances mentioned above, one can use
the procedure described in Section 4.4.1 to separate inequalities (37) and (38).

6 Computational experiments

In this section we present the results of our computational experiments where the
main goal was to examine the effectiveness of our parity inequalities.

All the computational experiments were performed on a workstation with 8GB
RAM and Intel(R) Xeon(R) CPU E5-2630 v4 of 2.20 GHz, and under Linux oper-
ating system using a single thread only. Our solution approach is implemented in
C++ programming language using CPLEX (version 12.6.3.0) as the branch-and-
cut framework.

In these experiments we compared three solution approaches, corresponding to
the settings summarized in Table 1. Method BnC (Default) refers to the default
CPLEX settings (i.e., CPLEX performs presolves and heuristics, and generates
built-in cuts), while in case of methods BnB and BnC (Parity) we turned off all
the presolves, heuristics and forbid to generate built-in cuts, however, in case of
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Table 1 Solver settings of the different methods

CPLEX
Method Presolve  Heuristics Cuts  Parity cuts
BnB no no no no
BnC (Default) yes yes yes no
BnC (Parity) no no no yes

method BnC (Parity) we separate the parity inequalities. That is, method BnB is
a pure branch-and-bound procedure, and method BnC (Parity) is a pure branch-
and-cut algorithm separating only the parity inequalities. In each case we solved
the instances with a time limit of 600 seconds.

We generated two families of problem instances for 1|2-chains,p; = 1| ) W) o)
and one family for 1|chains,chain-length € {1,2},p; = 1| > w; .. Each family
consists of 30 instances, which can be subdivided according to the number of
jobs, which was n € {50,100, 150}, and we generated 10 instances for each n. In
Tables 2—4 we summarize our results on these families, and the detailed results are
presented in the appendix (see Tables 5-13). In these tables we indicate the number
of jobs (n), the settings of the solver (Method), the final lower and upper bounds
(LB, UB), the final gap (Gap) calculated as 100 x (UB — LB)/LB, the number
of investigated branch-and-bound nodes (Nodes), the number of generated parity
inequalities (Cuts), and the execution time (Time) in seconds.

6.1 Results on problem 1[2-chains,p; = 1| } wj 5,

For the problem 1 |2-chains,p; = 1| > wj,o; we generated two families of instances,
Family 1 and Family 2, that differ in the method of generating the cost functions.
Both families consist of 30 instances, which can be further divided into problems
with n € {50,100,150} jobs, i.e., 10 instances for each n. In order to generate
challenging instances, for each first-job we assigned higher weight for the early
positions than for the late ones, however, for each second-job we assigned lower
weight for the early positions than for the late ones. Formally, in case of Family 1,
we partitioned the set of positions into 9 sets such that P, = {[(k — 1) - 2n/9] +
1,...,[k-2n/9]} for each k € {1,...,9}, then for job J; and position j we chose
w; j uniformly at random such that

o w;; € {10(10 —k),...,10(11 — k) — 1} if J; is a first-job, and j € Py,
e w; ;€ {10k,...,10(k + 1) — 1} if J; is a second-job, and j € Py.

In case of Family 2, we partitioned the set of positions into 17 subsets such that
Pr={[(k—1)-2n/17]+1,...,[k-2n/17]} for each k € {1,...,17}, then for job J;
and position j we chose w; ; uniformly at random such that

w; j € {10k,...,10(k + 1) — 1} if J; is a first-job, £ <9, and j € Py,

w;; € {10(18 — k),...,10(19 — k) — 1} if J; is a first-job, 9 < k, and j € Py,
w;; € {10(10 — k),...,10(11 — k) — 1} if J; is a second-job, k <9, and j € Py,
w;; € {10(k —9),...,10(k — 8) — 1} if J; is a second-job, 9 < k, and j € Py.

In Tables 2 and 3 we summarize our results for Family 1, and Family 2, respec-
tively, while the detailed results can be found in Tables 5-7, and in Tables 8-10,
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Table 2 Summarized computational results for Family 1 (averages over 10 instances)

n Method LB UB Gap Nodes Cuts  Time
50 BnB 2525.4 25254 0.0 3196.1 0.0 17.2

BnC (Default) 2525.4  2525.4 0.0 839.9 0.0 7.7

BnC (Parity) 2525.4 25254 0.0 4.3 19.7 1.1

100 BnB 5006.9 5021.9 0.3 14017.2 0.0 416.9
BnC (Default) 5007.5 5011.0 0.1 10670.4 0.0 397.2

BnC (Parity) 5008.5  5008.5 0.0 140.0  35.7 25.0

150 BnB 7500.0 7513.7 0.2 3740.6 0.0 346.6
BnC (Default) 7500.0 7500.1 0.0 1257.2 0.0 227.5

BnC (Parity)  7500.0 7500.0 0.0 128 354 428

Table 3 Summarized computational results for Family 2 (averages over 10 instances)

n Method LB UB Gap  Nodes Cuts Time
50 BnB 1816.5 1816.5 0.0 925.1 0.0 3.3

BnC (Default) 1816.5 1816.5 0.0 14.7 0.0 0.6

BnC (Parity) 1816.5 1816.5 0.0 3.5 2.7 0.3

100 BnB 3598.6  3663.4 1.8 63707.8 0.0 600.0
BnC (Default) 3616.5 3644.5 0.8 14762.8 0.0  600.0

BnC (Parity) 3642.1 3642.1 0.0 4.3 27.1 5.4

150 BnB 5340.9  5399.8 1.1 9099.5 0.0  600.0
BnC (Default) 5352.8 5360.5 0.1 4944.9 0.0 574.0

BnC (Parity) 5360.4 5360.4 0.0 5.0 6.9 154

respectively. One can see that method BnC (Parity) significantly outperformed
the other ones in all aspects. On the one hand, only the method BnC (Parity)
was able to solve all instances to optimality (one can see that the average gap
is always 0.0), on the other hand in each case method BnC (Parity) needed the
shortest execution time, and the least number of search-tree nodes. To sum up,
using parity inequalities (method BnC (Parity)) can significantly improve a pure
branch-and-bound procedure (method BnB), moreover, it also outperforms the
default CPLEX branch-and-cut procedure (method BnC (Default)).

6.2 Results on problem 1 |chains, chain-length € {1,2},p; = 1| > wj o,

Given an n-length path (in term of number of its nodes) as the precedence graph.
To obtain instances of Family 3 we randomly removed arcs from that path such
that the remaining sub-paths (i.e, chains) have length at most two. For each n €
{50,100, 150}, we generated 10 instances with n jobs, giving a total of 30 instances.
Again, to generate challenging instances, for each first-job we assigned higher
weight for the early positions than for the late ones, however, for each second-
job we assigned lower weight for the early positions than for the late ones (see
Family 1).

In Table 4 we summarize our results, and for detailed results we refer to the ap-
pendix (see Tables 11-13). Similarly to the previous experiments, the method BnC
(Parity) outperformed the other ones. Namely, in case of method BnC (Parity) all
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Table 4 Summarized computational results for Family 3 (averages over 10 instances)

n Method LB UB Gap Nodes Cuts  Time
50 BnB 2056.1  2056.1 0.0 28892.6 0 47.0

BnC (Default) 2056.1 2056.1 0.0 851.1 0 2.0

BnC (Parity) 2056.1  2056.1 0.0 4.2 7.8 0.3

100 BnB 4056.1  4087.7 0.8 60305.6 0 600.0
BnC (Default) 4070.4  4078.7 0.2 26954.3 0 590.3

BnC (Parity) 4076.7  4076.7 0.0 56.0 16.0 8.6

150 BnB 6062.8 6109.5 0.8 16331.7 0 600.0
BnC (Default) 6068.3 6084.3 0.3 9923.6 0 600.0

BnC (Parity) 6081.8 6081.8 0.0 32.9 16.4 23.3

instances were solved to optimality, and the separation of the parity inequalities
significantly reduced the investigated branch-and-bound nodes and the execution
time.

7 Conclusions, final remarks and future work

In this paper we presented polyhedral results for a single machine scheduling prob-
lem where precedence constraints are given. Among several theoretical results we
also presented a class of valid inequalities that turned out to be facet defining for
2-chain precedence constraints. Our computational experiments show that sep-
arating these inequalities can significantly improve a linear programming based
branch-and-bound procedure.

Our generalized inequalities are valid in the case of chain-precedence con-
straints when the chain-lengths are at most two. We remark that in the case
of arbitrary precedence constraints one can arbitrary relax these constraints such
that the remaining precedence relation consist of chains with length at most two,
thus our inequalities can be separated in the general case as well. Moreover, we
developed a separation algorithm that finds the most violated inequality over all
the possible relaxations of the precedence constraints, however, according to com-
putational experiments, separating these inequalities could not improve a branch-
and-bound procedure.

In the future we would like to direct our attention to the case of chain prece-
dence constraints with arbitrary chain-lengths, and to the case of general prece-
dence constraints as well.

8 Appendix
8.1 Proof of Lemma 1

Proof (statement i)) Let p,q € {1,...,n} be distinct elements, 1 < ji < j2 <
j3 < ja < 2n and consider points P, = (s',e'), P, = (s%,¢%) € P2¢ such that
op(P1) = (J1,52), 0¢(P1) = (J3,44) and o4(P2) = (j1,43), o¢(P2) = (j2,ja) and
or(P1) = or(P2) for all r ¢ {p,q}, i.e.,

1 1 1 1
=1

= en i = Sg i, = €y and s2, =2, =52, =2 =1
Spj1 = €pja = Sq,ds = €q,ja T Spg1 = €pgs = Sqj2 T €qa T b



Polyhedral results for position based scheduling of chains on a single machine 25

and si’j = si’j, e},J = ef,j for all r ¢ {p,q} and j € {1,...,2n}. Since P, and P»

satisfy (16), we have

n 2n

1 1 _
gy + Bpja + s + Baga + D D (ar,jsm‘ + ﬂr,jer,j) =7
r=1 j=1
T#D,q

and
n 2n

2 2
apjy + Bpjs + g . + Bq gy + Z Z (ar,jsm' + 5r,j€r,j) =7

=1 j=1
répa’
thus, by subtracting the second equation from the first one, we have 8, j, +aq j, =
Qq.j, + Bp.js (1 < j2 <jz < 2n), that is, statement i) holds for p # q.
Since n > 3, we can choose pairwise distinct elements p, ¢, r € {1,...,n}, there-
fore we have

Qp,jir — Qpjr = Bq,jr — Bq,j0 = Qi — oy jr = By — Bp jr,

O

that is, statement i) also holds for p = ¢.

Proof (statement i)) Let p,q € {1,...,n} be distinct elements, 1 < j; < j2 < j3 <
ja < 2n and consider points Py, P, € P2¢ such that op(P1) = (j1,j3), 0q(P1) =
(j2,ja) and op(P2) = (j2,43), 0q(P2) = (j1,j4) and or(P1) = or(P2) for all v ¢
{p,q}. Since P and P, satisfy (16), we have ap j, — ap j; = g4, — 0q,j; (1 <j1 <
ja < 2n — 1), that is, statement ii) holds for j” < 2n — 1.

Now, consider points P3, Py € P2¢ such that op(Ps) = (j1,2n — 2), oq(P3) =
(2n —1,2n) and op(Ps) = (2n — 1,2n), 0¢(Ps1) = (j1,2n — 2) and o, (Ps3) = or(Pa)
for all v ¢ {p,q}. Since P3 and Py satisfy (16), we have oy, j, + Bp,2n—2 + ag2n—1 +
Bg2n = 0p2n—1 + Bpan + g4, + Bq,2n—2. According to statement i) (note that
1 < 2n —2) we have Bp,2n — Bp,2n—2 = Bg,2n — Bq,2n—2, therefore oy, j, + agon—1 =
Qg j, +apon—1, that is, statement ii) also holds for j" =2n—1. m|

Proof (statement i) Let p,q € {1,...,n} be distinct elements, 1 < j; < j2 < j3 <
ja < 2n and consider points Pi, P» € P2 such that op(P1) = (j1,73), oq(P1) =
(j2,J4) and op(P2) = (j1,7j4), 0q(P2) = (j2,j3) and or(P1) = or(P2) for all r ¢
{p,q}. Since P; and P satisty (16), we have 3, j, — Bp.js = Bg,ju — Bgjs (2 <j3 <
ja < 2n), that is, statement iii) holds for 2 < j’.

Now, consider points Ps, Py € P2¢ such that op(P3) = (1,2), 0q(P3) = (3,j4)
and op(Ps) = (3,74), 0¢(Ps) = (1,2) and or(P3) = or(P4) for all r ¢ {p,q}. Since
P and Py satisfy (16), we have ap,1+B8p2 +aq,3+ 84,5, = ap,3+Bpj, T g1+ Bg,2-
According to statement i) (note that 3 < 2n) we have ap3 — ap1 = ag,3 — ag,1,
therefore B2+ B¢, = Bq,2 + Bp,j., that is, statement iii) also holds for =2 0O

8.2 Proof of Lemma 3

Proof (statement i)) Let p,q € {1,...,t} be distinct elements, 1 < j1 < jo < 2k <
j3 < ja < 2n and consider points Py, P, € PEVEN such that op(P1) = (j1,43),
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oq(P1) = (j2,74) and op(P2) = (j2,73), 0q(P2) = (j1,Jj4) and or(P1) = or(P2) for
all r ¢ {p,q}, i.e.,

1 1 1 1 =1

RS S R 2 2 2 2 4
Sp,j1 = €p.js = Sq.52 = €q,ja )

and  sp, 5, = €pj, = Sq,j, = €q,j, =

and sﬁj = s%,j, eij = e%j for all » ¢ {p,q} and j € {1,...,2n}. Note that such

points exist according to Remark 2. Since P; and Py satisfy (28), we have

n 2n

pji + Bpgs + g4, + Bejs + Z Z <047~,j371‘,j + ﬂr,je}",j) -

r=1 j=1
T#D,q

and
n 2n

2 2
Opjo + Bpojs + s + Baga + D D (ar,jsm‘ + /3r,j€r,y‘) =7
r=1 j=1
T#Dq
thus, by subtracting the first one from the second one, we have oy ;, + a4, =

Qp,ja + Qq,j1 - o

Proof (statement #i)) Let p,q € {1,...,t} be distinct elements, 1 < j; < jo < 2k <
j3 < ja < 2n and consider points Py, P, € PEVEN such that op(P1) = (j1,53),
oq(P1) = (j2,ja) and op(P2) = (j1,ja), 04(P2) = (j2,j3) and or(P1) = or(P2) for
all r ¢ {p, ¢}. Since P1 and P> satisfy (28) we have 8, j, — Bp.js = Bq.js — Bq.js-

Proof (statement it)) Let p,q € {1,...,t} be distinct elements and 1 < j; < 2k <
jo < j3 < ja < 2n. First, consider points Pi, P, € PFVEN guch that op(P1) =
(j17j3)? UQ(Pl) = (j27j4) and UP(P2) = (j27j3)3 UQ(PQ) = (j17j4) and UT(Pl)
or(P2) for all r ¢ {p,q}. Since P, and P» satisfy (28) we have ap j, — apj, =
Qq.j, — Cq.jr, that is, statement ii) holds if 2k < j” < 2n — 1.

Now, consider points Ps, Py € PEVEN such that op(Ps) = (j1,2k+1), 0q(P3) =
(2n—1,2n) and op(Ps) = (2n—1,2n), 04(P1) = (j1,2k+1) and o (P3) = oq(P3) for
all » ¢ {p, ¢}. Since P3 and P; satisfy (28) we have oy, j, +8, 2k+1+g,2n—1+Bg,2n =
g5, + Bg2k+1 + op2n—1 + Bp2n. According to statement iii), Spon — Bpok+1 =
Bq,2n — Bg.2k+1, thus ap i + ag2n—1 = agj; + op2n—1, that is, statement ii) also
holds for j” = 2n — 1. ]

Proof (statement vi)) Let p,q € {1,...,t} be distinct elements, 1 < j1 < j2 < j3 <
2k < js < 2n. First, consider points Pi, P» € PEVEN such that op(P1) = (j1,73),
oq(P1) = (j2,74) and oq(P2) = (j1,Ja), 0¢(P2) = (j2,43) and or(P1) = or(P2) for
all r ¢ {p,q}. Since P1 and P; satisfy (28) we have 8y j, — Bp js = Bq.j. — Bq.js> that
is, statement iv) holds if 2 < j' < 2k.

Now, consider points P3, Py € PEVEN such that op(P3) = (1,2), oq(P3) =
(2k,ja) and op(Ps) = (2k,ja), 0q(Ps) = (1,2) and or(P3) = or(Ps) for all r ¢
{p,q}. Since P3 and P, satisfy (28) we have ap,1 + Bp,2 + agor + Bq,j. = g1 +
Bg,2 + ap ok + Bp,j,- According to statement i), apop — ap1 = g ok — 0,1, thus
Bp,2 + Bq.js = Ba,2 + Bp.j,, that is, statement iv) also holds for j/ = 2. O

Proof (statement v)) Let p,q € {1,...,t} be distinct elements, 1 < j; < j2 < jg <
2k < j4 < 2n and consider points Py, P, € PEVEN such that op(P1) = (j1,73),
oq(P1) = (j2,ja) and op(P2) = (j1,j2), 0q(P2) = (js,ja) and or(P1) = o7(P2) for
all r ¢ {p,q}. Since P1 and P, satisfy (28) we have oy j, — p j, = Bg.j5 — Bg.ja-
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Since 3 < t, we can choose pairwise distinct element p, ¢, r € {1,...,t}, therefore
we have

Qp,js = Ap,ja = ﬂq’js - IBQ’]é = Qp g — Qp g, = 51%]3 - BPJW
that is, statement v) also holds for p = q. O

Proof (statement vi)) Let p,q € {1,...,t} be distinct elements, 1 < j1 < 2k < ja2 <
j3 < ja < 2n and consider points Py, P, € PFVEN such that op(P1) = (j1,53),
oq(P1) = (j2,ja) and op(P2) = (j1,J2), 04(P2) = (j3,ja) and or(P1) = or(P2) for
all r ¢ {p,¢}. Since P1 and P> satisfy (28) we have oy j, — p j, = Bq.j5 — Ba.ja-

Since 3 < t, we can choose pairwise distinct element p, ¢, € {1,...,t}, therefore
we have

Qp,js = Up,js = Ba,js — Ba,ja = Uiz — Qrjs = Bpjs — Bp,jas

that is, statement vi) also holds for p = q. a

8.3 Proof of Lemma 4

Proof (statement vii)) Let p € {1,...,t}, g € {t+1,...,n} and 1 < j1 < jo <
2k < j3 < ja < 2n. Consider points P, P, € PFVEN such that op(P1) = (j1,73),
oq(P1) = (j2,ja) and op(P2) = (j2,j3), 0q(P2) = (j1,ja) and or(P1) = or(P2) for
all » ¢ {p,q}. Since P1 and P satisfy (28) we have oy, j, — ap j; = 0g,j, — 0g,j,- O

Proof (statement wviii)) Let p € {1,...,t}, ¢ € {t+1,...,n} and 1 < j1 < jo <
2k < j3 < ja < 2n. Consider points P, P> € PFVEN such that op(P1) = (j1,73),
Uq(Pl) = (j27j4) and O'p(PQ) = (jl,j4), o’q(PQ) = (jg,jg) and Ur(Pl) = O'T(Pg) for
all r ¢ {p,q}. Since P1 and Ps satisfy (28) we have By j, — Bp.js = B4,j. — Bq,js- O

Proof (statement iz)) Let p € {1,...,t}, g € {t+1,....,n} and 1 < j; < ja <
j3 < 2k < js < 2n. Consider points Py, P, € PEVEN guch that op(P1) = (js, ja),
og(P1) = (j1,J2) and op(P2) = (j2,Ja), 0g(P2) = (j1,J3) and or(P1) = or(P2) for
all r ¢ {p,q}. Since P1 and P» satisfy (28) we have oy j, — apj, = Bg.js — Bq,j.- O

Proof (statement z)) Let p € {1,...,t}, g € {t+1,...,n} and 1 < j1 < jo» <
2k < j3 < ja < 2n. Consider points P, P2 € PFVEN such that op(P1) = (j3,ja),
og(P1) = (j1,j2) and op(P2) = (j2.ja), oq(P2) = (j1,js3) and or(P1) = o7(P2) for
all r ¢ {p,q}. Since P1 and P» satisfy (28) we have oy, j, — ap j, = Bg.45 — Bg.ja- U

Proof (statement zi)) Let p € {1,...,t}, g € {t+1,....,n} and 1 < j; < ja <
2k < j3 < ja < 2n. Consider points Pi, P, € PEVEN such that op(Py) = (j1, jo),
og(P1) = (j3,ja) and op(P2) = (j1,J3), 0g(P2) = (j2,ja) and or(P1) = or(P) for
all r ¢ {p,q}. Since P, and P, satisfy (28) we have By j, — Bp.j» = Qg.js — OG,j,- U

Proof (statement xii)) Let p € {1,...,t}, g € {t+1,...,n} and 1 < j1 < 2k <
j2 < j3 < ja < 2n. Consider points Pi, P € PEVEN such that op(P1) = (j1,42),
og(P1) = (js, ja) and op(P2) = (j1,js), oq(P2) = (j2,ja) and or(P1) = o7 (P2) for
all r ¢ {p,q}. Since P1 and P, satisfy (28) we have 8, j, — Bp.j» = Qg.js — ®g,j,- U
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Table 5 Detailed computational results for Family 1 with n = 50

Instance  Method LB UB Gap Nodes Cuts Time

1 BnB 2531.0 2531.0 0.0 12377 0 54.1

BnC (Default) 2531.0 2531.0 0.0 535 0 13.2

BnC (Parity) 2531.0 2531.0 0.0 4 27 1.2

2 BnB 2526.0 2526.0 0.0 520 0 6.8

BnC (Default) 2526.0 25260 0.0 451 0 45

BnC (Parity) 2526.0 2526.0 0.0 3 24 0.5

3 BnB 2530.0 2530.0 0.0 332 0 6.1

BnC (Default) 2530.0 2530.0 0.0 208 0 2.8

BnC (Parity) 2530.0 2530.0 0.0 4 17 0.8

4 BnB 2523.0 2523.0 0.0 5693 0 27.5

BnC (Default) 2523.0 2523.0 0.0 2066 0 11.5

BnC (Parity) 2523.0  2523.0 0.0 8 22 2.0

5 BnB 2519.0 2519.0 0.0 7 0 1.6

BnC (Default) 2519.0 2519.0 0.0 0 0 0.8

BnC (Parity) 2519.0 2519.0 0.0 3 17 0.7

6 BnB 2525.0 2525.0 0.0 232 0 5.6

BnC (Default) 2525.0 2525.0 0.0 339 0 3.8

BnC (Parity)  2525.0 2525.0 0.0 4 17 0.9

7 BnB 2527.0  2527.0 0.0 133 0 3.1

BnC (Default) 2527.0 2527.0 0.0 14 0 0.9

BnC (Parity) 2527.0  2527.0 0.0 5 12 1.2

8 BnB 2523.0 2523.0 0.0 1469 0 12.2

BnC (Default) 2523.0 2523.0 0.0 624 0 4.7

BnC (Parity) 2523.0  2523.0 0.0 5 21 1.3

9 BnB 2528.0 2528.0 0.0 8774 0 38.1

BnC (Default) 2528.0 2528.0 0.0 3460 0 29.6

BnC (Parity) 2528.0  2528.0 0.0 4 18 1.2

10 BnB 2522.0  2522.0 0.0 2424 0 17.0

BnC (Default) 2522.0 2522.0 0.0 702 0 5.4

BnC (Parity) 2522.0 2522.0 0.0 3 22 0.9

avg BnB 2525.4 25254 0.0 3196.1 0.0 17.2

BnC (Default) 25254 2525.4 0.0 839.9 0.0 7.7

BnC (Parity) 2525.4  2525.4 0.0 4.3 19.7 1.1
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Table 6 Detailed computational results for Family 1 with n = 100

Instance  Method LB UB Gap  Nodes Cuts Time
1 BnB 5006.7 5016.0 0.2 19 580 0 600.0
BnC (Default) 5009.0  5009.0 0.0 18317 0 5135
BnC (Parity) 5009.0 5009.0 0.0 160 40 25.0

2 BnB 5007.0 5007.0 0.0 3850 0 148.7
BnC (Default) 5007.0 5007.0 0.0 2842 0 77.6
BnC (Parity) 5007.0 5007.0 0.0 69 32 22.4

3 BnB 5008.0  5008.0 0.0 9963 0 2825
BnC (Default) 5008.0 5008.0 0.0 4339 0 177.8
BnC (Parity) 5008.0  5008.0 0.0 171 36 22.9

4 BnB 5008.7  5058.0 1.0 21653 0 600.0
BnC (Default) 5008.5  5021.0 0.3 10395 0 600.0
BnC (Parity) 5013.0 5013.0 0.0 102 38 21.4

5 BnB 5006.0 5011.0 0.1 18585 0 600.0
BnC (Default) 5008.0  5008.0 0.0 16913 0 524.5
BnC (Parity) 5008.0  5008.0 0.0 263 39 37.0

6 BnB 5010.0 5010.0 0.0 5414 0 2179
BnC (Default) 5010.0 5010.0 0.0 3986 0 212.0
BnC (Parity) 5010.0 5010.0 0.0 62 26 18.4

7 BnB 5005.6  5010.0 0.1 21114 0 600.0
BnC (Default) 5007.0 5007.0 0.0 21630 0 483.0
BnC (Parity) 5007.0 5007.0 0.0 221 49 29.3

8 BnB 5007.0 5007.0 0.0 1633 0 66.5
BnC (Default) 5007.0 5007.0 0.0 11646 0 5174
BnC (Parity) 5007.0 5007.0 0.0 122 19 23.5

9 BnB 5005.6  5087.0 1.6 22484 0 600.0
BnC (Default) 5005.9 5028.0 0.4 11269 0 600.0
BnC (Parity) 5011.0 5011.0 0.0 138 41 24.7

10 BnB 5005.0 5005.0 0.0 15896 0 453.6
BnC (Default) 5005.0 5005.0 0.0 5367 0 266.3
BnC (Parity) 5005.0 5005.0 0.0 92 37 25.6
avg BnB 5006.9 5021.9 0.3 14017.2 0.0 416.9
BnC (Default) 5007.5 5011.0 0.1 10670.4 0.0 397.2
BnC (Parity) 5008.5  5008.5 0.0 140.0 35.7 25.0

J. Y.-T. Leung and G. H. Young. Minimizing total tardiness on a single machine
with precedence constraints. ORSA Journal on Computing, 2(4):346-352, 1990.
G. L. Nemhauser and L. A. Wolsey. Integer programming and combinatorial opti-

mization. Wiley, Chichester, 1988.

G. Wan and X. Qi.

Logistics (NRL), 57(2):159-171, 2010.
Y. Zhao, X. Qi, and M. Li. On scheduling with non-increasing time slot cost to
minimize total weighted completion time. Journal of Scheduling, 19(6):759-767,

2016.

Scheduling with variable time slot costs.
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Table 7 Detailed computational results for Family 1 with n = 150

Instance  Method LB UB Gap Nodes Cuts Time
1 BnB 7500.0 7529.0 0.4 7205 0 600.0
BnC (Default) 7500.0 7500.0 0.0 472 0 2282
BnC (Parity) 7500.0  7500.0 0.0 6 26 31.9

2 BnB 7500.0 7500.0 0.0 1054 0 193.7
BnC (Default) 7500.0  7500.0 0.0 0 0 31.0
BnC (Parity) 7500.0  7500.0 0.0 9 31 38.6

3 BnB 7500.0  7500.0 0.0 5791 0 421.3
BnC (Default) 7500.0 7500.0 0.0 135 0 88.5
BnC (Parity) 7500.0  7500.0 0.0 13 35 50.2

4 BnB 7500.0  7500.0 0.0 847 0 200.3
BnC (Default) 7500.0 7500.0 0.0 2753 0 243.7
BnC (Parity) 7500.0  7500.0 0.0 10 40 45.1

5 BnB 7500.0 7500.0 0.0 42 0 70.2
BnC (Default) 7500.0  7500.0 0.0 2461 0 495.3
BnC (Parity) 7500.0  7500.0 0.0 16 37 53.0

6 BnB 7500.0 7604.0 14 5132 0 600.0
BnC (Default) 7500.0 7501.0 0.0 4221 0 600.0
BnC (Parity) 7500.0  7500.0 0.0 4 78 29.2

7 BnB 7500.0  7500.0 0.0 413 0 114.7
BnC (Default) 7500.0 7500.0 0.0 0 0 18.6
BnC (Parity) 7500.0 7500.0 0.0 2 26 18.5

8 BnB 7500.0  7500.0 0.0 41 0 65.4
BnC (Default) 7500.0  7500.0 0.0 246 0 89.3
BnC (Parity) 7500.0  7500.0 0.0 9 26 38.8

9 BnB 7500.0 7502.0 0.0 7464 0 600.0
BnC (Default) 7500.0 7500.0 0.0 785 0 129.3
BnC (Parity) 7500.0  7500.0 0.0 9 27 41.5

10 BnB 7500.0  7502.0 0.0 9417 0 600.0
BnC (Default) 7500.0 7500.0 0.0 1499 0 351.0
BnC (Parity) 7500.0  7500.0 0.0 50 28 81.3
avg BnB 7500.0 7513.7 0.2 3740.6 0.0 346.6

BnC (Default) 7500.0 7500.1 0.0 1257.2 0.0 227.5
BnC (Parity) 7500.0  7500.0 0.0 12.8 35.4 42.8
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Table 8 Detailed computational results for Family 2 with n = 50

Instance  Method LB UB Gap Nodes Cuts Time
1 BnB 1816.0  1816.0 0.0 1978 0 5.4
BnC (Default) 1816.0 1816.0 0.0 0 0 0.4
BnC (Parity) 1816.0  1816.0 0.0 5 2 0.5

2 BnB 1819.0 1819.0 0.0 495 0 2.2
BnC (Default) 1819.0 1819.0 0.0 28 0 0.8
BnC (Parity) 1819.0  1819.0 0.0 3 3 0.3

3 BnB 1817.0 1817.0 0.0 751 0 2.3
BnC (Default) 1817.0 1817.0 0.0 0 0 0.3
BnC (Parity) 1817.0 1817.0 0.0 4 4 0.2

4 BnB 1814.0 1814.0 0.0 530 0 2.8
BnC (Default) 1814.0 1814.0 0.0 0 0 0.8
BnC (Parity) 1814.0  1814.0 0.0 4 3 0.3

5 BnB 1817.0 1817.0 0.0 845 0 3.5
BnC (Default) 1817.0 1817.0 0.0 0 0 0.5
BnC (Parity) 1817.0 1817.0 0.0 3 2 0.3

6 BnB 1822.0 1822.0 0.0 1835 0 5.3
BnC (Default) 1822.0  1822.0 0.0 0 0 0.6
BnC (Parity) 1822.0 1822.0 0.0 4 2 0.4

7 BnB 1817.0 1817.0 0.0 670 0 3.0
BnC (Default) 1817.0 1817.0 0.0 119 0 1.2
BnC (Parity) 1817.0 1817.0 0.0 3 2 0.2

8 BnB 1814.0  1814.0 0.0 799 0 2.8
BnC (Default) 1814.0 1814.0 0.0 0 0 0.5
BnC (Parity) 1814.0 1814.0 0.0 3 3 0.2

9 BnB 1819.0 1819.0 0.0 533 0 2.5
BnC (Default) 1819.0 1819.0 0.0 0 0 0.3
BnC (Parity)  1819.0 1819.0 0.0 3 4 02

10 BnB 1810.0 1810.0 0.0 815 0 2.8
BnC (Default) 1810.0 1810.0 0.0 0 0 0.5
BnC (Parity) 1810.0  1810.0 0.0 3 2 0.2
avg BnB 1816.5 1816.5 0.0 925.1 0 3.3
BnC (Default) 1816.5 1816.5 0.0 14.7 0 0.6
BnC (Parity) 1816.5  1816.5 0.0 3.5 2.7 0.3
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Table 9 Detailed computational results for Family 2 with n = 100

Instance  Method LB UB Gap Nodes Cuts  Time
1 BnB 3598.5  3650.0 1.4 58120 0 600.0
BnC (Default) 3613.5 3644.0 0.8 15623 0 600.0
BnC (Parity) 3642.0  3642.0 0.0 3 24 3.4

2 BnB 3598.3  3652.0 1.5 75054 0 600.0
BnC (Default) 3613.2 3642.0 0.8 15739 0 600.0
BnC (Parity) 3641.0 3641.0 0.0 4 27 4.9

3 BnB 3599.5  3670.0 1.9 57020 0 600.0
BnC (Default) 3617.8 3645.0 0.8 14084 0 600.0
BnC (Parity) 3643.0 3643.0 0.0 4 26 5.6

4 BnB 3599.5  3655.0 1.5 73 846 0 600.0
BnC (Default) 3617.3 3644.0 0.7 14320 0 600.0
BnC (Parity)  3642.0 3642.0 0.0 3 29 4.2

5 BnB 3594.5 3661.0 1.8 77634 0 600.0
BnC (Default) 3611.0 3643.0 0.9 14053 0 600.0
BnC (Parity) 3640.0  3640.0 0.0 7 31 7.1

6 BnB 3603.8 3673.0 1.9 52608 0 600.0
BnC (Default) 3614.0 3649.0 1.0 16714 0 600.0
BnC (Parity) 3646.0  3646.0 0.0 3 24 4.2

7 BnB 3596.5  3663.0 1.8 54950 0 600.0
BnC (Default) 3624.8 3642.0 0.5 11172 0 600.0
BnC (Parity) 3641.0 3641.0 0.0 3 18 4.6

8 BnB 3597.0  3667.0 1.9 53452 0 600.0
BnC (Default) 3628.5 3647.0 0.5 13020 0 600.0
BnC (Parity) 3643.0 3643.0 0.0 4 27 4.0

9 BnB 3598.5  3691.0 2.5 75310 0 600.0
BnC (Default) 3617.3  3646.0 0.8 14620 0 600.0
BnC (Parity) 3642.0 3642.0 0.0 4 19 5.4

10 BnB 3599.5  3652.0 1.4 59084 0 600.0
BnC (Default) 3607.5 3643.0 1.0 18283 0 600.0
BnC (Parity) 3641.0 3641.0 0.0 8 46 10.4
avg BnB 3598.6  3663.4 1.8 63707.8 0 600.0
BnC (Default) 3616.5 3644.5 0.8 14762.8 0 600.0

BnC (Parity) 3642.1  3642.1 0.0 4.3 27.1 5.4
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Table 10 Detailed computational results for Family 2 with n = 150

Instance  Method LB UB Gap Nodes Cuts Time
1 BnB 5342.3  5392.0 0.9 9215 0 600.0
BnC (Default) 5357.0 5362.0 0.1 4631 0 600.0
BnC (Parity) 5362.0 5362.0 0.0 5 6 14.1

2 BnB 5340.0 5392.0 1.0 10210 0 600.0
BnC (Default) 5347.0 5360.0 0.2 8701 0 600.0
BnC (Parity) 5360.0 5360.0 0.0 4 3 14.6

3 BnB 5341.0 5386.0 0.8 9459 0 600.0
BnC (Default) 5354.0 5360.0 0.1 5531 0 600.0
BnC (Parity) 5360.0 5360.0 0.0 8 7 20.7

4 BnB 5341.0 5478.0 2.5 10611 0 600.0
BnC (Default) 5358.0 5361.0 0.1 7004 0 600.0
BnC (Parity) 5361.0 5361.0 0.0 5 2 13.8

5 BnB 5342.0 5404.0 1.2 10160 0 600.0
BnC (Default) 5361.0 5361.0 0.0 2253 0 340.2
BnC (Parity) 5361.0 5361.0 0.0 3 10 12.0

6 BnB 5340.3  5384.0 0.8 8241 0 600.0
BnC (Default) 5347.8  5360.0 0.2 3865 0 600.0
BnC (Parity) 5360.0 5360.0 0.0 5 9 17.2

7 BnB 5341.0 5398.0 1.1 8838 0 600.0
BnC (Default) 5349.5 5361.0 0.2 5235 0 600.0
BnC (Parity) 5360.0 5360.0 0.0 4 7 11.3

8 BnB 5340.0 5386.0 0.9 9313 0 600.0
BnC (Default) 5350.5  5360.0 0.2 3570 0 600.0
BnC (Parity) 5360.0 5360.0 0.0 7 6 18.8

9 BnB 5340.5 5377.0 0.7 7623 0 600.0
BnC (Default) 5350.0 5360.0 0.2 3672 0 600.0
BnC (Parity) 5360.0 5360.0 0.0 3 5 14.6

10 BnB 5341.0  5401.0 1.1 7325 0 600.0
BnC (Default) 5353.2  5360.0 0.1 4987 0 600.0
BnC (Parity) 5360.0 5360.0 0.0 6 14 16.5
avg BnB 5340.9  5399.8 1.1 9099.5 0 600.0
BnC (Default) 5352.8 5360.5 0.1  4944.9 0 574.0
BnC (Parity) 5360.4 5360.4 0.0 5.0 6.9 15.4
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Table 11 Detailed computational results for Family 3 with n = 50

Instance  Method LB UB Gap  Nodes Cuts Time
1 BnB 2152.0  2152.0 0.0 41718 0 7.2
BnC (Default) 2152.0 2152.0 0.0 1475 0 3.2
BnC (Parity) 2152.0 2152.0 0.0 4 6 0.4

2 BnB 2003.0  2003.0 0.0 3628 0 4.3
BnC (Default) 2003.0 2003.0 0.0 1178 0 1.6
BnC (Parity) 2003.0  2003.0 0.0 4 3 0.1

3 BnB 2048.0  2048.0 0.0 13765 0 21.2
BnC (Default) 2048.0  2048.0 0.0 534 0 2.9
BnC (Parity) 2048.0  2048.0 0.0 3 11 0.2

4 BnB 2114.0 2114.0 0.0 15020 0 29.8
BnC (Default) 2114.0 2114.0 0.0 1217 0 4.0
BnC (Parity) 2114.0 2114.0 0.0 3 9 0.3

5 BnB 2046.0  2046.0 0.0 32895 0 52.2
BnC (Default) 2046.0  2046.0 0.0 224 0 1.1
BnC (Parity) 2046.0  2046.0 0.0 6 4 0.3

6 BnB 2108.0 2108.0 0.0 36 446 0 66.7
BnC (Default) 2108.0 2108.0 0.0 282 0 1.4
BnC (Parity) 2108.0 2108.0 0.0 8 13 0.5

7 BnB 2074.0 2074.0 0.0 99 392 0 163.1
BnC (Default) 2074.0 2074.0 0.0 120 0 0.7
BnC (Parity) 2074.0  2074.0 0.0 4 9 0.7

8 BnB 2001.0  2001.0 0.0 30937 0 36.0
BnC (Default) 2001.0 2001.0 0.0 347 0 1.0
BnC (Parity) 2001.0  2001.0 0.0 4 6 0.2

9 BnB 1997.0 1997.0 0.0 8791 0 9.9
BnC (Default) 1997.0 1997.0 0.0 2630 0 2.9
BnC (Parity) 1997.0 1997.0 0.0 3 8 0.1

10 BnB 2018.0 2018.0 0.0 6334 0 9.9
BnC (Default) 2018.0 2018.0 0.0 504 0 1.2
BnC (Parity) 2018.0 2018.0 0.0 3 9 0.2
avg BnB 2056.1  2056.1 0.0 28892.6 0 47.0
BnC (Default) 2056.1 2056.1 0.0 851.1 0 2.0
BnC (Parity) 2056.1 2056.1 0.0 4.2 7.8 0.3
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Table 12 Detailed computational results for Family 3 with n = 100

Instance  Method LB UB Gap Nodes Cuts  Time
1 BnB 4158.6  4203.0 1.1 49005 0 600.0
BnC (Default) 4174.8 4188.0 0.3 13032 0 600.0
BnC (Parity) 4184.0 4184.0 0.0 17 16 8.0

2 BnB 3998.4 4018.0 0.5 57409 0 600.0
BnC (Default) 4001.9 4014.0 0.3 28 323 0 600.0
BnC (Parity) 4013.0  4013.0 0.0 34 14 7.8

3 BnB 4166.1  4216.0 1.2 46 005 0 600.0
BnC (Default) 4188.0 4195.0 0.2 12674 0 600.0
BnC (Parity) 4192.0 4192.0 0.0 87 7 11.3

4 BnB 4202.5  4249.0 1.1 52099 0 600.0
BnC (Default) 4213.6 4234.0 0.5 13490 0 600.0
BnC (Parity) 4229.0  4229.0 0.0 55 23 14.9

5 BnB 3997.8  4021.0 0.6 68900 0 600.0
BnC (Default) 4010.9 4015.0 0.1 29273 0 600.0
BnC (Parity) 4014.0  4014.0 0.0 43 8 7.6

6 BnB 4047.3  4077.0 0.7 57242 0 600.0
BnC (Default) 4072.0 4072.0 0.0 18 567 0 551.0
BnC (Parity) 4072.0  4072.0 0.0 58 17 8.7

7 BnB 4085.3  4129.0 1.1 59258 0 600.0
BnC (Default) 4100.9 4116.0 0.4 12009 0 600.0
BnC (Parity) 4111.0 4111.0 0.0 173 24 12.5

8 BnB 3995.9  4014.0 0.5 75567 0 600.0
BnC (Default) 4009.8 4012.0 0.1 45137 0 600.0
BnC (Parity) 4012.0 4012.0 0.0 80 21 8.3

9 BnB 3955.9  3975.0 0.5 66 204 0 600.0
BnC (Default) 3971.0 3971.0 0.0 50761 0 551.7
BnC (Parity) 3971.0 3971.0 0.0 6 9 34

10 BnB 3953.5  3975.0 0.5 71367 0 600.0
BnC (Default) 3961.5 3970.0 0.2 46 277 0 600.0
BnC (Parity) 3969.0  3969.0 0.0 7 21 3.9
avg BnB 4056.1  4087.7 0.8 60305.6 0 600.0
BnC (Default) 4070.4 4078.7 0.2 26954.3 0 590.3
BnC (Parity) 4076.7  4076.7 0.0 56.0 16 8.6
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Table 13 Detailed computational results for Family 3 with n = 150

Instance  Method LB UB Gap  Nodes Cuts Time
1 BnB 6332.0 6399.0 1.1 10615 0 600.0
BnC (Default) 6337.0 6356.0 0.3 6019 0 600.0
BnC (Parity) 6351.0 6351.0 0.0 22 22 38.0

2 BnB 6093.0 6146.0 0.9 14605 0 600.0
BnC (Default) 6101.9 6115.0 0.2 10180 0 600.0
BnC (Parity) 6112.0 6112.0 0.0 17 9 23.6

3 BnB 6254.0 6309.0 0.9 11203 0 600.0
BnC (Default) 6256.0 6277.0 0.3 8483 0 600.0
BnC (Parity) 6273.0 6273.0 0.0 7 8 16.4

4 BnB 6171.0 6244.0 1.2 13616 0 600.0
BnC (Default) 6173.5 6194.0 0.3 7869 0 600.0
BnC (Parity) 6191.0 6191.0 0.0 3 21 11.2

5 BnB 5954.8  5996.0 0.7 18052 0 600.0
BnC (Default) 5963.3 5975.0 0.2 10208 0 600.0
BnC (Parity) 5973.0 5973.0 0.0 55 14 28.2

6 BnB 6017.1  6059.0 0.7 14 655 0 600.0
BnC (Default) 6017.1 6041.0 0.4 10 356 0 600.0
BnC (Parity) 6036.0 6036.0 0.0 60 18 27.7

7 BnB 6051.3  6087.0 0.6 17068 0 600.0
BnC (Default) 6057.0 6070.0 0.2 7370 0 600.0
BnC (Parity) 6070.0 6070.0 0.0 98 22 39.4

8 BnB 5932.2  5963.0 0.5 20137 0 600.0
BnC (Default) 5933.0 5952.0 0.3 12154 0 600.0
BnC (Parity) 5951.0 5951.0 0.0 4 21 8.2

9 BnB 5891.8  5929.0 0.6 22698 0 600.0
BnC (Default) 5908.8 5911.0 0.0 15587 0 600.0
BnC (Parity) 5911.0 5911.0 0.0 6 10 8.7

10 BnB 5930.8  5963.0 0.5 20668 0 600.0
BnC (Default) 5935.4  5952.0 0.3 11010 0 600.0
BnC (Parity) 5950.0 5950.0 0.0 57 19 32.0
avg BnB 6062.8 6109.5 0.8 16331.7 0 600.0
BnC (Default) 6068.3 6084.3 0.3 9923.6 0 600.0
BnC (Parity) 6081.8 6081.8 0.0 32.9 16.4 23.3




