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ABSTRACT. The one-dimensional skiving stock problem is a combinatorial optimization problem being
of high relevance whenever an efficient and sustainable utilization of given resources is intended. In the
classical formulation, a given supply of (small) item lengths has to be used to build as many large objects
(specified by some target length) as possible. For this .4 Z?-hard (discrete) optimization problem, we
investigate the quality of the continuous relaxation by considering the additive integrality gap, i.e., the
difference between the optimal values of the integer problem and its LP relaxation. In a first step, we derive
an improved upper bound for the gap by focusing on the concept of residual instances. Moreover, we show
how further upper bounds can be obtained if all problem-specific input data are considered. Additionally,
we constructively prove the integer round-down property for two new classes of instances, and introduce

several construction principles to obtain gaps greater than or equal to one.

Keywords: Cutting and Packing, Skiving Stock Problem, Additive Integrality Gap.

1 INTRODUCTION

In this paper, we consider an offline version of the one-dimensional skiving stock problem (SSP)
[15, 42] which is strongly related to the dual bin packing problem (DBPP) in literature [1, 17, 31].
In the classical formulation, m € IN := {1,2,...} different item lengths /; with availabilities b;
(iel:={1,...,m}) are given, the so-called item supply. We aim at maximizing the number of
(large) objects with minimum length L that can be constructed by connecting the available items,
see Fig. 1. Without loss of generality, all input data are assumed to be positive integers.

According to the typology in [41], the two denotations (DBPP and SSP) are separated in the
following sense in literature: the term DBPP rather refers to highly heterogeneous input lengths,
meaning that the quantities b; are very small (mostly even equal to one) for all i € I, whereas
larger values of b; are considered whenever the term SSP is used, in general. This is the same
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2 NEW THEORETICAL INVESTIGATIONS ON THE GAP OF THE SKIVING STOCK PROBLEM

given items possible feasible combinations

Figure 1 — A schematic of the SSP for a small instance consisting of three item types.

differentiation as in the cutting context, where the bin packing problem and the cutting stock
problem are considered.

In general, the skiving stock problem can be considered as a natural counterpart of the extensively
studied one-dimensional cutting stock problem (CSP) [8, 12, 16, 27, 37, 40]. Indeed, the latter
consists of cutting larger objects into smaller ones, whereas the SSP asks for the reverse direction.
Although both problems share a certain common structure (e.g., as regards their input data), they
are not dual formulations in the sense of linear optimization. Consequently, the skiving stock
problem actually represents an independent problem class within the field of operations research.

First preliminary thoughts on the SSP appeared in the context of paper cutting [15]. Some years
later, this introductory work led to an ILP formulation (based on the well-known structure of
the Gilmore/Gomory model [12]) for the skiving stock problem containing an infinite number of
variables [42]. More sophisticated (pseudo-polynomial) alternative modeling approaches, being
able to deal with practically meaningful instance sizes, and detailed computational experiments
have recently been presented in [21].

Nowadays, the SSP plays an important role whenever an efficient and sustainable use of limited
resources is intended. Among others, some main areas of real-world applications are given
by: industrial production processes [15, 42], politico-economic problems [1, 17], or wireless
communications [20, 39]. Moreover, the SSP frequently appears side-by-side with the CSP in a
holistic cutting-and-skiving scenario within different fields of industry [5, 15].

2 IMPORTANT DEFINITIONS AND NOTATION

Let E = (m,l,L,b) with I = (I1,...,1,,) " and b= (by,...,by)" denote an instance of the skiving
stock problem.

Definition 1. Any arrangement of items leading to an object of length not less than L is called
(packing) pattern of E.

Obviously, any pattern can be represented by a vector a = (ajy,... ,am)T € 7! where a; € 74
counts the number of items of type i € I. The set of all patterns is then given by P(E) :=
{aczm|iTa>L}.
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JOHN MARTINOVIC and GUNTRAM SCHEITHAUER 3

Definition 2. A pattern a € P(E) is called minimal if there does not exist any pattern a € P(E)
such that a # a and a < a hold (componentwise). The set of all minimal patterns is denoted by

P*(E).
Let x; € Z; count how often the minimal pattern @/ = (a1 ,...,an;) | € Z™ (j €J*) of E is used

where J* = {1,...,n} represents an index set of P*(E). Then the standard model of the skiving
stock problem [21, 42] can be formulated as

Z*(E) —max{ Y x;

jerr

Zaijxjﬁbi»i€17xj€Z+,jeJ*}. (1)
jer

Due to the .4 #-hardness of the SSP, a common (approximate) solution approach consists of
considering the continuous relaxation

2(E) = max{ Y 5

jerr

Z“ijxjﬁbi,ieﬂszo,jef‘} 2)

jerr

and/or the application of appropriate heuristics. Then, the difference

A(E) :=z;(E) = Z"(E) 3)
is called gap (of E), and represents a reasonable measure to evaluate the quality of the LP-based
approach.

Remark 1.

(i) The gap can also be formulated with respect to other ILP formulations of the skiving stock
problem, such as the arcflow model or the one-stick model [21]. However, due to the
equivalence of these three models (and of the corresponding continuous relaxations), see
[21], the gap is the same for them.

(ii) The optimization problems (1) and (2) can also be formulated on the basis of the complete
pattern set P(E) or any other pattern set P(E) with P*(E) C P(E) C P(E) without chang-
ing the respective optimal values 7*(E) and z(E). In particular, also the gap does not
depend on which pattern set is chosen.

Besides only considering one single instance, frequently the gap of a whole class .7 of instances
(e.g. the divisible case, see Def. 4) is of interest, too. In these situations, the gap of .7 shall be
understood in the following way:

AT):= EsggA(E)

In particular, .7 may also contain all possible instances.

Similar to the context of one-dimensional cutting, the following definitions (originating from [3])
are of importance:
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4 nNEw THEORETICAL INVESTIGATIONS ON THE GAP OF THE SKIVING STOCK PROBLEM

Definition 3. A set 7 of instances possesses the integer round-down property (IRDP), if A(E) <
1 holds for all E € 7, and it has the modified integer round-down property (MIRDP), if A(E) < 2
holds for all E € . Whenever = {E} is a singleton, we briefly say that E, instead of {E},
has the (M)IRDP. An instance E with A(E) > 1 is called non-IRDP instance.

One of the most important special cases where the MIRDP could successfully be proved is given
by the so-called divisible case [22].

Definition 4. An instance E = (m,1,L,b) belongs to the divisible case (or E € 9€ for short), if
Ii|L(ie L/l € Z,) holds for all i € I.

To exploit these structural properties, in this case an instance can be referred to by its normalized
representation E = (m,l’,1,b) with L=1and [] € {1/2,1/3,...} fori €.

Remark 2. For any instance E = (m,1,1,b) € P€ the optimal value of the continuous relaxation
is always given by 7:(E) = I"bh, see [22]. Hence, only one optimal value remains to be studied
for the gap.

Note that the divisible case has also been considered for the cutting stock and the bin packing
problem, see [2, 7, 18, 32] for some exemplary contributions.

3 MOTIVATION AND CONTRIBUTIONS

Mainly after the publication of the famous book by Nemhauser and Wolsey [29], a milestone
in integer programming (IP), the strength of optimization models has been placed as a central
concern in IP modeling and discrete optimization. This idea was new with respect to, for instance,
the book by Garfinkel and Nemhauser [11]. In recent years, research has shown, and it became
widely accepted, that

i) the quality of the bound provided by the LP relaxation of the IP model is a crucial factor
in the size of the search trees in branch-and-bound, and

ii) in general, strong models have a better behavior when the size of the instances grows.
More precisely, if two models have a similar behavior (in terms of computational time) for
a given size of instances, one can anticipate that the stronger model will perform better
than the weaker model for larger instances.

Consequently, judging solution strategies for .4#”&?-hard problems by the empirical method (i.e.,
by computational experiments covering a significant set of instances, including those that repre-
sent the limits of what can be solved in a reasonable amount of time) is important, but providing
theoretical justifications that the considered formulations are strong is (in many cases) a guar-
antee that, as instances grow, the computational times do not rise so sharply as they would with
weaker ones.

Remark 3. Some of the previous claims are implicitly based on the assumption that the efforts
to generate and solve the considered relaxations do not differ significantly from one another.
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More generally, from a computational point of view, it is also very important to find a reasonable
balance between the quality of the bound obtained by a given relaxation and the time required to
solve this relaxation (at each node of the search tree). For instance, this trade-off can be observed
when dealing with the well-known asymmetric traveling salesman problem, where those MILP
models providing the best (lower) bounds [13, 38] require high solution times even for small
instances (with less than 40 nodes), so that they are outperformed by much weaker approaches
(with respect to the bound) [28, 36].

As regards, for instance, the well-known cutting stock problem (and the related bin packing
problem) a significant body of work on the additive integrality gap has been established in recent
decades. For a period of more than 20 years, it was conjectured that the gap of the CSP can be
bounded above by the constant 1. The first counterexample to this claim (a so-called non-IRUP
instance) was found by Marcotte [18], but it required input data in the range of 10°. Hence,
research on the gap of the CSP was still considered to be rather unimportant, particularly due to
the non-appearance of such data in practical cases, and (as discussed above) due to the fact that
the scientific attention was not yet sufficiently focussed on the performance of relaxations. Some
years later, also under the influence of the agenda presented by [29], Fieldhouse [10] and Nica
[30] constructed the first counterexamples of moderately sized input data. Afterwards, research
on the gap of the CSP was further intensified such that more and more articles dealt with the
construction of large gaps [4, 33, 34] or upper bounds for the maximal gap [32, 35].

Since, contrary to that, the skiving stock problem represents a relatively young field of research,
not having attracted a comparable scientific interest so far, there is no specific preliminary work
on its gap in the related literature (apart from own articles). However, in a very recent publication
[9], maximization problems of type

max{ch:Ax:b,OSXSu,XGZ’i}a “)

with arbitrary A = (Aij) e 7", beZ™ ceZ", and upper bounds u € 7", are investigated
with special emphasis on their additive integrality gap A. As a consequence of [9, Theorem 6
and Subsect. 3.1], the currently best known upper bound results to

A< |c||oo-m- (2m- Ay +1)" (5)
with
Ay > max{|A;|:1<i<m,1<j<n},
el = max{|c;|: 1< j<n}.

For the SSP, where A denotes the pattern matrix, this observation together with the problem-
specific data ||c|| = | and A4 > L (and, for instance, u = b) lead to

A(E) <m-(2mL+1)" (6)

for any instance E, i.e., to an upper bound of nonpolynomial order. However, the largest known
gap is currently given by 325/276 = 1.1775, see [23], and hence the SSP is conjectured to
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possess the MIRDP. Consequently, the facts provided by this quite general approach [9] are far
away from being of sufficient quality to obtain reasonable theoretical results for the gap of the
SSP.

Similar to the CSP, a verification of A(E) < 2 for arbitrary instances (or the presentation of a
counterexample) of the SSP is actually very difficult. More precisely, the inequality A(E) <
(m+1)/2 (see [24]) currently represents the best upper bound being available for the case of
general instances. Due to this hardness, two main directions of research have been established in
literature:

* proving the IRDP or the MIRDP for special classes of instances, see [22] or [42], and

* investigating construction principles for instances with gaps larger than or equal to one,
see [23, 22].

One of the most important special cases where the MIRDP could successfully be proved is given
by the divisible case [22, 25].

Within this paper, we address and present several new results related to the gap of the skiving
stock problem, especially with respect to the IRDP and the MIRDP. Besides possessing theo-
retical importance these results are of practical interest as well. For example, if the IRDP of
an instance E is known, then the optimal value of the (hard) integer problem (1) can easily be
obtained by solving the linear program (2) and applying z*(E) = |z:(E)]. Similarly, the MIRDP
of an instance E only allows the two possibilities z*(E) € {|z5(E)], |z5(E)| — 1} for the optimal
value of the integer problem. However, the computation of a corresponding feasible integer so-
lution may still be difficult in some cases. Most notably, the following main achievements will
be presented:

e Compared to the inequality A(E) < (m+ 1)/2 from [24], the improved upper bound
A(E) < [B/2] (with an instance-specific parameter § < m) for arbitrary instances E is
derived in Subsection 4.2.

* Subsection 4.3 introduces new upper bounds for the gap of general instances that make use
of all problem-specific input data of a given instance E (i.e., not only the quantity m is used
as it is the case in all currently available bounds from literature [24, 22, 42]). Remarkably,
this new approach (for arbitrary instances) is based on the well-studied divisible case.

e In Section 5, two new classes of instances (the so-called strongly divisible and semi-
divisible instances) are constructively shown to possess the IRDP.

» Section 6 presents various new construction principles for gaps larger than or equal to
one. Interestingly, this also includes the first published classes of non-IRDP instances not
belonging to the divisible case.

In a final step, we summarize the most important contributions, give some conclusions and pro-
vide an outlook on future research.
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4 UPPER BOUNDS FOR THE GAP OF THE SKIVING STOCK PROBLEM
4.1 Residual Instances and a Short Overview on Existing Upper Bounds

In this subsection, we reformulate the (approximate) calculation of the gap A(E) of an instance
E = (m,l,L,b) by replacing this instance E with an instance E = (m, 1, L,b) having principally
the same input data, but a (appropriately) reduced vector b of availabilities. Hence, due to the
smaller total number of objects, the optimization problem becomes more manageable in a certain
extent. On the other hand, the new gap A(E) only provides an upper bound for A(E), in general.
As an initial point, we describe the construction of £ more precisely.

Definition 5. Let E = (m,l,L,b) be an instance of the skiving stock problem, and let x° denote a
solution of the corresponding continuous relaxation (2). If x° is an extreme point of the feasible
region of problem (2), then the instance

E:=E(x):= (m,1,L,b) := (m,l,L,b—A|x°])

with |x¢| = (|x$],...,[X])" (n:= |J*(E)|) is called residual instance of E. The set of all
residual instances of a given instance E is denoted by % (E).

Remark 4. Whenever x° is a solution but not an extreme point of the feasible region of (2),
the definition of a residual instance would still make sense. The crucial property that will be
required in some of the results presented below is that x° (as an extreme point) possesses at
most m positive components which will, in particular, lead to the inequality z:(E) < m. In order
to see that the latter does not have to hold for arbitrary solutions x¢, consider the instance
E = (m,l,L,b)=(3,(15,10,5),30,(2,5,8)) € D€. Here, we have z; = 4 which is, for instance,
provided by the following solution

2 0 | 2 1 1 0 0 0
b=|5=13 —I—E- Of+|1]+]0f+[2]+]1]+]O
8 0 0 1 3 2 4 6

In this case, x° is not an extreme point and we have A|x°| = (0,3,0)". Hence, the vector b of
the residual instance E(x°) is given by b = (2,2,8). For this specific residual instance, we now
obtain z;(E) = 3 = m which is for instance provided by the decomposition

212 1 1 0 0 0
5:2:5-0+1+0+2+1+0
8 0 1 3 2 4 6

Hence, an extreme point x° has to be chosen to obtain z:(E) < m for E(x°). To provide an
example, we could take
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8 NEW THEORETICAL INVESTIGATIONS ON THE GAP OF THE SKIVING STOCK PROBLEM

leading to b = (0,2,2) and the optimal value z:(E) = 1 < m.

However, assuming an extreme point does not represent an actual restriction. On the one hand,
any solvable problem of type (2) always possesses an extreme point within the set of its solutions.
On the other hand, from a practical point of view, solutions of (2) are usually found by the simplex
method and column generation, so that at most m positive components will be obtained anyway.

In addition to the previous remark, the following points shall be emphasized:

+ From a theoretical point of view, we formally allow b; = 0 (for some i € I) for residual
instances in order to maintain a constant number m of item types.

The term A = A(E) denotes the matrix whose columns are equal to the elements of P*(E),
i.e., to the minimal patterns of the given instance E. Observe that, for the sake of simplicity,
we will not make any distinction between the system matrix A of the original instance £
and that of the considered residual instance E € Z(E). Even if P*(E) \ P*(E) = P is non-
empty (which occurs if and only if b; = 0 holds for some i € I), the patterns from P can
theoretically be added to the system matrix of £ without changing the optimal value of the
LP or the ILP. This holds since their related counting variables x; will satisfy x; = 0 in any
(integer or continuous) feasible solution of E.

It is straightforward to show that the continuous relaxation of E := E(x) is solved by
X i=x0—|x°.

As presented in [24] we obtain the following relationship between the gaps of an instance and
one of its residual instances.

Lemma 1. Let E = E (x°) € Z(E), then A(E) < A(E) holds. In particular, the following impli-
cations are true:

1. IfE has the IRDP, then E has the IRDP.

2. IfE has the MIRDP, then E has the MIRDP.

Proof. Letx* be asolution of E. Then, ¥* +x with x := |x¢| is feasible for E due to A (¥* 4+ x) =
A+ |x°]) =b+A|x‘] =b—A|x°| +A|x°| = b and ¥* + x € Z"". Furthermore, we have

FE) e (T +x) =2 (E)+e'x.

With this inequality and the fact that z*(E) = z%(E) + ' x holds for the optimal values of the
continuous relaxations (as indicated in the third point of the above list), we obtain

AE)=2(E)—z"(E) < ZH(E)—7(E)—e'x
= Z(E)+e'x—7(E)—e'x
= z(E)-Z"(E)=A(E)

and the proof is complete. g
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Hence, the gap of an instance E can be bounded above by the gap of any corresponding residual
instance E € Z(E). Thus, the consideration of residual instances is sufficient for our purposes.

To our best knowledge, the first general upper bound for the gap of an arbitrary instance was
given in [22, Theorem 1]. Therein, an idea of [42, Theorem 4] could successfully be generalized
tom > 2.

Theorem 1. Let m € IN with m > 2 be given and let E = (m,l,L,b) be an arbitrary instance with
m types of item lengths. Then A(E) < m— 1 holds.

On the basis of residual instances, this result could be improved in [24, Theorem 3].

Theorem 2. Let E = (m,l,L,b) be an instance of the skiving stock problem, then A(E) < (m +
1)/2.

If the item lengths are known to be sufficiently small, we can state the following special case of
the previous result [24, Corollary 3].

Corollary 1. Let T € IN with T > 2 be given. If [; < (t+1)/t*- L holds for all i € I, then the gap

satisfies the inequality
m—+7T

T+1°

A(E) <

4.2 An Improved Upper Bound

An obvious possibility to obtain a feasible integer solution on the basis of a given solution x¢ of
the continuous relaxation consists of rounding down each variable x; (j € J*(E)) to the nearest
integer. This method was also applied in the proof of Theorem 1, see [22] for more details. In
what follows, we aim at evaluating the quality of this approach in terms of the resulting gap. As
a starting point, we need the following lemma.

Lemma 2. Let E = (m,l,L,b) be an instance of the skiving stock problem with 1 "b/L > p — 1
for some p € IN. Then we have 7*(E) > |p/2].

Proof. 'We consider two cases:

e Case 1: p is even
In this case, we have ['h > (p — 1)L = (27 + 1)L for some T € Z . Since any minimal
pattern a € P*(E) satisfies [Ta < 2L we certainly can build 7 patterns out of the given
items. But, after this, there will still remain items of total length greater than / Tbh—21L >
L, i.e., at least one additional pattern can be obtained. Hence, we have

z*(E)Z’H—l:%: {SJ

due to p =27 42 and the assumption of this case.
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» Case2: pisodd
In this case, we have [ b > (p — 1)L = 27 L for some T € Z . Since any minimal pattern
a € P*(E) satisfies I"a < 2L we certainly can build T patterns out of the given items.
Hence, we have

ct2e=51-[3

due to p =27+ 1 and the assumption of this case.

This lemma can be used to prove the following theorem.

Theorem 3. Let E = (m,l,L,b) be an instance of the skiving stock problem with n = |J*(E)
and let x¢ denote a solution of the continuous relaxation (2). If

’

p—1<) xj<p

™-

1

J

holds for some p € W, then A(E) < [p/2] is satisfied.

Proof. Wehavel'b/L > Y/j_1 x> p — 1 for some p € N implying that z*(E) > |p /2] has to
hold (due to Lemma 2). But this immediately leads to

A(E) =z (E) =" (E) =

- cter<o- 2] = [5).
U

Obviously, Theorem 3 holds for all instances of the skiving stock problem, particularly for resid-
ual ones. This (trivial) observation has an important implication which improves the upper bound
of Theorem 2.

Corollary 2. Let E = (m,l,L,b) denote an instance of the skiving stock problem. Then

A(E) <[B/2] < [m/2]

holds, where B :=min{|{i€1|b;#0}| : E = (m,I,L,b) € Z(E)} denotes the minimal num-
ber of (remaining) different item types in a residual instance of E.

Proof. Let E = E(x°) € Z(E) represent a residual instance of E that possesses exactly 8 dif-
ferent remaining item types. According to a previous observation, we know that ¥° := x¢ — |x°|
is a solution of the continuous relaxation of £ with 0 < ¥ < e (in a componentwise sense). In a
first step, we show that x° has at most 8 nonzero components. To this end, consider an arbitrary
but fixed index i € I with b; = 0 (i.e., the items of type i do actually not appear anymore in the
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residual instance), and note that the solution x¢ has to satisfy Ax“ = b. Based on the definition of
the vector b, see Def. 5, we have (A|x|); = b; which implies that X € Z has to hold for any
pattern j € J*(E) with a;; > 1. But now, at least one non-zero component of x“ has to belong to
a pattern j* with a;j» > 1 in order to ensure Ax“ = b for the value b; > 1 given by the instance
E. Consequently, we obtain that xi* > 0 and )E} = x;* — Lx}J = 0 have to hold, so that x“ has at
most m — 1 positive components. By an iterative continuation of this procedure we finally obtain
that ¥ has at most 8 non-zero components.

According to this observation (and 0 < x¢ < e), we have Z;?ZI )Ej < B. Hence, there exists p €
{1,...,B} with
n
p—1<Y) %<p
j=1

implying

due to Theorem 3. O

This approach leads to an improvement of the previous upper bound (see [24]) (m+1)/2, at least
for all instances where m is even. Note that, due to Ax“ = b, the situation 8 < m appears if and
only if

l_)l' =0« (ALXCJ),‘ =bi<=Vj eJ* Witha,’j >1: X; S Z+

holds for some i € I. The latter is likely to be satisfiable especially for highly heterogeneous
instances, i.e., where the values b; are close to (or equal to) 1. However, even though in some
cases there are easily computable residual instances possessing strictly less item types than the
original instance E, the exact value 8 will be hard to find, in general.

Remark 5. Even after several decades of extensive research, the best known upper bound for the
gap of the related cutting stock problem is also given by €(m) (but with a constant of 1/4), see
[35].

Note that whenever /"h/L > p — 1 holds for some p € IN, we cannot obtain a better result than
Z*(E) = |p/2] in the worst case. Hence, further improvements of the presented upper bound
require different approaches. One of them will be introduced in the next subsection.

4.3 An Approach based on the Divisible Case

Besides the issue discussed in the previous subsection, one of the main drawbacks of all the
existing upper bounds from literature is the fact that they do not use any information about the
other given input data, such as the vectors / and b. This means that, for constant m, the upper
bound is always the same regardless of how the further parameters look like. In this subsection
we aim at constructing an upper bound that uses as many of the given information as possible.
To this end, let E = (m,l,L,b) be an instance of the skiving stock problem. Then we consider
the instance Egg = (m,l’,L,b) where I/ is given by I/ := L/k; with k; := [L/I;] for i € I. Due to

Pesquisa Operacional, Vol. 39(1), 2019



12 New THEORETICAL INVESTIGATIONS ON THE GAP OF THE SKIVING STOCK PROBLEM

this construction, it is possible that different item lengths /; # /; lead to the same modified length
= l}. In order to maintain a constant number m of items, these objects shall formally be treated
as different, in general. Note that Eg¢ can also be interpreted as an instance, even if we have
" € Q", in general.

Lemma 3. The inequality I < I; holds for all i € I.

Proof. Leti € [ be arbitrarily chosen but fixed. Then we have the equivalence

L L L L
l,{SlM:)—Sl,«:)—ng:)i., > 1
et Bt

and the latter is true due to

1
- 1
B
_
\%
=~
e
\%
-

Corollary 3. The inequalities *(Egy) < z*(E) and 73 (Eg¢) < z;(E) hold.

Proof. Due to I/ <; for i € I, we have P(E4) C P(E) for the pattern sets of both instances.
Hence, any feasible (integer) solution of Eg¢ is also a feasible (integer) solution of E which
proves the assertion. 0

Remark 6. In the previous proof we applied that the optimal objective values of (1) and (2) are
independent of the fact, whether P(E) or P*(E) is used (see also Remark 1) as the pattern set.
This is important since the inclusion P*(Egy) C P*(E) does not necessarily have to hold for
any instance E. By way of example, consider the instance E = (3,(11,4,2),12,(1,1,1)) with
Ege = (3,(6,4,2),12,(1,1,1)). Here we have a = (1,1,1)" € P*(Egy), but not a € P*(E)
since the item of length I3 = 2 can be removed.

Note that Eg¢ is an instance of the well-studied divisible case since

L L
ﬁ == kie N
i %
holds for all i € I. Thus, we can state
N bl
Ze (Egy) = Z —
o L
3 1 mopll 3 1
CBae) > o) =g+ T T =L T2t STy B
2|pm, W A 2| x|

due to the properties of the divisible case. More precisely, we use that any instance E =
(m,1,L,b) € 2% with |(I"h)/L| = K satisfies z:(E) = (I"b)/L, see Remark 2, and A(E) <
3/2—1/(2K), see [26, Theorem 3]. These preliminaries lead to the following result.
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Theorem 4. Let E = (m,l,L,b) be an instance of the skiving stock problem, E = E(x°) =
(m,1,L,b) € Z(E) denote one of its residual instances, and let E 4 = (m,l',L,b) be constructed
as above. Then

bi-(Li—1] .
- lb,.,;J+z,-e, G gayh>1, @

holds. In the second case, we particularly have
3 1 I « bil;
AE)<Z—————+2Y —.
2 2 P:;":l blTllJ =

Proof. Let us consider the case (I) "5 > L at first. Then we have

AE) <AE) = z(E)—Z"(E) =z(E) —z;(Eg¢) + 7. (Egv) — " (E)
< ZUE) —z(Egv)+7:(Egs) — 2 (Ege)
\7,—/ Hﬁ/—/
<GTDH/L =BTI)/L <%7W
3 lfl)
S 27 Jym B Lt
2\‘ i—1 LJ iel

which proves the inequality. On the other hand, observe that /; — I/ < ;/2 holds by construction
for any i € I, so that we directly obtain the second upper bound.

Whenever (I') " < L holds, the previous approach would lead to a division by zero (in the second
summand) and cannot be applied. However, note that in this case, we have z*(Eg¢) = 0 so that
the difference z(Eyy) — 2" (Egy) is equal to 22 (Egy) = ((I')'h) /L as a consequence of the
divisible case. 0

There are still at least two main possibilities to further improve the upper bounds presented
by (7):

e The first two terms of (7) can be decreased if it is possible to find a better upper bound
for the gap of the divisible case. For instance, in the related context of one-dimensional
cutting, A(E) < 1.4 has been proved for the whole divisible case, but it has only been pub-
lished in German language as a contribution of the PhD thesis [32] (However, at least a
short hint on the existence of this upper bound can be found at the end of the introductory
section in [33].). So far, it is not known whether a similar result can be shown for the
skiving stock problem, too. On the other hand, the currently largest known gap for the di-
visible case of the skiving stock problem is given by 22/21 — ¢ (for arbitrarily small values
of € > 0), see [22]. Both aspects give hope that further improvements are possible. Note
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that in the special case where E g« consists of only two item types, i.e.,

3 =2,

the first two summands of (7) can be replaced by 1 due to Theorem 1.

* A very weak inequality, used in the previous estimate, is
)< Z =
iel
since the absolute difference of both terms may be large. Thus, the upper bound (7) can

be improved significantly if, for instance, a constant C € R with z3(E) < z%(Eg¢) +C
could be found.

Nevertheless, Theorem 4 provides an upper bound that uses all of the input data and improves
the bound given by Theorem 3 in some cases. As a conclusion of this section, the latter shall be
investigated in more detail.

Remark 7. First of all note that there are numbers o; € [1,2) so that I! < I; < o4, holds for any
i € I. For example, we can always choose o; := k;/(k; — 1) where k; :== [L/I;], but depending
on the particular residual instance E = (m,1,L,b) € %Z(E) better choices of a; can be possible.
Then, the ideas of the previous proof lead to

AE)<AE) = z(E)—2(E) =z (E) —z(Egw) + 22 (Egv) — 2" (E)
< Yo ’i 3o
i Ve t2 2 {zie,%J ’

where [; — ll{ < (04— 1)11( (for i € 1) was used in the last line. Now, it can be seen that this bound
is better than [m/2), if for instance

* the availabilities b; are small: More precisely, by assuming that b; < A - k;(k; — 1) holds
for some A € R and all i € I, we obtain

AE) < A;(ai—l)(ki—le—wl(kim
3 1
< A-m+

2 2[LierAtki—1)]
because of o < k;/ (ki — 1) for i € I. By choosing A < 1/2, we obviously obtain a better
upper bound.

e the instance is close to the divisible case: So far, we only dealt with the worst-case o; =
ki/ (ki — 1), but in many scenarios the values o; are (much) smaller. In other words, this
would mean that the differences [; — ll{ are rather close to zero, so that E is close to the
divisible case. If, for instance o; < 1+k;/(pb;) holds for some p € R and all i € I, then
we obtain

A(E) < 24 2 ;_7
P 2 2 {Ziel %J

which is better than [m/2) if and only if p > 2.
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Furthermore, observe that also small values of B directly decrease the upper bounds presented

in (7) since the summations contain a fewer number of non-zero terms.

5 NEW CLASSES OF INSTANCES POSSESSING THE IRDP

As mentioned in the introductory sections, the skiving stock problem is conjectured to satisfy
A(E) < 2 for all instances E. Computational simulations [21, 42] have shown that many in-
stances even possess a gap less than one (i.e., they have the IRDP); whereas instances with gaps
(significantly) larger than one are hard to find, in general. Note that the optimal objective value of
(1) can easily be calculated by z*(E) = |z;(E)| for IRDP instances; and hence a deeper insight
on those instances is desirable. Observe that there is only a single result known in literature [42,
Theorem 4] concerning the IRDP of a very simple class of instances which now is, in fact, a

direct consequence of Corollary 2.

Lemma 4. Any instance E = (2,1,L,b) possesses the IRDP.

Admittedly, instances consisting of only two different item types are very rare, and may (if at
all) only appear as residual instances for practically meaningful scenarios. To cope with larger
values of m, the following two results provide some obvious (but new) observations:

Lemma 5. Let E = (m,l,L,b) be an instance with 7(E) < 2. Then E has the IRDP.

Proof. 1If zZ(E) < 1 holds, we have A(E) = z5(E) —z°(E) < 1 —0 = 1. In the other case where
C C

z5(E) € [1,2) holds, we also have "h > L implying that the given item supply is sufficiently
large to build one pattern. Hence, we obtain A(E) = zZ5(E) —Z"(E) <2—1=1. O

Note that, besides allowing arbitrary values of m, the condition of Lemma 5 is also less restrictive
than that of Lemma 4. In fact, any residual instance E = (2,1, L, b) satisfies the inequality z}(E) <
2 of Lemma 5.

Lemma 6. Let E = (m,l,L,b) be an instance with L/(k— 1) > l; > L/k for all i € I and some
k € N, then E has the IRDP.

Proof. Observe that we need exactly k items to build a minimal pattern of E, and hence we
obtain z*(E) = |e'b/k|. Now let us assume that z3(E) > e' b/k holds for a solution x* of the
continuous relaxation (2). Then we have

m m m

e'b= Zb,- = Z Z aijx; = Z ija,'j =k-7Z5(E)>e'b
i=1 i=1 jeJ* jer =l
=k

which gives the contradiction. Altogether, we obtain

m 1 o
'Zbi— \‘kZb,J <1,
i=1

A(E) =z (E) =" (E) <

= =

i=1
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i.e., E has the IRDP. O

In the remainder of this section we want to prove the IRDP for two new classes of instances
which can be seen as special representatives of the divisible case.

Definition 6. An instance E = (m,l,L,b) of the skiving stock problem is called

* weakly divisible, if l;11 | l; holds for all i € I'\ {m}.
* strongly divisible, if it is weakly divisible and if I} | L is satisfied.

* semi-divisible, if l; | L holds for all i € I, and if there exists a partition I = I} UL, with
L ={p,...,Mp} and b = {vi,...,Viu_p} such that

l/vlp | lﬂp—] | e I lﬁl and le—p ‘ le—[)—I | | lVl

are satisfied.

Remark 8. Observe the following relationships:

1. Each strongly divisible instance is also weakly divisible and semi-divisible. The reversions
are not true in general.

2. Each semi-divisible instance E can be decomposed into two strongly divisible instances
E, and E>, where

Er = (p0'=(ly. -\ ly,) Lo = (b, ,by,)),
Ey = (m—p,>=(ly,....ly, ) . L,b* = (by,,...,bv,_,))-

Note that, although appearing rather restrictive, the instance types appearing in Definition 6 may
(in part) be relevant for practical tasks as well. For instance, in terms of assigning secondary
users to vacant frequency intervals [20, 39], the resulting instances can sometimes belong to
those classes due to a high degree of standardization in wireless communications. Moreover,
such instances have also attracted scientific interest with respect to the related one-dimensional
cutting stock problem [18, 19].

At first we want to prove the IRDP for strongly divisible instances (with the representation £ =
(m,1,1,b), ie., with I € Q). Therefore, the first fit decreasing (FFD) algorithm, proposed in
[1] for the dual bin packing problem, represents an initial point of our further investigations.
Note that this heuristic was also successfully applied to prove the modified integer round-down
property (MIRDP) for the divisible case [22]. In this algorithm, given an instance normalized to
E = (m,1,1,b) with ["b > 1, bins of capacity Iz = L = 1 are filled successively.

Definition 7. A bin B is called filled if the objects allocated to it possess a total length of at least
Ip. If this total length equals lp, the bin B is said to be filled exactly. Furthermore, we say that a
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bin B can accept an object if, after adding this item, the total length of all objects in B does not
exceed lp.

Algorithm 1 First Fit Decreasing
Phase I:

1. Letn=e"b,withe=(1,...,1)" € Z™, be the total number of items. Sort them accord-
ing to non-increasing lengths and number them consecutively: 1 > If > 15 > ... > [*.

2. If there are unallocated objects: Let i € {1,...,7} be the index of the first unallocated
object. Choose the first bin that is able to accept this object and place it therein. If such
a bin does not exist, add a new (empty) bin and place the object therein.

Phase I1:

1. If there is more than one nonempty bin that is not filled: consider the last of these bins,
choose one of its items and allocate it to the first of these bins.

2. If there is exactly one nonempty bin that is not filled: allocate its objects to the last bin
that is filled.

Note that after Phase II each non-empty bin contains objects of total length not less than L = 1.
Hence, each bin can be interpreted as a uniquely determined packing pattern of E. Actually,
observe that all bins but possibly the very last one correspond to a minimal pattern. However, by
successively removing appropriate items, also the last non-empty bin can easily be reduced to a
minimal pattern.

Remark 9. Note that there are further good heuristics especially for the divisible case, e.g.,
a best-fit decreasing algorithm introduced in [25]. However, for our theoretical purposes the
properties provided by Algorithm I are sufficient.

Lemma 7. Let E be strongly divisible. After the completion of Phase I of Algorithm 1 the
following statement holds: The remaining capacity of any bin is given by a nonnegative multiple

of the smallest item length that is contained in the considered bin.

Proof.  Let g denote the number of bins after Phase I, and let j € {1,...,q} be fixed. Let [(j)
denote the smallest item length allocated to bin B;. Then there is k € I with I(j) = I;. Since E
is strongly divisible, there are natural numbers &y, &1,.... & e Nwith L=&y- [y and ; = &; - [,
forallie {l1,...,k}. Let alj €Z. (ie{l,...,k}) denote the number of objects of length /; in B;,
then the remaining capacity R(j) of B; satisfies

k koo
0<R(j)=L-Y all;= <§0—Za{§i> Ik
i=1 i=1
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1 8 NEW THEORETICAL INVESTIGATIONS ON THE GAP OF THE SKIVING STOCK PROBLEM

This implies &y — Z;‘:l a{ & € 7.4 and we are done. d

Observe that, actually, even a stronger version of the statement can be proved by the same ar-
guments. More precisely, it also holds that any possible partial filling of a bin possesses the
property mentioned in the previous lemma.

By means of Algorithm 1 (not necessarily with L = 1) and the Lemma 7, the IRDP of strongly

divisible instances can be shown.

Theorem 5. Let E be strongly divisible, then E possesses the IRDP.

Proof. Let g € IN denote the number of bins after Phase I, and let
j:=inf{i € {1,...,q}|B; is not filled exactly} .

For j = oo all bins are filled exactly which means /b = ¢- L. Consequently, we obtain

AE) = 2 (E) 2 (B) = =" —q=0,

i.e., E has the IRDP.

Now consider the case j € {1,...,q}. At first we prove that j = g has to hold in this case: For
the sake of contradiction let us assume j < g — 1. Then we consider the bin B; and define

k:=max{i€{l,...,n}|l} isin B;},

where 7 and [ are defined as in Phase I of Algorithm 1. Due to j < g—1 we have k < n.
According to Lemma 7, the remaining capacity R(j) has to be a nonnegative multiple of I}, i.e.,
there exists § € IN (§ = 0 is not possible since B; is not filled exactly) with R(j) =& - I > I}.
But now the object k + 1 must have also been allocated to B in Phase I since all previous bins
are filled exactly and R(j) > Iy > [;, ;. This means that k was not maximal which gives the
contradiction.

Consequently, only the very last bin is not filled exactly which ensures z*(E) > g— 1. On the
other hand this observation shows /b < ¢ - L leading to

b
AE) =2(E) 2 (E) = —(a=1) <q—(a—1) =,
and we are done. O

Based on this result we can now cope with semi-divisible instances E = (m,l,L, D).

Theorem 6. Let E be a semi-divisible instance, then E possesses the IRDP.
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Proof. The main idea of the proof is to apply Algorithm 1 to the two strongly divisible subin-
stances of E separately, and then to possibly add a single post-processing step. The full details
and the resulting case study can be found in the appendix. O

Note that the previous proofs do not only state the IRDP of the considered instances, but they
also provide a direct method to construct the corresponding integer solution (based on the FFD
heuristic) in the various cases.

Remark 10. Observe that this method cannot be generalized to instances E consisting of
k > 3 strongly divisible subinstances. Indeed, if we consider k = 3 and the instance E =
(3,(21,14,6),42,(1,2,6)), then it is not possible to build two feasible patterns out of the given
items, see [22, Remark 3].

For the one-dimensional cutting stock problem, also weakly divisible instances are known to
possess the IRUP (integer round-up property), see [18] for a proof based on polyhedral theory.
Whether an analogue statement holds in the context of one-dimensional skiving has to remain
open at this point. Perhaps such a result can be proved by induction over L, since the induction
basis L = /; belongs to the family of strongly divisible instances.

6 NEW CONSTRUCTION PRINCIPLES FOR FAMILIES OF NON-IRDP INSTANCES

In consideration of the upper bound developed in Section 4, a direct verification of the property
A(E) < 2 for general instances seems to be very hard. Instead, another approach to tackle the
MIRDP conjecture is given by the investigation of conditions ensuring that a given instance does
not possess the IRDP. Perhaps, such construction principles may (in future) be valuable when
striving to find instances with gaps close to (or larger than) 2.

6.1 Construction Principles based on the Cutting Stock Problem

So far, only construction methods for non-IRDP instances of the divisible case are known in
literature, see [22]. In this subsection, we aim at presenting families of parametrized instances
not belonging to the divisible case, but possessing a gap A(E) = 1, which actually represents the
first systematic approach to obtain more general non-IRDP instances. These instances have also
been studied in the context of one-dimensional cutting by J. Rietz and co-authors, see [33] and
[34] for some of the results, so that the corresponding proofs would only require minor changes
in almost all cases. However, we also emphasize that some other constructions to be introduced
here are only contained in the German-language PhD thesis [32], and hence they have never been
made available (not even for the CSP case) to a broad scientific community.

In order to see how all the sets of instances can be used in the skiving framework, we need the
following two results.

Lemma 8. The following assertions hold:
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1. Let E = (m,l,L,b) be an instance of the one-dimensional cutting stock problem with
2 SP(E) =1Tb/L. Then also Z5(E) = 1"b/L holds if E is interpreted as an instance
of the one-dimensional skiving stock problem.

2. Let E = (m,l,L,b) be an instance of the one-dimensional skiving stock problem with
Z5(E) =1"b/L. Then also ZSP(E) = 1Tb/L holds if E is interpreted as an instance
of the one-dimensional cutting stock problem.

Proof. See [42, Theorem 2]. [l

Theorem 7. The following assertions hold:

1. Let E = (m,l,L,b) be an instance of the one-dimensional cutting stock problem with
Zz’CSP(E )=1"b/L € N. IfE is a non-IRUP instance then E considered as an instance

of the skiving stock problem is a non-IRDP instance, too.

2. Let E = (m,l,L,b) be an instance of the one-dimensional skiving stock problem with
Z2(E) =1"b/L € N. IfE is a non-IRDP instance then E considered as an instance of
the cutting stock problem is a non-IRUP instance, too.

Proof. Let E = (m,1,L,b) be anon-IRUP instance of the cutting stock problem with z; <" (E) =
ITh/L € IN. Note that, in this case, also z5(E) = [ b/L holds due to Lemma 8. Then it is not
possible to find an integer solution consisting of k := /" b/L cutting patterns. Since all these
cutting patterns would have to be trim-less this is equivalent to the non-existence of k (exact)
packing patterns. Hence, we have z*(E) < k — 1 which proves A(E) > 1. In an analogous way,
the second statement can be proved. 0

Based on this important observation and non-IRUP instances from the literature, we obtain the
following main result:

Proposition 1. Any instance E of the following families satisfies A(E) = 1, i.e., none of the

presented instances possesses the IRDP:

(a) E(t)=(7,1(t),51+3t,b) witht € Z, t > —8, and

1(t) = (234t,194¢,17+1,16+1,15+1,14+1,13+71),
b = (1,2,2,1,1,1,1).

(b) E(k) = (8,1(k),L(k),b) with k € N, k > 6, L(k) = 10k> + 11k, and

(k) = (10> —19k—15,10k+ 11,10k + 7,10k +5, 10k + 4, 10k + 3,
10k+2,10k+1),
b = (3,1,2,2,1,1,1,1,1).
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(c) E(k,t)=(9,l(k,t),L(k,t),b(k,t)) withk € N, k > 2, t > max{3k> —k* — 3k,3k> +3k+1},
L(k,t) = (k+1)(¢ +3k), and

I(k,t) = (t+3k*+2k,t +2k* +k,t + 6kt + 1,1 +k+2,t +3k -3,
t,t+k,t+3k),
b(k,it) = (1,1,1,k—1,k—1,k—1,1,1,1).

(d) E(p,q) = (9,1(p,q),L(p,q,),b) with p,qg € N, p < g, L(p,q) =37+ 3p+q, and

I(p,q) = (25+p+q21+p+q,19+p+q,11+p,9+p,8+p,7+p,
6+p,5+p),
b = (1,1,1,1,1,1,1,1,1).

(e) E(k) = (7,1(k),L(k),b(k)) with k € N, k > 3, L(k) = 10k*+ 6k, and

I(k) = (10k-+6,10k+4,10k—2,10k—4,10k—6,10k—7,10k— 11),
b(k) = (1,1,1,2k—4,1,1,1).

Proof. The families (a)-(d) are taken from [34, Proposition 3], [34, Proposition 6], [35, Propo-
sition 7], and [32, Aussage 19] (in precisely that order) with respect to the cutting stock problem.

The set (e) basically appears in [32, Aussage 16], but there k > 8 is required. By way of excep-
tion, we will provide a small part of the proof in order to indicate that, actually, only k > 3 is
sufficient: At first, we obtain

)

(10k+6) + (10k +4) + (10k —2) + (2k — 4)(10k — 4) + (10k — 6)
+(10k—7) + (10k— 11)
= 60k— 16+ (20k* — 48k +16) = 20k> + 12k = 2L

implying that z(E(k)) < 2 has to hold. On the other hand, we also have

1 1 0 0

1 0 1 0
! k?3 - k22 41 kEZ - 1:1 =b
2 2 2

0 0 2 0

0 2 0 0

2 0 0 0

which leads to z;(E(k)) > 2. Note that k > 3 is required since, otherwise, the first pattern would
contain a negative entry. The rest of the proof follows the ideas published in [32] for the cutting
stock problem. O
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Remark 11. For the sake of completeness, observe that:

o The instances E(t) from (a) turn out to be equivalent for t € Z., see [32, Aussage 14].

* According to Lemma 5, the non-IRDP instances presented in (e) are minimal with respect
to the value 7;(E).

e All proofs of this subsection (mostly referred to by appropriate literature references)
strongly depend on the specific structure of the given instances, either with reference to
the particular item lengths I; or their availabilities b; (i € I). Although we do not intend to
investigate within this article, whether small perturbations of these input data may destroy
the key properties to obtain A(E) > 1, our first feelings are that the current proofs would
have to be rephrased considerably after having (slightly) changed the listed instances.

Obviously, the integrality of [ ' b/L is a main ingredient of the proof of Theorem 7. Consequently,
the method (to simply use non-IRUP instances of the CSP) cannot be straightforwardly applied
to find non-IRDP instances of the skiving stock problem with A(E) > 1. Hence, other approaches
will become necessary in order to obtain larger gaps. For the cutting stock problem, J. Rietz has
proposed several methods to construct larger gaps based on a few given non-IRUP instances [32,
Sect. 4.5]. As aresult of extensive theoretical considerations, he succeeded in finding an instance
E with A(E) = 1.2 which still represents the largest known gap in the cutting stock context. Due
to the expected efforts, at the moment we do not intend to investigate whether these additional
approaches can also be transferred to the skiving stock problem or not. However, although not
being discussed here, it is likely that similar results can be observed for the SSP, too. Then, any
class of non-IRDP instances listed in Section 6, may represent a valuable basis to find non-IRDP
instances of the skiving stock problem with A(E) > 1. For that reason, an additional class will
be introduced and thoroughly discussed in the upcoming subsection.

6.2 A New Construction Principle for Large Gaps of the Divisible Case

The divisible case (where /; | L holds for all i € I) of the skiving stock problem has recently been
proved to possess the MIRDP, see [22, 25]. Moreover, in that paper, a construction principle is
presented that leads to a maximum gap of A(E) = 1+ 1/42. By further manipulations of the
resulting instances slightly larger gaps can be obtained. In this subsection we present a new
construction method to obtain non-IRDP instances of the divisible case. Contrary to [22], this
approach

* possesses a less complex construction (only two parameters determine the whole instance,
whereas four quantities are needed for the strategy in [22, Theorem 14]),

o directly leads to a gap A(E) = 1+5/156 > 1+ 1/42, and

* only requires a fixed number of m = 3 item types (compared to m — oo for the class pre-
sented in [22]),
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so that it exhibits significant advantages in comparison with the previous method. Moreover, this
procedure also provides gaps arbitrarily close to (but strictly less than) 22 /21 if further items are
allowed to be added.

Our new construction is based on the following simple observation.
Lemma 9. Let &1, € N be relatively prime with & > &, > 2. Then

ged(&1,83) = ged(&,83) =1
holds for & := &1& + 1.

Proof.  For the sake of contradiction, we assume that d € P is a common prime factor of &; and
&;. Then also &3 — &; has to be an integer multiple of d. But, on the other hand, we have

E-&=&(&-1)+1=0+1=1 modd
which gives the contradiction. The same proof can be applied to &, instead of &;. 0

Now let &, &, € IN satisfy the conditions of the previous lemma, and let &3 := &£, + 1. We claim
that the instance

E(E,&) = (37< 1 1 1

G485

possesses a gap larger than one. Obviously, the defined instance belongs to the divisible case.

)JA&—L@—L&+@+U) ®)

Hence, the optimal objective value of its continuous relaxation is given by

N G-l Sl S+ 6+l G+ 6+D 1 T
CEGR) = Te e T 2 e & &
_ o G DG &GS+ ) —GiGie )
1616 +1)
_ 86— (61+&)
TG )

Note that the second summand is always positive for the feasible choices of (&;,&,). Hence,
it suffices to show that z*(E) = 1 holds in order to prove that E(&;,&;) represents a non-IRDP
instance.

Theorem 8. Let E := E(&1,&,) be defined as in (8). Then the following assertions hold:

1. The inequality s (84 )
162 — (61 + 62

Ei&(&i6+1)

Ma>1+

holds for all a € P*(E) with a < b.
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2. The gap of E results to

& —(&i+&)

A(E):A(E(élvé2)):1+ 5152(51%2"’1) ’

©))

i.e., E is a non-IRDP instance.

Proof. Both statements are proved by contradiction. In the first part, the main idea is to show
that any counterexample a = (ay,as,a3) " € 7% would have to satisfy a1& — (& —az)&1 +az €
{0, 1}, but a deeper investigation based on number theory reveals that none of these cases can
occur. Then, the second statement is a straightforward consequence of the first one. The full
details can be found in the Appendix. g

Note that for & = 2 and &, = 3 we obtain the instance

111
E= —o = ),1,(1,2
<37(273a7)a a( ) 76)>

which is equivalent to the instance E(2) of [22, Theorem 14]. Hence, the method that was pre-
sented here can be understood as a generalization of the case K = 2 in the aforementioned theo-
rem. But then, the question arises whether it is possible to achieve a larger gap than A(E(2)) =
1+ 1/42 (from [22, Theorem 15]) with this new approach.

Proposition 2. The equation

max { $1&— (&1 + &)
&i&(&i&+1)

holds. The unique solution is given by & =3 and & = 4.

156

2<&<6,6,5eN relativelyprime} =

Proof. At first, observe that & = 3 and &, = 4, actually, lead to the objective value 5/156.
Furthermore, we have
$1&—(&1+ &) < 1

Gi&(&i&+1) &i&

(10)

due to

& (Ei+8) _ |

G666 +1) &
where the latter is certainly true. Consequently, if (&;,&,) is a solution of the considered max-
imization problem, 5/156 < 1/&;&; has to hold due to (10). But then, we have & & < 156/5
which is equivalent to & &, < 31 due to the integrality of the left hand side. The only remaining

= 8&h-(Gi+&h)<éibh = —(&i+&) <1

pairs (&1,&) with & < &, relatively prime and &; &, < 31 are given in Table 1. Obviously, we
cannot obtain an objective value larger than 5/156. Thus, the unique solution is given by §; = 3
and & =4.

O
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Table 1 — Objective values for the remaining pairs (&;,&;), where the crossed cells are not feasible. The

cell (&1,&) = (3,4) represents the maximum value.

& 3 45| 6| 7|89 w0|11]13]15
2 | L 3 1 7 S| | 13
42 110 42 342 506 702 930
3 S| 1 1|18 17
156 240 42 600 930
11 17
4 220 812
19
5 930

As a consequence of this proposition, the largest gap that can be constructed with the presented
approach results to A(E) = 1+ 5/156 for the choice (&;,&) = (3,4) which corresponds to the

instance L1
E: (31 <374713> 517(27376)) .

Note that this gap is larger than all the gaps that can be obtained by [22, Theorem 14]. This gives
hope that by adding some sufficiently small item lengths (that do not influence z*(E) = 1), gaps
larger than or equal to 22/21 (as in [22, Corollary 16]) can be obtained. Hence, the remainder of
this subsection will deal with the computation of

f(&1,8) 1=min{g+z+2 %4-%4-% > 1,q 6Z+,ai§bi,iel} (11)

for a given instance E(&;,&;) as in (8), since then we can add items of total length less than

16— (&1+ &)
&6 (&b +1)

without changing z*(E) = 1. Note that, by this procedure, z;:(E) and A(E) will increase. To this

e:=¢€(&1,8) = f(&1,%) -

end, we start with the following lemmas.

Lemma 10. Ler 2 < & < &, be relatively prime. Then there exists

WE{Ovla"'vélé2*§1}

with 61 | l[/andl//E 1—51 modéz.

Proof. It suffices to show that there exists v € {0,...,& — 1} with
véi=1-& modé

since, then, &; | v& and v&; € {0,1,...,& & — & } are clear by construction. Therefore, remem-
ber that ged(&;, &, ) = 1 is true which implies that &; is invertible in the set of residue classes mod-
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ulo &, i.e., in Zg, ~{0,1,...,8 — 1}. Hence, we can find v* € Z¢, with v* # 0 and v*§, =1
mod &,. Setting v = v* — 1, we obtain an element of the set Zg, such that

vEi=(v'-1)§=vE-6=1-§ modé

is satisfied which completes the proof. O

Lemma 11. Ler 2 < & < &, be relatively prime. Then there exists a solution of
abtabi=1+5&-8 -6 (12)

with ay,ay € Zy and a; < & — 1 fori € {1,2}.

Proof.  Due to the previous lemma, we can find v € {0,1,...,£& — &} with & | wand y =

1—¢&; mod &,. We define

- -S+l-y d
a) = an
&

and claim that this is a feasible solution of (12). Indeed, we have:

ar = E
&

1. Equation (12) is satisfied due to
abt+abi=E&H -8 -S+1-y)+ty=5LH-8 -8+ 1.

2. At first, note that a; € Z is true since we have

16 -bi-&+1-y=66-8-S+1-(1-6)=868 -6 =0 mod&,.

Additionally, the definition of a; meets the box constraints due to

g2 b—htloy _&G&h-b -6l =§1—1+1_€1 “& 1
& & &
~—
where v > 0 has been used, and <0
a1:§1§2—€1—§2+1—wz5152—51—€2+1—(€1€2—§1)>_1
& &

where the latter is equivalent to a; > 0 according to the integrality of a;.

3. At first, note that ay € Z is true since we have & | y. Additionally, the definition of a,
meets the box constraints due to a, = y/&; > 0 and

Yy _&&-& .
“=E=Tg =el
O
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Now we can state the main result of this consideration.

Proposition 3. Let 2 < & < &, be relatively prime. Then the minimum in (11) is given by

L GG -85 -6+1
M) = gag )

(13)

Proof. Note that, due to the first part of Theorem 8, we already have

Ci&—-&i—-&+1
£1&2(816+1)

Hence, it suffices to find a feasible triple (a1,az,a3) that attains this lower bound. To this end,

f(&1,6)>1+

we claim that there exists such a triple with a3 = &§; + &, < b3, i.e., we claim that the equation

a a §+& §&HL-E -5+
a+5+51<§2+1 =i &i1&(&i&+1)

has a solution with a1,a € Z and a; < b; for i € {1,2}. Multiplying with the common denom-

inator and rearranging the terms lead to the equivalent formulations
a,  a 1+ 1©2—61—c+1
AR ==l et
{aléz(§1§2+ D+a8i(6i1&+1)+ (&1 +&)818
=866 6i&+)+6&H -8 -6 +1
18+ a8 —&16] (516 +1) + 818 (81 + &)+ (&1 + &) =816 +1
[a1&+a8i =868+ 8 +8&—1](5&+1)=0
a&tab —66+E6+86-1=0

where & & + 1 > 0 has been used in the last line. Then, the last equation can be solved due to

[

the previous lemma. Hence equality (13) is true. g

Consequently, we obtain
&S -(Gi+8) 1

e:=¢(61,8) = f(&1.) Ei&(&i&+1)  &i&(&i&+1)

Hence, by adding sufficiently small items, we can construct gaps arbitrarily close to

& —&i—-&+1
Ei&(&i&+1)

As a last contribution of this subsection, we aim at computing the maximum gap that can be

1+

(approximately) achieved in this way.

Proposition 4. The equation

max{éléz_ (& +&)+1
&6 +1)

holds. The unique solution is given by & =2 and & = 3.

1
2<81<8,8,8 €N relativelyprime} =31
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Proof. At first, observe that & = 2 and & = 3, actually, lead to the objective value 1/21.

Furthermore, we have
G- +&)+1 1
§i&(&i&+1) &i&

51%%&21;%)1;1 < 51152 = 6L - (& +E&E)+H1<EE+

where the latter is certainly true, since —(&; + &) < 0 is satisfied. Consequently, if (&;,&) is a
solution of the considered maximization problem, 1/21 < 1/&;&, has to hold due to (14). This
is equivalent to £;&, < 21. The only remaining pairs (&;,&,) with & < &, relatively prime and

(14)

due to

&1&> <20 are given in Table 2. Obviously, we cannot obtain an objective value larger than 1/21.
Thus, the unique solution is given by & =2 and &, = 3.

Table 2 — Objective values for the remaining pairs (£}, &,), where the crossed cells are not feasible. The

cell (§1,&) = (2,3) represents the maximum value.

g1‘§2 3 4 5 7 9
2 | s | 3 | m
3 % | wm
4 5

O

Unfortunately, this approach does not provide gaps of the divisible case greater than or equal
to 22/21 and, hence, does not improve our max-gap considerations of [22, Corollary 15]. Nev-
ertheless, we have found a new construction principle for non-IRDP instances of the divisible
case. As we have stated, this method can be interpreted as a generalization of the case K = 2
in [22, Theorem 14]. Additionally, one of the new instances has a gap of 1 +5/156 without
the addition of further small items which surpassed the previous maximum of 1+ 1/42. Al-
together, as mentioned earlier, note that any kind of non-IRDP instance can be valuable when
looking for larger gaps (maybe in the sense of constructions similar to those of Rietz [32]), so
that this new approach not only provides some interesting results on non-IRDP instances and
their corresponding gaps, but may also be relevant for further scientific research in that particular
field.

7 CONCLUSIONS

In this paper we reported on the skiving stock problem with special respect to the quality of its
continuous relaxation. At first, we showed how upper bounds for the gap of arbitrary instances
can be found by means of the concept of residual instances. In particular, we improved the best
known upper bound to (at least) A(E) < [m/2], and provided additional upper bounds that make
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use of all problem-specific input data. In the remainder we focused on IRDP and non-IRDP
instances and were able to apply the first-fit decreasing heuristic in order to prove A(E) < 1
for two new classes of instances. By investigating the relationships between the cutting stock
problem and the skiving stock problem, we presented several construction principles to obtain
non-IRDP instances that do not belong to the divisible case. In a final step, we introduced a new
method to construct large gaps of the skiving stock problem and obtained an alternative way to
build instances with gaps arbitrarily close to 22/21, which represents the currently best known
value for the divisible case.

One of the main parts of our future research is given by improving the upper bound [m/2] for
the gap of the skiving stock problem, since for the related cutting stock problem estimates like
O(m/4) (see [35]) are already available. Additionally, we will focus on proving the IRDP or
the MIRDP for further classes of instances, and the development of other construction principles
that may lead to larger gaps. Alternatively, also the investigation of asymptotic polynomial time
approximation schemes (APTAS) for the dual bin packing or the skiving stock problem, maybe
based on the observations in [6, 14], could be of interest to obtain approximate solutions of
reasonable quality.
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APPENDIX: PROOF OF THEOREM 6

We consider the decomposition of point (ii) in Remark 8 and apply Phase I of Algorithm 1 on E;
and E; separately. Let ¢; (i € {1,2}) denote the number of bins of subinstance E;, then we either
have R;(q;) = 0 or 0 < Ri(gq;) < L, where R;(g;) denotes the remaining capacity of the last bin
By, of instance E;.

Case 1: The equality R;(q1) = R2(q2) = 0 holds.
In this case, both instances possess only bins that are filled exactly, i.e., we have (') Tpi=
gi-Lforie {1,2}. Hence we obtain z*(E) > g1 + ¢ leading to

AE) =2E) -2 ) < L - @+ ) =i<(") a8 >= ,

i=1

i.e., the IRDP of E.

Case 2: There is exactly one index i € {1,2} with R;(¢;) = 0.
Without loss of generality we assume R; (1) = 0. Then we have (/! )T b' =g, -L, and due
to the observations in the proof of Theorem 5 we further obtain

() v
0< —(g2—1)< 1.
T (2—1)
Combining these feasible solutions of the subinstances results to z*(E) > ¢g; +¢» — | im-
plying that
I"b 2)" b2
aE) =zE) B < - @ra-1= T o<

has to hold, i.e., E has the IRDP.

Case 3: The inequalities R (g;) > 0 and R2(g2) > 0 hold.
As in the previous case, the proof of Theorem 5 leads to

iNT i
(I)Tb—(qz'—l)<1-

0<

for i € {1,2}. Now there are again two cases

;(l)y— —U><1

be satisfied. Then a combination of the feasible solutions of the two subinstances
leads to z*(E) > (¢q1 — 1) 4+ (g2 — 1). Thus we obtain

Subcase 3.1:
Let

A[E) = z(E)- (E)<ZTTb*(q171+Q2*1)

= Z(l bi— —1)><1
i=1
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i.e. the IRDP of E.

Subcase 3.2:
Let

i((zz) O )

be satisfied. By joining the items of the bins ¢; from E; and ¢, from E, we obtain
an additional filled bin. A combination of all bins leads to z*(E) > (¢1 — 1) + (g2 —
1)+ 1=gqi+¢2— 1, implying that

.
—_— = -1

12 (q1+q2—1)

VT i
- i(me —(Qi—1)>—1<2—1=1,

i.e., E has the IRDP. O

AE) = Z(E)-(E)<’

APPENDIX: PROOF OF THEOREM 8

Let E := E(&1,&,) be defined as in (8).
1. For the sake of contradiction, we assume that there is a pattern a € P*(E) with a < b

Ei&—(&+ &)
<tata <t hanmar

Part 1: Finding a necessary condition for (15):

satisfying
(15)

By multiplying (15) with the common denominator &;&,(&;&, + 1) and rearranging the
terms, we obtain

a a3 88— (Gi+8)
et et e T e
§1&(81&+1) a1 (&1 + 1)+ a1 (818 +1) +a38i1&
<&8i&(&&+1)+8&E -8 -&

886 —a1& —wb <aéiE +abibh+abib - (66)

—
<2818 -&1 -6 —aib—ad
—
<(E—a)b+ (& —a)éi & - &
—a1&+ (& —a)&1 < &i1& (16 — (& —a2)é1 +a3)
<= (16)

=B <@ -ai—D&H+ (& —a— 1)
=Bu

{—a1§2+ —ax)é <& (b +axdi +a3 —618)
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Now we aim at finding a lower bound for ; and an upper bound for 8, in order to derive a
necessary condition for the components aj,a;,a3 of the considered pattern a € P*(E). At
first, note that we have

Bi= (&1 —ar—1)&+ (& —ax—1)& <266

due to a; > 0 and ap > 0. On the other hand, we also obtain

Bi=-aibo+(&—a)bi > (& —1)&+8& =86+ 86 +8& > —8i1&

duetoa; < by =& —1and ay < by = & — 1. Altogether, these estimates imply that

=618 <818 (a8 — (& —a2)81 +a3) <268
or, equivalently,
—l<ai&—(&—a)é +az<?2 a7

is a necessary condition for (15).

Part 2: Case Studies:
Note that (17) is equivalent to a1 & — (&, —an)&) + a3 € {0,1}.

(a) Casel: a1& — (& —az)61+a3 =0
In this case, the first inequality of (16) leads to —a;&; + (& — a2)&; < 0 implying
that
0=a1&— (&L —a)éi+az>a3 >0
has to hold. Consequently, we have a3 = 0 and a1&, = (& —a,)&;. Duetoa; € Z,
we further have

(& —ar)é

ay = 52 ! € Z+ <~ (&2 —612)61 =0 mod 52. (18)

But then, note that

0= (&2 —az)él = 0—(1251 = —a2§] mod 52

has to hold which is true if and only if a; =0 mod &, due to the fact that §; and &,
are relatively prime. Since we have 0 < ay < b, = & — 1 the only possible choice
is a; = 0. But this implies a; = &; by means of the left side of (18) which gives the
contradiction since a; < by = &, — 1 has to be satisfied.

(b) Case 2: aléz - (éz —az)él +a3=1
In this case, the second inequality of (16) leads to

1652816 -81 -8 —ailo -l = a1+ 86 +6H < (L —w)és
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implying that
l=a3+a1&— (& —a)é <az—§ -8 <1
—_———
>a16+81+6

has to hold due to a3 < b3 = £ + & + 1. Consequently, we have az = & + & + 1
and, due to the assumption of this case, a;& = (& —az)& — & — &. According to
ay € Z., we further have

o (Lr—am)b1—&1-&
‘ &

But then, note that

€l = (H—a)é—&—-6&=0 mod&. (19)

0=(&—m)é1 -8 —&=-adi—&=-Ei(aa+1) mod&

has to hold which is true if and only if a; + 1 =0 mod &, due to the fact that &; and
&, are relatively prime. Since we have 0 < ay < b, = & — 1 the only possible choice
is ay = & — 1. But this implies a; = —1 by means of the left side of (19) which gives
the contradiction since 0 < a; has to be satisfied.

Consequently, there is no pattern that satisfies the necessary condition (17) which gives the
contradiction to the initial assumption.

2. For the sake of contradiction, we assume that z*(E) = 2 is true. Hence, we can find two
patterns a',a* € P*(E) with a' +a* < b. Due to the first part of this theorem, we have

16— (&1 +&)
&i&(&i6+1)

IMa! > 1+
for j € {1,2}. But then, also

Ei&—(&1+&) 1 T1,,T2 _5152—(514‘52)
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has to be satisfied which is not possible. Hence, we have z*(E) < 1 and, due to / Tb>L=1,
7*(E) = 1. Consequently, the gap of the instance E can be computed as in (9) and the proof
is complete. U

Pesquisa Operacional, Vol. 39(1), 2019



