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—— Abstract

In the Unsplittable Flow on a Path problem (UFP), we are given a path graph with edge capacities
and a collection of tasks. Each task is characterized by a demand, a profit, and a subpath. Our goal
is to select a maximum profit subset of tasks such that the total demand of the selected tasks that
use each edge e is at most the capacity of e. BagUFP is the generalization of UFP where tasks are
partitioned into bags, and we are allowed to select at most one task per bag. UFP admits a PTAS
[Grandoni,M6mke,Wiese’22] but not an EPTAS [Wiese’17]. BagUFP is APX-hard [Spieksma’99] and
the current best approximation is O(logn/loglogn) [Grandoni,Ingala,Uniyal’15], where n is the
number of tasks.

In this paper, we study the mentioned two problems when parameterized by the number m of
edges in the graph, with the goal of designing faster parameterized approximation algorithms. We
present a parameterized EPTAS for BagUFP, and a substantially faster parameterized EPTAS for
UFP (which is an FPTAS for m = O(1)). We also show that a parameterized FPTAS for UFP (hence
for BagUFP) does not exist, therefore our results are qualitatively tight.
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1 Introduction

In the classical Usplittable Flow on a Path problem (UFP) we are given an m-edge path
graph G = (V, E) with (non-negative integer) edge capacities u : E — N, and a collection of
n tasks T. Each task ¢ is characterized by a demand d(i) € N, a weight (or profit) w(i) € N,
and a subpath P(i)!. A feasible solution consists of a subset of (selected) tasks S C T such
that, for each edge €, > ;cq.cep(i) d(i) < u(e). In other words, the total demand of the
selected tasks using each edge e cannot exceed the capacity of e. Our goal is to compute a
feasible solution OPT of maximum total profit opt = w(OPT) := . _opp w(i).

UPF has several direct and undirect applications [7, 8, 11, 12, 16, 17, 18, 21, 41, 43]. For
example, one might interpret G as a time interval subdivided into time slots (the edges). At
each time slot we are given some amount of a considered resource, say, energy. The tasks

L Throughtout this paper, for a subpath P, we sometimes use P also to denote the corresponding set of
edges E(P): the meaning will be clear from the context.
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represent jobs that we might execute, therefore gaining a profit. However each executed job
will consume some amount of the shared resource during its execution, thus we might not be
able to execute all the jobs (hence we need to perform a selection).

UFP is strongly NP-hard [11, 18] and it is well-studied in terms of approximation
algorithms. After a long sequence of improvements [2, 3, 5, 6, 9, 11, 14, 15, 34, 37, 38, 36|, a
PTAS for UFP was eventually achieved by Grandoni, Mémke and Wiese [35]. We recall that a
PTAS (for a maximization problem) is an algorithm parameterized by € > 0, which provides
a (1 — ¢) approximation in time |I|9(}) where |I| is the input size. EPTASs and FPTASs
are defined similarly, however with running times of the form f(1/¢) - [I|°®M) and (|I|/¢)°™),
resp., where f(-) is a computable function. Wiese [49] proved that UFP, parameterized by
the number of selected tasks, is Wl]-hard: this excludes the existence of an EPTAS for UFP
by standard reductions (unless FPT=W]1] [42]).

In the above scenario there is no flexibility on the time when a job is executed. The BagUFP
problem is a generalization of UFP which was introduced to allow for such flexibility. Here we
are given the same input as UFP, plus a partition of the tasks into ¢ bags B = {By,..., B},
L'Jﬁlej = T. A feasible solution S has to satisfy the capacity constraints as in UFP, plus
the extra constraint that at most one task per bag can be selected, namely |S N B;| <1 for
j=1,...,£ This easily captures jobs that can be executed at different times (and even
more general settings). For example, if a job can be executed within a given time window
(also known as the time-windows UFP problem), it is sufficient to create a bag that contains
multiple copies of the same task which differ only in the subpath P(i) (with one subpath per
potential valid scheduling time). BagUFP is APX-hard [47], which rules out the existence
of a PTAS for it. The current best approximation ratio for BagUFP is O(logn/loglogn)
[33], slightly improving on the O(logn) approximation in [13]. A constant approximation for
BagUFP is known for the cardinality version of the problem [33], i.e. when all the profits
are 1. Bag constraints are frequently added to other classic optimization problems, such as
makespan minimization [22, 32], knapsack [46, 44, 40], and bin packing [24, 25, 31].

1.1 Our Results and Techniques

The mentioned PTAS for UFP [35] has a very poor dependence on € in the running time, which
makes it most likely impractical. Though an improvement of the running time is certainly
possible, as mentioned before an EPTAS for UFP does not exist (unless FPT = W[1]). The
situation for BagUFP is even worse: here even a PTAS does not exist (unless P = NP), and
currently finding a constant approximation algorithm (which might exist) is a challenging
open problem.

Motivated by the above situation, it makes sense to consider parameterized approximation
algorithms for UFP and BagUFP. The general goal here is to identify some integer parameter
p that captures some relevant aspect of the input (or some property of the output), and try
to design approximation algorithms whose running time is better than the state of the art
when p is sufficiently small. In particular a parameterized PTAS (p-PTAS) is defined similarly
to a PTAS, however with running time of the form f(p)|7|%() for some commutable function
f(-). Parameterized EPTAS (p-EPTAS) and parameterized FPTAS (p-FPTAS) are defined
similarly, w.r.t. EPTAS and FPTAS resp. More explicitly, a p-EPTAS has a running time of
the form f (p + 1/¢) [I|°"), while a p-FPTAS has a running time of the form f(p)(|1]/)°™).
For a meaningful choice of p, it makes sense to search for a p-EPTAS (or better) for UFP,
and for a p-PTAS (or better) for BagUFP.

Probably the most standard parameter is the number k of tasks in the desired solution.
This is also the objective function for the cardinality version of the problems (with profits
equal to 1). Wiese [49] proved that UFP is W[1]-hard under this parametrization, which
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rules out a p-EPTAS. He also presented a p-PTAS for the cardinality version of UFP with
parameter k (later improved by the PTAS in [35], which also works for arbitrary profits).
To the best of our knowledge, the same parametrization of BagUFP was not studied in the
literature.

In this paper we focus on the parameter m, namely the number of edges in G - the
length of the path. This makes sense in the realistic scenarios where n > m i.e., there are
significantly more jobs than time slots. For example, such UFP instances occur in personnel
scheduling [48, 4, 10, 1] where, e.g., workers are assigned to shifts within a working day
(m =~ 8 working hours), or for an interval of days in the week (m = 7 days). We achieve the
following main results:

1.1.1 Algorithms and Hardness for BagUFP

A simple reduction from Partition shows that (assuming P # NP) there is no FPTAS for
BagUFP even for m = 2 (for m = 1 an FPTAS exists since the problem is equivalent to
Multiple Choice Knapsack). As an obvious corollary, there is no p-FPTAS with parameter m
for the same problem (see Section 4).

» Theorem 1. Unless P = NP, there is no FPTAS for BagUFP even in the case m = 2.

» Corollary 2. Unless P = NP, there is no p-FPTAS for BagUFP parametrized by the path
length m.

Hence, qualitatively speaking, the best one can hope for is a p-EPTAS. This is precisely
what we achieve (see Section 2).

» Theorem 3. There is a p-EPTAS for BagUFP parametrized by the path length m. Its

Yo
running time is o(m/e''*) 1M,

Our approach substantially differs from previous algorithmic approaches for UFP (see,
e.g., [35] and references therein) which relied on concepts such as classification of items by
demands and probabilistic arguments. We observe that the bag constraints induce a matroid
(more specifically, a partition matroid with capacity 1 for each set). Therefore we consider
the standard LP relaxation for a partition matroid (which has integral basic solutions), and
augment it with the m linear constraints corresponding to the capacity constraints. As
proved in [39], a basic optimal solution z* to this LP (which can be computed in polynomial

time for arbitrary m) has at most 2m fractional values (with value strictly between 0 and 1).

The variables with value 1 in z* induce a feasible BagUFP solution with profit at least the
optimal LP profit minus (almost) the profit of 2m tasks: this is problematic if the latter tasks

have a profit comparable to opt = w(OPT), where OPT is some reference optimal solution.

We can avoid the above issue as follows. Let H be the (heavy) tasks with profit at least
=Zopt. We can guess the heavy tasks H N OPT in OPT (which are at most m/e many),
reduce the problem (i.e., remove all the tasks in the bags containing tasks from H N OPT,
remove tasks in H, and reduce the available capacity of every edge by the total demand
of OPT N H for the specific edge), and apply the mentioned LP-rounding technique to the
remaining (light) tasks. Now the drop of the fractional variables reduces the profit by at
most 2¢ - opt, leading to a 1 + O(e) approximation. Unfortunately, this algorithm would take
time |H|2("™/2) which is still not compatible with a p-EPTAS.

In order to circumvent the latter issue, we exploit the notion of representative sets, which
was introduced in [26, 27, 28] to deal with a class of maximization problems with a single
budget constraint. In contrast, we construct a representative set in the more general regime
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of multiple budget constraints imposed by the unsplittable flow setting. In more detail, in
p-EPTAS time, we are able to compute a (representative) subset of tasks R of size depending
only on m and 1/e, such that there exists a nearly optimal solution S such that SN H C R.
Therefore, one can restrict to R the above guessing of heavy tasks, which takes |R|O(’”/ e)
time: this is now compatible with a p-EPTAS. We remark that our techniques, combined with
the representative set techniques of [26, 27, 28], can give a p-EPTAS for the more general
problem of UFP with a general matroid constraint. We leave such efforts to the journal
version of the paper. On the other hand, UFP with a general matroid is somewhat harder
since an FPTAS is ruled out even for an instance with path of length 1 (a single budget
constraint) [30], and an FPTAS exists only for laminar matroids [29].

1.1.2 Algorithms and Hardness for UFP

We start by showing that there is no p-FPTAS for UFP parameterized by m. This, together
with Theorem 3, gives a tight bound for UFP in the short path point-of-view. Notice that
this is not implied by Theorem 1 since UFP is a special case of BagUFP.

» Theorem 4. Unless FPT=W]|1], there is no p-FPTAS for UFP parametrized by the path
length m.

Unlike previous hardness results [11, 18, 47, 49, 19] for UFP and its variant, which rely
on a path of polynomial length in the input size, our lower bound requires having UFP
instances with a short path. Namely, the number of tasks is significantly larger than the
length of the path. Our starting point is to obtain a hardness result for a multiple choice
variant of k-subset sum in which the numbers are partitioned into sets Ai,..., A, each
set with n numbers, and the goal is to select one number from each set such their sum is
exactly a given target value. We use color-coding to show that multiple-choice k-subset
sum does not have an FPT-algorithm unless W[1]=FPT (which may be useful for other
hardness results). Then, we reduce multiple-choice k-subset sum to UFP by constructing a
UFP instance with m = O(k) edges and with polynomial weights. Roughly, we interpret the
edges of the path in correspondence to the k sets A1,..., Ai. The constructed instance has
a pair of tasks 2/, ¢}, with complementary subpaths, for every number j = 1,...,n in the
i-th set A;. Along with a carefully defined demand and weight functions, This UFP instance
satisfies that exactly k pairs can be chosen for a sufficiently high weight if and only if the
original subset sum instance has a solution. We remark that this construction utilizes the
short path in a non-trivial manner. Due to space constraints, the proof is given in the full
version of the paper [23].

Theorem 3 already provides a p-EPTAS for UFP. We are however able to derive a p-EPTAS
with a substantially better running time (see Section 3).

» Theorem 5. There is an p-EPTAS for UFP parameterized by the path length m, with
2
running time O (%3 + (l)o(m )

g

m?log n) .

In particular, for m < C' -, /log1 n, for a sufficiently small constant C' > 0, our running time

is the running time of an FPTAS. We recall that achieving an FPTAS (or even an EPTAS)
for UFP in general is not possible and the previous state of the art for UFP with a constant
number of edges is the PTAS for the general problem [35].

The basic idea of the algorithm is a follows. Consider all the tasks T, whose path is ¢. Let
opt,, be the profit of some optimal solution OPT restricted to T, i.e. opt, = w(OPT NT,).
Given the value of opt,,, it is sufficient to find a minimum-demand subset of tasks S, C T,
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with profit at least opt,,: the union of the sets S, would be feasible and optimal. To achieve
the target running time we use this basic idea along with rounding of the weights and a
coarse guessing of the the values opt,,. By a standard rounding argument, we can assume
that the weights are in [2] while loosing a factor 1 — ¢ in the approximation. This allows
us to pre-compute the minimal demand subset of T, which attains a threshold rounded
weight, for every possible threshold, using a standard dynamic program. The pre-computed
subsets are used to reconstruct a solution S, from the value of opt,,. Finally, we guess the
values of opt,, up to an additive error of ~ ;= - w(OPT). This coarse guess of the values of
opt,, allows us to enumerate over all possible guesses within the running time, while only
introducing an additional 1 — ¢ factor in the approximation.

1.2 Preliminaries

For every n € N we use [n] = {1,...,n}. We use (G,u,T, P,d,w,BB) to denote a BagUFP
instance and by (G, u, T, P,d,w) to denote a UFP instance. Given and instance I of UFP or
BagUFP, we let OPT(/) denote some reference optimal solution, and opt(I) = w(OPT(I))
be its profit. We use |I] to denote the encoding size of I. When I is clear from the context,
we simply use OPT and opt, resp. Given a subset of tasks S C T, we use the standard
notation d(S) := >, g d(i) and w(S) := >, gw(i).

2 A p-EPTAS for BagUFP

In this section we prove Theorem 3. For the remaining of this section, fix a instance I of
BagUFP and an error parameter 0 < € < % Let the set of heavy tasks in I be

- opt
H:{66E|w(e)>(E op }
m

The remaining tasks T'\ H are light. Our first goal is to find the set of heavy tasks in a
nearly-optimal solution. Notice that a naive enumeration takes n(¥) time, which is far
from the running time of a p-EPTAS. To avoid this issue, we compute a (small enough)
representative set, which is defined as follows.

» Definition 6. For some R C T, we say that R is an e-representative set of I if there is a
solution Sof I such that the following holds.

1. SNHCR.
2. w(S) > (1—3¢) - opt.

Define ¢(e,m) = {4m o [571]—‘ (the meaning of ¢(e,m) becomes clear in Section 2.2).

» Lemma 7. There is an algorithm RepSet that, given a BagUFP instance instance I =
(G,u,T,P,d,w,B), 0 <e < %, and opt € [w(T)], in time m3 - =2 - |I|°1) returns R C T
with |[R| < 3-m3-e72.q(e,m). Furthermore, if 071“<0f)t < opt, R is an e-representative set
of I.

In Section 2.1 we use the representative set from Lemma 7 to design a p-EPTAS for
BagUFP. Then, in Section 2.2 we prove Lemma 7.
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Algorithm 1 p-EPTAS(I,¢).

input :BagUFP instance I and an error parameter 0 < € < %
output: A (1 — 7e)-approximate solution A for I.
1 A<+ 0.
2 for opt € {1, 2,0, 2U°g2(“’(T))J} do
3 Construct R°P' +— RepSet(I, e, opt).
4 for F C R° s.t. |F| < m/e and F is a feasible solution for I do
5

Compute a basic optimal solution A°P%F for LP?}Bt.
6 Define L3P := {z € ToPt | aoPHF = 1} and AP = Ly U F.
7 if w (A‘;,f’t) > w(A) then
| A AP

9 end
10 end
11 end
12 Return A.

2.1 A Representative Set Based p-EPTAS

Given the representative set algorithm described in Lemma 7, we obtain a p-EPTAS as follows
(the pseudocode is given in Algorithm 1). We consider the powers of two opt in the domain
[w(T)] (i.e., all values opt = 1,2,4,...,2ew(M]) We apply the algorithm from Lemma 7
with this parameter opt to obtain a set RePt. Notice that, for OTPt < opt < opt, ROP! is a
representative set. Now we enumerate over all the feasible solutions F' C R of cardinality
at most m/e. For each such F, we compute a feasible solution A% (including F'), and return

the best such solution.

It remains to describe how A%ﬁt is computed. First of all, we define a reduced BagUFP
instance I%f’t = (G,uF,T}(,if’t,R d,w,Br) as follows. Bp is the subset of input bags not
containing any task in F. The set of tasks T;b * is given by the tasks of weight at most
%of)t which are contained in the bags Bp. The capacity function up is given by up(e) :=
u(e) = Y ier.eep@) d(@) (ie., the residual capacity after accommodating the tasks in F).
Observe that, for any feasible solution L for I %ﬁt’ LU F is a feasible solution for the input

problem. Indeed, the capacity constraints are satisfied and at most one task per bag can be
selected.

Given the above instance I3, we considering the following LP relaxation LPp":

max Z x; - w(i) (LPI?f’t )
ieToP
s.t. Z x; - d(i) < up(e) Vee E
iGT;if)t:eGP(i)
Z r; <1 VB € Bp
(€T NB

z; >0 Vi € TpP*
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We compute a basic optimal solution A\°P*¥" for the above LP. Let LP" C TP be the tasks
such that AP"" = 1. We set A®" = L®" U F. This concludes the description of the
algorithm.

Obviously the above algorithm computes a feasible solution.

» Lemma 8. Algorithm 1 returns a feasible solution.

Proof. Consider a given pair (opt, F'). Obviously L%’Bt is a feasible solution for the BagUFP
instance Ip"". Tndeed, the demand of the tasks in L* whose path contains a given edge e is

upper bounded by > ) )\‘i’f’t’F -d(?) < up(e). Furthermore, for a given bag B € Bp,

iET;f’t:eGP(i
at most one variable )\fpt’F with i € B can be equal to 1, hence |L3' N B| < 1. Thus, as
argued before, AP" = L U F is a feasible solution for the input BagUFP instance I. Since

the returned solution A is one of the feasible solutions A‘}f’t (or the empty set, which is a
feasible solution), A is a feasible solution. |

It is also not hard to upper bound the running time.

£2

m/e
» Lemma 9. Algorithm 1 runs in time (3'm3 -q(s,m)) |7]°M,
Proof. Lines 3 and 5-8 can be performed in [I|°() time. Thus the overall running time
is upper bounded by |I|°(") multiplied by the number of possible pairs (opt, F'). There
are O(logw(T)) = [I |9 possible choices for opt. For a fixed choice of opt, one has
|ROPY| < i@q(a, m). Since F is a subset of R°P' of cardinality at most m/e, the number

£2

follows. |

B ; m/e
of possible choices for F' (for the considered opt) is at most 2 (Bmd q(e, m)) . The claim

It remains to bound the approximation factor of the algorithm. To this aim, we critically
exploit the fact that each basic solution A°PHF i almost integral: more precisely, it has at
most 2m non-integral entries. To prove that, we use a result in [39] about the sparseness of
matroid polytopes with m additional linear constraints.

» Lemma 10. Each solution A\°P“F computed by Algorithm 1 has at most 2m non-integral
entries.

Proof. The proof relies on matroid theory; for more details on the subject, we refer the reader
to, e.g., [45]. Consider LPpP" for any pair (opt, F') considered by the algorithm. Let L~P(1)mpt be

the LP obtained from LPpP* by dropping the m capacity constraints DT e P Ti d(i) <
ot

up(e). L~P;pt turns out to be the standard LP for a partition matroid (in particular, in an
independent set at most one task per bag can be selected, where the bags induce a partition
of the tasks). In [39] it is shown that every basic solution (including an optimal one) for an
LP obtained by adding m linear constraints to the standard LP for any matroid (including
partition ones) has at most 2m non-integral entries. Hence AoPLE gatisfies this property. <«

» Lemma 11. The solution A returned by Algorithm 1 satisfies w(A) > (1 — Te)opt.

Proof. It is sufficient to show that some solution C’%pt has large enough profit. Consider the
value of opt such that OTN < opt < opt. Notice that the algorithm considers exactly one such

value since 1 < opt < w(T). We next show how to choose a convenient F C ROPt,
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Observe that for the considered choice of opt, R°Pt is an e-representative set. Let S be
the solution for I guaranteed by Lemma 7 and Definition 6. Recall that w(S) > (1 — 3¢)opt
and SN H C R°P'. Since each i € SN H has w(i) > =opt by definition and since obviously
w(S N H) <w(S) < opt, it must be the case that |S N H| < ™. This implies that there is
an iteration of the algorithm (for the considered opt) that has F' = S N H: we will focus on
that iteration. ) i

We claim that w(A%Y,) = w(S N H) +w(LP*) > (1 — 7e)opt. Notice that each task
i € S\ H has weight w(i) < Sopt < 22opt. Furthermore, by construction i € S\ H is
contained in a bag in Bsny. Hence i € Tg% 17> which implies S\ H C Tg%} The feasibility of
S implies that >, ¢\ gr.cepi) d(7) < up(e) for every edge e, and |(S\ H) N B| < 1 for every
B € Bsnp. Therefore the integral solution s which has s; = 1 for i € S\ H and s; = 0 for the
remaining entries is a feasible solution for Lpgfj 7. Define lp??:H =, ierent w() - /\Opt SOH

as the optimal LP value for LPg%tH. The feasibility of s implies

w(S\ H) = Z w(z’)~si§lp%f’th.

opt
1€Tg

On the other hand,
Lof)t > opt 9 2e - . opt 4
w( SnH) Z Psng — <M EOpt > pgng — 4¢€ - opt.

In the first inequality above we used the fact that AoPESNH hag at most 2m non-integral
values (by Lemma 10), and that each i € TP, has 7:0(1) < Z20pt by construction. In the
second inequality above we used the assumption that opt < opt. Putting everything together:

w(AZ}%tH) = w(Lgf?fH) +w(SNH) > lpSnH —4de-opt +w(SNH)
>w(S\ H)—4e-opt+w(SNH)=w(S)—4e-opt > (1 — Te)opt. <

The proof of Theorem 3 follows directly from Lemma 8, Lemma 9, and Lemma 11.

2.2 Representative Set Construction

In this section, we construct a small e-representative set for the BagUFP instance I; this
gives the proof of Lemma 7. Let opt € [w(T)] be a guess of the optimum value opt. Recall
that in Section 2.1 we are able to find opt € (Opt opt} using exponential search over the
domain [w(T)].

We define a partition of the heavy tasks (and some tasks that are almost heavy) into
classes, such that tasks of the same class have roughly the same weight and have the same
subpath. Specifically, let ® = {P(i) |7 € T} be the set of unique paths in the instance and
define n = [logke ( £ )1 as a parameter describing the number of classes. For all ¢ € ¢

2:m

and r € [n] define the class of p and r as

w(z~)

2 - opt

ﬁ(<p,r)—{i€T‘ €<(15)T,(15)T1}andP(i)—<p}. (1)

In simple words, a task i belongs to class H (¢,7) have weight roughly (1 —¢)" -2 - opt and
the subpath of 7 is . Define

H= U H(QD,T)

pED,rEN)
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as the union of classes. The parameter 7 is carefully chosen so that the weight of every

task i € H satisfies w(i) > S9Bt implying that i is roughly heavy. Since opt € [%pt,optL

~ - m ’~
it follows that H C H and that H does not contain tasks with significantly smaller weight
than %pt - that is the minimum weight allowed for heavy tasks.
» Observation 12. H C H.

Let D = {H(¢,7) | ¢ € ®,7 € []} be the set of classes. We use a simple upper bound on
the number of classes.

» Lemma 13. |[D| <3-m?. 2.

Proof. Observe that

5 In (222) 2.m-¢e
1 ( )< e ) < —2.m.e 2 p
Bl \3 /= —In(1—¢) ~ € mee @)

The second inequality follows from = < —In(1 — z),Vz > —1,2 # 0, and In(y) < y,Vy > 0.

Moreover, the number of subpaths ¢ € ® is bounded by |®| = (7;) < m?. Therefore, the
number of classes is bounded by

|D| < m?- (10g176 (%) + 1) <2-mee2mP4am?=2-m* e 24m? <3-m* .72 (3)
-m

The first inequality follows from (2). <

Algorithm 2 RepSet(/, ¢, opt).

input :BagUFPinstance I, an error parameter 0 < € < %, and opt € [w(T)].
output : An e-representative set R for I (if opt € [%pt, opt]).

1 Initialize R < 0.

2 forall ¢ € ® and r € [] do

3 | Let B(p,r)={BecB|BnH(p,r)#0}.

4 For every B € B(p,r) define ip(p,r) = arg min;c g, d(4)-

5 Sort B(p,r) in non-decreasing order Bi(p,r),...,Be(p,r)

by d(ig(p,r)) VB € B(p,r).

6 Define a = min {q(e, m), |B(p,7)|}.

7 Update R+ RU{ip,(o,7),...,ip, (©,7)}.

8 end

9 Return R.

Our representative set construction is fairly simple. For each class H (p,r), consider the
set of active bags B(p,r) for H(p,r) that contain at least one task in H (¢,7). For every
active bag B € B(p,r) define the representative of B in the class H(p,r) as the the task
from the bag B in the class H (¢, r) of minimum demand (if there is more than one such
task we choose one arbitrarily). We sort the active bags of the class in a non-decreasing
order according to the demand of the representatives of the bags. Finally, we take the first a
representatives (at most one from each bag) according to this order, where a is the minimum
between the parameter g(e,m) and the number of active bags for the class. The pseudocode
of the algorithm is given in Algorithm 2.

We give an outline of the proof of Lemma 7. Consider some optimal solution OPT for
the instance. We partition the tasks in OPT into three sets: L, Ji«, and @ such that (i) the
maximum weight of a task in @ is at most e-times the minimum weight of a task in L; (ii) L
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is small: |L| < @; (iii) The weight of Jy« is small: w(Jg«) < e - opt. To prove that R is a
representative set, we need to replace H N OPT with tasks from R. As a first step, we define
a mapping h from H N OPT to R, where each task ¢ € H N OPT is replaced by a task from
the same class of a smaller or equal demand. For tasks i € H N OPT such that R contains a
representative from the bag of ¢ in the class of i, we simply define h(i) as this representative;
for other tasks, we define the mapping via a bipartite matching on the remaining tasks and
representatives.

We define a solution S satisfying the conditions of Definition 6 in two steps. First, we
define initial solutions Sy, So. The solution S contains the mapping h(:) of every ¢ € HNOPT
and the tasks in L\ H; the solution Sy contains all tasks in Q from bags that do not contain
tasks from S;. Finally, we define S = S; U .S3. By the properties of L, Ji«, and @) we are
able to show that S is roughly an optimal solution. Specifically, by (iii) discarding Ji+ from
the solution S does not have a significant effect on the total weight of S. Additionally,by
property (i) there is a large gap between the weights in S; and Ss; thus, combined with
property (ii) we lose only a small factor due to tasks discarded from @, and it follows that
the weight of S is (1 — O(¢)) - opt.

Proof of Lemma 7

We start with the running time analysis of the algorithm.

> Claim 14. The running time of Algorithm 2 is bounded by m? - =2 - |I|°()) on input I, &,
and opt. Moreover, |R| < 3-m?-e72.¢(e,m).

Proof. Each iteration of the for loop of the algorithm can be trivially computed in time
|7|°M), In addition, the number of iterations of the for loop is bounded by 3 - m? - =2 using
Lemma 13. Therefore, the running time of the algorithm is bounded by m3 .72 - |I|O(1). For
the second property of the lemma, recall that the number of classes is bounded by 3-m3 . £~2
using Lemma 13. By Algorithm 2 of the algorithm, the number of tasks taken to R from

each class is at most g(g,m). Therefore, |R| < 3-m?.e72 - q(e, m). <

If opt ¢ [OTPt, opt}, the proof immediately follows from Claim 14. Thus, for the following

assume that opt € [07;»7 opt]. Let OPT C T be an optimal solution for I. Let w* = %‘Bt be
a lower bound on the minimum weight of a task in H. We partition a subset of the tasks in
OPT \ H with the highest weights into N = [¢~!] disjoint sets. For all k € [N] define the
k-th set as

sz{iEOPT\ﬁ|w(i)E (" - w*, eF 1wt} (4)

Let k* = argming¢ ) w(Ji). By (4) the sets Jy,...,Jy are N > e~! disjoint sets (some of
them may be empty); thus, w(Jg-) < e - opt. Define

L =(OPTnH)U |J %
kelk*—1]

as the subset of all tasks in OPT of weight greater than £ —! . w*, and define Q =
OPT\ (LU Ji+) as the remaining tasks in OPT excluding Ji+. We use the following auxiliary
claim.

> Claim 15. |L| < @.
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(@) (iz) (i)
& B By

Y

Figure 1 An illustration of the graph G and the maximum matching M (in red). Every edge
(¢, B) in the graph indicates that bag B belongs to fit(¢); that is, the representative from B in the
class of ¢ belongs to R and the demand of this representative is at most the demand of . Note that
even though i1 and i3 are both connected to bag B, i1 and i2 may belong to different classes.

Proof. If L = ) the claim trivially follows. Otherwise,

w(7) w(L) opt
LI<Y o =t o St (5)
i€L

The first inequality holds since w(i) > eb" =1 . w* for all i € L. The second inequality follows
from the fact that L C OPT; thus, L is a solution for I. Thus, by (5) and the definition
of w*

t t 2- 2-
g P ot 2w 2m_gem)
e —ht-2opt- 5 T ¥ T opt- 5o € € 2
The second inequality holds since we assume that opt > OTPt. <

Let R be the set returned by the algorithm. In the following, we show the existence of a
solution S such that SN H C R and w(S) > (1 — 3 - ¢) - opt; this gives the statement of the

lemma by Definition 6. To construct S, we first define a mapping h from H N OPT to R.

For a subpath ¢ € ® and r € [n], recall the set of active bags B(y, r) and the representatives
ig(p,r) for all B € B(p,r) (see Algorithm 2).

For the simplicity of the notation, for ¢ € ®, € [n], and i € H(yp,r) let H* = H(p,)
be the class to which ¢ belongs and let r; = r; moreover, for B € B such that i € B define
B? = B as the bag containing i. We first consider tasks ¢ in OPT N H whose bag does not
have a representative in R from the class of i, i.e., RN H*N B* = (). Define this set of tasks as

X{iEOPTOEI’RﬂH(g@,T)ﬂBi@}. (6)

The above set X contains all tasks i € OPT N H whose corresponding bag does not have a
representative in R from the class of i. We define a bipartite graph, in which X is one side
of the graph. The other side of the graph is

Y=B\{BeB|3JieLst B=B'}. (7)

In words, Y describes all available bags, the collection of all bags that do not contain a task

in L. Define the bipartite graph G = (X, Y, E) such that the set of edges is defined as follows.

For some 7 € X let

fit(i) = {B cy ’ BARNI 0 and d (i5(P(i), 1)) < d(i)} . (8)
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The set fit(i) describes all bags that can potentially matched to ¢; these bags have a
representative from the class H* = H(P(i),r;) that contain i and the representative of the
bag have a smaller or equal demand w.r.t. ¢. Now, a task ¢ can be matched to a bag B only
if B € fit(i), i.e., define

E_{(i,B)eXxY‘Befit(i)}. (9)

Let M be a maximum matching in G. We give an illustration of the above construction in
Figure 1. We show that M matches all vertices in X.

> Claim 16. For every ¢ € X there is B € Y such that (i, B) € M.

Proof. Assume towards a contradiction that there is ¢ € X such that for all B € Y it holds
that (i, B) ¢ M. Let o € ® and r € [5)] such that H* = H (g, r). Since i € X, by (6) it holds
that RN H (p,7) N B* = (). Intuitively, this means that the algorithm preferred other bags
over B’ in the selection of representatives for class H (¢, 7). Therefore, by Algorithm 2 of the
algorithm, there are g(e,m) distinct bags B1 = Bi(¢,7),. .., Bye,m) = Bg(e,m)(@,7) such
that for all j € [¢(e,m)] it holds that ip, (¢,7) € R and d (ip, (,7)) < d(i). Thus, for all
J € [q(e,m)] it holds that (i, B;) € E by (8) and (9). In addition,

Ml < |X] < 1) < 48

< q(e,m). (10)
The first inequality holds since M is a matching in G and X is one side of a bipartition of G.
The second inequality holds since X C L by (6) and the definition of L. The third inequality
follows from Claim 15. The last inequality holds since ¢(e,m) > 2 assuming 0 < £ < % and
m > 1. By (10) there is j € [g(e,m)] such that for all t € X it holds that (¢, B;) ¢ M. In
particular, (i, B;) ¢ M and recall that (i, B;) € E. Therefore, M U (i, B;) is a matching in
G in contradiction that M is a maximum matching in G. <

For every i € X define M; = B such that (i, B) € M, i.e., M; is the bag matched to 7 in
M. By Claim 16 it holds that each task in X is matched and every bag is matched at most
once. We define the mapping h from H NOPT to R. Define h : H N OPT — R such that for
all i € H N OPT:

igi (P(i),r;), f BINRNH #0

iy - i (P 4 "
ing, (P(i),1;), else

In words, a task 4 € H N OPT is mapped to a task h(i) such that if the bag of i contains a

representative in R in the class of ¢ - then h(¢) is this representative; otherwise, h(i) is the

representative of the bag M; matched to i by the matching M. Clearly, h is well defined by

Claim 16. We list immediate properties of h.

» Observation 17. The function h satisfies the following.

For every i € HNOPT it holds that d(h(i)) < d(i) and H"? = H.

For every i,j € HNOPT, i # j, it holds that B"? #£ Bh(),

For everyi € HNOPT and t € L\ H it holds that B"" # Bt.
The first property follows from the definition of the graph G and the definition of the bag
representatives in Algorithm 2. The second and third properties hold since OPT takes at
most one task from each bag and using the definition of G. We can finally define the solution
S that satisfies the conditions of Definition 6. Define

S1={n()|i€e HNOPT} U (L\ H) (12)
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and
Sy={i€Q|B #B'Vte S }. (13)

Define S = S;US5. We show that S satisfies the conditions of Definition 6. As an immediate
property of the construction we have the following.

» Observation 18. £ is a one-to-one function from H N OPT to SN H.
We use the above to prove the feasibility of S.
> Claim 19. S is a solution for I.

Proof. We show that S satisfies the bag constraints. Let B € B. Since OPT is a solution for
I, there is at most one i € BN OPT. We consider four cases depending on the task 1.

1. Ifi € H and RN H*N B* # . Then, h(i) € B by (11) and for all t € S; \ {h(i)} it holds

that ¢ ¢ B by Observation 17. Furthermore, for all ¢ € Sy it holds that ¢ ¢ B by (13).

Thus, |[BN S| < 1.

2. Ifie Hand RNH'N B = (). Then, as H C L it holds that i € L; thus, B ¢ Y by (7).

Therefore, by (12) we conclude that |B N S1| = 0; thus,
[BNS|=|BNSs| <|BNQ|<|BNOPT| <1

The equality holds since |B N S1| = 0. The first inequality follows from (13). The last
inequality holds since OPT is a solution.

3. If i € L\ H. Then, by (12) and (13) it holds that [BN S| = |BNi| = 1.

4. If i € Q. Then, there are two sub cases. If i € Sy, by (13) for all ¢ € S; it holds that
B # BY; thus, as |Q N B| < |OPTN B < 1 it follows that |S N B| < 1. Otherwise, i ¢ So;
then, by (13) it holds that

[BNS|=|BNS;| <1

The inequality follows from Observation 17.
By the above we conclude that S satisfies all bag constraints. It remains to prove that S
satisfies the capacity constraints of all edges. For e €

Yoo di) = > d(i) + > d(i)

i€S s.t. e€P(i) i€SNH s.t. ecP(i) i€S\H s.t. ecP(i)
= > d(h(i)) + > d(i)
i€OPTNH s.t. e€P(i) i€S\H s.t. eeP(i)
< > d(h(i)) + > d(4)
i€OPTNH s.t. e€P(i) i€OPT\H s.t. e€P(4)
< > d(i) + > d(i)
i€COPTNH s.t. e€P(i) i€OPT\H s.t. e€P(4)

= > d(i)

i€OPT s.t. ecP(i)
< u(e).

The second equality holds since h is a one-to-one mapping from OPT N H to S N H by
Observation 18. The first inequality holds since S\ H € OPT \ H by (12) and (13). The
second inequality holds since d(h(i)) < d(i) for all i € OPT N H by Observation 17. The last
inequality holds since OPT is a solution for I. <
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Observe that there is a substantial gap in weight between tasks in L and tasks in Q. We
use this gap in the following auxiliary claim.

> Claim 20. w(Q\ S) < ¢ - opt.

Proof. Observe that
Q\S|=1Q\S:l=|{icQ|TteS st B =B} <I[%]=]|L| (14)

The inequality holds since @Qsatisfies the bag constraints (i.e., |Q N B| < 1 for all B € B);
thus, for each t € S; there can be at most one i € Q such that B* = B! (and only in this
case 7 is discarded from S3). The last equality holds since h is a one-to-one mapping from
OPT N H to SN H by Observation 18 and since L \ H belongs both to Sy and L. Hence,

w(@Q\S) <|Q\ S| -w <I|L|-e* -w* <e-w(L) <e-wOPT) =e-opt.

The first inequality holds since w(i) < ek .w* for all i € Q. The second inequality follows
from (14). The third inequality holds since w(i) > ¥ =1 -w* for all i € L. the last inequality
holds since L € OPT. q

The following claim shows that S satisfies the total weight required by Definition 6.
> Claim 21. w(S) > (1 — 3¢) - opt.
Proof. We first give a lower bound to the weight of S;.
w(S1) =w ((L\ H)U{h(i) | i € HNOPT})
=w(L\H)+ > w(h(i)

i€HNOPT
>w(L\H)+ > (1-¢) w(i)
i€HNOPT
>(1—¢) -w(L).

(15)

The inequality holds since for all i € OPT N H it holds that H* = W% by Observation 17;
thus, by (1) it follows that w(h(i)) > (1 —¢€) - w(i). For the last inequality, recall that H C L.
Moreover,

w(S2) = w(Q) —w(@\S5) 2 w(Q) —&-opt = (1 —¢) w(Q) —e - opt. (16)

The first equality holds since Sy C Q. The first inequality follows from Claim 20. By (15)
and (16) we have

w(S) = w(Sl) + ’LU(SQ)
>(1—¢)- w(LUQ)—e-opt
=(1—¢) - w(OPT\ Jy«) — € - opt
>(1—¢)-(1—¢€)-opt—e-opt
> (1 — 3¢) - opt.
The second inequality holds since w(Jg+) < € - opt. N

Observe that H C H by Observation 12. Moreover, SN H = S; N H C R by (12) and
(13). Thus, SN H C R. By Claim 19 and Claim 21, it follows that R is a representative set.
The proof follows from Claim 19, Claim 21, and Claim 14. |
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3 A Faster p-EPTAS for UFP

In this section we prove Theorem 5. Let (G, u, T, P,d,w) be a UFP instance. For simplicity,
we next assume that 1/¢ is integer and that n > 1/e. Recall that ® = {P(7) |i € T} is the
set of unique paths in the instance, and for every ¢ € ® we use T, = {i € T'| P(i) = ¢} to
denote the set of tasks with path ¢. Observe that [®| < 1-m - (m+1).

See Algorithm 3 for a pseudocode description of our approach.

Algorithm 3 p-EPTAS for UFP.

input : UFP instance I = (G,u,T, P,d,w) and a parameter 0 < ¢ < 0.1
output : A feasible solution APX for the instance I
Notations: Here wmax = max;cr w(4) and p, := ZieTw p(i) for all p € .

Define p(i) < {MJ for every i € T.

€ Wmax

=

N

For all ¢ € ® compute DP,, for the Knapsack instance (T, d, p, min.c, u(e)).
3 APX < 0.

4 for all the powers opt of (1 +¢) in [1, n?z} do

5 for all non-negative integers (X,),ca such that Zgoeb X, <|®|- % do
6 Set of)t@ =X, - |%‘ - opt for all g0~ € .
7 APX' « U@ECP DP,, (min {py,, [optw] })
8 if APX’ is a feasible solution for I and p(APX') > p(APX) then
APX + APX'.
9 end
10 end

11 Return APX.

We start to perform a standard rounding of the weights (similar to several other packing
problems) so that they are positive integers in a polynomially bounded range. Let wmpax =
max;er w; be the maximum weight of any task. Observe that, since w.l.o.g. each task
alone induces a feasible solution, one has opt > wmax. We replace each weight w(i) with

p(i) = L"'w(i) J A standard calculation shows that an optimum solution OPT’ computed

E Wmax

w.r.t. the modified weights p is a (1 — ¢)-approximate solution w.r.t. the original problem.
n

Now the (rounded) weights are in the range [2]. With the obvious notation, for S C T, we
will denote p(S) := > ;g p(7).

Now we proceed by describing the two main phases of our p-EPTAS. In the first phase
we consider each path ¢ € ®, and define a Knapsack instance K, = (T}, d,p, minec, u(e)).
Here T, is the set of items that can be placed in the knapsack, d(i) and p(i) are the size
and profit of item ¢ € T, resp., and min.c, u(e) is the size of the knapsack. We solve this
instance K, using the standard algorithm for Knapsack based on dynamic programming. In
more detail, this algorithm defines a dynamic programming table DP,, indexed by the possible
values p’ € [p,] of the profit, where p, := ZiETL,, p(2). At the end of the algorithm, for each
such p’, DP,,(p’) contains a subset of items (in T,,) of minimum total size (or, equivalently,
demand) whose profit is at least p’2. Notice that T, satisfies p(T,,) = p, > p/, hence all the

2 In a more standard version of the algorithm DP(p’) would contain a minimum size solution of profit
ezactly p’, or a special character if such solution does not exist. However, it is easy to adapt the
algorithm to rather obtain the desired values.
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table entries DP,(p’) are well defined. We also remark that certain table entries may contain
a solution of total demand larger than min.c, u(e), hence such entries will never be used to
construct a feasible UFP solution. Computing the dynamic tables for all ¢ € ® takes time

> 0Tyl -py) < 3 O(Tyl)- Y- Olvy) = O(T]) - Op(T)) < O (n) .

IS
ped ped ped

We store these dynamic tables for later use.
At this point the second phase of the algorithm starts. Let opt’ = p(OPT’), where OPT’
is an optimal solution for the UFP instance with the rounded weights p (i.e., (G,u, T, P, d, p)).

Observe that opt’ ¢ ["?2} Let opt be a power of (1 + ¢) such that cl’ﬂ’:;

< opt < opt’.

We can find this value by trying all the O (logH_E ”;) =0 (% -log n) possibilities. Define
OPT; = OPT'n T, and opt; = p(OPT;). For each ¢ € ® we guess the largest multiple
of)tg(J =X, ﬁ - opt of \%I - opt which is upper bounded by opt:a. Again by guessing we
mean trying all the possible combinations. Obviously a valid guess must satisfy

9 ~ ~ ~
3 0Pt 2 X = D obt, <3 opt), = opt’ < (1+€)opt,
ped ped ped

hence >0 5 Xy <Y 1= | 1££|®[]. Thus it is sufficient to generate all the ordered sequences
of |®| non-negative integers whose sum is at most Y. As we will argue, the number of such
sequences is sufficiently small.

Given a guess {Of’tw}cpedn we compute a tentative solution APX' =
UgpeaDPy (min{p,, [opt,|}) using the pre-computed dynamic tables. Notice that, for
a valid guess of of)t@, by integrality we also have [of)tcp] < opt:O. Upper bounding with
Dy > opt;, guarantees that the algorithm only uses well-defined table entries. Among the
solutions APX’ which are feasible, we return one APX of maximum profit p(APX). This
concludes the description of the algorithm.

We can further improve the running time as follows. Let us compute and store the values
d(DP,(p')) and p(DP,(p')) (this does not affect the asymptotic running time). In the for
loops we only update the current value of apx := p(APX) instead of updating APX explicitly
each time. Furthermore for each tentative solution APX" we only compute p(APX') and
Y ieapx‘eep(i) A1) for each e € E. This can be done in O(|®|m) time and it is sufficient
to check whether APX' is a feasible solution and whether p(APX’) > apx. We maintain
the combination of the parameters X7 and opt” that lead to the current value of apx. At
the end of the process from the optimal parameters X7 and opt” we derive a corresponding
solution APX of profit apx in O(n + |®]) = O(n?) extra time.

» Lemma 22. Algorithm & produces a feasible UFP solution.

Proof. Obviously since APX = ) is a feasible solution, and whenever we update APX, we
do that with the value APX’ of a feasible solution. <

» Lemma 23. Algorithm 3 produces a (1 — 2¢)-approzimate solution.

Proof. Let us show that p(APX) > (1 — ¢)p(OPT’). Notice that opt’ = p(OPT’) € ["{},
1i50pt/ < opt < opt’. Let
us focus on execution of the external for loop with that value of opt.

hence there is a value opt considered by the algorithm such that
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Recall that opt;J = p(OPT:D) = p(OPT' N T,). As already argued before, there are
corresponding values (X, ),ce considered by the algorithm such that of)ts(J =X, - |%‘ -opt
satisfies:
£

- - !/
‘(I)|opt < opt,, < opt,,.

opt,, —

Let us focus on the execution of the inner for loop with these values of X, (hence of)tw).
The profit of the corresponding solution APX’ is at least

Z opt,, > Z opt!, — copt = opt’ — eopt > (1 — )opt’.
ped ped

Observe that OPT:O = OPT' N T, is a valid solution for the Knapsack instance K,
with profit opt:D7 where p, > opt;, > (of)tcp], hence also a valid candidate solution for
DP,, (min{p,, [opt,|}). As a consequence d(DP,(min{p,, [opt,]}) < d(OPT},). We con-
clude that APX' is a feasible solution. In more detail, for each e € E,

S di@)= > dDPy([opt,]) < Y dOPT,)= > d(i) < ue).

i€APX’:e€ P (i) pED:e€yp peEd:ecy i€OPT :e€ P(i)

It follows that p(APX) > p(APX’) > (1 — ¢)opt’. Using standard arguments, we conclude
that

w(APX) > & “:’Lm“ (APX)
>(1-e). & 12“" (OPT')
> (1—¢g) = t‘;ma" (OPT)
> (1—¢)- (5 : 1:Lmax (5 . Zmax - w(OPT) — n))
= (1_6)'(Opt_5'wmax)2(1_6)'(1—6)0[)13. <

It remains to upper bound the running time. Let iters be the number of iterations of the
inner loop in Algorithm 3, i.e. the number of possible valid combinations for (X,),ce. The
bound on the running time follows easily from the following technical lemma.

o
» Lemma 24. iters < (% . e)‘ l.

)O(TTL2) .

g

» Lemma 25. Algorithm 3 runs in time O (7’6—3 + (l m? - log n)

Proof. We already argued that the dynamic tables can be computed in total time O(";)
We also observed that the outer for loop is executed O (% log n) times. As already discussed,
lines 6-8 take O (|]®| - m) time. Thus the second phase of the algorithm can be implemented
in time O(n? + |®|-m - iters- 1 .logn) time. By Lemma 24, the overall running time of the
algorithm is

3 1 2 || 1
O(n—i—( T 6'6) -m - |®|-—logmn | .
€ € €

The claim follows since |®| < 3 -m - (m + 1). <
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It remains to prove Lemma 24. To that aim, we need a standard bound on the binomial
coefficients. Let H(z) = —z - In(xz) — (1 — z) - In(1 — x) be the entropy function and assume
H(0) =H(1) =0.

» Lemma 26 (Example 11.1.3 in [20]). For every n € N and integer 0 < k < n it holds that
(t) <exp(n-H(5))-

Proof of Lemma 24. Recall that iters is equal to the possible sequences of |®| non-negative
integers whose sume is at most ¥ = ngi . |<I>|J These sequences can be represented via a
binary string as follows. Let ¢1,... 9| be an arbitrary ordering of ¢, and X; = X,,. The
bit string consists of X; many 1s, followed by one 0, followed by X5 many 1s and so on,
ending with the X|p| many 1s, an additional 0 and a final padding of 1s till the target length
of Y is reached. In particular all valid sequences correspond to binary strings with Y + |®|
digits and exactly |®| zeros. It is therefore sufficient to upper bound the number of the latter

bit strings, namely (Y‘;‘lé). By Lemma 26 we have,

. lte
ore= (124 822

||

exp <(|<1>| + b@ . :“D H (<IML||(<II)>|-1§€J>>
o (9 222) 1 (5252) - o (2 0(125)

(17)

IN

IA

where the last inequality holds since x - H (£) is increasing in z for any a > 1 and |®| +
||®]- 1£=] < |®] - 22 Tt also holds that
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where the first inequality follows from In(1 — x) > —x(1 4 z) for € (0.0.1), and the second
inequality holds as (1 + z)(1 — x) <1 for every € R. By (17) and (18) we have,

|®| |®| |®|
e (o (L2 (1)) < (o i (122 1)) = (220
€ 14 2¢ € €

<

We now have the tools required to complete the proof of Theorem 5.

Proof of Theorem 5. It follows directly from Lemmas 22, 23 and 25 by choosing the para-
meter €/2 so as to have a (1 — ) approximation. <
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4 A Lower bound for BagUFP

In this section we prove Theorem 1 using a simple reduction from the partition problem.

Proof of Theorem 1

Recall that in the N P-complete Partition problem we are given a collection of n non-negative
integers A = {a1,...,a,} in [0,1] whose sum is 2M. Our goal is to determine whether there
exists a subset of numbers whose sum is precisely M.

We show that an FPTAS for BagUFP in the considered case implies a polynomial time
algorithm to solve Partition, hence the claim. We build (in polynomial time) an instance of
BagUFP with 2 edges e; and ez, both of capacity M. Furthermore, for each a;, we create
two tasks ¢ and t3, with demand a; and subpath e; and ey, resp. All the tasks have profit
1. The bags are given by the pairs {t},¢3}, j = 1,...,n. Obviously, the input Partition
instance is a YES instance iff the optimal solution to the corresponding BagUFP instance has
value n, i.e. exactly one task per bag is selected (notice that a solution cannot have larger
profit). Indeed, given a solution A’ C A for the Partition instance, a valid solution to the
corresponding BagUFP instance is obtained by selecting all the tasks t; with j € A" and all
the tasks t? with j ¢ A’. Notice that the total demand of the tasks using e; and ey must
be exactly M. Vice versa, given a BagUFP solution S of profit n, the selected tasks S; C S
of type tjl must have total demand exactly M, hence inducing a valid Partition solution
A ={je{l,...,n}:t; € S1}.

We run the mentioned FPTAS on the obtained BagUFP instance with parameter ¢ = ;-

2n
(hence taking polynomial time). If the optimal solution is n, the FPTAS will return a solution

of profit at least {7 > n — ﬁ > n — 1, hence a solution of profit n since the profit is an
integer. Otherwise, the FPTAS will return a solution of profit at most n — 1. This is sufficient
to discriminate between YES and NO instances of Partition. <
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