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Abstract

Approximation Algorithms for Scheduling and Fair Allocations

Yihao Zhang

Chair of the Supervisory Committee:
Thomas Rothvoss
Department of Mathematics

In this thesis, we will have discussions on two main topics, max-min allocation and scheduling
jobs with precedent constraints on machines with communication delays. New approximation
algorithms are given in Chapter 2, 4 and 5, where linear programming plays a fairly important
role on algorithm designs, while Chapter 3 contains partial results on the general max-min
allocation.

The Santa Claus problem is also known as the restricted max-min fair allocation. In this
problem, Santa Claus has a set of gifts, and he wants to distribute them among a set of
children so that the least happy child is made as happy as possible. Here, the value that a
child ¢ has for a present j is of the form p;; € {0,p,}. Based on a modification of Haxell’s
hypergraph matching argument, a polynomial time algorithm by Annamalai et al. gives a
12.33-approximation.

In joint work with Sami Davies and Thomas Rothvoss, a matroid version of the Santa
Claus problem is introduced. The algorithm is based on Haxell’s augmenting tree, but with
the introduction of the matroid structure. Our result can then be used as a blackbox to
obtain a (4 + ¢)-approximation for Santa Claus, comparing against a natural, compact LP.
A recent work of Cheng and Mao [CM19] also gets the factor (4 + ¢).

On the second half, we first consider the classic problem of scheduling jobs with precedence

constraints on identical machines to minimize makespan, in the presence of communication



delays. In this setting, denoted by P | prec,c | Cpax, if two dependent jobs are scheduled
on different machines, then at least ¢ units of time must pass between their executions.
Despite its relevance to many applications, the best known approximation ratio was O(c),
whereas Graham’s greedy list scheduling algorithm already gives a (¢ + 1)-approximation in
that setting. An outstanding open problem in the top-10 list by Schuurman and Woeginger
and its recent update by Bansal asks whether there exists a constant-factor approximation
algorithm.

In joint work with Sami Davies, Janardhan Kulkarni, Thomas Rothvoss and Jakub Tar-
nawski, we give a polynomial-time O(log c¢-log m)-approximation algorithm for this problem,
where m is the number of machines and c¢ is the communication delay. Our approach is based
on a Sherali-Adams lift of a linear programming relaxation and a randomized clustering of
the semimetric space induced by this lift.

Finally, a more general version of this problem is considered in Chapter 5, to minimize the
weighted sum of completion times on related machines, denoted by Q | prec, ¢ | > w;C;. Our
main result is an O(log* n)-approximation algorithm for the problem. As a byproduct of our
result, we also obtain an O(log® n)-approximation algorithm for the problem of minimizing
makespan Q | prec,c | Ciax, Which improves upon the O(log® n/loglogn)-approximation

algorithm due to a recent work of Maiti et al. [MRS*20].
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Chapter 1

Introduction and Preliminaries

1.1 Introduction

Since many combinatorial optimization problems can not be effectively solved to find an exact
solution, researchers tend to seek for a substitutional approximate one that can be computed
effectively. Meanwhile, algorithm designs and analysis is a core part of computer science.
Then, it becomes an interesting field in theoretical computer science to design and analyze
approximation algorithms for discrete optimization problems, applying mathematical tools
like linear programming and probability.

To be formal, the class P denotes the problems that can be solved in polynomial com-
plexity of time, while a large family of problems, denoted by NP-hard, are believed to be
unsolvable in polynomial time. Then, it would be necessary to find approximation algo-
rithms solved in polynomial time for those NP-hard problems. Famous NP-hard problems
include problems like traveling salesman problem (TSP), knapsack problem and minimum
makespan scheduling. A formal definition of an approximation algorithm and its factor will
be available in Section 1.3.1.

When an NP-hard discrete optimization problem can be formulated as an integer pro-
gramming, a standard way of designing an approximation algorithm is to use the linear

programming relaxtion, by removing integer fonstraints. In such a way, the key part is to



design an LP relaxation and an algorithm to construct a feasible solution to the integer pro-
gramming from a feasible solution to the LP relaxatioin. Details about the scheme will be
illustrated in Section 1.3.2. On the other hand, linear programming can be solved efficiently,
within polynomial time of its size. Even though some constructed LPs have an exponential
number of constraints, it may still be possible to solve those in polynomial time with respect
to the size of the original problem, by employing certain techniques such as the ellipsoid
method.

In this thesis, we apply LP relaxations to design approximation algorithms to four prob-
lems in two main topics: max-min fair allocation and scheduling jobs with precedent con-
straints on machines with communication delays. As the reader will see, these problems are
all natural to be asked, having nice formulation. However, they are NP-hard, which means

that approximation algorithms are indeed required to solve them.
1.2 Our Contributions

Chapter 2 is based on a joint work with Sami Davies and Thomas Rothvoss, which was
published in SODA 2020 [DRZ20]. In that paper, we study the Santa Claus problem, also
known as restricted max-min fair allocation problem. In this problem, Santa Claus has a set
of gifts to distribute among a set of children, so that the least happy child is made as happy
as possible. Here, the value that a child 7 has for a present j is of the form p;; € {0, p;}.

By introducing a matroid version of the Santa Claus problem, we design an algorithm
based on Haxell’s augmenting tree method. Finally, we obtain a (4 + ¢)-approximation for
Santa Claus, which is currently the best known ratio. Also, note that the configuration LP is
usually used to solve this problem, which has an exponential size, while our LP is a compact
one.

Chapter 3 consists of a joint work with Sami Davies, Janardhan Kulkarni and Thomas
Rothvoss, which is currently in progress. In this chapter, we work on the general max-min
fair allocation problem, where p;;, the value that a child 7 has for a present j, is a nonnegative

real number, no longer restricted in {0, p;}. We propose a candidate algorithm, which may



provide a better factor in the future than an O(log'(n))-approximation by [CCKO09].

Chapter 4 and 5 are based on joint works with Sami Davies, Janardhan Kulkarni, Thomas
Rothvoss and Jakub Tarnawski, which were published in FOCS 2020 [DKR20] and SODA
2021 [DKR*21]| respectively. These papers both work on scheduling jobs with precedent
constraints on machines with communication delays. The former one is about a simpler
case, where machines are identical and the objective is to minimize the makespan, while the
latter one deals with a general case, to minimize the weighted sum of completion time on
related machines. Here, related machines means that they have different efficiency, i.e. the
processing time of job j on machine ¢ can be represented as p;/s;. Since for the weighted
completed time version, a dummy job can be created to have all other jobs as predecessors
and full weight in objective, makespan minimization is indeed a special case of it.

Our main result in Chapter 4 gives a polynomial-time O(log ¢ - log m)-approximation
algorithm, where m is the number of machines and ¢ is the communication delay, while
only an O(c)-approximation is known before. It is based on a Sherali-Adams lift of a linear
programming relaxation and a randomized clustering of the semimetric space induced by this
lift. For the case of related machines in Chapter 5, we obtain an O(log" n)-approximation for
minimizing a weighted sum of completion time and an O(log® n)-approximation for makespan
minimization, by a generalization of the methods in Chapter 4. Both of the factors are

currently the best.
1.3 Preliminaries

1.8.1 Approximation Algorithms

As mentioned above, approximation algorithms are efficient algorithms that find approximate
solutions to optimization problems in polynomial time, especially for NP-hard problems.

The factor of approximation algorithms is defined as follows.

Definition 1. A p-approximation (p > 1) algorithm for an (NP-hard) optimization prob-

lem is an algorithm, such that for any valid instance x, the objective value f(x) of the



approximate solution that the algorithm returns would satisfy
OPT(z) < f(x) < p-OPT(x)
for minimization problems and
p ' OPT(z) < f(x) < OPT(z)

for maximization problems, where OPT(x) is the optimal value of the objective function for

instance x.

For convenience, we will shorten OPT(z) as OPT when there is no ambiguity. Sometimes,
it may also be denoted as %—approximation for maximization problems in some references.

Another definition worth mentioning is polynomial time approximation schemes (PTAS).

Definition 2. A PTAS for an optimization problem is an algorithm, such that V parameter
€ > 0, the algorithm produces a solution that is within a factor 1 + € of being optimal, in

time of polynomial complexity (in the problem size).

Here, the time complexity only need to be polynomial in the problem size for every fixed
¢, and it can be different for different €. For example, running in O(n) or even O(nP())
still counts as PTAS. A similar definition can be derived for a (¢ + €)-approximation, where

¢ > 1 1s a constant.

1.3.2 LP Relaxation and Integrality Gap

The LP relaxation of an integer linear program is the LP that arises by removing the inte-
grality constraint of each variable. It is mentioned in Section 1.1 that LP relaxations is a
standard method to design approximation algorithms.

Now we consider a minimization problem formulated by an integer programming with
an instance. Actually, it would be similar to deal with a maximization problem, so we just
consider minimization problems in this section for convenience. Let OPT and OPTy,,. be

the optimal value of the integer programming and the LP relaxation respectively, then it is



clear that OPT,,. < OPT. Suppose that an algorithm can be designed to derive a feasible
solution for the original integer programming from the optimal solution of the LP relaxation,
with a guarantee that the objective value of the rounded solution < p- OPT, 4, then this
objective value < p - OPT, meaning that a p-approximation is obtained.

This shows a typical way of applying an LP relaxation. One related concept worth
mentioning is the integrality gap between the original integer programming and the LP

relaxation.

Definition 3. In an instance x of a minimization problem, if the real minimum (the minimum
of the integer problem) is OPT(z), and the relaxed minimum (the minimum of the LP
relaxation) is OPTf,q.(), then the integrality gap of the LP relaxation is sup, %@(x),

which is the maximal of this ratio over all the instances.

Actually, the integrality gap is important from two perspectives. Firstly, it provides a view
of how good an approximation factor one can obtain based on this LP relaxation. Suppose
that the integrality gap is greater than p, meaning that 3 instance zg, s.t. OPT(xy) >
p-OPTf4c(x0). Then, it is impossible to get a rounded integer solution for this instance with
objective value < p- OPT,q.(0), otherwise it is less than OPT(x), which contradicts the
fact that OPT(z¢) is the minimum for integer solutions. Thus, by the standard procedure
mentioned above, it could be impossible to get an approximation factor better than the
integrality gap. On the other hand, knowing the integrality gap could provide a bound to
the optimal value of the integer programming by solving the linear programming, i.e. giving
an approximation without returning a solution.

Thus, LP designing is indeed crucial to get a better approximation factor. Sometimes
an LP that researchers can naturally come up with is too weak, which could even have an
infinity integrality gap. To overcome the weakness, surely one way is to find a new LP, like
changing the definition of variables. One example is the configuation LP in the max-min fair
allocation problem, for which references can be found in Section 2.1.1.

A canonical way of strengthening the existing LP is to apply the lift to an LP relaxation,



which provides an automatic strengthening. In this thesis, the Sherali-Adams lift is employed
through Chapter 3 to 5, and a detialed introduction is available in Section 4.2.1. The basic
idea of LP lifting is that, without any rounds of lift, the original LP relaxation of the integer
programming could be too weak. While by lifting it to the final round, the feasible domain
becomes the convex integer hull of the orignal integer programming, but it is hard to solve.
For a trade-off, a constant rounds of lift is typically applied, which provides the strengthening

of the LP relaxation, while still being solvable in polynomial time.



Chapter 2

The Santa Claus Problem

2.1 Introduction

2.1.1 The Santa Claus Problem

Formally, the Santa Claus problem takes as input a set M of children, a set J of gifts, and
values p;; € {0,p;} for all i € M and j € J. In other words, a child is only interested in a
particular subset of the gifts, but then its value only depends on the gift itself. The goal is to

find an assignment o : J — M of gifts to children so that min;ep > pi; is maximized.

j€o=1(i)
Actually, it is NP-hard to compute a solution better than a 2-approximation [BDO05].

The first major progress on this problem is due to Bansal and Sviridenko [BS06|, who
showed an O(loglogn/ logloglog n)-approximation based on rounding a configuration LP.
Bansal and Sviridenko also realized that in order to obtain an O(1)-approximation, it suffices
to solve a purely combinatorial problem: show that in a uniform bipartite hypergraph with
equal degrees on all sides, there is a left-perfect matching that selects a constant fraction of
nodes from the original edges. This problem was solved by Feige [Fei08] who proved a large
unspecified constant using the Lovasz Local Lemma repeatedly, and then Haeupler, Saha
and Srinivasan [HSS11] made it constructive, giving the first constant-factor approximation.

Also, Asadpour, Feige and Saberi [AFS08| showed that one can also solve the problem posed

by Bansal and Sviridenko non—constructively7meaning with a potentially exponential time



argument, by using a beautiful theorem on hypergraph matchings due to Haxell [Hax95|;
their bound® of 4 has been slightly improved to 3.84 by Jansen and Rohwedder [JR18c| and
then to 3.808 by Cheng and Mao [CM19]. Recently, Jansen and Rohwedder [JR18a| also
showed (still non-constructively) that it suffices to compare to a linear program with as few
as O(n®) many variables and constraints, in contrast to the exponential size configuration
LP.

A hypergraph H = (XUW, E) is called bipartite if |e N X| = 1 for all hyperedges e € £.
A (left-) perfect matching is a set of hyperedges F' C & that are disjoint but cover each node
in X. In general, finding perfect matchings in even bipartite hypergraphs is NP-hard, but

there is an intriguing sufficient condition:

Theorem 1 (Haxell [Hax95|). Let H = (XUW, £) be a bipartite hypergraph with |e| < r for
all e € £. Then either H contains a left-perfect matching or there is a subset C' C X and a
subset U C W so that all hyperedges incident to C' intersect U and |U| < (2r —3)-(|C|—1).

It is instructive to consider a “standard” bipartite graph with » = 2. In this case, if there
is no perfect matching, then there is a set C' C X with at most |C| — 1 many neighbors — so
Haxell’s condition generalizes Hall’s Theorem. Unlike Hall’s Theorem, Haxell’s proof is non-
constructive and based on a possibly exponential time augmentation argument. Only very
recently and with a lot of care, Annamalai [Ann16] managed to make the argument polyno-
mial. This was accomplished by introducing some slack into the condition and assuming the
parameter r is a constant. Preceding [Annl16], Annamalai, Kalaitzis and Svensson [AKS15|
gave a non-trivially modified version of Haxell’s argument for Santa Claus, which runs in
polynomial time and gives a 12.33-approximation®. Recently, Cheng and Mao altered their
algorithm to improve the approximation to 6 + ¢, for any constant ¢ > 0 [CM18]. Our

algorithm will also borrow a lot from [AKS15]. However, through a much cleaner argument

!The conference version of [AFS08] provides a factor of 5, which in the journal version [AFS12] has been
improved to 4.

2To be precise they obtain a (6 + 2v/10 + ¢)-approximation in time nO(z7 loa(2)),



we obtain a result that works in a more general matroid setting and implies a better approx-
imation of 4 4 ¢ for Santa Claus. An independent work of Cheng and Mao [CM19] also get

the same factor by improving their previous work.

2.1.2 (General Maz-Min Fair Allocation

It should not go without mention that the version of the Santa Claus problem with arbitrary
pi; has also been studied before under the name Maz-Min Fair Allocation, which we will
further discuss in the next chapter.

The Max-Min Allocation problem was first studied as a machine scheduling problem
where the minimum completion time is maximized. Woeginger [Woe97| and Epstein and
Sgall [ES99| gave polynomial time approximation schemes (PTAS) for the cases when all
agents (machines) have identical utilities for the items. Woeginger [Woe00| also gave an
FPTAS for the case when the number of agents, m, is a constant. The first non-trivial
approximation algorithm for the general MaxMin Allocation problem is due to Bezakova
and Dani [BD05| who gave an (n — m + 1)-approximation algorithm. They also showed the
problem is NP-hard to approximate up to any factor smaller than 2.

Interestingly, the integrality gap of the configuration LP is at least 2(y/n) [BS06]. Then,
Asadpour and Saberi [AS10] gave an O(y/mlog®m) approximation for the problem using
the same LP relaxation. Meanwhile, Chakrabarty, Chuzhoy and Khanna |[CCK09| found an
O(logn)

(rather complicated) O(log' (n))-approximation algorithm in n time?.

2.1.83 Minimum Makespan Scheduling

The general Max-Min Allocation problem has a very well studied “dual” minmax problem.
Usually it is phrased as Makespan Scheduling with machines i € M and jobs j € J. Then we
have a running time p;; of job j on machine ¢, and the goal is to assign jobs to machines so

that the maximum load of any machine is minimized. More precisely, it is called "Scheduling

3The factor is n¢ if only polynomial time is allowed, where € > 0 is arbitrary but fixed.
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on Unrelated Parallel Machines", where "unrelated" means that there is no relation between
the processing times of a job on the different mahcines. Also, the Santa Claus problem
may be viewed as a "dual" problem of restricted minimum makespan scheduling, where
pij € {pj, oo}

In the general setting, the seminal algorithm of Lenstra, Shmoys and Tardos [LST87]
gives a 2-approximation — with no further improvement since then. In fact, a (% —€)-
approximation is NP-hard [LST87|, and the configuration LP has an integrality gap of
2 [VW11]. In the restricted assignment setting, the breakthrough of Svensson [Svell] pro-
vides a non-constructive 1.942-bound on the integrality gap of the configuration LP using a
custom-tailored Haxell-type search method. Recently, this was improved by Jansen and Ro-
hwedder [JR17] to 1.834. In an even more restricted variant called Graph Balancing, each job
is admissable on exactly 2 machines. In this setting Ebenlendr, Krcél and Sgall [EKS08| gave
a 1.75-approximation based on an LP-rounding approach, which has again been improved
by Jansen and Rohwedder [JR18b| to 1.749 using a local search argument.

A more special case of the makespan scheduling is to schedule on identical machines, i.e.
pij = p;. Graham |Gra66a| showed that a greedy algorithm would get a 2-approximation.
Few decades later, Hochbaum and Shmoys [HS87a| obtained a polynomial-time approxima-
tion scheme (PTAS), which is the best possible result for NP-hard problems.

The problems we solved in Chapter 4 and 5 are specific ones in the family of problems
on minimum makespan scheduling, with precedence contraints on jobs and communication

delays among machines.

2.2 Our contributions

From now on, we focus on the Santa Claus problem in this chapter. Let M = (X,Z) be a
matroid with groundset X and a family of independent sets T C 2%. Recall that a matroid

is characterized by three properties:

(i) Non-emptyness: O € T;
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(ii) Monotonicity: For Y € T and Z C Y one has Z € Z;
(iii) Ezchange property: For all Y, Z € T with |Y| < |Z| there is an element z € Z \ 'Y so
that Y U {z} € Z.

The bases B(M) of the matroid are all inclusion-wise maximal independent sets. The
cardinalities of all bases are identical, with size denoted as rank(M). The convex hull
of all bases is called the base polytope, that is Pgag = conv{x(S) € {0,1}* | S is basis},
where x(S) is the characteristic vector of S.

Now consider a bipartite graph G = (XUW, E) with the ground set X on one side and a
set of resources W on the other side; each resource w € W has a size p,, > 0. In a problem
that we call Matroid Max-Min Allocation, the goal is to find a basis S € B(M) and an

assignment o : W — S with (o(w),w) € E so that min;cg ) Pw is maximized. To

wea—1(7)
the best of our knowledge, this problem has not been studied before. In particular if 7" > 0
is the target objective function value, then we can define a linear programming relaxation
Q(T) as the set of vectors (z,y) € ]R)Z(O X ]Rgo satisfying the constraints
z € Pawmy; Z Puliv > T 2, Vi € X; y(d(w)) <1VweW; yp <x;V(i,w) € E.
wEN (i)
Here, the decision variable x; expresses whether element i should be part of the basis, and

Yiw €xpresses whether resource w should be assigned to element 7. We abbreviate N (i) as

the neighborhood of ¢ and y(d(w)) is shorthand for 3,

2 (2w

yeE Yiw- Then our main technical

result is:

Theorem 2. Suppose Q(T) # (). Then for any € > 0 one can find

(I,y)GQ(G—E) -T—%-{Dne%(pw)

with both x and y integral in time n®() where n := |X| + |W/|. This assumes that mem-

bership in the matroid can be tested in time polynomial in n.

Previously this result was not even known with non-constructive methods. We see that

Matroid Max-Min Allocation is a useful framework by applying it to the Santa Claus problem:
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Theorem 3. The Santa Claus problem admits a (4 + €)-approximation algorithm in time

n0:=(1).

For a suitable threshold 0 < ¢ < 1, call a gift j small if p; < §-OPT and large otherwise.
Then the family of sets of children that can get assigned large gifts forms a matchable set
matroid. We apply Theorem 2 to the co-matroid of the matchable set matroid. Then we
obtain a basis S := {i € M | z; = 1}, which contains the children not receiving a large gift.

These children can receive small gifts of total value (5 — % —¢)-OPT. The remaining children

receive a large gift with value at least 6 - OPT. Setting ¢ := i implies the claim. Note the
approximation factor 4 4+ ¢ will be with respect to a natural, compact linear program with
O(n?) many variables and constraints. The smallest LP that was previously known to have

a constant integrality gap was the O(n?)-size LP of [JR18a].
2.3 An algorithm for Matroid Max-Min Allocation

In this section we provide an algorithm that proves Theorem 2.

2.3.1 Intuition for the algorithm

We provide some insight by starting with an informal overview of our algorithm. Let G =
(XUW, E) be the bipartite graph defined in Section 2.2. If U C W and ¢ € X with (i,j) € E
for all j € U, we can consider the pair (¢, U) to be a hyperedge. Then for 0 < v < 1 and val(-)
the function summing the value in a hyperedge’s resources, we say that (i, U) is a v-edge if
it a hyperedge with minimal (inclusion wise) resources such that val(U) := " ., pw > VT.
By £,r we denote the set of v-edges.

Fix constants 0 < f < a < 1 and 0 < 6 < 1, to be chosen later. The goal of the
algorithm is to find a basis S € B(M) and a hypergraph matching M C Egr covering S.
The algorithm is initialized with S := {ig}, for any node iy € X, and M := (). We perform
rank(,M) many phases, where in each phase we find a larger matching, and the set it covers

in X is independent with respect to the matroid. In an intermediate phase, we begin with
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S € 7 and M C Ear a hypergraph matching covering S\ {4} with one exposed node i, € X.
At the end of a phase, the algorithm produces an updated matching covering an independent
set S, with |S’| = |S|. For |S’| < rank(M), there exists iy € X \ S’ such that S"U{iy} € Z.
Repeating this rank(M) times, we end with a basis which is well-covered by [-edges.

The algorithm generalizes the notion of an augmenting path used to find a maximum
matchings in bipartite graphs to an augmenting tree. Though instead of swapping every
other edge in an augmenting path, as is the case for a bipartite graph, the algorithm swaps
sets of edges in the augmenting tree to find more space in the hypergraph. During a phase,
the edges are swapped in such a way that the underlying set in X covered by the matching is
always independent with respect to the matroid. The edges which are candidates for being
swapped into the matching are called adding edges and denoted by A, while those which
are candidates for being swapped out of the matching are called blocking edges and denoted
by B. It is helpful to discuss the nodes covered by adding and blocking edges in each part,
and so for hyperedges H C &,r we define Hx and Hy as the nodes covered by H in X and
W, respectively. The algorithm gives some slack by allowing the adding edges to be slightly
larger than the blocking edges.

The parameters « and [ determine the value of the adding and blocking edges, respec-
tively, so the adding edges are a subset of £, while the blocking edges are a subset of Eap.
Set § := max, p,/T, so that all elements in the basis receive resources with value at most

0T. The following observations follow from minimality of the hyperedges:

1. A v-edge has value less than (v 4 0)7T. This implies that an add edge has value less
than (a4 6)T and a blocking edge has value less than (8 + 9)7.

2. Every blocking edge has value at most 3 - T not covered by an add edge.

To build the augmenting tree, the algorithm starts from the node in S uncovered by M,
i9, and chooses an edge e € E,r covering 7y which is added to A. If there is a large enough

hyperedge €' € Esr such that ¢’ C e and €’ is disjoint from M, then there is enough available
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resources that we simply update M by adding €’ to it. Otherwise, e does not contain a set
of resources with total value 87 free from M. The edges of M intersecting e are added to
the set of blocking edges, B. Nodes in C' = {ig} U By are called discovered nodes, as they
are the nodes covered by the hypermatching M which appear in the augmenting tree.

Continuing to build the augmenting tree in later iterations, the algorithm uses an FEz-
pansion Lemma to find a large set of disjoint hyperedges, H C E,r, that cover a subset
which can be swapped into S in place of some subset of C' while maintaining independence
in the matroid. The set of hyperedges H either (¢) intersects many edges of M or (ii) has a
constant fraction of edges which contain a hyperedge from Ezr that is disjoint from M.

In the first case, a subset of H which intersects M, denoted A, i, is added to A, and
the edges of M intersecting A,y;, denoted By.i, are added to B, for ¢ the index of the
iteration. Note we naturally obtain layers which partition the adding and blocking edges in
our augmenting tree. The layers for the adding and blocking edges respectively are denoted

as A, and By, with

l
A<g = UAZ and BSZ = UBZ
i =0

The layer indices are tracked because they are useful in proving the algorithm’s runtime. In
the second case, for the set of edges H' C &, that have a hyperedge from Esr disjoint from
M, the algorithm finds a layer which has a large number of discovered nodes that can be

swapped out for a subset of nodes which H’ covers.

2.3.2 A detailed procedure

Recall, we fixed 6 = max,ew po/T. Then, we set § = % — g —cand a = é — g — 5, for
0 < e < (1-19)/3. Here lies the subtle but crucial difference to previous work. In [AKS15]
the authors have to use adding edges that are a large constant factor bigger than blocking
edges. In our setup we can allow adding edges that are only marginally larger than the
blocking edges. This results in an improved approximation factor of 4 + ¢ for Santa Claus

compared to the 12.33 factor by [AKS15|.
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The algorithm is described in Figure 2.1. For later reference, the constant from Lemma 7

@b _ > ¢/4. We use

1-2a—B—4 2e a—p —£
Sta  2(1+9)

8 = — = 115 = & and the constant from Lemma 8 is

1-2a—p-6  a=f

. Our bounds for constants do not use a specific
1+6 0+a

Lemma 9, with constant ¢ =
choice of 9, and instead they only use the fact that 0 < 0 < 1. Both cases in the algorithm

are visualized in Figure 2.2 and Figure 2.3.

2.3.3 Correctness of the algorithm

Here, we prove several lemmas used in the algorithm which implies Theorem 2. We begin by
building up to our Ezpansion Lemma, Lemma 7. Our algorithm takes a fixed independent
set, S, and swaps C' C S out of S for a set of nodes D in order to construct a new independent
set of the same size. This is possible by Lemma 7.

Recall a variant of the so-called Fxchange Lemma. For independent sets Y, Z € I, let
Hu(Y, Z) denote the bipartite graph on parts Y and Z (if Y N Z # (), then have one copy
of the intersection on the left and one on the right). For i € Y\ Z and j € Z\ Y we insert
an edge (i,7) in Hy(Y,Z) if Y \ {i} U{j} € Z. Otherwise, for i € Y N Z, there is an edge
between the left and right copies of 7, and this is the only edge for both copies of 7.

Lemma 4 (Exchange Lemma). For any matroid M = (X,Z) and independent set Y,Z € T
with |Y'| < |Z|, the exchange graph H (Y, Z) contains a left perfect matching.

Next, we prove several lemmas about vectors in the base polytope with respect to sets
containing swappable elements. Lemma 7 relies on a Swapping Lemma, Lemma 6, for which

the next lemma serves as a helper function.

Lemma 5 (Weak Swapping Lemma). Let M = (X,Z) be a matroid with an independent
set S € L. For C C S, define

U:=={ie(X\S)UC|(S\C)U{i} eI}

Then for any vector x € Pp(aq) in the base polytope one has ..., x; > |C|.
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Input: Node i and set S € 7 with ig € S. Matching M C Egp with My = S\ {ip}.
Initialize: A= Ag=0, B=By=0,C ={ip}, {=0.
while TRUE do
Find disjoint H C &7 covering D C (X \ S)UC, s.t. |D| >¢-|C|, (S\C)UD € Z, *and
Hyy is disjoint from Ay U Byy.

// Build the next layer in the augmenting tree
if H intersects at least § - [H| > % -|C| many edges M on W-side then
B(—BUB@_H,Bg_,_l:{eGMteﬂH;é@}
// Find subset of H to add to A
for be Byyq1 do
Choose one edge h, € H such that hy Nb # ()
Apyr = A U {he}
end for
C + Bx U{ip}
—1+1

//  Swap sets and collapse layers
else H' = {e € H : val(ew \ My ) > BT} has size at least § - |H|
For all e € H’, choose one €' C e with € € Egp and e}, N My, = (). Replace e for e in H'.
// Find a set to swap in, D, and a set to swap out, C

D’ C D are the nodes covered by H’
C’ C C is such that |C'| = |D'| and S\C'"UD" €T
if iy € C' then
Let iy € D' so that S":= S\ {ig} U{i1} € Z and let e; € H' be edge covering i;.
Return M’ := M U {e;1} covering all of S’ and terminate.
end if
Layer ¢ < ¢ contains C' C C' N (Bj)x, with IC| > ~|C7]. **
Let D C D’ be such that |C| = |D| and 8" := S\ CUD €.
M C M covers C and H C H' covers D.
M~ M\MUH, and S < S’
A%A<l7, B%B<Z\M, C%Bxu{io}
010
end if***

end while

* Possible by Lemma 7 with W’ := Ay U By.
** By Lemma 9, such a C' exists.

*** One of the conditionals occurs by Lemma 8.

Figure 2.1: Main algorithm
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Proof. Note that in particular C' C U. Moreover, an equivalent definition of U is
U={ie(X\S)uC|JjeC:(S\{j})u{i} e}

Due to the integrality of the base polytope, there is a basis B € Z with } ., x; >
> icv(X(B)); = |U N B|, where x(B) € {0,1}* is the characteristic vector of B. As S
and B are independent sets with |S| < |B], from Lemma 4 there is a left-perfect matching
in the exchange graph Hx (5, B). The neighborhood of C' in Hxy(S, B) is U N B. As there
is a left-perfect matching, |B N U] is least |C| and hence ), x; > |[U N B| > |C]. O

Next, we derive a more general form of the Swapping Lemma (which coincides with the

previous Lemma 5 if D = 0):

Lemma 6 (Strong Swapping Lemma). Let M = (X,Z) be a matroid with an independent
set Se€Z. Let C CSand D C (X \S)UC with |D| <|C|and S\ CUD €Z. Define

U={ie(X\S)uC)\D|S\CuDuU/{i} € L}.
Then for any vector x € Pp(q) in the base polytope one has ) ..., v; > |C| — |D|.
Proof. Partition C' = C1UCy so that C N D C Cy, |Cy] = |D] and " := S\ C,UD € Z.
Then note that

U = {ieX\SS\CUDNS\CUQU{i}eI}
—SN\Cs —SN\Cs
— (e (X\SNUGC|S\Cu il el

Then applying Lemma 5 gives
S 4> |G = |C] - D
iU
O
Having proved our swapping lemma, we are equipped to prove the Expansion Lemma.

Note that in our algorithm, layers are built to ensure that |Apy1| < |Bpyi]|. Due to this and

the minimality of the edges in E,r and Egr, W' := Ay U By, has val(W’) < (a+5+0)T-|C].
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Lemma 7 (Expansion Lemma). Let C C S € Z, W C W with valW') < (a++6)T-|C]|.

1-2a—8—§
1+6

isaset D C (X \S)UC of size |D| > [u-|C|| covered by a matching H C E,r so that
HyNnW' =0 and (S\C)UD e T.

Further, let p = > 0 and assume that there exists (z,y) € Q(T). Then there

Proof. Note that D may contain elements from C'. Greedily choose D and the matching H
with |D| = |H| one node/edge after the other. Suppose the greedy procedure gets stuck —
no edge can be added without intersecting W’ U Hy,. For the sake of contradiction assume

this happens when |D| < p|C/|. First, let
U={ic((X\SUC)\D|(S\C)uDU{i} €1}

be the nodes which could be added to D while preserving independence. Then for our fixed

x € Pg(m), by Lemma 6 one has

Y @ >|Cl= D> (1—-p)-[C].
ieU
Let W"” := W' U Hy be the right hand side resources that are being covered by the
augmenting tree. Here, we let W’ = Ay, U By,. Using the minimality of the adding and

blocking edges,
val(W") < p|Cl(ar+ 8)T + |Cl(B+ a+0)T = |C|T(u(e + 6) + B+ a +9).

By the assumption that the greedy procedure is stuck, there is no edge e € E,r with ex € U
and e NW"” = (). If N(i) denotes the neighborhood of i € X in the bipartite graph G, then
this means that val(N (i) \ W”) < aT for all : € U. For every fixed i € U we can then lower

bound the y-weight going into W as

Z PuwYiw = Z)pwyi,w — Z pw@ > Ty, —z; ( Z pw> > Tz (1—a)

(i,w)EEweW?" wed (i (i,w)eE:wgW" <u; (t,w)eE:wgW"
—— = ~ ~-
>Tx; <aT
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Then double counting the y-weight running between U and W” with a lower and upper

bound shows that

(1—a) le < Z Duwliw < Z Puwly ( ) < val(W")
S

ieU (i,w)eEieUweW” weW?” 1
———"
>(1=p)|C]
Simplifying the above,
1—-2a—-p—-9

1—a)- Q—p)-TIC| < (wla+d6)+L+a+6)-TIC| = 5o < p.

Thus we reach a contradiction for our choice of p. O

The algorithm relies on the fact that from the set of hyperedges, H, guaranteed by the
Expansion Lemma, there is either some constant fraction of H to swap into the matching, or a
constant fraction of H is blocked by edges in the current matching. In the former, significant
space is found in W for S. In the latter, enough edges of the matching are intersected to
guarantee the next layer in the augmenting tree is large. The following lemma proves at

least one of these conditions occurs.

Lemma 8. Set i := > 0. Let M C Ezp and F C E,r both be hypergraph matchings.

6+a
Further, let

H :={ee F|vallew \ Mw) > BT}
be the edges in F' that still have value 5T after overlap with M is removed. Then either (i)

|H| > p|F| or (i) F intersects at least p|F'| edges of M.

Proof. Let W' := My, N Fy be the right hand side nodes where the hypermatchings overlap
and suppose for the sake of contradiction that neither of the two cases occur. Then double

counting the value of W’ gives

- (B+40)-T-|F| > (B+09)T-(#edges in M intersecting W’Z >valW') > |F\ H| -(a—p)-T.

~— ——
ulF|> >(1=p)-|F|
Rearranging and simplifying, the above implies u > $—=. Thus we contradict our choice of

I ]
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Our last lemma will show that a constant fraction of the nodes which could be swapped
out of the augmenting tree come from the same layer in the tree. This allows us to swap out
enough nodes from the same layer to make substantial progress with each iteration. Here C’

and C are labelled the same as in the algorithm.

Lemma 9. Let sets C" and {B;}‘_, be such that C' C (B<,)x. Further, suppose there exists
constant ¢ > 0 such that |C"| > ¢ |B<| and |Bj41| > ¢+ |B<;| fori = 0,...,£ — 1. Then,
there exists a layer 0 < { < ¢ and constant v = v(¢) > 0, such that C := C' N (B ;) x has
size |C| >~ - |C).

Proof. By induction, |B<| can be written in terms of lower indexed sets as
[Beel 2 (1+¢) - [Bersl,

for k=0, ...,¢. Therefore, the size of C’ can be written as |C’| > ¢(1+c¢)*-|B<s_s|. As cis

a constant, take k large enough so ¢(1 +¢)*¥ > 2, namely k > % Then the collection of

sets (By—i)x for i = 0,...,k contain at least half of C’, so one of them must contain at least

7—2(k+1 of C'. O

2.8.4 Termination and runtime

As seen in Lemma 9,
| X|>|B<| > (1+ ) | Bol,

log(|X])
log 1+542)

the algorithm is O(log|X]). Note after each collapse of the layers, the matching M and

and solving for ¢ shows > (. Thus the total number of layers at any step in
possibly the independent set S are updated. However, the fixed exposed node iy will remain
in S until the very last iteration in which the algorithm finds an edge e; that augments
the matching. Before we begin discussing the proof guaranteeing our algorithm terminates,
we need a lemma to compare the number of blocking edges after a layer is collapsed to the

number of blocking edges at the beginning of the iteration.
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X

4+1

W @eeeee e
e S —

(A<)w U (B<o)w BT aT

Figure 2.2: Case 1 of the algorithm, where a set A,y C E,r of hyperedges is found that
intersects many new edges Byy1 C (M \ B<y). In particular |Bgi1| > Q.(|C]). Note that D

might contain nodes from C.

(A<e)w U My AT

Figure 2.3: Case 2 of the algorithm, where H C &gy of size |H| > Q.(|C]) is found so that ()
H is disjoint on the I¥-side to the matching M and the adding edges in the augmenting tree,
(i1) H covers a set D with S\ C'UD € Z, and (i) C is from one layer of the augmenting
tree. Here D and C' do not have to be disjoint.
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Lemma 10. Let ¢ be the index of the collapsed layer and let B’ be the updated blocking

edges after a collapse step. Then, |B” ;| <|B_z| - (1 — % ).

Proof. Recall Bé = B; \ F for F the edges of M covering C. Further, the blocking edges in

layers indexed less than { are not effected in the iteration. Hence
Bl = B | +1Bil =B | + 1B

From Lemmas 7 and 8, |Byy1| > §|B§g|. Then examining the collapsed layer by itself, we
see

2

9
Bl = 1Bl = |F| < [Bgl = 1 7IBgil-

Substituting back into |B.;|, we find that

2
€
|B/§g‘ < ‘B§Z—1| + |BZ‘ vy 'V‘Bgi‘
2

5 g2
= ‘B§Z| T '7‘B§Z| = ‘Bgz‘ ) (1 T '”Y)-

0

To prove the algorithm terminates in polynomial time, we consider a signature vector

_ _ _ 1 :
s = (So0,51,...,50,00), where s; = |log,|B<,|| for ¢ = - The signature vector and

4

proof that the algorithm terminates is inspired by [AKS15]|, but it is subtly different.

Lemma 11. The signature vector decreases lexicographically after each iterative loop in the

algorithm.

Proof. Let s = (sq,...,S:,00) be a signature vector at the beginning of a step in the algo-
rithm, and let s’ be the result of s through one iteration of the algorithm. For ¢+ 1 denoting
the newest built layer in the algorithm, if the newest set of hyperedges found intersects at
least % |C'| many edges of M, then another layer in the augmenting tree is built and no layer

is collapsed. Then s = (s, ..., Sp, S¢y1,00) is lexicographically smaller than s.
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Otherwise, layer 0 < ¢ < ¢ is collapsed. All finite coordinates above sy are deleted from
the signature vector, and all coordinates before s; are unaffected. So it suffices to check
that s% < s;. Again, let B’ be the updated blocking edges after a collapse step. As B;
is the only set of blocking edges in B_; affected by the collapse, by Lemma 10 one has

|BL;| < [Bl(1— % -). Taking a log we compare the coordinates

)J < {logc (\BSE\ (1 . ‘1—2 O)J — |log, (|Bo)| = 1=s5;— 1.

sy = {logc (‘B/Sf
]

Choose the infinite coordinate to be some integer larger than log|X|. Since for every
layer ¢, we have |B<y| < |X]|, then every coordinate of the signature vector is upper bounded
by U = O(log | X]|). Recall the number of layers, and thus the number of coordinates in the
signature vector, is also upper bounded by U. Together, these imply that the sum of the
coordinates of the signature vector is at most UZ.

As the signature vector has non-decreasing order, each signature vector corresponds to
a partition of an integer z < U?. On the other hand, every partition of some z < U? has a
corresponding signature vector. Thus we apply a result of Hardy and Ramanujan to find the
total number of signature vectors is 3, PR — | X|9M Since each iteration of the al-
gorithm can be done in polynomial time and the signature vector decreases lexicographically

after each iteration, the algorithm terminates after a total time of n®(1).

2.4 Application to Santa Claus

In this section, we show a polynomial time (4 + )-approximation algorithm for the Santa
Claus problem. Recall that for a given set of children M, and a set of presents J, the Santa
Claus problem asks how Santa should distribute presents to children in order to maximize the
minimum happiness of any child*. Here, present j is only wanted by some subset of children

that we denote by A; C M, and present j has value p; to child ¢ € A;. The happiness of

4We assume Santa to be an equitable man— not one influenced by bribery, social status, etc.
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child ¢ is the sum of all p; for presents j assigned to child 7. We assume w.l.o.g. to know
the integral objective function value 7' of the optimum solution, otherwise 7" can be found
by binary search.

We partition gifts into two sets: large gifts J, := {j € J | p; > 02T} and small gifts
Js :={j € J|p; <§T}, for parameters 0 < §; < dy < 1 such that all gifts have values in
(0,0, T U (62T, T]. Let P(T,d1,092) be the set of vectors z € R%M satisfying

Z PiZij 2 T'(l— Z Zij) Vie M

jEJSZ’iEAj jEJL:iEAj
iEAj
j’EJL:iEAj/

If n = |J| + |M|, then this LP has O(n?) many variables and O(n?) many constraints.
To see that this is indeed a relaxation, take any feasible assignment o : J — M with
> jeo—1(iyP; = T forall i € M. Now let o : J — M U {0} be a modified assignment where
we set o(j) = () for gifts that we decide to drop. For each child i € M that receives at
least one large gift we drop all small gifts and all but one large gift. Then a feasible solution
z € P(T,61,97) is obtained by letting

1 ifo(j)=1

Zij =
0 otherwise.

We will show that given a feasible solution z € P(T, 1, 02), there exists a feasible solution
(z*,y*) to Q(T). To do this, we will exploit two underlying matroids in the Santa Claus
problem, allowing us to apply Theorem 2. Let

T = {M; C M| 3 left-perfect matching between M, and J;, using edges (i,7) : i € A;},

be a family of independent sets. Then M = (M,Z) constitutes a matchable set matroid.
We denote the co-matroid of M by M* = (M, Z*). Recall that the independent sets of the
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co-matroid are given by
I*:{MS - M| My, EB(M) ZMsﬂMsz}.

We can define a vector x € RM with x; = > 2;; that lies in the matroid polytope

JEILHEA;
of M. This fact follows easily from the integrality of the fractional matching polytope in
bipartite graphs. It is instructive to think of x; as the decision variable telling whether child
1 € M should receive a large present.

Unfortunately, 2 does not have to lie in the base polytope — in fact the sum . , z;
might not even be integral. However, there always exists a vector 2’ in the base polytope

that covers every child just as well with large presents as x does. This observation can be

stated for general matroids:

Lemma 12. Let M = (X,Z) be any matroid and let x be a point in its matroid polytope.
Then in polynomial time one can find a point x’' in the base polytope so that x' > x

coordinate-wise.

In fact the algorithm behind this claim is rather trivial: as long as x € Py, is not in the
base polytope, there is always a coordinate ¢« and a p > 0 so that x + pe; € Py

With the new vector o' € Py at hand, we can redefine the z-assignments by letting

, zij T; = 1
i = 1-a/
T x; # 1.

for j € Jg; the new values z;; for j € Ji, can be obtained from the fractional matching that
corresponds to x;. Note that 0 < z;; < 25 for j € Jg. The reader should be convinced that

still 2/ € P(T, 1, 02), just that the corresponding vector ' now lies in Pg(a)®.

5There is an alternative proof without the need to replace « by z’. Add the constraint Zj €y A, %ij =
rank(M) to P(T,01,02). There is always a feasible integral solution satisfying this constraint. Then
for any fractional solution z € P(T,d1,02), the corresponding vector z will immediately lie in the base
polytope.
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It is well known in matroid theory that the complementary vector x* := 1 — 2’ lies in
Pg(p+). Again, it is instructive to think of z} as the decision variable whether child 7 has to
be satisfied with small gifts. Finally, the assignments y* are simply the restriction of z’ on
the coordinates (i,j) € M x Jg. The obtained pair (z*,y*) lies in Q(T"), where the matroid
in the definition of Q(T') is M*.

As Q(T) # 0, we can apply Theorem 2 which results in a subset Mg € B(M?*) of the
children and an assignment o : Jg — Mg, where each child in Mg receives happiness at least
(% — %1 — 5) T from the assignment of small gifts. Implicitly due to the choice of the matroid
M*, we know that the remaining children M \ Mg = M|, can all receive one large gift and

this assignment can be computed in polynomial time using a matching algorithm. Overall,

each child receives either one large present of value at least d, - T" or small presents of total

value at least (% — %1 —¢) - T. Therefore each child receives value at least
) 1
min{<§—§1—5)-T,5g-T}z(Z—g)-T (2.1)

for a choice of §, = §; = i. In some instances of Santa Claus, we can do better. Set d; so
that d; - T is the largest gift value that is at most iT, and set 0, so that ds - T is the smallest
gift value that is at iT . Then the algorithm guarantees that each child receives value at
least as in the left hand side of Equation 2.1. When §; and d, are bounded away from 1/4,
then the approximation improves. For example, when d; > 1/3 and §;7 is close to 0, such

as in the case where all gifts have value either T or 1, we approach a (3 4 ¢)-approximation.



Chapter 3

General Max-min Fair Allocation

3.1 Introduction

In this document we are discussion a new and simpler approach to approximate the Max

Min Fair Allocation problem:

MAXMINFAIRALLOCATION
Input: Agents i € [m] and items j € [n| with utilities p;; > 0.

Ouput: Assignment o : [n] — [m] that maximizes minjepm) Y- c,10:) Pij

A review of the previous work is available in Section 2.1.2. To recap, the problem is NP-
hard to approximate up to any factor smaller than 2 by Bezakova and Dani [BD05|, who also
gave an (n —m + 1)-approximation algorithm. The integrality gap of the configuration LP
is at least Q(y/n) [BS06], and then, Asadpour and Saberi [AS10] gave an O(y/mlog®m) ap-
proximation for the problem using the same LP relaxation. Meanwhile, a rather complicated
O(log™ n)-approximation in quasi-polynomial time was given by Chakrabarty, Chuzoy and
Khanna [CCKO09] from FOCS 2009. Their algorithm can also achieve an O(n®) approximation

in polynomial time for any fixed € > 0. o7
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3.1.1 Our Contributions

This is actually a work in progress, where we propose an approach that looks promising but
only have partial results currently. In Theorem 13, we will see a rather clean reduction from
the general max-min fair allocation problem to the hypergraph matching problem defined in
the next section by losing an O(logn) factor. Then, a candidate algorithm is proposed in

Section 3.3.

To prove the correctness of the candidate algorithm, proving Conjecture 14 would be
sufficient. A natural way is to apply the Hall’s condition. However, a naive union bound
approach would not work since there are exponentially many events. Although we do not
succeed to analyze the original random experiment, if instead of sampling hyperedges one
would sample singletons, then we can prove that the random experiment is successful and
a fractional matching would exist. Section 3.4 to 3.6 provides a successful analysis of the

single vertex failure random experiment.

3.2 Hypergraph matchings

First we want to reduce the problem to a simpler looking hypergraph matching problem

while only loosing a logarithmic factor in the approximation.

Recall that a hypergraph H = (AUB, ) is called bipartite if e N A] = 1 for all edges

e € €. For a parameter 0 < 0 < 1 we define

Ess:={c |Fec & withe Ceand|eNA|=1and |¢NB|>[6-|en B}

as all the sub-edges that have at least a d-fraction of right hand side nodes. A set M C &
is called an A-perfect matching if (i) #(e € M witha € e) = 1 Va € A and (ii) #(e €
M with b € e) < 1Vb e B. We consider the following problem:
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HYPERGRAPHMATCHING

Input: A bipartite hypergraph H = (AUB, &) that is guaranteed to
contain an A-perfect matching.

Output: An A-perfect matching M C E-5. The objective is to maximize
0<6<1.

Note that for e € £ with |e N B| = 1 one cannot take any subedge — one has to take the
whole edge.

Theorem 13. Let o > 1. If there is an a-approximation algorithm for HYPERGRAPH
MATCHING, then there is an O(logn) - a-approximation algorithm for MAXMIN FAIR AL-

LOCATION.

Proof. Take a MaxMin Fair Allocation instance and assume that the value OPT ! of the
optimum solution is known. Then by losing a constant factor we may assume that for every
i, j one has either p;; = 0 or one has p;; = 27*OPT with k € {0, ...,log(n)}. For every agent
i € [m] we have log(n)+ 1 many “buckets” By, = {j € [n] | pi;; = 27*OPT} of items that have
the same utility. Now, we create a bipartite hypergraph H = ([m]U[n], ) with agents on
one side and items on the other side. For every agent ¢ € [m] and every minimal set S C By
with |S] - 27% > —L— we create one hyper edge {i} US. Then an [m]-perfect matching

= log(n)+1’
M C &-1)q corresponds to a MaxMin FairAllocation solution of value @(%) -OPT. O

alog(n

Note that in principle, the defined hypergraph can have an exponential number of edges,
and the reduction is not necessarily doable in polynomial time. But one can expect that
an algorithm for Hypergraph Matching would not need to do the enumeration of all subsets

explicitly.

! Actually, we do not need to know the exact value of OPT. The reduction still works by setting this
threshold within a constant factor, then a standard search procedure guarantees it.
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3.3 A candidate algorithm for HypergraphMatching

If we have an undirected bipartite graph G = (VUU, E), then a demand function is a function
of the form d : V' — Z>(, that means every left hand side node v € V' has some demand
d(v). We say that a set of edges F' C FE is a d-matching if |0p(v)| = d(v) for v € V and
|0p(u)] <1 for all u € U. Here dp(v) are the edges of F' that are incident to v. If we have
a subset hyperedges 7 C & in a hypergraph H = (AUB, ), then in a natural way these
induce a 2-uniform graph G = (AUB,{(i,j) : 1 € A,j € B,{i,j} C e for some e € F}). We

will now consider a candidate approximation algorithm for HYPERGRAPH MATCHING.



RANDOMIZED ROUNDING ALGORITHM FOR HYPERGRAPH MATCHING
Input: A bipartite hypergraph H = (AUB, £) and the promise that there is
an A-perfect maching M C £
Output: An A-perfect matching M C &1 /(¢ 10g(n))2
(1) Partition € = EgnanUlarge With Esman = {e € € : |eN B| = 1} and
Elarge = {€ € € : l[en B] > (Clog(n))?} (we can w.lo.g. replace edges
with 1 < |[e N B| < (C'log(n))? by subedges of size 2).
(2) Compute a 1-round Sherali-Adams® * € SA;(K), where K is the set of

vectors x € R® satisfying
Z e = 1 Va€e A

er < 1 YbeB

0<z, <1 ecé

(3) For every a € A make an independent random decision and with proba-
bility min{C'log(n) - £*(d¢,,,,.(a)), 1}, add a to Ajarge; otherwise add a to
Asmal-

(4) For every a € Ajarge, pick a random edge e, € d¢,,,. (a) proportional to
the value z7 .

(5) Define a demand function d : A — Z>; and set

1 ifac Asmall
d(a) :=

L%J if a € Ajarge
(6) Define a bipartite graph G = (AUB, F) that consists of all the size-2
subedges of Egman U {eq : @ € Ajarge }-
(7) Compute a d-matching F' C E in the graph G. Return M := {{a}U{b €
B:(a,b) € F}|ae€ A}

%see Section 4.2.1 for a detailed description of the Sherali-Adams lift

31
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An informal description of the algorithm is as follows: We have a hypergraph with small
hyperedges with |e| = 2 and large hyperedges with |e| > (C'log(n))* + 1. We solve the
1-round Sherali Adams lift of the standard hypergraph matching LP and denote the solution
by x*. Then we sample every large hyperedge with probability C'log(n) - z*(e) (with the
modification that we need at most one hyperedge covering a node a, so we cap the sum of
the probabilities at 1). Here e, denotes the sampled large edge incident to a € Ajpge. The
nodes of A that are covered by such hyperedges are called Ajnge, the uncovered nodes are
called Agpan. Then in polynomial time we compute a d-matching that assigns every node in

Agman @ small edge and every node in Aj,ee receives a m—fmction of nodes from e,.
We want to avoid using the floor operator in (5), hence let us assume for the sake of
lel

simplicity that Coe(? € Z for every large edge.

The crucial ingredient would be proving the following:

Conjecture 14. With high probability, in step (7), the d-matching F' exists.

We would like to point out that at this point we do cannot even analyze the simpler case
where each node in A is contained either only in large hyperedges or only in small hyperedges

(meaning that there is no randomness in forming the partition A = AjrgeUAsman)-
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3.4 Analysis of the single vertex failure random experiment via Supermodular-
ity

Since we did not ultimately succeed to analyze the original random experiment, a simpler

case is considered where sampling hyperedges are replaced with sampling singletons. In the

following sections, we will prove the following general statement which in particular provides

successful analysis of the single vertex failure random experiment:

Theorem 15. For o := C'log(n) with a large enough constant C' > 0 the following holds.
Let F : 2" — Z-, be a non-negative monotone integral supermodular function and let
0 < p; <L be values for j € [n]. Let Xi,...,X, € {1 — 1,1} be independent random

variables with Pr[X; =1 — 1] = p; for each j € [n]. Assume that
F(S)<|[S|—a-Y p; YDCSCn]
jes
Then

Pr[F(S) <Y X WS C | 21— —;

JjES

Recall that a function F : 2[") — R is called supermodular if
FAU{j}) - F(A) < F(BU{j}) - F(B) VACBC|[n] Vje[n]\B

One can think of this as an increasing returns property. An equivalent characterization of

supermodular function is to require that
F(A)+ F(B) < F(ANB)+ F(AUB) VA, BC [n]

In order to prove Theorem 15, we will first derive several structural properties that allow
us to find a small net. Then in a later section we will provide a probabilistic analysis which

works by taking a union bound over the constructed net.



34

3.5 Structural properties

Consider a monotone supermodular function F : 2"l — Z-,. We say that a capacity vector
X € Ry is called feasible for F', if F'(S) < 37, 4 X; VS C [n]. Otherwise the vector is called

infeasible.

3.5.1 The deficit function and closedness of the set of maximizers

For I C [n], we define a function D; : 2" — Z so that D;(S) gives the “deficit” of S with

respect to the capacity vector 1 — 1;. More formally we define

D((9) := F(S)—Z(l—lj)j =F(S)—|S\I|=F(S)—|S|+|SnI|
jes
Since F'(S) is supermodular and ), 4(1 — 1;); is linear, the resulting difference D;(S) is

supermodular as well (though D; is in general not monotone). Recall the following:

Lemma 16. The family F of maximizers of Dy is closed under taking union and intersection.

In particular the set S; := {Jgc, S is contained in Fr.

Proof. Take two sets A, B € F, meaning that D;(A) = D;(B) = « for some a € R. Then

maximality supermod maximality

o = -
g v~

<a <a

We can see that indeed all inequalities have to be equalities and D;(AUB) = a and D;(AN
B) = a. Hence Fj is indeed closed under taking unions and intersections. The other claim

immediately follows. O

3.5.2  Properties of S}

It will be convinient to denote d(I) := D;(S7) as the maximum deficit for capacity vector

1 — 1;. deficit. Next, we prove the following:
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Lemma 17. Let F : 2"l — Z-, be a monotone integral supermodular function satisfying
F(S) < |S|forall S C [n]. Then for any I C [n] where the capacity vector 1—1; is infeasible
one has |S7| > F(S}) > |S7| — |1].

Proof. The first inequality F'(S7) < |S| is by assumption. Note that the capacities 1 — 1;
are infeasible if and only if D;(S7) > 0 since S} is the maximizer of D;. Now assume that

this is indeed the case. Then

0 < Dr(S7) = F(57) = [ST\ 1| < F(57) = (IS7] = [1])

<Isil =2IS7I=]

This can be rearranged to the desired F'(S7) > |S7| — |I|. O
We also prove a variant saying that the optimizer S} always has a small slack:

Lemma 18. For any I C [n] one has 0 < |S}| — F(S}) < |1].

Proof. We have

|E(S = ST+ | > [F(SD| = [Si\ I| =d(I) > D;(0) = F(§) -0 =0
N—— ——
>|871-1] =0
Then rearranging gives the claim. O

It is not hard to argue that [ is included in S7:
Lemma 19. Let I C [n]. Then I C Sj.

Proof. Assume for the sake of contradiction that there is an index j* € I\ S7. Then

Di(S; U{5"}) = F(S; U {j}) ~ (S U (") \ 1| > Dy(S7) = d(1)

>F(5)) ~17/1
which is a contradiction to the maximality of S7. O

In fact, we can prove the structural property that removing capacity will increase S}

monotonically.
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Lemma 20. Let I C [n] and j* € [n] \ I, then S} C S}
and only if d(IU{j*)} =d(I)+ 1.

gy Moreover, we have equality if

Proof. Note that for any S C [n] one has Dy (S) — Dr(S) = 1j+cs € {0,1}. As S7 is the
maximizer of Dy, we know that d(/ U {j*}) > Djug=1(S7) = D;(S7) = d(I).
On the other hand also S} is a maximizer of Dy and so d(I U {j*}) < D;(S7,(;+y) +1 <

D;(S7)+1=4d(I)+ 1. So really we only have two cases:

e Case: d(IU{j*}) = d(I) + 1. First, note that this means j* € Sj/;.,. In this case

u{j
S}U{ joy 18 also a maximizer for D;. By maximality we definitely have S7 G € ST.
Moreover we claim that this actually has to be an equality. Since j* € S7 we know
that Djug+3(S7) = d(I) + 1 as well. That means S} is a maximizer for Dy~ and

also S} C 5% Hence S} = 57

Tu{*} 1u{j*}

e Case: d(/ U {j*}) = d(I). In this case also S} is a maximizer for D; -} and so

S € S; We also know that j* ¢ S7 and j* € S7 ., (by Lemma 19) since

u{i}t

otherwise we could not be in this case. Then S} C 57 ;.-

Lemma 21. Let I C [n] and j* € [n] \ S}. Then the following holds:
(a) One has d(I U {j*}) =d(I).

(b) One has {j*} US} C S5

u{i}t

Proof. We know by Lemma 20 that S}U{j*} D Sy and we also know that j* € S}U{j*}. Then

in particular we must have a case of strict inclusion, i.e. 57 ., D S7. Then from the

“moreover” part of Lemma 20 we know that d(I) = d(I U {j*}). O

3.5.8 Any set S is contained in some mazimizer S}

The crucial point is proving that any set S is fully contained in S} where I is small.
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Lemma 22. Let F : 2" — 7, be an integral monotone supermodular function with
F(S) < |S] for all S C [n|. Consider any set S C [n| and set k := |S| — F(S) > 0. Then one

can select a set I C S with |I| <k so that S C Sj.

Proof. Fix a set S C [n]. We construct a set I C S, iteratively starting at I := (. In
each iteration we select an index j* € S\ S} and add it to /. Note that by Lemma 21 we
have d(I U {j*}) = d(I). We terminate when there is no such index anymore. When we
terminate, we have I C S C S} by construction and by a simple induction argument we

know that d(I) = d(()). Then

maximality

I|—k=F(S)—|S|+I| '€ F(S)—|S\I| = D;(S) < d(I)=4d®) <0
N————

=k

and so |I| < k. O
3.6 Probabilistic analysis

3.6.1 Bounding the probability to violate a fized set

First we discuss the probability that a fixed set S is violated. Recall the following standard

tool:

Theorem 23 (Bernstein Inequality). Let Xy, ..., Xy be independent random variables with
X; € [a;, a;+ M] for some a; € R and M > 0. Set Z := Zfil X;. Then for any t > 0 one has

) <o (—mn{ gl o)
SN Var[X] + imt) ~ AVar[Z]’ 2M

P12 - BlZ]] 2 1 < 26 ( -
We use this to prove:

Lemma 24. Let F' be as described in Theorem 15. Consider a set S C [n] and let k :=
|S| — F(S) > 0. Then

Pr [Z(l - X;) > k/2] < 2exp(—ak/8)

jes
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Proof. Note that the assumption on F' in Theorem 15 gives that F/(S) < [S| —a} . ¢p;
which can be rearranged to @}, gp; < k. Let us denote Y; :=1—X; and Y := 3, ¢V}
Then Y; € {0, 1} with Pr[Y; = ] = p;. Note that E[Y] = ézjespj < . Moreover we

can verify that the variance is

Varlyj] = B [(Y; ~ B = PrlY; = 0 0~ BN+ Pr v = o] (5~ B))
<1 <(py/0? S <o

< (L) 4l
o o? a?

and so by independence Var[Y] < % ZjeS pj < i—’; The goal is to prove that Pr[Y > k/2] <
n~'%% And indeed, applying Bernstein’s Inequality with ¢ := k/4 and M := L gives

Pr [Y > —} < Pr [Y > E[Y]+ g] Berrgein 2 exp ( — min {#i[)/]’ ﬁ})
(k/4)? k/4

= 2exp ( - min{(2k/a3) 2/a}) = 2exp(—ak/8)

3.6.2  The union bound over all sets S}

Next, we prove that with high probability in each set of the form S}, the amount of “lost”
capacity Zjes;(l — Xj) is at most |I|/2. For an event £ we will use £ to denote the

complementary event.

Lemma 25. Consider the event £ := \}_, & where

= A (Z 1-X <k/2>

1e(ty €S
If a = C'log(n) with a large enough constant C' > 0, then Pr[£] > 1 — —.

Proof. First, fix a value of k. From Lemma 18 we know that for any index set I € (["]) one
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has |S7| — |F(S7)| < |I| = k. Then applying the union bound with Lemma 24 gives

il - nV(S0-9> )= 2 n [T

.765* IE [”]) jES*

Lem 24
< n* . 2exp(—ak/8) < n~1000k
if @« = C'log(n) with C' > 0 large enough. Then applying again the union bound over all k

we get

Prfl<pr| \/ &< Zprgk 100

k=1,...,n

3.6.3 The conclusion

Now we can wrap up the proof of the main result.

Theorem 26. Assume event & from Lemma 25 happens. Then F(S) < >, ¢ X; for all
S C [n].

Proof. Fix a set S C [n] that we want to verify and set k := |S| — F'(S) > 0. Then by
Lemma 22, there is an index set I with |I| = &k so that / C S C S}. Assuming event &
happens, we know that Z]eS (1 — X;) < k/2. Then by monotonicity » . (1 — X;) < k/2.
Finally F(S) = [S| -k < |S| — & < Y jes X as claimed. O

Since Pr[€] > 1 — — and this event implies that F(S) < 3 jes Xj, overall Theorem 15

is proven.



Chapter 4

Scheduling with Communication delays

on Identical Machines

4.1 Introduction

Scheduling jobs with precedence constraints is a fundamental problem in approximation al-
gorithms and combinatorial optimization. In this problem we are given m identical machines
and a set J of n jobs, where each job j has a processing length p; € Z,. The jobs have
precedence constraints, which are given by a partial order <. A constraint j < j’ encodes
that job j’ can only start after job j is completed. The goal is to find a schedule of jobs that
minimizes makespan, which is the completion time of the last job. This problem is denoted*
by P | prec | Cnax-

In a seminal result from 1966, Graham [Gra66b| showed that the greedy list scheduling
algorithm achieves a (2 — %)—approximation. By now, our understanding of the approx-

imability of this basic problem is almost complete: it had been known since the late ‘70s,

!Throughout this chapter and the next, we use the standard scheduling three-field notation [GLLK79,
VLLI0]. The respective fields denote: (1) number of identical machines: Poo: unlimited; P: number
m of machines given as input; Pm: constant number m of machines, (2) job properties: prec: precedence
constraints; p; = 1: unit-size jobs; ¢: communication delays of length ¢ (can be ¢;;, if dependent on jobs
Jj =< k); c—intervals: see Section 4.3; dup: allowed duplication of jobs, (3) objective: Cpax: minimize
makespan; Y w;C;: minimize weighted sum of COIEBIetion times.
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due to a result by Lenstra and Rinnooy Kan [LRK78|, that it is NP-hard to obtain better
than 4/3-approximation, and in 2010 Svensson [SvelO] showed that, assuming a variant of
the Unique Games Conjecture [BK10], it is NP-hard to get a (2 — ¢)-approximation for any

e > 0.

The above precedence-constrained scheduling problem models the task of distributing
workloads onto multiple processors or servers, which is ubiquitous in computing. This basic
setting takes the dependencies between work units into account, but not the data transfer
costs between machines, which is critical in applications. A precedence constraint j < j’ typ-
ically implies that the input to j* depends on the output of j. In many real-world scenarios,
especially in the context of scheduling in data centers, if j and j’ are executed on different
machines, then the communication delay due to transferring this output to the other ma-
chine cannot be ignored. This is an active area of research in applied data center scheduling
literature, where several new abstractions have been proposed to deal with communication
delays [CZMT11, GFC'12, HCG12, SZAT18, ZZC*12, ZCB*15, LYZ"16|. Another timely
example is found in the parallelization of Deep Neural Network training (the machines being
accelerator devices such as GPUs, TPUs, or FPGAs). There, when training the network
on one sample/minibatch per device in parallel, the communication costs incurred by syn-
chronizing the weight updates in fact dominate the overall running time [NHP*19|. Taking
these costs into account, it turns out that it is better to split the network onto multiple
devices, forming a “model-parallel” computation pipeline [HCB*19]. In the resulting device
placement problem, the optimal split crucially depends on the communication costs between

dependent layers/operators.

A classic model that captures the effect of data transfer latency on scheduling decisions is
the problem of scheduling jobs with precedence and communication delay constraints, intro-
duced by Rayward-Smith [RS87| and Papadimitriou and Yannakakis [PY90]. The setting,
denoted by P | prec,c | Chax, is similar to the makespan minimization problem described

earlier, except for one crucial difference. Here we are given a communication delay parame-



42

ter ¢ € Z>g, and the output schedule must satisfy the property that if j < j' and j, j’ are
scheduled on different machines, then j’ can only start executing at least ¢ time units after
j had finished. On the other hand, if j and j' are scheduled on the same machine, then j’
can start executing immediately after j finishes. In a closely related problem, denoted by
Poo | prec, ¢ | Chax, a schedule can use as many machines as desired. The goal is to schedule
jobs non-preemptively so as to minimize the makespan. In a non-preemptive schedule, each
job j needs to be assigned to a single machine and executed during p; consecutive timeslots.

The problems P | prec, ¢ | Chax and Poo | prec, ¢ | Chax are the focus of this chapter.

Despite its theoretical significance and practical relevance, very little is known about
the communication delay setting. A direct application of Graham’s [Gra66b]| list scheduling
algorithm yields a (¢ + 2)-approximation, and no better algorithm is known for the problem.
Over the years, the problem has attracted significant attention, but all known results, which
we discuss below in Section 4.1.4, concern special settings, small communication delays,
or hardness of approximation. To put this in perspective, we note that the current best
algorithm for general ¢ [GKMPO8|, which achieves an approximation factor of 2/3 - (¢ + 1),
only marginally improves on Graham’s algorithm while requiring the additional assumptions
that the number of machines is unbounded and p; = 1. This is in sharp contrast to the
basic problem P | prec | Cpax (which would correspond to the case ¢ = 0), where the
approximability of the problem is completely settled under a variant of the Unique Games
Conjecture. This situation hints that incorporating communication delays in scheduling
decisions requires fundamentally new algorithmic ideas compared to the no-delay setting.
Schuurman and Woeginger [SW99| placed the quest for getting better algorithms to the
problem in their influential list of top-10 open problems in scheduling theory. In a recent
MAPSP 2017 survey talk, Bansal [Banl7| highlighted the lack of progress on this model,
describing it as “not understood at all; almost completely open”, and suggested that this is

due to the lack of promising LP/SDP relaxations.
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4.1.1  Our Contributions

The main result of our paper [DKR20] is the following:

Theorem 27. There is a randomized O(log c-log m)-approximation algorithm for P | prec, ¢ |

Cmax With expected polynomial running time, where c,p; € N.

In any non-preemptive schedule the number m of machines is at most the number n of

jobs, so for the easier Poo version of the problem, the above theorem implies the following:

Corollary 28. There is a randomized O(logc - logn)-approximation algorithm for Poo |

prec, ¢ | Crnax With expected polynomial running time, where ¢, p; € N.

For both problems one can replace either ¢ or m by n, yielding an O(log? n)-approximation
algorithm. Our results make substantial progress towards resolving one of the questions in
“Open Problem 37 in the survey of Schuurman and Woeginger [SW99|, which asks whether
a constant-factor approximation algorithm exists for Poo | prec, ¢ | Chax.

Our approach is based on a Sherali-Adams lift of a time-indexed linear programming
relaxation for the problem, followed by a randomized clustering of the semimetric space
induced by this lift. It is possible to write a more compact LP for the problem for which
our algorithm and analysis still work. However, as we will show in Section 4.5, this compact
LP has integrality gap Q(y/logn). To our knowledge, this is the first instance of a multiple-
machine scheduling problem being viewed via the lens of metric space clustering. We believe
that our framework is fairly general and should extend to other problems involving scheduling
with communication delays. To demonstrate the broader applicability of our approach, we
also consider the objective of minimizing the weighted sum of completion times. Here each
job j has a weight w;, and the goal is to minimize ) ; w;Cj, where Cj is the completion time

of j.

Theorem 29. There is a randomized O(logc - logn)-approximation algorithm for Poo |

prec,p; = 1,¢ | > w;C; with expected polynomial running time, where ¢ € N.
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No non-trivial approximation ratio was known for this problem prior to our work.

4.1.2  Independent work of Maiti et al

In a parallel and independent work, Maiti et al. [MRS*20] developed an O(log® nlog® m log ¢/ log log c)-
approximation algorithm for the makespan objective function on related machines (Q |
prec, ¢ | Chnax). Interestingly, they obtained the results using completely different techniques
compared to ours. While our results are based on LP hierarchies and clustering, Maiti et
al. [MRS*20] developed a novel framework based on job duplication. In their framework,
they first construct a schedule where a single job can be scheduled on multiple machines,
which is known to effectively “hide” the communication delay constraints [PY90]. Quite sur-
prisingly, Maiti et al. [MRS™"20] showed that one can convert a schedule with duplication to
a feasible schedule without duplication, where every job is processed on a single machine,
while increasing the makespan by at most an O(log? nlogm) factor. Maiti et al. also prove
an integrality gap for the LP they consider, which is different than ours. However, after
seeing their result, we found that their integrality gap instance works for a compact form of

our LP as well, which we prove in Section 4.5.

4.1.8  Our Techniques

As we alluded earlier, there is a lack of combinatorial lower bounds for scheduling with
communication delays. For example, consider Graham’s list scheduling algorithm, which
greedily processes jobs on m machines as soon as they become available. One can revisit the
analysis of Graham |Gra66b| and show that there exists a chain @) of dependent jobs such
that the makespan achieved by list scheduling is bounded by

S e QI 1),

JjeJ JjeQ
The first two terms are each lower bounds on the optimum — the 3rd term is not. In

particular, it is unclear how to certify that the optimal makespan is high because of the
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communication delays. However, this argument suffices for a (¢ + 2)-approximation, since
p; > 1forall j € J.

As pointed out by Bansal [Banl7|, there is no known promising LP relaxation. To un-
derstand the issue let us consider the special case Poo | prec, p; = 1, ¢ | Cax. Extending, for
example, the LP of Munier and Kénig [MK97|, one might choose variables C; as completion
times, as well as decision variables x;, j, denoting whether j, is executed in the time window
[C},, Cj, + ¢) on the same machine as j;. Then we can try to enforce communication delays
by requiring that C;, > Cj, + 1+ (¢ — 1) - (1 — xj, ;,) for j; < jo. Further, we enforce load
constraints >, ;@ j, < cfor jo € Jand 3, _;x; 5, < cfor ji € J. To see why this LP
fails, note that in any instance where the maximum dependence degree is bounded by ¢, one
could simply set z;, ;, = 1 and completely avoid paying any communication delay. Moreover,
this problem seems to persist when moving to more complicated LPs that incorporate indices
for time and machines.

A convenient observation is that, in exchange for a constant-factor loss in the approx-
imation guarantee, it suffices to find an assignment of jobs to length-c intervals such that
dependent jobs scheduled in the same length-c interval must be assigned to the same ma-
chine. (The latter condition will be enough to satisfy the communication delay constraints
as, intuitively, between every two length-c intervals we will insert an empty one.) In order to
obtain a stronger LP relaxation, we consider an O(1)-round Sherali-Adams lift of an inital
LP with indices for time and machines. From the lifted LP, we extract a distance function

d:J x J —|0,1] which satisfies the following properties:
(i) The function d is a semimetric.
(i) Cj +d(j1, J2) < Cj, for ji < jo.
(ili) Any set U C J with a diameter of at most § w.r.t. d, satisfies |U| < 2c.

Here we have changed the interpretation of C; to the index of the length-c interval in which

j will be processed. Intuitively, d(ji, j2) can be understood as the probability that jobs ji, jo
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are not being scheduled within the same length-c interval on the same machine. To see why
a constant number of Sherali-Adams rounds are helpful, observe that the triangle inequality
behind (7) is really a property depending only on triples {j1, j2, j3} of jobs and an O(1)-round

Sherali-Adams lift would be locally consistent for every triple of variables.

We will now outline how to round such an LP solution. For jobs whose LP completion

times are sufficiently different, say C;, + O(—=—) < C}

oaty) < Uiy we can afford to deterministically

schedule 7; and j, at least ¢ time units apart while only paying an O(logn)-factor more
than the LP. Hence the critical case is to sequence a set of jobs J* = {j € J | C* <
C; <C*+ @(@)} whose LP completion times are very close to each other. Note that by
property (ii), we know that any dependent jobs ji, jo € J* must have d(ji, j2) < @(@)'
As d is a semimetric, we can make use of the rich toolset from the theory of metric spaces. In
particular, we use an algorithm by Calinescu, Karloff and Rabani [CKR04|: For a parameter
A > 0, one can partition a semimetric space into random clusters so that the diameter of
every cluster is bounded by A and each §-neighborhood around a node is separated, meaning
contains jobs assigned to different clusters, with probability at most O(log(n)) - %. Setting
0 = @(@) and A := O(1) one can then show that a fixed job j € J* will be in the
same cluster as all its ancestors in J* with probability at least %, while all clusters have
diameter at most 1. By (iii), each cluster will contain at most 2c¢ many (unit-length) jobs,
and consequently we can schedule all the clusters in parallel, where we drop any job that
got separated from any ancestor. Repeating the sampling O(logn) times then schedules all
jobs in J*. This reasoning results in an O(log2 n)-approximation for this problem, which we

call Poo | prec, p; = 1, c—intervals | Crhax. With a bit of care the approximation factor can be

improved to O(logc - logm).

Finally, the promised O(logc - logm)-approximation for the more general problem P |

prec, ¢ | Cpax follows from a reduction to the described special case Poo | prec, p; = 1, c—intervals |

C1l’l‘l€lX'
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4.1.4  History of the Problem

Precedence-constrained scheduling problems of minimizing the makespan and sum of com-
pletion times objectives have been extensively studied for many decades in various settings.
We refer the reader to [Pinl8, LLKS93, PST04, AMMSO08, Sve09| for more details. Below,
we only discuss results directly related to the communication delay problem in the offline

setting.

Approximation algorithms. As mentioned earlier, Graham’s [Gra66b| list scheduling
algorithm yields a (¢4 2)-approximation for P | prec, ¢ | Cphax, and a (¢+1)-approximation for
the Poo variant. For unit-size jobs and ¢ > 2, Giroudeau, Konig, Moulai and Palaysi |[GKMPOS]
improved the latter (Poo | prec,p; = 1,¢ > 2 | Chax) to a %(c + 1)-approximation. For
unit-size jobs and ¢ = 1, Munier and Koénig [MK97] obtained a 4/3-approximation via LP
rounding (Poo | prec, p; = 1,¢ = 1 | Ciax); for the P variant, Hanen and Munier [MHO1| gave
an easy reduction from the Poo variant that loses an additive term of 1 in the approximation
ratio, thus yielding a 7/3-approximation. Thurimella and Yesha [Thu92| gave a reduction
that, given an a-approximation algorithm for Poo | prec,c,p; = 1 | Chax, would yield a
(1 4 2av)-approximation algorithm for P | prec, ¢, p; =1 | Cax-

For a constant number of machines, a hierarchy-based approach of Levey and Rothvoss [LR16]
for the no-delay setting (Pm | prec, p; = 1 | Crmax) was generalized by Kulkarni, Li, Tarnawski
and Ye [KLTY20| to allow for communication delays that are also bounded by a constant.
For any € > 0 and ¢ € Z>, they give a nearly quasi-polynomial-time (1 + ¢)-approximation

algorithm for Pm | prec, p; = 1, ¢, < ¢ | Cimax. The result also applies to arbitrary job sizes,

under the assumption that preemption of jobs is allowed, but migration is not.

Hardness. Hoogeveen, Lenstra and Veltman [HLV94| showed that even the special case
Poo | prec,p; = 1,¢ = 1 | Cpax is NP-hard to approximate to a factor better than 7/6.
For the case with bounded number of machines (the P variant) they show 5/4-hardness.

These two results can be generalized for ¢ > 2 to (1 + 1/(c + 4))-hardness [GKMPO08| and
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(1+ 1/(c+ 3))-hardness [BGK96|, respectively.?

Duplication model. The communication delay problem has also been studied (to a lesser
extent) in a setting where jobs can be duplicated (replicated), i.e., executed on more than
one machine, in order to avoid communication delays. This assumption seems to signifi-
cantly simplify the problem, especially when we are also given an unbounded number of
machines: already in 1990, Papadimitriou and Yannakakis [PY90| gave a rather simple 2-
approximation algorithm for Poo | prec, p;, ¢ji, dup | Crax. Observe that this result holds
even when communication delays are unrelated (they depend on the pair of jobs). The only
non-trivial approximation algorithm for arbitrary ¢ and a bounded number of machines is due
to Lepere and Rapine |[LR02|, who gave an asymptotic O(log ¢/ loglog ¢)-approximation for
P | prec,p; = 1,¢,dup | Cax- On the hardness side, Papadimitriou and Yannakakis [PY90]
showed NP-hardness of Poo | prec, p; = 1, ¢,dup | Cax (using a large delay ¢ = ©(n?/?)).

Many further references can be found in [VLL9I0, GKMPO08, Dro09, GK07, CC91, JKS93,
MH97|.

4.2 Preliminaries

4.2.1 The Sherali-Adams Hierarchy for LPs with Assignment Constraints

In this section, we review the Sherali-Adams hierarchy which provides an automatic strength-
ening of linear relaxations for 0/1 optimization problems. The authorative reference is cer-
tainly Laurent [Lau03], and we adapt the notation from Friggstad et al. [FKK*14|. Consider
a set of variable indices [n] = {1,...,n} and let Uj,...,Uy C [n] be subsets of variable

indices. We consider a polytope

K:{xeRn\szB, Y wi=1Vke[N], 0<z <1 Vie[n]},

€Uy,

?Papadimitriou and Yannakakis [PY90] claim a 2-hardness for Poo | prec,p; = 1,¢ | Cax, but give no
proof. Schuurman and Woeginger [SW99| remark that “it would be nice to have a proof for this claim”.
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which we also write in a more compact form as K = {z € R" | Az > b} with A € R™*"
and b € R™. We note that we included explicitly the “box constraints” 0 < z; < 1 for all
variables 7. Moreover, the constraint matrix contains assignment constraints of the form
ZieUk x; = 1. This is the aspect that is non-standard in our presentation.

The general goal is to obtain a strong relaxation for the integer hull conv(K N {0,1}").
Observe that any point x € conv(K N{0,1}") can be interpreted as a probability distribution
X over points K N {0, 1}". We know that any distribution can be described by the 2™ many
values y; = Pr[\,;.;(X; = 1)] for I C [n] — in fact, the probability of any other event can be
reconstructed using the inclusion-exclusion formula, for example Pr[X; = 1 and X,y = 0] =
Y1y — Yq1,23- While this is an exact approach, it is also an inefficient one. In order to obtain
a polynomial-size LP, we only work with variables y; where |I| < O(1). Hence, for » > 0,

we denote P,([n]) := {5 C [n] | |S| < r} as all the index sets of size at most 7.

Definition 4. Let SA,(K) be the set of vectors y € RP+1(") gatisfying yp = 1 and

Z(—l)‘Hl : <ZAZ,inUHU{i} - bé?/]uH) >0 Ve [m]
i=1

HCJ

for all I, J C [n] with |I| +|J| <.

The parameter r in the definition is usually called the rank or number of rounds of the
Sherali-Adams lift. It might be helpful for the reader to verify that for I = J = (), the
constraint simplifies to ", Ag;ypiy > beyp = by, which implies that (ygy,...,ymy) € K.
Moreover it is instructive to verify that for any feasible integral solution z € K N{0,1}" one

can set y7 := [[,o; z; to obtain a vector y € SA,(K).

Theorem 30 (Properties of Sherali-Adams). Let y € SA,.(K) for some r > 0. Then the
following holds:

(a) For J € P,.([n]) with y; > 0, the vector §j € RPr+1-111(") defined by j; := % satisfies
RS SAT_m(K).

(b) One has 0 <y; <y; <1for JC I and|I| <7+ 1.
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(c) If|J| <r+1andy; € {0,1} Vi € J, then yr = ypg - [Licsny yi for all |I| <7+ 1.

(d) For J C [n| with |J| < r there exists a distribution over vectors § such that (i)
g € SA,_y(K), (i) g; € {0,1} for i € J, (iii) y; = E[g;] for all I C [n] with
|[IUJ| <r+1 (this includes in particular all I € P,y1_15([n])).

(e) For I C [n] with |I| <7 and k € [N] one has yr =, .1, Yrogiy-

(f) Take H C [N] with |H| < r and set J := |J,cp Uy Then there exists a distribution
over vectors § such that (i) y € SA,_ g (K), (i) §; € {0,1} for i € J, (iii) y; = E[¥1]
for all I € Pyy1_jm(([n]).

Proof. For (a)-(d), we refer to the extensive coverage in Laurent [Lau03]. We prove (e) and

(f) which are non-standard and custom-tailored to LPs with assignment constraints:

(e) Fix I C [n] with |I| < r. We apply (d) to obtain a distribution over § with § €
SA,_1(K) so that g; € {0,1} for i € I. Then

lineari - () - - .
Z yrogy = YE [Z yIU{i}] =K [yl ' Z yz] = E[g1] = yr.

€Uy €Uy €Uy

Here we apply (c) for index sets I U {i} where variables in J := I have been made

integral. Note that indeed |/ U (I U {i})| <r+ 1 as required.

(f) By an inductive argument it suffices to consider the case of |H| = 1. Let H = {k}
and set U := Uy, i.e. the constraints for polytope P contain the assignment constraint
Y icy i = 1 and we want to make all variables in U integral while only losing a
single round in the hierarchy. Abbreviate U* := {i € U | yg;3 > 0}. For i € U™, define

y® € RP(") to be the vector with ¢\ := m;% By (a) we know that y®) € SA, ;(K).

(1) _ Y@y
{it 7 vy

Moreover y = 1. Then the assignment constraint of the LP forces that ygz} =0

for i/ € U\ {i}. Now we define a probability distribution over vectors g as follows: for
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i € U", with probability y; we set § := y@. Then (i) and (ii) hold for § as discussed.
Property (iii) follows from

E[yr] = Z vy = Z Yi ylu.{i} - Z Yruay s Zylu{i} g Yr

ieU+t eU+t Y ieU+ €U

0

It is known that Theorem 30.(f) holds in a stronger form for the SDP-based Lasserre
hierarchy. Karlin, Mathieu and Nguyen [KMN11| proved a result that can be paraphrased
as follows: if one has any set J C [n] of variables with the property that there is no LP solution
with more than k ones in J, then one can make all variables of J integral while losing only
k rounds. Interestingly, Karlin, Mathieu and Nguyen prove that this is completely false for
Sherali-Adams. In particular, for a Knapsack instance with unit size items and capacity 2—e¢,
the integrality gap is still 2 — 2¢ after ©.(n) rounds of Sherali-Adams. In a different setting,
Friggstad et al. [FKK™14| realized that given a “tree constraint”, a Sherali-Adams lift can
provide the same guarantees that Rothvoss [Rot11] derived from Lasserre. While Friggstad
et al. did not state their insight in the generality that we need here, our Lemma 30.(e)+(f)

are inspired by their work.

4.2.2  Semimetric Spaces

A semimetric space is a pair (V,d) where V is a finite set (we denote n := |V]) and d :

V xV — Ry is a semimetric, i.e.
o d(u,u)=0foral uel.
e Symmetry: d(u,v) = d(v,u) for all u,v € V.
e Triangle inequality: d(u,v) + d(v,w) > d(u,w) for all u,v,w € V.

Recall that the more common notion is that of a metric, which additionally requires that

d(u,v) > 0foru # v. Foraset U C V we denote the diameter as diam(U) := max, yer d(u, v).



92

Our goal is to find a partition V = VjU. ..UV, such that the diameter of every cluster V; is
bounded by some parameter A. We denote d(w,U) := min{d(w,u) : u € U} as the distance
to the set U. Moreover, for r > 0 and U C V, let N(U,r) := {v € V | d(v,U) < r} be the
distance r-neighborhood of U.

We use a very influential clustering algorithm due to Calinescu, Karloff and Rabani [CKR04|,
which assigns each v € V' to a random cluster center ¢ € V such that d(u,c) < SA. Nodes
assigned to the same cluster center form one block V; in the partition. Formally the algorithm

is as follows:

CKR CLUSTERING ALGORITHM

Input: Semimetric space (V,d) with V = {vy,...,v,}, parameter A > 0

Output: Clustering V = VjU...UV, for some k.

(1) Pick a uniform random 3 € [%, 3]

(2) Pick a random ordering 7: V — {1,...,n}
(3) For each v € V set o(v) := v, so that d(v, vy) < B-A and 7(vy) is minimal
(4)

4) Denote the points v € V with o' (v) # 0 by ¢1,...,¢; € V and return

clusters V; .= o7 Y(¢;) fori=1,... k

Note that the algorithm has two sources of randomness: it picks a random parameter
B, and independently it picks a random ordering 7. Here the ordering is to be understood
such that element v, with 7(vy) = 1 is the “highest priority” element. The original work of
Calinescu, Karloff and Rabani [CKRO04] only provided an upper bound on the probability
that a short edge (u,v) is separated. Mendel and Naor [MNO6] note that the same clustering
& - In( ]‘V]\([S’AA/;')‘)) for all w € V and

0<t< %. Mendel and Naor attribute this to Fakcharoenphol, Rao and Talwar [FRT04]

provides the guarantee of Pr[N(u,t) separated] < 1 — O(

(while Fakcharoenphol, Rao and Talwar[FRT04] do not state it explicitly in this form and
focus on the “local growth ratio” aspect). Instead of the algorithm by Calinescu, Karloff and
Rabani [CKR04], one could also cluster using the techniques of Leighton and Rao [LR99] or
those of Garg, Vazirani and Yannakakis [GVY93].

We state the formal claim in a form that will be convenient for us. The proof will be
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available in the next subsection.

Theorem 31 (Analysis of CKR). Let V = VijU...UV}, be the random partition of the CKR
algorithm. The following holds:

(a) The blocks have diam(V;) < A fori=1,... k.
(b) Let U C V be a subset of points. Then

Adiam(U)

Adiam(U)
A —

Pr[U is separated by clustering] < In (2|N (U, A/2)]) - A

< In(2n)-

In the above, separated means that there is more than one index ¢ with V; N U # ().

4.2.8  The analysis of the CKR clustering

The claim from Theorem 31.(a) is easy to show as

diam(V;) = max d(u,v) < 2maxd(u,¢;) < A
u,veV; UE V] N !
<BA

The tricky part is to show Theorem 31.(b). The following definition and lemma are needed.

Definition 5. Let us say that a node w is a separator for U, if

(A) o(u) = w for at least one u € U
(B) o(u) # w for at least one u € U

Moreover, if the set of separators of U is non-empty, then we call the separator that comes

first in the order 7 the first separator.

Next, we show that nodes that are closer to the set U are the most likely to be the first

separator:

Lemma 32. Let wy, ..., w, be the nodes sorted so that d(w;,U) < ... < d(w,,U). Then

diam(U)

- 4
Pr{w; is the first separator for U] < 7 - =%
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Figure 4.1: Visualization of CKR analysis

Proof. Let Uiy := argmin{d(u,ws) : u € U} and upay := argmax{d(u, ws) : uw € U} be the
closest and furthest point from ws. We claim that in order for wy to be the first separator,

both of the following conditions must hold:

(1) d(ws, Umin) < B+ A < d(ws, Umax)

(ii) The order selects w; as the first node among wy, . . ., ws.

We assume that wg is the first separator, and suppose for the sake of contradiction that

either (i) or (ii) (or both) are not satisfied. We verify the cases:

e Case: BA < d(ws, Unin). Then no point will be assigned to w, and wy is not a separator

at all.

o (Case: BA > d(ws, Umax). As wy is a separator, there are nodes uy, us € U with o(u;) =
ws and o(ug) # ws. Then o(uy) has to come earlier in the order 7 as d(ws, ugy) < SA.

Hence w, is not the first separator.

o (Case: w, is not first among wy, . .., ws with respect to w. By assumption there is an
index 1 < sy < s such that m(ws,) < m(ws). As ws is a separator, there is a uy € U
with o(u1) = ws. Let ug := argmin{d(u, ws,) : uw € U} be the point in the set U that
is closest to ws,. Then d(us, ws,) = d(ws,, U) < d(ws, U) < d(ws,u1) < BA. Hence us
would be assigned to a point of order at most m(wy) < m(w;), and therefore w; is not

the first separator.
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Now we estimate the probability that wg is the first separator. The parameter § and
the permutation are chosen independently, so (i) and (i7) are independent events. Clearly

Pr[(ii)] = . Moreover

Ws, Umin ), A\ Ws, Umax é’ Umin, Umax iam

1%

where we have used the triangle inequality and the notation |[a, b]| = b — a for the length of

an interval. O
Now we can finish the proof of Theorem 31:

Proof of Theorem 31. Asin Lemma 32, let wy, ..., w, be an order of nodes such that d(w,U) <
... < d(w,,U). Note that L :=|N(U,2)| < n is the maximal index with d(w;,U) < 2. If

U is separated, then there has to be a first separator. Therefore, the following holds:

L
Pr[U is separated] < Z Pr|wy is first separator for U]
s=1
Lem32 N1 4diam(U) Adiam(U)
< s A Y0¥ ) i )
= ; s T A SR
——
<In(2L)

Here we use that Pr{w; is first separator for U] = 0 for s > L since a node w;, that has a

distance bigger than % to U will never be a separator. O
4.3 An Approximation for Poo | prec, p; = 1, c—intervals | Cyax

In this section, we provide an approximation algorithm for scheduling n unit-length jobs J
with communication delay ¢ € N on an unbounded number of machines so that precedence
constraints given by a partial order < are satisfied. Instead of working with Poo | prec,p; =
1,¢ | Cuax directly, it will be more convenient to consider a slight variant that we call
Poo | prec, p; = 1, c—intervals | Cyyax. This problem variant has the same input but the time
horizon is partitioned into time intervals of length ¢, say I = [sc, (s + 1)c) for s € Z>o. The

goal is to assign jobs to intervals and machines. We require that if j; < j5 then either j; is
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Figure 4.2: Left: example of an instance of Poo | prec, p; = 1, c—intervals | Cpax with ¢ =4
(where the partial order < is the transitive closure of the depicted digraph). Right: a valid
schedule in 2 intervals.

scheduled in an earlier interval than j, or j; and j5 are scheduled in the same interval on the
same machine. Other than that, there are no further communication delays. The objective
function is to minimize the number of intervals used to process the jobs. In fact we do not
need to decide the order of jobs within intervals as any topological order will work. In a
more mathematical notation, the problem asks to find a partition J = Use{o,...,S—l},ieNJ&i
with |Js;| < ¢ such that S is minimized and for every j; < jo with j; € Js, 4, and jo € Jg, 4,
one has either s; < sy or (s1,41) = (82,42). See Figure 4.2 for an illustration.

It is rather straightforward to give reductions between Poo | prec,p; = 1,¢ | Cpax and
Poo | prec,p; = 1, c—intervals | Ci,ax that only lose a small constant factor in both directions.
The only subtle point to consider here is that when the optimum makespan for Poo | prec, ¢ |

Chax 18 less than ¢, the problem admits a PTAS; we refer to Section 4.4 for details.

4.3.1 The Linear Program

Let m € N be a parameter defining the number of machines that we admit for the LP.
Moreover, let S € N be the number of intervals that we allow for the time horizon. To
obtain an approximation for Poo | prec,p; = 1, c—intervals | Cy.x one can set m := n and
perform a binary search to find the minimal S for which the LP is feasible. But we prefer to

keep the approach general.
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We construct the LP in two steps. First consider the variables

1 if j is scheduled on machine 7 in interval I
Tjis = Vje Jie[m],se{0,...,5-1}

0 otherwise

Let K be the set of fractional solutions to the following linear system

sz] = 1 VjelJ

i€[m] s>0

ZI]'7,'78 < ¢ Vie[m] Vse€{0,...,5 -1}

jed

ngj,i,s <1 VjGJ,iE[m],SG{O,...,S—]_}
So far, K simply assigns jobs (fractionally) to intervals and machines without taking any
precedence constraints into account. Next, we will use a lift z € SA, (K) containing variables
T(j1,i1,51),(jasiz,s0)» Which provide the probability for the event that j; is scheduled in interval

s1 on machine 7; and js is scheduled in interval s; on machine i,. We introduce two more
types of decision variables:
1 j; and js are scheduled on the same machine in the same interval

Yjr,go =
0 otherwise

C; = index of interval where j is processed

Let Q(r) be the set of vectors (z,y, C) that satisfy

Yjr,2 = E E Iyl,z,s ),(j2,4,5)

s€{0,...,S—1} i€[m

Cjz > Cj1+( _yjhjz) Vi1 < Jo
C; > 0 Vjeld

r € SA(K)

The analysis of our algorithm will work for all 7 > 5 while solving the LP takes time n°).

Here we make no attempt at optimizing the constant r. The main technical contribution of

this section is the following rounding result:
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Theorem 33. Consider an instance with unit-length jobs J, a partial order <, and pa-
rameters ¢, S,m € N such that Q(r) is feasible for r := 5. Then there is a randomized
algorithm with expected polynomial running time that finds a schedule for Poo | prec,p; =

1, c—intervals | Chax using at most O(logm -logc) - S intervals.

We would like to emphasize that we require < to be a partial order, which implies that
it is transitive. While replacing any acyclic digraph with its transitive closure does not
change the set of feasible integral schedules and hence can be done in a preprocessing step,
it corresponds to adding constraints to the LP that we rely on in the algorithm and in its
analysis.

We will now discuss some properties that are implied by the Sherali-Adams lift:

Lemma 34. Let (z,y,C) € Q(r) with v > 2. Then for any set J C J of |J| < r — 2 jobs,

there exists a distribution D(.J) over pairs (Z, ) such that

(A) #j5.€{0,1} forall j € J, all i € [m] and s > 0.

(B) G = D0 Doicim] Tinivs * Tnis i [{G1, 42} N J| > 1.

(C) T €K, Gjrjo = Daeqo,...5-1) 2uiem) Lir.ine) (nis) for all ju, ja € J.
(D) E[Zjs] = xjis and E[J;, j,] = Yj.j» for all j, j1, j2, 1, .

Proof. By Theorem 30.(f), there is a distribution over & € SAs(K) which satisfies (A) and
has & € K, E[Zj:s] = ®jis and E[Z(jy,.i1,51),(j2sinss2)) = T(1sin,o1),(jasia,s2), and additionally is
integral on variables involving only jobs from .J, where \j | < r — 2. Here, we crucially use
that every job j € J is part of an assignment constraint Zie[m} Zszo Zj;s = 1, hence making
these variables integral results in the loss of only one round per job. Then, the y-variables

are just linear functions depending on the x-variables, so we can define

Tings = Y D Fris)Gais)

s€{0,...,5—1} ie[m)]

and the claim follows. O
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From the LP solution, we define a semimetric d. Here the intuitive interpretation is that
a small distance d(j;, jo) means that the LP schedules j; and j, mostly on the same machine

and in the same interval.

Lemma 35. Let (z,y,C) € Q(r) be a solution to the LP with r > 5. Then d(j1,j2) :=

1 —wyj, j, Is a semimetric.

Proof. The first two properties from the definition of a semimetric (see Section 4.2.2) are
clearly satisfied. We verify the triangle inequality. Consider three jobs ji,j2, 73 € J. We
apply Lemma 34 with J := {ji, 2, j3} and consider the distribution (%,3) ~ D(J). For
j € J, define Z(j) = (5(4),1(s)) as the random variable that gives the unique pair of indices
such that 7,5, ;) = 1. Then for j', j" € J one has

d(i'.4") = Pr{Z() # 2(") = Pr [(30). 1) # (3("). 1))

Then indeed

d(j1, J3) = Pr[Z(j1) # Z(j3)] < Pr[Z(j1) # Z(j2) V Z(j2) # Z(js)]

< Pr[Z(j1) # Z(j2)] + Pr[Z(j2) # Z(j3)] = d(j1, j2) + d(ja, J3)-

Lemma 36. For every j, € J one has ngeJ Yirjo < C.

Proof. Consider the distribution (#,9) ~ D({ji1}). From Lemma 34.(B) we know that

El¥jga] = Yinge and Ujijo = Dseqo,.5-13 Diepm) Linviss * Tinis- By linearity it suffices to

prove that ngej Uj,.5» < c always. Fix a pair (Z,y). There is a unique pair of indices (i1, $1)

with Z;, ;, 5, = 1. Then

E Yji,jo = E E E Tjiis  Ljgis = E Tjyir,sn < C

jo€J s€{0,...,5—1} j2€J i€[m] g 4 itiy or s£s1 j2€J
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A crucial insight is that for any job j*, few jobs are very close to j* with respect to d.

Lemma 37. Fix j* € J and abbreviate U := {j € J | d(j,j*) < B} for 0 < < 1. Then
Ul < 5.

1-5

Proof. For each j € U we have y; j» =1 —d(j,j*) > 1 — . Combining with the last lemma
we have (1 - B)|U[ <> ;5 <c O

4.3.2  Scheduling a Single Batch of Jobs

We now come to the main building block of our algorithm. We consider a subset J* of jobs

whose LP completion times C; are very close (within a @(@) term of each other) and
show we can schedule half of these jobs in a single length-2¢ interval. The following lemma

is the main technical contribution of the paper.

Lemma 38. Let (z,y,C) € Q(r) withr > 5 and let 0 < § <
C*>0andset J* C{jeJ|C*<(C; <C*+ 4§} Then there is a randomized rounding

m be a parameter. Let

procedure that finds a schedule for a subset J** C J* in a single interval of length at most

2c such that every job j € J* is scheduled with probability at least 1 — 32log(4c) - 6 > 3.

We denote I'(j) as the predecessors of j and I'"(j) as the successors, and similarly
I=/+(J)={jeJ:3 € Jst jecTI/H()} Again, recall that we assume < to be

transitive. The rounding algorithm is the following:

SCHEDULING A SINGLE BATCH
(1) Run a CKR clustering on the semimetric space (J*,d) with parameter

A = % and let Vi, ..., V, be the clusters.
(2) Let V) :={j eV, | IT-(j)nJ* CV;} for ¢ =1,... k.
(3) Schedule V; on one machine for all £ =1,... k.

We now discuss the analysis. First we show that no cluster is more than a constant factor

too large.
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Vi

Va

Figure 4.3: Visualization of the partition V' = VjU...UV} and the induced sets V/ C V.
Here < is the transitive closure of the depicted digraph.

Lemma 39. One has |V)| < 2c¢ for all { =1,... k.

Proof. We know by Theorem 31 that diam(V;) < diam(V;) < A < 3 where the diameter is
with respect to d. Fix a job j* € V. Then we know by Lemma 37 that there are at most 2¢
jobs 7 with d(j,7%) < % and the claim follows. O

Next, we see that the clusters respect the precedence constraints.

Lemma 40. The solution V{, ..., V] is feasible in the sense that jobs on different machines

do not have precedence constraints.

Proof. Consider jobs processed on different machines, say (after reindexing) j; € V{ and
Ja € V3. If j1 < jo then we did not have I'"(j2) C VJ. This contradicts the definition of the
sets V. O

A crucial property that makes the algorithm work is that predecessors of some job j € J*

must be very close in d distance.

Lemma 41. For every ji, jo € J* with j; < js one has d(j;,72) < 4.
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Proof. We know that

” j1eJ* LP JoE€J* .
C" < G <0+ (1 —yj4) <0, < C°+6
——

=d(j1,j2)

and so d(j1,72) <. O
We will use the three statements above together with Theorem 31 to prove Lemma 38.

Proof of Lemma 38. We have already proven that the scheduled blocks have size |V)| < 2¢
and that there are no dependent jobs in different sets of V/,...,V/. To finish the analysis,
we need to prove that a fixed job j* € J* is scheduled with good probability. Consider the
set U = {j*} U (I~ (5*) N J*) of j* and its ancestors in J*.

Since the diameter of U is at most 20 by Lemma 41, we can use Lemma 37 to see that

IN(U,A/2)| < For our choice of A =1/4 and 6 < IN(U,1/8)| < 2¢. From

1- 25 A 64 log(4c

Theorem 31, the cluster is separated with probability at most log(4c) - 8A—6 < % O

To schedule all jobs in J*, we repeat the clustering procedure O(logm) times and simply

schedule the remaining jobs on one machine.

Lemma 42. Let (z,y,C) € Q(r) withr > 5. Let C* > 0 andset J* C{j e J|C* <(C; <
C*+6}. Assume that all jobs in I'~(J*) \ J* have been scheduled respecting precedence con-
straints. Then there is an algorithm with expected polynomial running time that schedules

all jobs in J* using at most O(logm) + | - many intervals.

Proof. Our algorithm in Lemma 38 schedules each j € J* in an interval of length 2¢ with
probability at least 1/2. We run the algorithm for 2logm iterations, where input to it-
eration k£ + 1 is the subset of jobs that are not scheduled in the first k iterations. For
ke {1,2,...,2logm}, let J;* denote the subset of jobs that are scheduled in the k' iter-
ation, and let J;,, = J*\ {Ur_, Jz#}. In this notation, J; := J*. Let S(J;*) denote the
schedule of jobs J;* given by Lemma 38. We schedule S(J;*) first, then for k = 2,...,2logm,
we append the schedule S(J;*) after S(J;*,). Let J' := J3),,,., denote the set of jobs that
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were not scheduled in the 2logm iterations. We schedule all jobs in J’ consecutively on a
single machine after the completion of S(J3},,,,)-

From our construction, the length of a schedule for J*, which is a random variable, is at
most O(logm)+ [%W many intervals. For k € {1,2,...,2logm}, Lemma 38 guarantees that
each job j € J; gets scheduled in the k™ iteration with probability at least 1/2. Therefore,
the probability that j € J', i.e., it does not get scheduled in the first 2logm iterations,

%. By Markov’s inequality Pr[|.J'| > %] <

is at most 5. This implies that E[|.J"]] <
Pr[|J'| > 2-E[|J']]] < 1/2. Hence we can repeat the described procedure until indeed we have
a successful run with |J/| < % which results in the claimed expected polynomial running
time.

Let us now argue that the schedule of J* is feasible. For k € {1,2,...,2logm} and
any two jobs j,7' € S(J;*), Lemma 38 guarantees that precedence and communication
constraints are satisfied. Furthermore, Lemma 38 also ensures that there cannot be jobs 7,
j" such that j € S(J;*), 5/ € S(J;) and j' < j and k' > k. Finally note that every length-2¢

interval can be split into 2 length-c intervals. The claim follows. O

4.3.8  The Complete Algorithm for Poo | prec, p; = 1, c—intervals | Ciyax

Now we have all the pieces to put the rounding algorithm together and prove its correctness.
We partition the jobs into batches, where each batch consists of subset of jobs that have C;

very close to each other in the LP solution. The complete algorithm is given below.

THE COMPLETE ALGORITHM
(1) Solve the LP and let (z,y,C) € Q(r) with r > 5.

(2) For 6 = 6410g4c and k € {0,1,2... 551}, define
Je={jeJ:ik-6<C < (k+1) -6}
(3) FOR k=0TO %1 DO

(4) Schedule the jobs in J; using the algorithm in Subsection 4.3.2.

Now we finish the analysis of the rounding algorithm.
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Proof of Theorem 33. Let us quickly verify that the schedule constructed by our algorithm
is feasible. For jobs j; < jo with j; € Ji, and jo € Ji,, the LP implies that C;, < C}, and so
k1 < ko. If k1 < ko, then j; will be scheduled in an earlier interval than js. If ky = ko = K,
then Lemma 42 guarantees that precedence constraints are satisfied.

It remains to bound the makespan of our algorithm. Lemma 42 guarantees that for
k€{0,1,2... 551}, the jobs in J, are scheduled using at most O(log m)—l—% many intervals.

Then the total number of intervals required by the algorithm is bounded by

S—1
— . - = . . — < . oS,
5 O(logm) + kg x O(logm log c) S+ c O(logm log c) S

Here we use that |J| < .S - cm is implied by the constraints defining K. O

Remark 1. We note that it is possible to reverse-engineer our solution and write a more
compact LP for the problem, enforcing only the necessary constraints such as those given by
Lemmas 35 and 36. We present this compact LP and prove an integrality gap of Q(y/Togn)
for it in Section 4.5. While the compact LP is simpler and could be solved more efficiently,
we feel that the Sherali-Adams hierarchy gives a more principled and intuitive way to tackle

the problem and explain how the LP arises, and hence we choose to present it that way.

4.4 Reductions

We now justify our earlier claim: the special case Poo | prec, p; = 1, c—intervals | Cyyay indeed
captures the full computational difficulty of the more general problem P | prec, ¢ | Cyax. The

main result for this section will be the following reduction:

Theorem 43. Suppose there is a polynomial time algorithm that takes a solution for the
LP Q(r) with parameters m,c,S € N and r > 5 and transforms it into a schedule for
Poo | prec, p; = 1, c—intervals | Cpax using at most «- S intervals. Then there is a polynomial

time O(«)-approximation for P | prec, ¢ | Cpax.

For the reduction we will make use of the very well known list scheduling algorithm by
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Graham |[Gra66b| that can be easily extended to the setting with communication delays.
Here the notation o(j) = ([t,t +p;), ¢) means that the job j is processed in the time interval

[t,t 4+ p;) on machine i € [m].

GRAHAM’S LIST SCHEDULING
(1) Set o(j) :==0forall j € J

(2) FOR t =0 TO oo DO FOR i = 1 TO m DO

(3) Select any job j € J with o(j) = ) where every j’ < j satisfies the
following:
e If j’ is scheduled on machine i then j’ is finished at time < ¢

e If j/ is schedule on machine 7’ # i then ;' finished at time < t—c¢

(4) Set o(j) := ([t,t + pj),4) (if there was such a job)

For example, for the problem P | prec | Ciax, Graham’s algorithm gives a 2-approximation.
The analysis works by proving that there is a chain of jobs covering all time units where not
all machines are busy. Graham’s algorithm does not give a constant factor approximation
for our problem with communication delays, but it will still be useful for our reduction.
Recall that a set of jobs {j1,...,j¢} C J with j, < jo_1 < ... < j; is called a chain. We

denote Q(J) as the set of all chains in J w.r.t. precedence order <.

Lemma 44. Graham’s list scheduling on an instance of P | prec, ¢ | Cpax results in a schedule

with makespan at most - Y jesPi +maxgeon{d jeopi + ¢ (1Q — 1)}

Proof. We will show how to construct the chain ) that makes the inequality hold. Let j;
be the job which finishes last in the schedule produced by Graham’s algorithm and let ¢;
be its start time. Let jo be the predecessor of j; that finishes last. More generally in step
17, we denote j;.1 as the predecessor of j; that finishes last. The construction finishes with
a job j, without predecessors. Now let () be the chain of jobs j, < j,-1 < ... < j;. The
crucial observation is that for any 7 € {1,...,¢—1}, either all machines are busy in the time

interval [t;,,, +pj,., +¢,t;,) or this interval is empty. The reason is that Graham’s algorithm
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time 0 makespan

| — |

Chain e —— e — s — —_—
delayafterchain e —— —_—
guaranteedbusy S .

Figure 4.4: Analysis of Graham’s algorithm with communication delay c.

does not leave unnecessary idle time and would have otherwise processed j; earlier. It is also
true that all m machines are busy in the time interval [0,¢;,). The total amount of work

processed in these busy time intervals is
¢

/-1
L:=m-: <th + Zmax{tji - (C +Pjia + tjiJrl)? 0}) < ij - iji'
i=1

jed i=1

Then any time between 0 and the makespan falls into at least one of the following categories:

(a) the busy time periods described above, (b) the times that a job of the chain @ is processed,

(c) the interval of length ¢ following a job in the chain ). Thus, we see that the makespan
from Graham’s list scheduling is at most

L 1 1
bt p, S+ pte (R =D <= pi+ (1= —) Y p+e- (@ - D).
JjEQ jeJ JEQ
O
It will also be helpful to note that the case of very small optimum makespan can be well

approximated:

Lemma 45. Any instance for P | prec,c | Cyax With optimum objective function value at

most ¢ admits a PTAS.

Proof. Let J be the jobs in the instance and let OPT,, < ¢ be the optimum value. Con-
sider the undirected graph G = (J, E) with {j1,j2} € E < ((j1 < j2) or (ja < 71)). Let
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J = JiU...UJy be the partition of jobs into connected components w.r.t. graph G. We
abbreviate p(J') 1= > jesr Pj- The assumption guarantees that the optimum solution cannot
afford to pay the communication delay and hence there is a length-c¢ schedule that assigns
all jobs of the same connected component to the same machine. If we think of a connected
component J, as an “item” of size p(J;), then for any fixed ¢ > 0 we can use a PTAS for
P || Ciax (i-e. makespan minimization without precedence constraints) to find a partition of
“ttems” as [N] = [,U...Ul,, with 3, ; p(J;) < (1+¢)-OPT,, in polynomial time [HS87b].

Arranging the jobs J,. 1, Je on machine ¢ in any topological order finishes the argument. [

Additionally, it is a standard argument to convert an instance with arbitrary p; to an
instance where all p; < n/e, while only losing a factor of (1 + 2¢) in the approximation. For
Pmax := Max; p;, we simply scale the job lengths and communication delay down by a factor

of sp" then round them to the nearest larger integer. This results in at most a 2¢ fraction

max

of the optimal makespan being rounded up and all job sizes are integral and at most n/e.

Now we can show the main reduction:

Proof of Theorem 43. Consider an instance of P | prec, ¢ | Ciax With pj, ¢ € N. Let J denote
its job set with precedence constraints, and OPT,,(.J) denote its optimal value where m is
the number of available machines. By the previous argument, we may assume that p; < 2n
for all j € J. Moreover, by Lemma 45 we only need to focus on the case where OPT,,(J) > c.
We may guess the optimum value of OPT,,(J) as OPT,,(J) € {1,...,2n%}.

Let J' denote the job set obtained by splitting each job j € .J into a chain of p; unit
sub-jobs j) < ... < j®3) Moreover, precedence constraints in J are preserved in J' as we
set all predecessors of j to be predecessors of (1) and all successors of j to be successors of
§3), see Figure 4.5. We note that OPT,,(.J") < OPT,,(J) as splitting does not increase the
value of the optimum. Let S,,(J') be a schedule achieving the value of OPT,,(J’). Next,
observe that S,,(J’) implies an integral solution for Q(r) with parameters m,c, S where
S := [OPT,,(J)/c] and r := 5. In particular here we use that if jobs j; < j, are scheduled
on different machines by S,,(J'), then their starting times differ by at least ¢ + 1 and hence
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I:l D\j(l) j(pj) I:l
7
>_<I|:| = I:I/,I—>I—>I—>I\|:|

instance J instance J'

[

Figure 4.5: Splitting jobs into chains of unit-length jobs.

they are assigned to different length-c intervals.

Now we execute the assumed a-approximate rounding algorithm and obtain a schedule
Soo.int(J') that uses T' < .S many intervals. We will use this solution Seg jnt(J') to construct a
schedule S (J) for Poo | prec, ¢ | Chuax With job set J by running split sub-jobs consecutively
on the same processor. This will use 47" time intervals in total. Recall that I, denotes the
time interval [sc, (s + 1)c). The rescheduling process is as follows:

For a fixed job j € J, let I,, be the time interval where j() is scheduled in S in:(J").

Then all other sub-jobs of j should be either scheduled in I, or the time intervals after [,.

e Case 1: Some sub-job of j is not scheduled in I;,.
Schedule job j at the beginning of time interval I, 1 on a new machine. If j is a short
job, then it will finish running by the end of the interval. Otherwise j is a long job.
Let I, be the last time interval where a sub-job of j is scheduled in Sy int(J'). Then,
the length satisfies p; < ¢ (s3 — s + 1), which implies that the job finishes by time
c-(4s1+1)+p; <c-(4sy —1).

e Case 2: All sub-jobs of j are scheduled in I, .

Simply schedule job j during time interval Iy, on the same machine as in Soo int(J’).

See Figure 4.6 for a visualization. Then S, (/) is a valid schedule for Poo | prec, ¢ | Chyax,

with makespan < 4c-T. Moreover, Sy (J) satisfies the following:

(a) A short job is fully contained in some interval .

(b) A long job’s start time is at the beginning of some interval I;.
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I, I,
machine 7/
machine ¢
case 2 case 1

. Y A R |

private machine I
machine ¢

1—451 |[431+1| [451+3 1482 [452+3

Figure 4.6: Transformation of the schedule S int(J’) (top) to Suc(J) (bottom), where Soo(J)
is compressed by a factor of 4. Here a “private” machine for a job j means the machine never
processes any job other than j.

For S.(J), define a new job set H. Every long job j becomes an element of H with its
original running time p;. Meanwhile, every set of short jobs that are assigned to the same
machine in one time interval becomes an element of H, with running time equal to the sum
of running times of the short jobs merged. To summarize, a new job h € H corresponds to
aset h C.Jand pp =), )

We define the partial order < on H with h;<hy if and only if there are j; € h; and
J2 € ho with j; < js. One can check that this partial order is well defined. Moreover, by the
fact that jobs assigned to the same interval but different machines do not have precedence
constraints, the length of the longest chain in (H, <) in terms of the number of elements is
bounded by the number of intervals that are used, which is at most 47

Now run Graham’s list scheduling on the new job set H with order < and m ma-
chines. By Lemma 44, the makespan of the list scheduling is bounded by % Y hem Ph T+
maXQGQ(H){ZhEQ prn + ¢+ |Q|}. As the total sum of the processing times does not change
from J to H, we see that %Zherh < OPT,.(J). Moreover, for any chain Q € Q(H),
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ZheQ pr is no greater than the makespan of S, (.J), which is 4¢T'. Finally, as argued earlier,
the chain has |Q| < 47T elements. Above all,

1

- : < OPT,,(J) + 4¢T + 4¢T

mE ph+Qr€n&§I){E ph+C \Q|}_ (J) +4cT + 4c
heH heq

< OPT,,(J) +8a-cS
< OPT,,(J) + 16a - OPT,,(J)
= O(a) - OPT,,(J).

4.5 Integrality Gap for the Compact LP

We consider the following layered expander graph from Maiti et al. [MRS*20]. Let V4,...,V}
be sets of n vertices and for each j € Vi, for k € [L — 1], let j sample d successors from
Vis1 uniformly at random without replacement. We choose n = e¢m/L and ¢ = d*, and
set L = e1y/Iogn, d = 22V8" and m = ¢. We will fix €; and e, as in Maiti et al.; the
constants have several specifications, and we will not enumerate all of them, except that
€5 > bey. Call this instance Z. Note that we have purposefully defined Z so that its partial
order is not closed under transitivity, as it will be notationally convenient later to consider the
successors and predecessors of a node j € Vj, as the nodes 5/ in I'"(j) N Vi1 and T~ (5) NV,

respectively.
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Our compact LP is the following:

Y =1 Ve d

Yirge = Yjegr V1,72 € J
L= <1 =¥+ 1= ¥jngs Vi J2,03€J
> ypi<c  Viheld

jeJ
Cjz > le + (1 - yj17j2) vjl < j2
C; >0 VjelJ

0<y; ;<1 Vi, g edJ

Note the above completely does away with the x variables from LP. We will prove the

following when parameters for the layered expander graph are specified as above:
Lemma 46. The compact LP has value at most 1 (c-interval) on instance Z.

Maiti et al. prove that the number of c-intervals required for an integral solution to

schedule Z is ©(L). Combining this with Lemma 46, we have the following theorem:
Theorem 47. The compact LP has integrality gap at least Q(1/logn).

Before we begin the proof of Lemma 46 we will define some new terms. First let ¢(j) :
J — [L] be the map sending each job to its corresponding layer; so j € Vj if and only if
¢(j) = k. Next we let r(j,7) = min{L, s(j, j')}, where s(j, 7') is the distance between j and
j" in the undirected graph, i.e. the number of edges in the shortest path between j and j’,
when edges of the DAG are made undirected. Note that for j € V;, with j/ € V, NT*(j) and
J" € Vo NTH(4), we have that r(j,5") = r(y,5") =1—1/L and r(j,j") =1 —2/L. The
function r is clearly symmetric. We will show that r satisfies the triangle inequality, since

normally it is not the case that a minimum of two metrics is still a metric.

Lemma 48. Let s(j,j') be the distance between j and j' in the undirected graph. Then
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r(7,7") = min{ L, s(j, j')} satisfies the triangle inequality.

Proof. Fix jobs j,7', 7" € J. Suppose first that r(j,7) = s(j,7’). Since s(j,j") < s(4,7") +
s(j”,4") and s(j,j") < L, it follows that r(j,5") < r(4,5"”) + r(j”,j'). On the other hand
if 7(j,7') = L, the triangle inequality would only be violated if j” was such that L >
s(7,7") + s(j4", 7). However, this inequality implies there is a path from j to j” through j’
that has s(j, j") + s(5”,7) < L edges, which contradicts the definition of r(7, 7). O

Proof of Lemma 46. The set of jobs in instance Z is partitioned into layers Vi, ..., V. For
every job j, let j’s completion time be C; = ¢(j)/L. For jobs j, j', let y; ;y =1 —r(j,5")/L.

Now we check the inequalities of the LP. We begin by seeing that these y values form
a semimetric d(j,j') = 1 —y; . For j € J, y;; =1—0/L =1 so that d(j,j) = 0, and d
is symmetric since r(j,j’) is too. To see that the triangle inequality holds, fix j,j’,j” and

observe that by Lemma 48.

L=y =70,73)/L<r(,j")/L+r(" )/ L=1—=yjm+1—ypm;.

Further, we see that for j, j' with j < j', C; = ¢(j)/L, Cyy = ¢(j")/L, and y; jy = 1 — (¢(j') —
#(7))/L, so that C;y — C; > 1 —y; .

The last inequality to check is that for all j € J, Zj, y; < c. Fix a job j, and recall
a job j" has y; 7 = 1 — {/L exactly when r(j,j’) = ¢. Every job, except those in V7, has d

2

successors, and with probability at least 1 — n~7, every job, except those in Vj, has at most

d + 10y/dlogn predecessors. Therefore, at most 2¢(d + 10/dlogn)¢ jobs j' have r(j, ;") = (.
It follows that

>y < 32+ 10y/dlogn) (1 - £/1)

Iz =1
 2(d+ 10yTogm)(2(d + 10yTTogm)" — 2(d +10yTogmL + L— 1
B (2(d + 10y/dlogn) — 1)L

2L+ (d + 10y/dlogn) Lt
< < 2H(d 4 10y /dlogn)Ft < 2FF12d)E-t < qb =
S Tt ioydlogae =2 @t ogn) T ST <dv =
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where the second to last inequality follows from the fact that d > 104/logn, and the last

inequality follows from the choice of d and L and the fact that e; > 2¢;.

4.6 Minimizing Weighted Sum of Completion Times

To illustrate the generality of our framework we show that it can be extended to handle
different objective functions, in particular we can minimize the weighted sum of completion
times of the jobs. Here we restrict to the simplest case where jobs have unit length and
an unbounded number of machines are available. In the 3-field notation, this problem is
denoted by Poo | prec,p; = 1,c¢| Zj w;C;. The input for this problem is the same as for the
makespan minimization problem except that each job j now has a weight w; > 0.

The goal is to minimize the objective function » ; w;Cj, where Cj is the completion time
of j, which is defined as the time slot in which job j is scheduled.

Note that the LP Q(r) has variables C; that denote the index of the length-c interval
where j is being scheduled. A natural approach would be to interpret c-C} as the completion
time of job j and minimize ) ;w; - ¢- Cj over Q(r). Then the rounding algorithm from
Section 4.3 will indeed schedule each job j so that the completion time is at most (O(logc -
logn)-C;+©(logn))-c. We can observe that if an O(log c¢-logn) approximation is the goal,

then this argument suffices for all jobs j where the LP solution has C; > Q(——) — but it

_1
loge
fails for jobs with 0 < C; < 1.

4.6.1 The linear program

In order to address this case, we first start with a more general LP relaxation compared to the
makespan result which tracks the actual time slot where the jobs are processed, rather than
just the interval. Again, we use the parameter m € N to denote the number of machines
that we allow the LP to use (one can set m := n) and the parameter S € N to denote
the number of intervals that we allow for the time horizon. We abbreviate 7' := S - ¢ as

the number of time slots. Note that 7" < nc always suffices for any non-idling schedule.
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We index time slots as [T'] := {1,...,T} and consider an interval as a discrete set of slots
I, :={cs+1,...,¢(s+ 1)} where s € {0,...,5 —1}.

Recall that in the makespan result z;;, variables indicated if job j got scheduled on
machine ¢ in the interval s. Here, we introduce additional variables of the form z;;, which
indicate if job j is scheduled on machine ¢ at time ¢ € [T]. The variables x;; ; are fully
determined by summing over appropriate variables z;;;, but we retain them for notational
convenience. Further, similar to our makespan result, we impose an interval structure on the
optimal solution and lose an O(1) factor in the approximation ratio.

Let K be the set of fractional solutions to the following LP.

>N g =1 Vjed

1€[m] te[T]

>z <1 Vi€ [m] Vte[T)

Jje€J
DD i 2 ) Z Zji Vi1 = J2 Vt € [T]
t'<t i€[m)] t'<t i€[m
> zis = Tjas v]eJ s € {0,...,5 —1}
tels

ngj,i,t < 1 VJEJ,ZG[W],T,G[T]

Similar to the makespan LP, let Q(r) be the set of feasible solutions (z,y, z,C) to the
following LP:

Minimize E w; - C

jedJ

Yjrge = Z Zx(mvsx(jzms)

s€{0,...,.S—1} i€[m]
Cjz > le + (1 - yj17j2) - C le < j2

Cjo= D> ) zaut Ve

i€[m] te[T)

(x,z) € SA(K )

Note that the C; variables in this LP relaxation denote the actual completion time of
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7 unlike their role in the makespan result, where they were used to indicate the interval in

which j was scheduled. The main technical result for this section is the following:

Theorem 49. Consider an instance for Poo | prec,p; = 1,¢ | Zj w;C; and a solution
(z,y,2,C) € Q(r) with r > 5. Then there is a randomized algorithm with expected polyno-
mial running time that finds a feasible schedule so that (i) E[C:'] < O(logc -logn) - C; and
(ii) C* < O(logc-logn) - C; + O(logn) - ¢ for all j € J, where C* is the completion time of

job j.

We briefly describe how Theorem 49 implies the approximation algorithm promised in

Theorem 29:

Proof of Theorem 29. Note that strictly speaking Q(r) is not actually a relaxation of Poo |
prec,p; = 1,c | Zj w;C;. However one can take an optimum integral schedule and insert
¢ idle time slots every ¢ time units and obtain a feasible solution for Q(r). This increases
the completion time of any job by at most a factor of 2. Then we set r := 5 and m :=n
and solve the LP Q(r) in time polynomial in n. Now consider the randomized schedule from
Theorem 49 with completion times CJA. Then the expected objective function is E[
C# < O(logn -loge) - (X

jeg Wi -

e Wy Cj). Markov’s inequality guarantees that we can find in
expected polynomial time a schedule that satisfies this inequality if we increase the right

hand side by a constant factor. This completes the proof. O

4.6.2  The Rounding Algorithm

Let (x,y, 2, C) be an optimal solution to the LP relaxation Q(r) with » > 5. It remains to
show Theorem 49. We partition the jobs based on their fractional completion times. For
5:64T6g(46)andk‘z(),letJk::{jGJ:k-5§0j<k‘-5}.

We give a separate algorithm for scheduling jobs in Jy within an interval of length at

most O(logn) - c. Now consider the remaining jobs. For k = 1,2, ..., we schedule jobs in the

set J using the algorithm from Section 4.3.3,
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inserting ¢ empty time slots between the schedule of jobs in the set Ji and Ji,q. Let C']A

denote the completion time of job j in our algorithm.
Lemma 50. For k > 1, consider a job j € Ji,. Then deterministically C’jA < O(logn-logc)-Cj.

Proof. The claim follows from repeating the arguments in Lemma 42, so we only give a sketch
here. Fix k and consider scheduling the jobs in the set Ji using the procedure described in
Lemma 42, where we repeat the CKR clustering algorithm for &k = {1,2,...2logn} iterations.
Then the expected number of jobs that did not get scheduled in the first 2logn iterations is
at most |‘i—’§| < 1. Therefore, in expected polynomial time we can find a schedule such that
Cit e [2logn - O(c) - k,2logn - O(c) - (k4 1)]. From the definition of set .J, the fractional

completion time C; of every job j in Jj is at least k - ) in the LP solution. This

¢ _
641og(4c

completes the proof. O

The only new ingredient for the completion time result is scheduling the jobs in the set
Jo. For j € Jy, let t; denote the earliest time instant ¢ at which the job is scheduled to
a fraction of at least 1 — ¢ in the LP solution. Here 0 < ¢ < 1 is a small constant that
we determine later. In scheduling theory this time is also called a-point with @ = 1 — €.

Formally

i=1 t=1

m
£ := min {t’ MDD zau=1- 5} (4.1)

We use the same semimetric d(ji, j2) == 1 — y;,., as in Section 4.3 and schedule jobs in

Jo using the following procedure.
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SCHEDULE FOR J
(1) Run a CKR clustering on the semimetric space (Jy, d) with parameter

A= % and let Vi, ..., V. be the clusters.

(2) Let V/ :={j € Vo | (T=(j)NJo) SV} for £ =1,... k.

(3) For all £ = 1,...,k assign jobs in V} on a single machine and schedule
them in the increasing of order of ¢; values breaking ties in an arbitrary
manner.

(4) Insert a gap of ¢ time slots.

(5) Let Jj C Jy be the set of jobs that did not get scheduled in steps (1) -
(3). Use Lemma 42 to schedule Jj.

Lemma 51. For a job j; € Jy, the probability that j; gets scheduled in step (5) of the

algorithm, i.e., j, € J|, is at most O(logc) - %

Proof. The arguments are a slight refinement of Lemma 38. Consider the set U := {j;} U
('~ (51) N Jy) of ji and its ancestors. If jo < ji, then 0 < Cj, + ¢ - d(jo, /1) < Cj, by the
LP constraints and so d(jo, j1) < % Then the diameter of U with respect to semimetric
d is bounded by 2C;, and hence by Theorem 31.(b) the probability that U is separated is
bounded by In(2|N(U, A/2)|) - 2em@) < O (loge) - <. O

The next lemma follows from repeating the arguments in Lemma 50.

Lemma 52. For a job j € Jy, condition on the event that j € J|. Then, CjA|(j€Jé) <
O(logn) - c.

We can now prove that every cluster V; can be scheduled on one machine so that the

completion time of any job is at most twice the LP completion time.

Lemma 53. For a small enough constant ¢ > 0 (¢ = 1—12 suffices) the following holds: Let

U C J be a set of jobs with diam(U) < e w.r.t. distance d. Define t} as in Eq (4.1) and

schedule the jobs in U in increasing order of t; on one machine and denote the completion
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time of j by C']A. Then, in expectation CJA < 2t7 for every j € U.

Proof. Let us index the jobs in U = {ji,...,jjy|} so that ¢f < ... < t;m Suppose for
the sake of contradiction that there is some job jy with Cﬁv > 2t7 . Abbreviate U :=
{j1,---,jn} and 0* := &5 so that 1 < ¢5 < 0% for j € U*. We observe that |[U*| =

> jeus Pi > 20" Then we have

ZZZZJ”> (1=e)|U7, Zyjm_ (1-)|U"], ZZZJN”>1 €

JeEU* ie[m jeu* 1€[m] t=1

where (A) and (C) are by definition of t; and (B) follows from diam(U*) < diam(U) < e.
Intuitively, this means that we have |U*| > 26* many jobs that the LP schedules almost fully
on slots {1,...,0*} while (B) means that the jobs are almost fully scheduled on the same
machine.

As before, we will use the properties of the Sherali-Adams hierarchy to formally derive a
contradiction. We know by Lemma 343 that there is a distribution (Z, z, J) ~ D(jx) so that
E[Z;is] = %jis, ElZit) = 2ji¢ and E[¥), j,] = ¥j,j, While the variables involving job jx are
integral, i.e. ijNiS, Zinit € {0,1}. Consider the three events

Z ZZzﬂt> (1-3¢)|U"|, Zy”N_ (1-3¢)|U"|, ZZZ]N’Z’t

JjeU* ZE[m] t=1 JjeU* ze[m] t=1
Then by Markov inequality Pr[A’] > 2, Pr[B'] > 2 and Pr[C'] > 1 —¢, and so by the union
bound Pr[A’ A B’ A C'] > 0, assuming ¢ < i. Fix an outcome for (Z,, Z) where the events
A',B',C" happen and let iy € [m],tx € {1,...,6*} be the indices with Z;, ;. ¢y = 1. Then

the interval index with ¢y € I, satisfies Z;, ;,.sy = 1. Hence

(B") LP Fjnin,sy=1
* ~ INVINSN ~
L=3)U" < > Gjgn = > Z Y Egaeris EYTD Fjiwen

jeu* jeU* ie[m] s€{0,...,S—1} jeu

LP * "

< § :E :ZJZN,t_'_E : § :Z]ZNt<9 +35|U‘
jeU* t=1 jEU” t>0°

<6* by LP §3a|U*| by (A’)

3Strictly speaking, Lemma 34 describes the SA properties for LP Q(r), but an absolutely analogous
statement holds for Q(r).
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Rearranging gives |U*| < 1%669*, which is a contradiction for ¢ < 1—12 O

Lemma 54. For a job j € Jy, condition on the event that it got scheduled in the step (3) of
the algorithm. Then, C|;zpm) < O(C)).

Proof. Consider a job j € Jy\ Jj. Then j € V] and by construction, the set V, has

diameter at most A = 1—12 w.r.t. d. Then Lemma 53 guarantees that the completion time is
CjA < 2t where we set ¢ = % Finally note that an e-fraction of j was finished at time ¢}
or later and hence C; = Zie[m] Zte[T} zjit -t > €-t;. Putting everything together we obtain

A2
We have everything to finish the proof of the completion time result.

Proof of Theorem 49. From Lemma 50, for £ > 1 and 5 € Ji, we have deterministically
CJA < O(logn -logc) - Cj. Now consider a job j € Jy. Then,

E[C]] = E[C]( & J)] - Pr]
< 0O(Cj) 4+ O(logec) -

—~

j ¢ Jo)l + EICH|(j € Jy)] - Prl(j € Jp)]

2. O(logn) - ¢ (from Lemmas 51,52, 54)
)

Q

o |

< O(logn -loge) - O(

Q

Finally note that the completion time of a job j € J, is always bounded by C']A < O(logn)-ec.
The claim follows. O

Discussion and Open Problems

We gave a new framework for scheduling jobs with precedence constraints and communication
delays based on metric space clustering. Our results take the first step towards resolving
several important problems in this area. One immediate open question is to understand
whether our approach can yield a constant-factor approximation for P | prec,c | Cpax. A
more challenging problem is to handle non-uniform communication delays in the problem

P | prec, ¢ji, | Cmax, Where cj is the communication delay between jobs j < k.



Chapter 5

Scheduling with Communication delays

on Related Machines

5.1 Introduction

We consider the problem of scheduling jobs with precedence and communication delay
constraints on related machines. This classic model was first introduced by Rayward-
Smith [RS87] and Papadimitriou and Yannakakis [PY90]. In this problem we are given
a set J of n jobs, where each job j has a processing length p; € Z; and a weight w; € Z,.
The jobs need to be scheduled on m related machines, where machine i € [m| has speed
s; € Z4. If a job j with processing length p; is scheduled on the machine ¢, then it requires
p;/s; time units to complete. In addition, we are given a communication delay parameter
¢ € Z>o. The jobs have precedence and communication delay constraints, which are given
by a partial order <. A constraint j < j’ encodes that job j’ can only start after job j is
completed. Moreover, if 7 < j and j, j' are scheduled on different machines, then j’ can
only start executing at least ¢ time units after j had finished. On the other hand, if j and 5’
are scheduled on the same machine, then j’ can start executing immediately after j finishes.
The goal is to schedule jobs non-preemptively so as to minimize a certain objective function.

In a non-preemptive schedule, each job j n%%ds to be assigned to a single machine ¢ and
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executed during a contiguous time interval of length p;/s;.

We focus on two widely studied objective functions: (1) minimizing the weighted sum of
completion times of jobs, and (2) minimizing the makespan. In the standard 3-field notation?,
these problems are denoted by @ | prec, ¢ | > w;C; and Q) | prec, ¢ | Crnax, respectively. In the
presence of precedence and communication delay constraints, the weighted completion time
objective is more general than the makespan, in the sense that one can use an approximation
algorithm for the completion time objective to obtain a comparable result for the makespan.

Our main motivation to study these problems is twofold:

e The problems of scheduling jobs with communication delays are some of the most no-
torious open questions in approximation algorithms and scheduling theory, which have
resisted progress for a long time. For this reason, the well-known survey by Schuurman
and Woeginger [SW99| and its recent update by Bansal [Ban17| list understanding the
approximability of the problems in this model as one of the top-10 open questions in

scheduling theory.

e These problems arise in many real-world applications, especially in the context of
scheduling in data centers. A precedence constraint j < j' typically implies that
the input to j depends on the output of j. Hence, if j and j' are scheduled on
different machines, then the communication delay due to transferring this output to
the other machine often becomes the bottleneck. The problem has received significant
attention in applied data center scheduling literature; see |[CZM*11, GFCT12, HCG12,
SZAT18, ZZC*12, ZCB*15, LYZ" 16| for more details. Another timely example is in the
parallelization of Deep Neural Network training. When DNNs are trained on multiple
clusters, the communication costs incurred for synchronizing the weight updates in

fact dominate the overall execution time [NHP*19]. The resulting device placement

'We again adopt the convention of [GLLKT79, VLL90|, where the respective fields denote: (1) machine
environment: @ for related machines, P for identical machines, (2) job properties: prec for precedence
constraints; ¢ for communication delays of length ¢; p; = 1 for unit length case, (3) objective: Cnax for
minimizing makespan, > w;C; for minimizing weighted sum of completion times.
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problem [MPL*17, GCL18, JZA19, TPD*20| is indeed a variant of scheduling with

communication delays.

Scheduling jobs with precedence and communication delays has been studied extensively
over many years [RS87, PY90, MK97, MHO1, Thu92, HLV94, PY90, GKMPO08|. Yet, very
little was known in terms of the approximation algorithms for problem until the recent work
by Maiti et al. [MRS*20] and us [DKR"20|. Previously, even for the identical machines
case, where all machines have the same speed, the best algorithm for general ¢ achieved an
approximation factor of 2/3-(c+1) [GKMPO08|, which only marginally improves on Graham’s
list scheduling algorithm that obtains a (c+1)-approximation, while requiring the assumption

that p; = 1. Moreover, no results were known for the related machines case.

In a very recent work, we [DKR*20] (included in Chapter 4) designed an O(logm log c)-
approximation algorithm for minimizing makespan in the identical machines case. We
also showed an O(lognlogc)-approximation algorithm for the weighted sum of comple-
tion times objective, in a special case where p;, = 1 and we have an wunlimited number
of machines. In a parallel and independent work, Maiti et al. [MRS*20| developed an
O(log® nlog® mlog ¢/ loglog n)-approximation algorithm for the makespan objective function
on related machines. Interestingly, these two results were obtained using rather different
techniques.

Maiti et al. [MRS™20] obtain a polylogarithmic approximation algorithm for scheduling in
the presence of precedence and communication delay constraints in the job duplication model.
Here, a single job can be scheduled on multiple machines, which is known to effectively “hide”
the communication delay constraints [PY90|. Quite surprisingly, Maiti et al. then show that
one can convert a schedule with duplication to a feasible schedule without duplication, where
every job is processed on a single machine, while increasing the makespan by at most an
O(log® nlogm) factor. To create a strict contrast between our techniques and that of Maiti
et al., we do not consider the duplication setting or any reduction from it. Additionally, the

LP of Maiti et al. does not give rise to a semimetric on the set of jobs, which is a crucial
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part of our scheduling algorithm.

The framework of Maiti et al. extends to the weighted sum of completion times objective,
but it obtains an extra additive term in the approximation that may dominate the factor;
we discuss this further in Section 5.1.2. Moreover, our previous results [DKR*20| (see also
Chapter 4) also do not imply any approximation guarantees for the related machines case.
Specifically, in the presence of communication delay constraints there are no known reduc-
tions between the sum of weighted completion time and makespan objective functions similar
to [CS99].

Finally, in another recent work, Su et al. [SRVW20]| studied the objective of minimizing
makespan and sum of weighted completion times on related machines. They showed that a
Generalized Earliest Time First (GETF) algorithm achieves a makespan of O(log m/ loglogm)-
OPT + C, where C is the total communication delay in the longest chain in the input graph.
They show a similar bound on the schedule produced by GETF for the weighted sum of
completion times objective. However, both of these bounds do not give any multiplicative
approximation guarantees, as the additive terms can be substantially higher than the optimal
solution. The additive terms in above bounds are precisely the reason why the scheduling
with communication delays problem is significantly more challenging than the case when

c=0.

5.1.1 Our Contributions

Let M denote the number of machines types or equivalently speed classes. By standard
arguments we can assume that M = log(Smax/Smin) < O(logm) while only losing a constant
factor in the approximation guarantee, where s,.x and s, denote the fastest and slowest
speeds of machines in the input instance.

The main result of our paper [DKR*21] is the following:

Theorem 55. There is a randomized O(M?-log® n)-approximation algorithm for Q) | prec, ¢ |

> ; w;Cj with expected polynomial running time. When jobs have unit processing lengths,
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Q | prec,c,p; =1 | Zj w;C}, the approximation factor of the algorithm improves to O(M -
log®n).

As M < O(logn), our result gives an O(log" n)-approximation algorithm to the general
problem and an O(log® n)-approximation algorithm for the case with unit processing lengths.
As a byproduct of our result we also obtain an improved approximation for the makespan

objective function.

Theorem 56. There is a randomized O(M - logm - log n)-approximation algorithm for @) |
prec,c | Cnax with expected polynomial running time. When jobs have unit processing
lengths, @) | prec,c,p; = 1 | Cmax, the approximation factor of the algorithm improves to

O(logm -logn).

So our result gives an O(log® n)-approximation algorithm for the problem of minimiz-
ing makespan (and an O(log? n)-approximation algorithm for the case with unit processing
lengths). This improves the O(log® n/loglogn)-approximation algorithm due to Maiti et
al. [MRS*20].

5.1.2  Technical Challenges

Absent the communication delay constraints, one can use an approximation for the makespan
objective to obtain an approximation algorithm for the weighted sum of completion times
objective, with some (negligible) loss in the approximation quality [HSSW97, QS02, Lil7].
Namely, a standard approach is to first solve an LP for the weighted sum of completion times
problem, and then geometrically partition jobs according to completion times in the LP solu-
tion into buckets of the form [2!, 2/71]. Next, use an a-approximation algorithm for makespan
to schedule these jobs in an interval of length O(« - 2'). Finally, concatenate the schedules
of jobs belonging to different partitions. This approach gives an O(«)-approximation for
identical machines, and an extension of this idea to related machines is given by [CS99].

However, this approach fails in the presence of communication delay constraints, even
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for the identical machines case. In particular, the main technical difficulty arises when in
the LP solution a large number of jobs have very small completion times, say O(c/log®n).
We need to schedule these jobs so that no precedence and communication delay constraints
are violated, while at the same time achieving completion times comparable to the LP.
This requires very precise control over job completion times, which cannot be achieved by
the existing algorithms for the makespan. The problem becomes further more complex if
machines have different speeds and jobs have different weights. This is also the main technical
hurdle if one tries to adapt the framework of Maiti et al. [MRS™20]. In fact, [MRS*20] gives
a schedule whose cost can be as large as O <(log5 n/loglogn) - OPT + ¢ - Zj wj>, which only

implies an approximation factor of max{c,log’n/loglogn}.

5.1.83  Our Techniques and Algorithm Quverview

We obtain our results by generalizing the LP hierarchy framework introduced by [DKR*20]?
to handle processors of varying speed and the more general objective of minimizing the
weighted sum of completion times. In this section we outline our main techniques and
explain our innovations compared to [DKR*20|. In particular, as alluded above, the weighted
sum of completion times objective requires a finer control over the time slots where jobs
are scheduled compared to minimizing the makespan. Moreover, allowing different machine
types introduces an assignment aspect to the problem, namely assigning jobs to a machine
type, which is not present in the identical machines case. Tackling these two challenges
simultaneously requires an extended LP as well as more structural insights about the solution

produced by the Sherali-Adams hierarchy compared to [DKR*20].

To keep the notation simple we will use log n instead of the potentially smaller quantities
logm and M. We begin our discussion with the problem Q | prec,p; = 1,¢ | > w;C},
where jobs have unit lengths. We will see later that we can reduce the version with general

processing times to the case p; = 1 while losing a factor of O(logn). A helpful view that

2see also Chapter 4
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already emerged in preceeding work is to partitition the time horizon into intervals of length
c or larger. Then if one can assign each job j; so that any predecessor j, is either executed
on the same machine or in a earlier interval, then inserting a waiting time of ¢ after each
interval will result in a valid schedule while completion times increase by at most a factor of
2.

We start by designing an LP with time-indexed variables x;,;, that specify whether job
J is to be scheduled in time slot ¢ on machine i. To accommodate the different speeds, a
machine in class k has s; slots available per unit time interval. Similar to [DKR*20]| and
Chapter 4, we take the Sherali-Adams lift with a constant number of rounds and use it to
extract variables y;, j,, which tell us whether the jobs are scheduled on the same machine
within an interval of length ¢, as well as variables C;, which denote the LP completion times.
Our main LP rounding result is that we can generate a schedule at random so that the
completion time of every job is at most O(log®n) - C; in expectation.

Using the Sherali-Adams properties one can prove that the function d : J xJ — R5( with
d(j1, j2) == 1—yj, ;, is a semimetric. One important ingredient of our algorithm is a clustering
procedure due to Calinescu, Karloff and Rabani [CKR04| which, for such a semimetric space
(J,d) and a parameter A > 0, finds a random partition J = V;U...UV, into blocks of
diameter at most A such that any set U C J has a probability of at most O(log(n) - %(U))
of being separated. We will use two different lines of arguments for scheduling jobs with very

small LP completion time and for the remaining jobs.

Case I: Scheduling jobs with very small LP completion time. Consider the jobs
Jo={jeJ|0<C; < @(log%n)} whose LP completion time C; is much smaller than
the communication delay. Jobs with tiny C; have to be scheduled in the first interval with
sufficiently high probability, and moreover the position within the first interval has to be
proportional to C; as well. To achieve this, we run the CKR clustering with a rather small
parameter A := @(@) and denote Jy = ViU. ..UV, as the obtained partition. Clustering

with such small diameter parameter allows us to prove structural insights about clusters that
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are new and were not required for the setting of [DKR"20| and Chapter 4. If we consider
a job j € Jy, one can prove that all its predecessors j' < j have a distance of d(j,5') < %
In particular, the probability that j gets separated from any of its ancestors is bounded by
O(log*(n) - %) Let us denote V, C V; as the jobs that are not separated from any ancestor
and let Jj := Jj_, V/ be their union. Note that any set V; could be processed on a single
machine starting at time 0 without the danger of violating any precedence or communication

delay constraints. Consequently, we will schedule the jobs in J| right at the beginning of the

schedule; after all of them are completed, we will schedule the jobs in Jy \ J{.

e Scheduling J|. This is the most delicate part of the algorithm, as for the jobs in .Jj
even the relative order of the jobs within the sets V, has to be decided. Moreover, there
is no obvious bijection between the V/,...,V, and the machines, and we do not have
a uniform upper bound on the size of the sets V,. But we can prove a novel structural
lemma that for each V/ there is a machine type k such that |V]| < O(sgc) and the
LP solution schedules every job j € V/ to an extent of Q(@) on machines of class
k. Then we assign V; to a random machine in that speed class k. Now consider the
situation of one machine i of class k and let J{(7, k) be the union of jobs assigned to

this machine. The order we choose for sequencing the jobs in J|(i, k) is the increasing

order of a-points, which for us is the time when the LP has processed a (1 — @(bén))—
fraction of job j. Again using properties implied by the Sherali-Adams lift combined
with a Chernoff bound we can prove that for every 6, the number of jobs in J{(i, k)
with a-point at most 6 is at most O(log®n) - s; - §. We can then conclude that every

job in Jj is indeed completed by time O(log®n) - C;.

e Scheduling J| := Jy \ J|. As the probability for a job j € Jy to end up in this case
is small enough, it suffices to schedule all the jobs J{ in a time horizon of O(logn) - ¢
without caring about their particular order. In fact, we can simply use the same

procedure that we are about to describe for Case II.

Overall we can see that adding up the contributions from both cases, the expected completion
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time of a job j € Jy will be O(log®(n) - C;) + O(log* n - %) -O(logn - ¢) < O(log*(n) - C;) as

required.

Case II: Scheduling jobs with lower-bounded LP completion time. The main result
to handle this case is that any subset Jr of jobs with LP completion times C; < T for all
j € Jr can be scheduled with makespan O(log?n)-T 4+ O(logn) - ¢. The complete algorithm

c
log%n

can then be easily obtained by running the argument for all 7" > O( ) that are powers

of 2 and concatenating the obtained schedules. We can break the problem further down to

scheduling jobs in a narrow band of the form J* :={j € Jr | C* < C; < C* +O(=)}, i.e.,

logn
jobs that have close LP completion times. Again we run the CKR clustering procedure, but

1

this time with a larger parameter A := ; (which will result in saving a logn factor in the

1
logn

approximation guarantee compared to choosing A = O(=)). Again we denote the random
partition by J* = VU. ..UV, and define V; C V; to be the jobs that were not separated from
any ancestor in J*. Unfortunately in this regime of A = ©(1), the mentioned structural
claim from Case I does not hold anymore. However we can prove a weaker result that for
every block V/ there is a speed class k with |V/| < O(sgc) such that the LP solution schedules
jobs in V/ on average to an extend of Q(@) on class-k machines. Since in Case II, we do
not have to decide an order within the blocks V//, this weaker property will be sufficient.

Repeating the random clustering logn times will schedule all jobs in J*. Finally we use a

load argument to conclude the bound on the makespan of Jr.

Conclusion and reduction to general processing times. Overall this line of arguments
gives an O(log® n)-approximation for Q | prec,p; = 1,¢ | 3. w;C;. Moreover for the problem
Q | prec,p; = 1, ¢ | Chax it suffices to consider instances with optimum value at least ¢ and
hence we can find an O(log? n)-approximation for that setting.

Finally let us outline how to obtain an approximation to Q | prec, ¢ | > w;C; while losing
at most another O(logn) factor. Consider jobs J that now have arbitrary integer processing

times p;. We perform the natural reduction and split each job into a chain of p; many
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unit-length jobs. Then we run the O(log® n)-approximation algorithm for Q | prec,p; = 1, ¢ |
> w;C;. The obtained schedule can be interpreted as a schedule for the original length-p;
jobs that respects precedence constraints and communication delays, but uses preemption
and migration. By standard arguments it suffices to schedule the jobs with completion time
at most 7" so that the makespan is O(logn) - T. We use the information from the migratory
schedule and create a new instance (J, <) where jobs that are scheduled within a length-
¢ timeframe are merged and we have precedence constraints j;<j» whenever a job j; was
finished before j5 in the migratory schedule. We can prove that chains in the new partial
order < contain at most O(%) many jobs. This implies that a small modification of the
SPEED-BASED LIST SCHEDULING by Chudak and Shmoys [CS99| can be used to schedule
(j , <) with makespan O(logn) - T. In particular, the penalty for taking communication
delays into account is bounded by ¢ - (|C| — 1) < O(T), where C' C J is the chain that
defines the bottleneck in the algorithm. That concludes the O(log® n)-approximation for
Q| prec,c | Y w;C;.

5.1.4 Outline

The rest of this chapter is organized as follows. In Section 5.2 we give preliminaries on
hierarchies, semimetric spaces, and a useful version of the Chernoff bound. In Section 5.3 we
discuss our linear program and its properties. In Sections 5.4 and 5.5 we give our algorithm
for the weighted sum of completion times objective in the special case of unit-size jobs.
Then, in Section 5.6, we show how to reduce the general processing time case to the unit-size
case. Together, Sections 5.4-5.6 constitute the proof of Theorem 55. Finally, in Section 5.7
we solve the makespan minimization version while saving one O(logn) factor, thus proving

Theorem 56.
5.2 Preliminaries

Most contents of both subsections are contained in Section 4.2. For conveniece of readers,

we still list them in this section for the sake of self-containing of the whole chapter.
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5.2.1 The Sherali-Adams Hierarchy for LPs with Assignment Constraints

The Sherali-Adams hierarchy systematically strengthens linear programs. Our notation for
the Sherali-Adams hierarchy is adapted from that of Friggstad et al. [FKK*14]. Let [n] =
{1,...,n} be a set of indices of variables and let Uy, ..., Ux C [n] be subsets of them. Given
these subsets of variable indices, we study the polytope
K:{xemnmxzé, Y ai=1Vhe[N], 0<a <1 ‘v’ie[n]}
i€y,
or more compactly K = {z € R" | Az > b} for A € R™*" and b € R™. A non-standard piece

of our definition is that the constraint matrix contains assignment constraints » ., x; = 1.

i€y,

Overall, we want a strong relaxation for the integer hull conv(K N {0,1}"). We motivate
how we can obtain this with a Sherali-Adams lift through a probabilistic lens. The set of
points = € conv(K N{0,1}") can be viewed as a probability distribution X defined by the 2"
values y; = Pr[A\;c,;(X; = 1)] for I C [n]. Note that from the inclusion-exclusion formula we
can, albeit inefficiently, define the probability of any event; for example Pr[X; = 1 and X, =
0] = Y13 — Yq1,23- In order to keep the size of the lifted LP polynomial, we only enforce
constraints such that K N{0,1}" looks locally like a probability distribution, giving rise only

to variables y; for |I| < O(1).

Definition 6. Let SA,(K) be the set of vectors y € RP+1(") gatisfying yp = 1 and
Z(_l)uﬂ : (ZAZ,inUHU{i} - bé?/luH) >0 WVle[m]
HCJ i=1

for all I, J C [n] with |I| +|J| <.

We call the parameter r above the rank or number of rounds of the Sherali-Adams
lift. Observe that one can set I = J = ) to see that (yp},...,ymy) € K and for any
r € KN{0,1}" one can set y; := [[,; #; to obtain a vector y € SA,(K).

More on hierarchies can be found in the work by Laurent [Lau03]. In the properties that
follows, for > 0 we let P,([n]) := {S C [n] | |S| < r} be the set of index sets with size at

most r.
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Theorem 57 (Properties of Sherali-Adams). Let y € SA,.(K) for some r > 0. Then the
following holds:

(a) For J € P.([n]) with y; > 0, the vector § € RPr+1-121(") defined by 7j; := UL satisfies
ﬂ - SAT_M(K).

(b) One has 0 <y; <y; <1for JC I and|I| <71+ 1.
(c) If|J| <r+1andy; € {0,1} Vi € J, then y; = ypy - [Lic;ny ¥ for all |I| <7+ 1.

(d) For J C [n] with |J| < r there exists a distribution over vectors § such that (i)
g € SA_y(K), (i) g; € {0,1} for i € J, (iii) y; = E[g;] for all I C [n] with
I U J| <r+1 (this includes in particular all I € P,41_5([n])).

(e) For I C [n] with |I| <17 and h € [N] one has yr = )., Y1ugiy-

(f) Take H C [N] with |H| < r and set J := |J,,cy Un. Then there exists a distribution
over vectors § such that (i) y € SA,_y(K), (i) §; € {0,1} for i € J, (iii) y; = E[¥i]
for all I € Pry1_jm(([n]).

Proofs of properties (a)-(d) can be found in Laurent [Lau03|, while proof of properties
(e) and (f) can be found in [DKR*20] and Chapter 4. For a Sherali-Adams lift y € SA,.(K),
it will be convenient later to use the notation § ~ D,(H) with |H| < r for the distribution
described in Theorem 57.(f). Often we will omit the vector y if the Sherali-Adams lift
is clear from the context. If we consider indices J C U, for some h € [N] then we can
interpret these as an event £ = “{3i € J : x; = 1}” and the probability of this event is
Prj.p,n[€ holds in §] = Y .., v;. Assuming that the probability of this event is positive,
we can obtain a new Sherali-Adams lift conditioned on that event to happen while losing at
most one round in the rank of the solution. We summarize the properties that we require

later:
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Lemma 58. Let y € SA,(K) for some r > 0. Fix an index h € [N| and fix J C U, with
Y ics Yi > 0. Define 3 € RP- (") with g, := % for I € P.([n]). Then g € SA,_1(K)
ieJ It

and moreover §; < <24 —.
yl - Zie] Yi

Proof. Abbreviate v := ", ;y; > 0 and J; := {i € J | y; > 0}. For i € J; we denote y €
P.([n]) as the vector with yy) = ylzﬂ By Theorem 57.(a) we know that 3@ € SA,_;(K).
Then ¥ is a convex combination of the vectors ¥ as one can see from f; = Y ic . % : yy).

By convexity of SA,_1(K), this implies that y € SA,_1(K). The moreover part follows from
Y oics Yiogy < Zieyh Yrugiy = Y1, using Theorem 57.(e). O
Suppose that § € SA,_1(K) is the vector obtained by conditioning on the event & =

“{di € J : x; = 1} according to Lemma 58 with J C U,,. Then we will also abbreviate the

distribution Dy(h’) more conveniently as the conditional distribution D, (k' | £).

5.2.2  Semuimetric Spaces

A metric space is a pair (V, d) where V is a finite set (we denote n := |V|) and d : VXV — R

is a metric, i.e.,
(I) d(u,v) >0« (u#wv) for all u,v € V.
(II) Symmetry: d(u,v) = d(v,u) for all u,v € V.
(ITI) Triangle inequality: d(u,v) + d(v,w) > d(u,w) for all u,v,w € V.

Throughout this chapter we will be working with a slight generalization of a semi-metric
d where (I) is replaced by the weaker condition d(u,u) = 0 (meaning that it is possible
that d(u,v) = 0 for u # v). For a set U C V we denote the diameter as diam(U) :=
max, e d(u,v). Our goal is to find a random partition V = VjU...UV, such that the
diameter of every cluster V; is bounded by some parameter A. We say that a set U is
separated by such a clustering if there is more than one index ¢ with V; N U # (). Moreover,

we denote d(w, U) := min{d(w,u) : u € U} as the distance to the set U.
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We use the very influential clustering algorithm due to Calinescu, Karloff and Rabani [CKR04],
which assigns each node v € V' to a random cluster center ¢ € V' such that d(u,c) < BA, for
a random parameter 3. Nodes assigned to the same cluster center form one block V; in the

partition.

CKR CLUSTERING ALGORITHM

Input: Semimetric space (V,d) with V' = {vy,...,v,}, parameter A > 0.
Output: Clustering V = VjU. ..UV for some gq.

(1) Pick a uniform random 3 € [, 1].

(2) Pick a random ordering 7 : V — {1,...,n} .

(3) For each v € V set o(v) := v, so that d(v,v,) < - A and 7(vy) is
minimal.

(4) Denote the points v € V with o=!(v) # 0 by ¢1,...,¢, € V and return

clusters V; .= o7 !(¢;) fori=1,...,q.

A key trick for the analysis are the two sources of randomness: the algorithm picks a
random parameter [, and independently selects a random ordering 7. Here the ordering is
to be understood so that element v, with 7(vy) = 1 is the “highest priority” element.

The original work of Calinescu, Karloff and Rabani [CKR04] only provided an upper

bound on the probability that an edge (u, v) is separated. Mendel and Naor [MNO6]| note that

[N (u,0)]
[N (u,A/8)] )

foralluEVandO§t<%. Here, forr > 0and U CV, N(U,r) :=={v eV |d(v,U) <r}

the same clustering provides the guarantee of Pr[N(u, t) separated] < 1—O(% -In(

denotes the distance r-neighborhood of U. Mendel and Naor attribute this to Fakcharoenphol,
Rao and Talwar [FRT04| (while Fakcharoenphol, Rao and Talwar [FRT04| do not state it
explicitly in this form and focus on the “local growth ratio” aspect).

We state the formal claim in a form that will be convenient for us. For a self-contained

proof see for example Section 4.2.3.

Theorem 59 (Analysis of CKR). Let V' = ViU. ..UV, be the random partition of the CKR
algorithm. The following holds:
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(a) The blocks have diam(V;) < A fori=1,...,q.
(b) Let U CV be a subset of points. Then

Adiam(U)

Addiam(U)
A :

Pr[U is separated by clustering] < In (Q}N(U, A/Q) D . A

< In(2n)-

It should be pointed out that it was not absolutely necessary to use the algorithm by
Calinescu, Karloff and Rabani [CKR04]. One could have extracted a suitable clustering
also using the region growing technique, see Leighton and Rao [LR99| or Garg, Vazirani and

Yannakakis [GVY93|.

5.2.8 Concentration

We will also make use of the following version of the Chernoff bound. See for example the

textbook of Dubhashi and Panconesi [DP09].

Lemma 60. There is a universal constant C' > 0 such that the following holds. Let X :=
Xi + ...+ X, be a sum of independent random variables with 0 < X, < « for all { € [n]

and E[X]| < « for some o« > 0. Then for any N > 4 one has Pr[X > C’lolg‘;’igN ca <

==

5.3 The Linear Program and Its Properties

Let J be a set of |J| = n jobs, each with a processing time p; = 1 and a weight w; > 0. Let
{1,...,m} be the indices of the available machines where we assume to have m; machines of
speed s € N. We let M be the number of different machine types, also referred to as speed
classes. By the standard argument of geometrically grouping machines with speeds within
a constant factor of each other [Lil7, MRS*20], we can assume that M < O(log(%=)) <
O(logm) while we lose a constant factor in the approximation. The goal is to find a schedule
such that jobs j; < jo are either scheduled on the same machine (with j; finishing before jo
is started) or they are scheduled on different machines and j, starts at least ¢ time units after
j1 is finished. By a slight abuse of notation we denote [my] as the indices of the machines of

speed sj.
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slots Iy,
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speed-s;,
machine
speed- s
machine
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0 Iy c E lc I, ({+1)c --- I Le
Figure 5.1: Slots for different machine types.
5.83.1 The Linear Program
It will be convenient to partition the time horizon into intervals Iy, I, ..., 1,1 of ¢ time

units each. As machines have different speeds and hence can handle different numbers of
jobs per interval, we abbreviate the discrete set of time slots that a speed-s; machine has in
Ipas Iy == {0 -c+ i :t=1,...,skc}. We note that indeed |Iy x| = sgc. Moreover we set
L= Ufz_ol Iy, as all time slots where a speed-s; machine can schedule jobs.

We construct the LP in two steps. First consider the variables

1 if j is scheduled on machine 7 in time slot t € I, ,
Lyt =
0 otherwise

forall j € J, k€ [M], i € [my], and t € I.;. Let K be the set of fractional solutions to the
following linear system:

Z Z Tiit = 1 \V/] eJ

kE[M],ie[mk} tel*yk
> wje <1 Vk€[M] Vi€ [my] VEE Ly,
j€J
0<w; < 1 VjeJVke[M]| Vie[mVtel,
We note that the assignment constraints are the set of equations Zke[M} icma) Ztel* Tt =

1 for every 5 € J.
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Next, we will use a lift # € SA,.(K), which contains in particular the variables z(;, , 1), (jo,is t2)
that provide the probability for the event that j; is scheduled at time ¢; on machine ¢; and

Jjo is scheduled at time ¢ on machine i5. We introduce more types of decision variables:

4

1 71 and jo are scheduled on the same machine of type k in the same interval,
Yjrgz.k
0 otherwise,
\
(
1 71 and jo are scheduled on the same machine in the same interval,
Yi1,j2
0 otherwise,
\
C; = completion time of job j.

The LP relaxation is then as follows:

Minimize ij -C;  (LP)

jedJ

Yjvgek = Z Z Z Z T(jr i) Gasists)  VJ1,J2 € J VE € [M]

£€{0,...,.L—1} i€[my] t1€lp 1 ta€lp
Yjrga = Zyjl,jz,k Vii,52 € J
k
Cjz > le + (1 - yj17j2) - C Vj1 < j2

Cj = Z Z Tjit -1 \V/] eJ

ke[M],i€[my] t€ls i

r € SA(K)

Following the discussion in Section 5.2.1, we know that for every job j, there is a distri-
bution that we denote as (Z,y) ~ D(j*) such that E[Z;,:] = z;;: and E[7}, j,] = ¥j,.5, With
T € SA,_1(K) where job j* is integrally assigned and (Z, 7) satisfies the first two constraints
in (LP). This is immediate for the z-part as x € SA,(K), and follows for the y-variables
as these linear in the x-variables. If £ is an event, then we write (z,9) ~ D(5* | £) as the
conditional distribution (conditioning on the event £ occurring), see again Section 5.2.1 for

details.
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5.83.2  Properties of the LP

We will now discuss some properties that are implied by the Sherali-Adams lift. The proper-
ties proved in this section, which we use crucially in our rounding algorithms, are the main

technical contributions of the paper.

Lemma 61. Let (z,y,C) be a solution to (LP) with r > 5. Then d(j1,j2) =1 —yj, 4, Is a

semimetric.

Proof. The first two properties from the definition of a semimetric are clearly satisfied. We
verify the triangle inequality. Consider three jobs ji, ja, js € J. We set J := {j1, j2, j3} and
consider the distribution (z, ) ~ D(J). For j € J, define Z(j) = (3(j),i(s)) as the random
variable that gives the unique pair of indices such that 7;; ;) 5,y = 1. Then for j', j" € J one

has

d(j',j") = PrlZ(j') # 2(j")] = Pr [(5(7).i(i") # (5("),1("))]

Then indeed

d(j1, J3) = Pr[Z(j1) # Z(j3)] < Pr[Z(j1) # Z(j2) V Z(j2) # Z(js)]

< Pr[Z(j1) # Z(j2)] + Pr[Z(j2) # Z(j3)] = d(j1, j2) + d(j2, J3)-

O

This property was proven in [DKR™20| and Section 4.3.1 for a special case of s, = 1
and is not hard to extend to our more general LP. From now on, the symbol d as well as
the quantity diam(-) will always refer to this particular semimetric. For the special case of
sk = 1 for all k, one can also find a proof in [DKR*20] and Section 4.3.1 that any set U C J
with diam(U) < 1 has size |U| < 2c. While this is obviously false for arbitrary speeds sy, we

can prove a similar claim:

Lemma 62. For k € [M] and j; € J one has ngEJ Yy ok < S C- Zie[mk] DT < Spec
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Proof. The second inequality is trivial as > }Zt xj,i¢ < 1, so we only justify the first

i€lmy,
inequality. As we are proving a linear inequality, it suffices to show this for a fixed outcome
(Z,7) ~ D(j1) where job j; is assigned integrally. If in (Z, ) the job j; is not assigned to a
machine in [my], then both sides are 0. So suppose that j; is assigned to a machine i; € [my]
and to interval ¢;. Then indeed

E Yjn ok = E E Ljo it < SKC = SpC E E Tj it -
} t

Jo€J Jo€J telgl’k ie[mk

=1

O

Lemmas 63 and 64 are key technical insights behind the algorithms for the related ma-
chines setting. They say that if one considers a set of jobs which are close to each other
with respect to d, then there exists a type k* such that we can schedule all the jobs in an
interval of length O(c) on a single machine of type k*. Moreover, the LP also schedules
a good fraction of these jobs on the same machine type. These lemmas are important in

assigning jobs to machine types in our algorithms.

Lemma 63. Let U C J be a non-empty subset of jobs with diam(U) <
a k* € [M] such that

i. Then there exists

(i) |U] < O(1) - sg= - ¢, and
(jj) ZjeU Zie[mk*] Zt Tt = Q(ﬁ) ) ‘U‘
Proof. Let us sort the speed classes [M] so that sy > ... > s) and abbreviate z;; :=

Zie[mk] > . x;i+ as the fraction of job j scheduled on class k. Moreover let p, = ZJ.GU Zjk
be the load of cluster U on class k. We fix an arbitrary job j* € U. Let kpedian € [M] be

the median speed class for job j*, meaning that >, .,z ) > 1 and D kshg 2k 2 3
We split the remaining proof into two separate claims.

Claim I. One has |U| <4 -5, .. -c.

Proof of Claim I. First we observe that for every j € U we have Zkamedian Yjrik >
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1 —d(j%,j) > 1. We use this to estimate
|U| Lem 62

e < Z Zyj*,jvk = Z skCZ ij bt

k>kmedian JEU k>kmedian S mk

S medlan E : : : : :I] )it —skmedlan

k>kmedian ZE[mk] t

<1
Rearranging gives |U| < 4s;,__,. ¢ as claimed. O
Claim II. There is a class k* € {1, ..., kmedian} where pg= > %,

Proof of Claim II. For any job j € U we have >, ., 2jx > (D ey 2pok)—d(4,5%) >
. Hence ), <k Pr > %. Then at least one index k* € {1,. .., kmedian } Will have

O

1
2

median

— »J>|>—‘

U
4

Ve
|

RS
S

k.*

While the above lemma is enough to obtain our approximation algorithm for makespan on
related machines, for the weighted completion time objective we need the following strength-
ening: if one considers a set of jobs which are very close to each other, then there exists
a type k* such that we can schedule all the jobs in an interval of length O(c) on a single
machine of type k*. Moreover, the LP solution also schedules at least Q(1/M) fraction of
every one of these jobs on the same machine type. Recall that Lemma 63 only satisfied this

condition on average.

Lemma 64. Let U C J be a non-empty set with diam(U) < ﬁ and abbreviate z;j, =
Zie[mk] Zt Zj;¢. Then

() |zj, ke — 2joe| < diam(U) < gi7 for all j1,jo € U and k € [M].
Moreover there are indices w(U) C [M| such that

(i) zjx > 17 forall j € U and k € w(U)

(i) D pen@ymin{zjr : j €U} 2 3

(iv) [U| < 2-sp-cforall k€ n(U).
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Proof. We prove the points in order.

(i) Actually we claim the stronger property of |z;, x — 2,k < d(j1,j2). Sample a distri-
bution (Z,y) ~ D(j1,j2) and let o(j1) € [m] be the random variable that denotes the

machine index with ), &, »(j,) = 1 (similarly we define o(j,)). Then we can see that
|2j0k = 2okl = [ Prio () € [mil] = Prio(ja) € [mill] < [Prlo(G1) # o(G2)l] < d(Gr, j2)-

Now we fix any job j* € U and set w(U) := {k € [M] : zj=), > 737 }. Then we continue the
proof:
(ii) By (i) we know that for each j € U and k € 7(U) we have 25 > zj-p — =7 > =

8M = 4M"

(iii) We have

Z min{z;,:j € U} > Z <zj*’k B SLM)

ken(U) ken(U)
1 1
> Y wa Dy —gplrUl=3
ke[M] REMN\T(U) <1 /(4nr) =M
=1
(iv) Fix a machine type k € m(U) and consider the event & := “} ;11> Tjeie = 1"

(meaning the event that j* is assigned to a machine in class k). Note that Pr g+ (€] =
zjx = 7r7- Now, let (z,7) be the Sherali-Adams lift (see Lemma 58) conditioned

on the event &. Then trivially >, ., 1> T, = 1. As we have conditioned on

1

an event with probability 2z, > 437,

the chance of other events cannot increase by
more than a factor of 4M (see again Lemma 58). In particular for j € U we have
1— gy <AM - (1—yje ) =4M - d(5*,j) < 5. As gj=jw =0 for all K’ # k and j € U
we can conclude that ;- > % for all j € U. Finally by Lemma 62 we know that

Z]EJ Ui+ ik < sgc which then gives |U| < 2syc.
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O

As it is always the case when using the Sherali-Adams hierarchy in the context of approx-
imation algorithms, it is a valid question how much of the power of the hierarchy is really
needed. Some properties such as the triangle inequality from Lemma 61 or the constraints
from Lemma 62 could be enforced by simply adding them to the original LP. However at
various places such as Lemmas 64, 67 and 68 our analysis makes heavily use of the local
consistency provided by the hierarchy. It remains open whether there is a more efficient

linear program, say only with the original variables x; ; ., y;, j,, C; that suffices.
5.4 The Rounding Algorithm for Q | prec,p; = 1,¢| > w,;C;

In this section, we describe the rounding algorithm which proves our main technical result,
Theorem 65. We let C']A denote the algorithm’s completion time of job j. We denote I' ()

as the predecessors of j and I'*(j) as the successors, and similarly I ~/*(J') = {j € J : 3}’ €
J' st j €T/}

Theorem 65. There is a polynomial-time randomized algorithm that, given a solution

z,y,C) to (LP) for r > 5, produces a schedule with completion times {C?}..; such that
(z,y . D p e
E[C{] < O(M -log®n) - C; < O(log® n) - C;.

Before we describe our rounding algorithm, we set up some notation. Let (x,y,C) be

an optimal solution to the LP with » > 5. We partition the jobs based on their fractional

completion times in the LP solution. For any constant a > 128 set § = m Consider
Jo={j:C;<d-c} (5.1)
and for v > 1 define
Jy={j:27"0-¢<C; <27 5-¢} (5.2)

Our rounding algorithm has the following steps:
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e Schedule Jj via the first batch scheduling algorithm given in Section 5.4.1

e Forvy=1,2,..., schedule J, via the intermediate scheduling algorithm given in Section

5.4.2.

e Concatenate the schedules of Jy, Ji, Jo, . . ..

We show that the expected completion time of every job in the above schedule satisfies

Theorem 65. We need the following scheduling subroutine for the rounding steps above.

Theorem 66. Let (x,y,C) be a solution to the LP with r > 5 and let T* € N. For some
subset J' C J, suppose in the LP solution completion time C; < T* for every job j € J'.
Then there is a randomized polynomial time algorithm that schedules all jobs such that

CA < O(logm -logn - T*) + O(logm - ¢) for every job j € J'.

Note that the above theorem immediately implies our result for the makespan minimiza-

tion problem on related machines. We prove this theorem in Section 5.5.

5.4.1 First Batch Scheduling

Here we give an algorithm for scheduling jobs in Jy. We define the a-point of job j as the

earliest time ¢7 when the LP solution has completed an a-fraction of j. Formally,

£ := min {t’ MDY > a} : (5.3)
i=1 t<t/

For < 1/4M, consider any subset U C J with diam(U) < /. Let w(U) C [M] denote

the indices of machine types that satisfy the conditions of Lemma 64. We use the same

semimetric d(ji, j2) := 1 — y;, ;, and schedule jobs in J, using the following algorithm.
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FIRST BATCH SCHEDULING
(1) Run a CKR clustering on the semimetric space (Jy,d) with parameter

A= m and let V1,...,V, be the clusters.

(2) Let V) :={j e Vi | T~ (j)NJy) CVi} for ¢ =1,...,q, and J| := U]_, V.
(3) FOR ¢=1TO ¢ DO

(4) Sample a machine type k* from the set m(V}) with probability
min{z;«:j€V)}
Zkeﬂ(vé) min{z;x:j€V/}

(5) Assign V; to a machine i € [my+] with probability #

(6) For a machine i € [my] of type k, let J{(i, k) denote the set of jobs
assigned to machine .

(7) For all k and for all i € [my], schedule J{(i, k) in the increasing order of
their a-points for o = (1 — 15557) as defined in Eq. (5.3).

(8) Insert a gap of ¢ time slots.

(9) Let Ji := Jy \ J| be the set of jobs that did not get scheduled in steps
(1) - (5). Use Theorem 66 to schedule JJ.

We now argue that expected completion time of a job j in above algorithm is comparable
to its LP cost. First we focus on bounding the completion time of jobs in Jj. We need the

following crucial lemma.

Lemma 67. Let U C J be a set of jobs with diam(U) < 507
job j € U, define t; as in Eq (5.3). For 6 > 0, consider the set of jobs U* := {j € U : t; < 0}

w.r.t. distance d. For every

with a-point less than 6. Then |U*| <2 - sp« - 0 for any k* € n(U).

The lemma formalizes the intuition that as the jobs in U* are very close to each other, it
must be the case that the LP schedules all of them on the same machine. As a good fraction
of each of these jobs are scheduled in the interval of length 6 there cannot be too many of

them.

Proof. We prove the lemma by contradiction. Consider a set U* that violates the conditions
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in the lemma and fix a job j* € U*. Let k* € w(U). Then we have

* 1 *
ZZZ J”<100M U], Zyﬂ —( 1OOM>‘U"

JEU* ic[m] t>0 jeu

DD PEITE.

where (A) follows from the definition of a-point of jobs, (C) follows from } ;.. S ey >
1/4M — 1/100M > 1/5M, and (B) follows from diam(U*) < diam(U) < ;- Now
we appeal to the properties of the Sherali-Adams hierarchy. Consider the event & :=
"D icimpe] 2ot<o Tivit = 17 and note that from (C') we know that the probability of the
event & is at least ;. Now let (Z,7) be the Sherali-Adams lift with z € SA,_1(K) condi-

tioned on this event, see Lemma 58 for details. In particular one has Zie[mk*} D oico Tjrin =1,

meaning that the LP solution (Z, ) schedules j* fully on machines of class k* and until time

6.

As we have conditioned on an event of probability at least the probabilities of other

57
events cannot increase by more than a factor of 5M (see the “moreover” part in Lemma 58).
In particular for j € U we have 1 — g+ ; < 5M - (1 — y;+ ;) = 5M - d(j*, j) § & Similarly,
2 jer 2aieim) 2150 Tt < SM-(Xjepe D) 2im0 Tian) < SM- worr U] < | - Therefore

we have

A/ Z Z ZIJ”—M (B/)Zy” —10 -|U7, Cl Z ny it =1L

JEU* i€[my«] t>0 jeux 1€[my«] t<0
Then by Markov’s inequality there exists an outcome (Z,7) ~ Dy(7*) where the job j* is
integrally assigned and

) 3% Z%n< |0 B gy > \U* ) 3 Y a=1

JEU* i€[my«] t>0 JeU* i1€[myx] t<0

We fix that outcome and let i* € [my«],t* € {1,...,6} be the indices with Z;« 4 = 1. Let
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¢* be the interval index such that ¢t* € Iy« 3. Then

1"

4 (B")
3'|U*| = Zgjvj*L:PZ Z Z Z Z Z T (j,i,t1), (5% ito)

jeU* JjeU* ZE{O,...,L—I} k ZE[mk] tlEIe’k t26[gyk
< DD Faa=) > Fjeat ) > e

JEU* te€lp 1 JEU* telpe u:t<0 JEU* telpn o :t>0

- -
. 1 *
Sspx-0 by LP <#:|U*| by (A”)
1%
S Sk* * 9 —|—
)
Rearranging gives |U*| < g - Sg+ - 0%, which is a contradiction. O

Lemma 68. Let 6 > 0 and i be any machine of type k. Then with high probability 1—1/n1%

it holds that

. . logn
/ < < 5 . .
{5 € Joli, k) 15 < O} < O(loglogn ok 9)

Proof. Fix 0* > 0 and any machine * of type k. Consider any outcome of the clustering
itself. The randomness needed for the lemma is only over the assignment in step (3)-(5) of
the algorithm. We define the following random variables. Let

¥ {7 eV, t; <07} if V] is assigned to machine i* of type k by our algorithm,
é =

0 otherwise
and abbreviate X = Y7 X,. Note the random variables X, ..., X, are independent and

X =|{j € Jo(i*, k) : t; < 0*}|. From Lemma 67 we know that X, < 2s; - 0* for all /.

Next, we estimate E[X]. Recall that the algorithm uses the indices 7(V}) C [M] from

1

1 s sl /
7 and |z — 2y x| < g7 Whenever j, 5" € V/

Lemma 64 which in particular satisfy z;; >
with k& € (V). Abbreviate
min{z;, : j € V/} if ke n(V))

ek =
0 otherwise.

Recall that for every ¢ we have ZkE[M} fer > 1/2. We prove two technical claims that we

need for our analysis:
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Claim I. For any ¢ and k and j € V) one has o < 22;.

Proof of Claim. If k ¢ 7(V)) then the left hand side is 0, so suppose k € 7m(V}). Then
prer = min{zy g, 5 € V/} < zjp + 57 < 225 O
Claim II. For j € V] with t; < 0" and k € ©(V}) one has zjk <23 e Ztel*k.t@* Tjit-
Proof of Claim II. Since k£ € 7(V}) we know that 2, > —~. We consider the distribution
(Z,7) ~ D(j) and denote 7 and ¢ as the random indices so that xmg = 1. Then Prfi €
[me]] = 2 and Prft > 6] = 37, o0 Dicims] Doter, ptso Tiit < T5e57 by the definition of
a-points and the assumption ¢; < 6. Then

Z Z xj = Pr [2 € [my] and t < 9*}

i€[my] te€l, p:t<0*

> Pr[ie[my]] —Pr[t> 0]
> 1 > L U
= T 006 < 27t
Now we can bound the expectation of our random variable as
1
X = — Pr |V, assigned to class k| - [{j € V, : t1 < 0"
E[X] mkz_: r[zasmgne o class } I{j 7t < H

1 &~ e ‘ P
_ m—kz—z eVt <o)

ke

S D DD DI

k. ken(Vy) jeV) <0~
Claim IT

< Z Z Z Z Ljit

k. kem(V)) jeV]it; <0~ i€[my] tel, :t<0*

< —Z Z Z%m<8 {t € Lg:t <07} <8sp- 0"
Ze[mk] tel, :t<0* jeJ
—
<1by (LP)

Here we also have used that ) weim] ek > % As X is sum of independent random variables
X, each of which is bounded by O(sy - 8*), we apply the Chernoff bound from Lemma 60

and obtain that Pr[X > C"- lolglgogn - s10%] < 1/n' for some constant C” > 0. To complete

the lemma, we simply do a union bound over all possible values of #* and ¢. The number
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of machines is m < n and the number of relevant 6*’s in the time horizon is bounded by

Lemma 69. For every job j € J|, with high probability, the completion time of j in our
schedule CjA < O(M - logn C;).

loglogn

Proof. Fix a job j* € Jj, and suppose job j* is scheduled on machine i of type k in our

logn
loglogn

the completion time is C72 < O(lolgoign -t5.). Note that in the LP solution at least an -

schedule. From Lemma 68, there are at most O( -8),+t5.) jobs whose 5 < t%.. Therefore,

IOéM '
we conclude C# < O( logn_ 4+ ) < O(M - 222 C)). O

loglogn 7J ) loglogn

fraction of j* was scheduled at or after ¢;.. Hence, C; > t7.. Putting things together

Now we focus on bounding the completion time of jobs in J{.
Lemma 70. For every job j € J{/, the completion time of j in our schedule CjA < O(logn-c).

Proof. From the definition of set Jy, for all j € JJ the completion time C; < ¢- ¢ in the LP
solution. This implies that at least a 1/2-fraction of every job j € JJ is scheduled in the
interval [0, 2c- d] in the LP solution. We take the LP solution restricted to J{ in the interval
[0, ¢ - d], and invoke Theorem 66 to construct a schedule of jobs Jj. Theorem 66 guarantees
that every job j € J{ is scheduled in an interval of length at most 2¢- ¢ - (logm - logn +
M?) + O(logm - ¢) = O(logm - ¢) from our choice of §. To complete the proof, it remains to
account for the increase in completion time caused by jobs in J as our algorithm schedules
J{ after scheduling jobs in Jj. However, from Lemma 69 every job in J| has completion time

at most O(logn - ¢). Thus the lemma follows. O
Lemma 71. For any job j; € Jy, the probability that j; € Ji is at most O(M -logn - %)

Proof. Consider the set U := {ji1} U (I'"(j1) N Jo) of j; and its ancestors. If jo < ji, then
0<Cj, +c-d(jo,j1) < Cj, by the LP constraints and so d(jo, j1) < C—Zl Then the diameter
of U with respect to semimetric d is bounded by 2C}, /¢ and hence by Theorem 59.(b) the
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probability that U is separated is bounded by In(2n) - Mlaf;nw) < O(M -logn - C—Zl) O
We can now bound the expected completion time of every job in Jj.

Lemma 72. For every job j € Jo, E[C] < O(M -log®n) - C;.

Proof. Fix a job j; € Jy and consider

E[CA] = E[CH|(y € J)] - Prl(si € J)] + E[C| (i € J)] - Pr((ji € J§))

—
INx

O(M- lolgoign 'Cj1> +O(M -logn - %) -O(logn - ¢)

< O(M -log’n) - Cy,,
where (*) follows from Lemmas 69, 70, 71. O

We also note the following simple consequence of previous lemmas:

Lemma 73. For every job j € Jy, C; < O(logn - ¢). In other words, the makespan of our

schedule for Jy is at most O(logn - ¢).

5.4.2 Intermediate Batch Scheduling

Now we describe our algorithm to schedule jobs in the set .J, for v > 0, which is similar to that
of scheduling jobs in JJ. Recall that from the definition of set .J, in Eq. (5.2), 277 1§-¢ < C; <
276 - ¢ in the LP solution. We take the LP solution restricted to J, in the interval [0, 276 - ¢],
and invoke Theorem 66 to construct a schedule of jobs J,. Theorem 66 ensures that every
job j € J, is scheduled in an interval of length at most O(276 - c¢-logm -logn) + O(logn - ¢).

As a consequence, we obtain the following lemma.
Lemma 74. Fix any v* > 0. For every j € J», C* < O(27 -§-logm-log n)+O(y*-logn-c).

Proof. Fory=0,1,...,let S(J,) denote the schedule of jobs in the set J,. Our final schedule
S is simply a concatenation of schedules S(Jy), S(J1), ..., while inserting ¢ empty time slots

between S(J,) and S(J,4+1). Let T, denote the makespan of S(J,). From Lemma 73 and
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Theorem 66, T, < O(27 -6 - c-logm - logn) + O(logn - ¢). Fix the job j* € J,- with the

highest completion time in §. We can bound the completion time of j* as

- "
Ch < T,Y§O(fy*-10gn~c)+20(27-5~c~logm~logn)
v=0 y=1

< Oy -logn-c)+0(2" -§-c-logm-logn)
which completes the proof. O

We finish the proof of main theorem for the weighted sum of completion times of jobs.

Proof of Theorem 65. For every job 5 € Jy, from Lemma 72, we have E[C]A] < O(M -log*n)-
C;. From the previous Lemma 74, for v > 0 and j € J, we have, CJA < Oy -logn-c) +
O(27-§-c-logm-logn). On the other hand, for every j € J,, by definition, C; > 27 -4 - c.
Thus, Cf* < O(M -log’n) - Cj. O

5.5 Proof of Theorem 66

Recall that we are given a subset of jobs J' C J, and a solution (z,y,C) to the LP with
r > 5 and T' € N. It is promised that in (z,y,C), the completion times satisfy C; < T for
every job j € J'. Then there is a randomized polynomial time algorithm that schedules all

jobs such that C’]A < O(logm -logn -T) + O(logm - ¢) for every job j € J'.

5.5.1 Main Scheduling Subroutine

The following lemma is the main scheduling subroutine towards proving Theorem 66.

Lemma 75. Let C* > 0 and 6 = 1/641log(2n). Consider the set J* C {j e J |C* < (C; <
C* 46 - c}. Then there is a randomized rounding procedure that finds a subset J** C J*, a
partition of J** into J** = UL J*®) where J***) are jobs assigned to machines of type k,

and a schedule for J** in an interval of length at most 5¢+ ), ‘ik::'

such that every job
j € J* is scheduled with probability at least %
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The rounding algorithm to prove the above lemma is the following:

SCHEDULING A SINGLE BATCH ON RELATED MACHINES
(1) Run a CKR clustering on the semimetric space (J*,d) with parameter

A= i and let V4,...,V, be the clusters.

(2) Let V) :={j eV, |[IT-(j))NnJ* CV;}for t =1,...,q.

(3) Forall ¢ =1,...,q, assign the jobs in V} to type k* satisfying the condi-
tions in Lemma 63.

(4) Forall ¢ =1,...,¢q,if V/is assigned to type k*, assign all jobs in V}/ to the
machine of type k* which has the least load (breaking ties arbitrarily).

We prove few lemmas that will be helpful in proving the desired properties of the al-
gorithm. The first lemma shows that the clusters produced by the algorithm are not too

large.

Lemma 76. For all { = 1,...,q, one has |V]| < O(sg-c). Here, k* is the machine type that

V/ is assigned in our algorithm. Thus, it takes O(c) time to process all jobs in V.

Proof. We know by Theorem 59 that diam(V}) < diam(V;) < A < 1. The lemma follows by

1
-

Lemma 63 and by our choice of k*. O

Further it is easy to see that the clusters respect precedence constraints.

Lemma 77. The solution VY, ..., V] is feasible in the sense that jobs on different machines

do not have precedence constraints.

Proof. Consider jobs processed on different machines, say (after reindexing) j; € V/ and
Jo € V4. If j1 < jo then we did not have I'"(j;) C VJ. This contradicts the definition of the
sets V. O

We will use the two statements above together with Theorem 59 to prove Lemma 75.
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Proof of Lemma 75. Call the schedule produced by the above algorithm S§(J*). By Lemma 76,
for all ¢ =1,...,¢q, the processing time of V/ is at most O(c). By Lemma 77, there are no
dependent jobs in different sets of V{, ..., V.

The interval in which the jobs in J* are scheduled can be divided into c-length time
intervals Iy, - - -, I;. To prove the lemma, it suffices to consider the case where ¢ > 6. We say
that a machine of type k is full in a c-length interval if it is processing c - s; jobs in S(J*).
From our greedy packing and the bound on processing time of V/, it follows that there exists

a machine type k € [M] such that every machine ¢ € [my] is full in Iy, - - - [,_5. Therefore,

Sk - Mg A Sk - Mg )

c-(L—5)< max

Thus, the total length of the interval used in a single batch scheduling is bounded by

**(k
c€<5c+ZL —
ko ME

It remains to prove that a fixed job j* € J* is scheduled with good probability. Consider

the set U = {j*} U (I'"(j*) N J*) of j* and its ancestors in J*. By the LP constraint
Cj, + d(j1, J2) - ¢ < Cj,, rearranging we see that d(ji,j2) < ¢ for every ji,jo € U. So the
diameter of U is at most 20. Now we appeal to Lemma 63. For our choice of A = 1/4 and
0 < m, we apply Theorem 59 to see that the cluster is separated with probability at
most log(2n) - 3 < 1. O

To schedule all jobs in J*, we repeat the clustering procedure O(logm) times and simply

schedule the remaining jobs on the fastest machine.

Lemma 78. Let C* > 0 and § = 1/64log(2n). Consider the set J* C {j € J | C* <
C; < C*+ - c}. Then there is an algorithm with expected polynomial running time that

finds disjoint subsets J**) C J*, where J**) are jobs assigned to machines of type k, and
|7 | J*(8)]

M-Smax k Sk My

schedules all jobs in J* using at most O(logm - ¢) +

many time slots.

Proof. We run the above algorithm for 2 logm iterations. Input to iteration h + 1 is the set

of jobs that are not scheduled in the first A iterations. For h € {1,2,...,2logm}, let J* be
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the set of jobs scheduled in iteration h, and let J;, , := J* \ {U?zl J:*}. In this notation,
Jf=Jx

Let S(J;*) be the schedule of jobs J;* obtained from by Lemma 75. We schedule S(.J;*)
first, then append schedule S(J;*) after S(J;* ;) while inserting ¢ empty time slots between

them, for h = 2,...,2logm. Let J = Jy be the set of jobs that were not scheduled

logm+1
in these 2logm iterations. We schedule all jobs in J consecutively on a single machine with
the fastest speed after the completion of S(J37,,,,)-

From our construction, the length of a schedule for J*, which is a random variable, is at

most O(logm-c)+ (ﬂ—l— B

Smax k sp-my

1. For h € {1,2,...,2logm}, Lemma 75 guarantees that
each job j € J; gets scheduled in the A" iteration with probability at least 1/2. Therefore,
the probability that j € J, i.e. it does not get scheduled in the first 2logm iterations, is at
most ﬁ This implies that E[|j ] < % The claimed expected polynomial running time
bound now simply follows from appealing to Markov’s inequality.

Finally, by our construction precedence and communication delay constraints are satis-

fied. O

5.5.2  The Complete Algorithm

To schedule all jobs in J" we do the following.

THE COMPLETE ALGORITHM
(1) Let (z,y,C) be a solution to (LP) with r» > 5 for J'.
(2) For § = m and h € {0,1,2... L1} define

Jh={jeJ:h-§-¢c<Cj<(h+1)-§-c}
(3) FOR h=0TO =L DO

(4) Schedule the jobs in J;, using the algorithm in Subsection 5.5.1.

(5) Insert ¢ new empty idle slots.

Proof of Theorem 66. First consider the case when T" > ¢ - c. The total number of time slots
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used by our algorithm can be upper bounded by

T Al |7 Bl 7]
—-0( —2— =01 -1 -T
o (logm - c) + E E . (logm -logn)-T + +

kg m + Smax Sk - Mg

k

Here, J, }(Lk) is the set of jobs assigned on machines of type k when scheduling .J, introduced
in Lemma 78, and J®) = U,% J}(lk). From Lemma 63 and the choice of machine type in the
algorithm, 37 ) D24 D icimy it = UL/M) - |J®)|. On the other hand, by the constraints
of the LP, we have

ZZ Zxﬂt<zz Z%n<mk sp-T.

jeJk) t= 0 i€[my] JjeJ t i€[my]
<OM-T), and >,
constraints of the LP that |J'| < T -m - spax. As M? < O(logm - logn), the proof follows

EAS

7 Sprmy

BAS

SmE —

Thus < O(M?-T). Tt is also implied from the same
assuming T > 9 - c.

Now if T < § - ¢, then J' = J* and our algorithm does only one iteration. Thus from
Lemma 78 the total number of time slots used by our algorithm is at most
TR

m - Smax © Sk - My

O(logm - ¢) + < O(logm - c)+ O(M?*-T).

This completes the proof. O

Finally, we conclude this section by noting that above proof in fact gives an O(log®n)

approximation for the makespan objective on related machines for the unit length case.
5.6 A Reduction from Q | prec,c | > w;C; to Q| prec,p; = 1,¢| > w;C;

An extension of the classic list scheduling algorithm of Graham |[Gra66b| is the speed based
list scheduling algorithm by Chudak and Shmoys [CS99|. In this setting, one has a set of jobs
J with precedence constraints and an assignment that determines on what machine type a
job will be executed. Then we process the jobs greedily in the sense that any available job is

scheduled as early as possible on one of the machines belonging to its assigned speed class.
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The makespan can then be upper bounded by the maximum chain length plus the sum of

the loads (if summed over all speed classes).

As in previous sections, we will consider a set J of jobs with processing time p; and m
machines, partitioned into machine types (1my, sk )ke[n], meaning that there are m; machines
of speed si available. We design a slight extension of speed based list scheduling that allows

us to take communication delays into account.

SPEED-BASED LIST SCHEDULING (WITH COMMUNICATION DELAYS)

Input: Jobs J with p; > 0, machine types (mg, si)repa; assignment m : J —
[M]; communication delay ¢
Output: Feasible non-preemptive schedule

(1) Set o(j) :=0 forall j € J

(2) FOR t=0TO oo DO FOR i =1 TO m DO

(3) IF i is idle at time ¢ THEN select any job j € J satisfying the
following
. a(j) =0
e Every j/ < j has been completed. Moreover if j° < j was
scheduled on machine i’ # i, then 7' must have finished by time
t—c

e Machine i is of class 7(j)

(4) Set o(j) := ([t,t + L), ) (if there was such a job)

S7(4)

We provide an analysis which follows closely Chudak and Shmoys [CS99| as well as
Graham |Gra66b|.

Lemma 79. Suppose we are given jobs J with processing time p; and a partial order <

as well as machine types (mg, sk)reim) and an assignment m : J — [M]. Denote Dy, :=

ZjeJﬂr(j):k m’;k as the load on type k. Then the SPEED-BASED LIST SCHEDULING algorithm
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produces a schedule of length

ﬁ:Dk—i-max{(Z b >+(\C|—1)~C\C§Jisachain} (5.4)

Proof. Consider the schedule produced by SPEED-BASED LIST SCHEDULING. Let j; denote

the last job that finishes. For ¢ > 1 suppose we have already constructed the sequence

Jis---5Je- Then we choose jyi1 as that job with j,1 < 7, which is finished last in the
schedule. We terminate the procedure when we reach a chain j, < ... < j» < ji where j,

does not have any predecessors. Let i;, € [m] be the machine index where j; is scheduled and
pjl
Sn(jp

that by the time ¢

let [t),,t;, + ) be the time interval in which j; is scheduled. We can make the observation

jera T ¢, all predecessors of j, have been completed and moreover a time of

c has passed. Hence if the period between ¢;,,  +c and ¢, is non-empty, then all machines in

class 7(j¢) had to be busy during that period. We can make the more general conclusion that

for the constructed chain C' := {j,, ..., j1} it is true that for every time unit in [0, ¢;, + sp(j_l ))
7(J1

one of the following holds:

(a) a job from C' is processed at time ¢
(b) a job from C' has finished less than ¢ time units ago

(c) in at least one class k, all machines are busy at ¢

We note that the duration of time that can fall into one of the categories (a), (b), (¢) is indeed

upper bounded by (5.4). The claim is then proven. O

This can be combined with an assignment argument:

Lemma 80. Let J be a set of jobs with processing times p;, a partial order < and machine
types (my, Sk)kepm)- Suppose there is a pre-emptive migratory schedule with makespan T*.
Then there is an assignment m : J — [M] such that each load Dy := 3~ 1. ik % satisfies
Dy, < 4T* and the maximum chain length is A < 2T,

Proof. After scaling the time horizon we may assume that the job lengths p; are multiples

of 2 and the individual parts in the schedule have unit length. Let 7™ be the makespan of
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the schedule. Let z;;, := #tjob parts of j assigned to class k ( g0 that we have a fractional solution

Pj

to the assignment LP

M
szk =1 VjelJ (Assignment-LP-I)
k=1

Yap < T ke |M]
e Sk

M
ZZSL’M& < T* VchainCCJ
jec k1 Sk

0<wzj, < 1 VjeJVkelM]

We now perform a standard procedure in approximation algorithms that is usually called
filtering. Consider a job j and delete the 1/2 of its parts that are on the slowest machines
and scale the fractional solution by a factor of 2 on the remaining parts. Then we obtain a

fractional solution satisfying

M
Zyjk =1 VjelJ (Assignment-LP-II)
k=1

Sy < 2Tt Vke [M]
- SETg
jed

0<yjy < 1 VjelJVkel[M]

Moreover due to the filtering, any assignment 7 : J — [M] with y; ;) > 0 for all j € J,

satisfies the following two properties:

(A) One has 2 < 2T

=)

(B) The maximum chain length w.r.t. 7is A < 27™,

If we imagine q;; = - :njlk as item sizes, then the seminal rounding argument of Shmoys-
Tardos shows that any fractional solution to (Assignment-LP-Il) can be rounded to an integral
solution where the right hand side is exceeded by at most max{g;; : y;x > 0} < 27™*. The

obtained integral solution is then the desired assignment 7. O



117

We use this for the main reduction:

Theorem 81. Suppose there is an a-approximation to Q | prec,p; = 1,¢ | > w;C;. Then
there is an O(M«)-approximation for Q | prec, ¢ | > w;Cj.

Proof. Let J be the set of jobs with processing times p; € N and weights w; with original
precedence constraints <. Let OPT be the minimum weighted sum of completion times over
all feasible schedules. We run the a-approximation algorithm for Q | prec,p; = 1,¢ | > w;C;
treating each job as p; many unit length tasks that form a chain where the last unit length
task receives a weight of w; and the other tasks receive weight 0. The algorithm will provide
us with a schedule o which satisfies communication delays but it spreads tasks of the same
job over different machines (and even different machine types). Let C; be the completion
time of the last task of job j. Then Z]EJ w;C; < aOPT by construction.

We abbreviate J*(0) := {j € J | C; < c} and J*(r) :={j € J | 2! < C; < 2"} for
r € Z>1. We will create a schedule that schedules first J*(0), then J*(1), J*(2),... where we
start the schedule for J*(r) exactly ¢ time units after the last job of J*(r — 1) is finished.
Note that we can re-sort the tasks of jobs in J*(0) so that (i) the tasks of the same job are
scheduled consecutively; (ii) for every job j the last tasks is still completed by time C, (iii)
the precedence constraints and communication constraints (within J*(0)) are still satisfied.
Note that this re-sorting can be done by sorting the jobs in non-increasing order of C;’s.

So we fix a value of 7 > 1 and set T* := ¢2"~! and J* := J*(r). It remains to show how
to schedule the jobs J* within a time interval of O(T*).

We partition the time horizon into intervals of length ¢ each. Consider the jobs J*
and let o* be the schedule with makespan 7™ which satisfies precedence constraints and
communication delays but is potentially preemptive and migratory. We construct a modified
set J by merging jobs whose tasks are scheduled on the same machine in one such interval
[Be, (B+1)c| with € Z>o (we call these jobs compact); all other jobs are inherited without
a change (we call such jobs spread out).

We denote the inherited migratory schedule for J by &; the completion time of a job is
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denoted by C'j and the start time is denoted by Sj. Note that C'j — §j > p; but because of
the preemption this inequality might be strict. We create a new partial order < such that

one has j;=<Jj» for ji, j» € J if one of the following conditions is satisfied:

1. j1, 2 are assigned to the same machine in ¢ and éjl < S’jQ.

2. 71, J2 are assigned to different machines in ¢ and j; finishes in an interval before js is

started.

Note that in particular this precedence order < implies <. The maximum chain length is
trivially bounded by 7. But it is important to note that the maximum number of jobs in
any chain of < is bounded by O(T*/c) as every job is either spread out and hence crosses an
interval boundary or it is the unique compact job included in an interval (on that machine).
Then Lemma 80 provides us with an assignment 7 : J — [M] such that the loads are
Dy < 4T* and the maximum chain length is A < 27™*. We use the SPEED-BASED LIST

SCHEDULING algorithm to find a non-preemptive schedule respecting precedence constraints

=< and communication delays while the the makespan is bounded by

*

M

| T
So+Y +(|C|—1)-c§4MT*+2T*+O<
k=1

) e < O(MT*)
for some chain C' C J. O

5.7 Makespan Minimization on Related Machines

We now prove our result on makespan minimization on related machines, Theorem 56. The
proof essentially follows from first using Theorem 66 to obtain a schedule of cost O(log®n)
for the unit length case and then appealing to the reduction in Theorem 81, which increases
the makespan at most by a factor of O(logn). These two steps together give an O(log® n)-
approximation for Q | prec, ¢ | Cpax-

Note a small technicality here. Both Theorem 66 and Theorem 81 were proved for the
weighted completion time objective and not the makespan objective function. However, it is

not hard to see that proofs of both the theorems directly extend to the makespan problem.
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For technical completeness, we give a formal proof of our result for makespan. Our proof
also serves the purpose of explaining how an algorithm for the sum of weighted completion
times can be used to obtain an algorithm for makespan. In our proof below, we first reduce
the problem of minimizing makespan to a special case of the problem of minimizing the
weighted sum of completion times. But we do not use the result on weighted completion
time as a black box — that would only imply an O(log4 n)-approximation. Instead, we tweak
our rounding a bit, and use Theorem 66 and Theorem 81 directly to obtain an O(log® n)-

approximation for makespan.

Proof. Consider an input instance Z := (J, <) of Q | prec, ¢ | Ciax, and let T'(x) denote the

optimal makespan for any instance (x) of the problem. We consider two cases:

e Case T'(Z) < ¢: In this case, we find all connected components, Gy, G, ... G, in the
underlying (undirected) graph of the input instance. Since T'(Z) < ¢, for v € [g] all jobs
in G, are scheduled on the same machine by an optimal solution. For every v € [g], we
create a meta-job j, with processing time equal to the sum of processing times of jobs in
G,. Then we appeal to the O(1)-approximation algorithm for makespan minimization

on related machines without precedence or communication delay constraints.

e Case T'(Z) > c¢. Here we reduce Z to an instance of 7' := (J', <) of Q | prec,c |
> w;C;. We create a new dummy job jp with p;, = 1 and weight w,;,, = 1. We define
J' = JU{jp} and set weights w; = 0 for every job j € J'\ {jp}. Moreover, we define
the new precedence constraints <’ by augmenting the precedence constraints of the

instance Z with precedence constraints j < jp from every job j € J'\ {jp}.

Suppose S is a feasible schedule for the instance Z’. From our construction, the
makespan of S is (exactly) equal to the total weighted completion times of jobs in
7Z'. This follows because only the dummy job jp has non-zero weight and it has to be

scheduled at the last.
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We now give an algorithm for solving the instance Z’'. Similar to our weighted com-
pletion time result, we solve the problem via a two step procedure. We treat each job
J with processing time p; as a chain of p; unit length jobs. Using standard arguments
[DKR 20| (see also Chapter 4), we can assume that this reduction is both of polyno-

mial size and time. After this reduction, we get a new input instance Z" := (J”, <) of

Q| prec,p; =1,¢| > w;C;.

We observe that T'(Z") € [T(Z),27T(Z)]. This follows because i) the weight of all jobs
except jp is zero in our instance; ii) jp can be scheduled only after completing all the

other jobs, which requires at least T'(Z) time steps; iii) ¢ < T(Z).

We solve our LP for the weighted completion time problem on the instance Z”. Let
(x,y,C) be the optimal solution for the LP. We note that all jobs in the LP solution
are scheduled in the interval [0,27(Z)]. Here we used the facts that ¢ < T'(Z) and that
the LP can indeed schedule all jobs in Z” within an interval of length ¢ + T'(Z). We
invoke Theorem 66 to obtain a schedule & with cost at most O(logm - logn) - 2T(Z).
Finally we use Theorem 81 to convert this schedule S to a schedule &" where every
job is scheduled on one machine in consecutive time steps. From the guarantees of

Theorem 81, we know the cost of &’ is at most O(M - logm -logn) - T'(Z).

As noted earlier, the makespan of the schedule &’ is (exactly) equal to the total weighted

completion time of jobs in Z’. Thus

Makespan of (§') < O(M -logm -logn) - T'(Z)

which completes the proof.
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