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—— Abstract

We study non-preemptive scheduling problems on identical parallel machines and uniformly
related machines under both resource constraints and general precedence constraints between

jobs. Our first result is an O(logn)-approximation algorithm for the objective of minimizing
the makespan on parallel identical machines under resource and general precedence constraints.
We then use this result as a subroutine to obtain an O(logn)-approximation algorithm for the
more general objective of minimizing the total weighted completion time on parallel identical
machines under both constraints. Finally, we present an O(logm logn)-approximation algorithm
for scheduling under these constraints on uniformly related machines. We show that these results
can all be generalized to include the case where each job has a release time. This is the first
upper bound on the approximability of this class of scheduling problems where both resource
and general precedence constraints must be satisfied simultaneously.
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1 Introduction

Scheduling under resource constraints and scheduling under precedence constraints are both
well studied topics in scheduling theory and approximation algorithms. In the former, each
job has a resource requirement and there is a finite amount of resource; when jobs run in
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parallel their total resource requirement must not exceed the given resource capacity. In
the latter, a precedence relationship between jobs is given; if a job j has precedence over
another, say j/, then j must be completed before ;' can start. Both of these problems are
central to scheduling theory, and their approximability is well understood. They have (2 + €)-
and (2 — 1/m)-approximation algorithms, respectively, where m is the number of identical
machines. However, the approximability of the natural problem with the combination of
these constraints is still wide open. We study this problem, namely scheduling on parallel
machines under both resource and precedence constraints, and give the first non-trivial
approximation algorithms for several important versions of this problem.

The combination of these two constraints naturally models the computation in emerging
high performance computing systems. Power consumption is one of the central design
considerations for the next generation of exascale supercomputers [16]. These future systems
will have to run parallel computations within a 20 MW operating budget, but will be built
such that if all processors were used at full capacity the budget would be exceeded and the
system would fail catastrophically [10]. Therefore, exascale system software must schedule
parallel computations (with precedence constraints) on this hardware while respecting the
global power budget (a limited shared resource) and minimizing application runtime [18].
This critical problem for emerging supercomputers is a practical example of a scheduling
with simultaneous resource and precedence constraints.

We now define the problem formally. We are given a set J of n jobs to be scheduled on
m parallel machines. The schedule needs to be non-preemptive; i.e. each job, once assigned
to a machine at some point in time, must run to completion on the same machine without
interruption. Each job j € J has a processing time p; € Z>( and a resource requirement
8j € Z>o. There is a global resource capacity S € Z>o which any feasible schedule must
respect. That is, the sum of the resource requirements of the jobs running on the m machines
at any point in time must be at most S. Moreover, we have precedence constraints given by
a partial order < on the jobs such that if j < j’ then j must complete before j' can start.
We study both identical machines and uniformly related machines. The difference between
the two is the time it takes to process a job—on identical machines, it takes p; units of time
to complete job j € J, regardless of the machine it runs on. In the case of uniformly related
machines, we are given as input a speed f; (0 < f; < 1) associated with each machine ¢ for
1 <i <'m, and it takes p;/f; units of time to complete job j on machine i.

We also consider two different objectives. The first is minimizing the makespan, or
the final completion time of all jobs. This problem on identical machines is denoted as
PJresl, prec|Chqz in the standard scheduling notation introduced in [6]. Here P denotes
identical parallel machines, as opposed to uniformly related machines which is denoted by Q.
Also, the resource constraint, resl, indicates that we have a single resource, and prec stands
for the general precedence constraint. C,,, indicates that the objective is to minimize the
makespan. The other objective we consider is the more general goal of minimizing the total
weighted completion time. In this setting there is a set of weights {w,};c s associated with
the jobs, and the goal is to minimize Zjej w;C; where C is the completion time of job j in
the final schedule. Using the same notation, we denote this problem on identical machines as
PJresl, prec| > ;W5 C;. Corresponding problems on uniformly related machines are denoted
as Q[resl, prec|Cpnqeq and Q[resl, prec| 3, w;C}, respectively. Note that the minimum total
weighted completion time objective (3, w;C;) is more general than the minimum makespan
objective (Cynqz) in the presence of precedence constraints as one could transform a Ch,qq
objective into a Y j w;C; objective by simply setting all w;’s to be 0 and adding a “last” job
j' with p;js =0, sjs =0, and w;s = 1 which depends on every other job.
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In addition, we consider these problems with release time constraints. In this case, we
have a release time r; € Z>g associated with each job in the input such that j can only be
started after time r;. We add r; in the middle constraint section in the scheduling notation to
denote the problems with the additional release time constraint (e.g. P|resl, prec,7;|Cpaz)-

We have obtained, for the first time, approximation results for all these scheduling problems
with provable upper bounds. Our most general result is an O(logm logn)-approximation
for weighted completion time on uniformly related machines under resource and precedence
constraints with release times (Theorem 12), which makes substantial use of our new results
for more restricted models as well as new specialized linear programming schemes.

Related Work

One important class of problems is scheduling subject to only precedence constraints (e.g.
Plprec|Crnaz, Qprec| 3 ; w;C;). Almost all variants of these problems have been studied ex-
tensively. For the case of identical parallel machines and the minimum makespan objective (P
prec|Chuaq), Graham’s seminal list scheduling algorithm [7] gives a (2 — 1/m)-approximation.
We will utilize this algorithm and explain some aspects of its analysis in Section 2.1. An al-
most matching (2 — €)-hardness of approximation result is obtained by Svensson [17] assuming
a stronger version of the Unique Game Conjecture. For the more general weighted completion
time objective (Plprec|)_; w;C;), Hall et al. [8] gave a T-approximation which was later
improved to a 4-approximation by Munier, Queyranne and Schulz [12]. Very recently, Li
[11] obtained the current best ratio of (2 +2In2 + €). Of course, all the hardness results for
minimizing makespan hold for minimizing the weighted total completion time; however, no
stronger hardness results are known for this apparently harder problem. For related machines
running at different speeds—@Q|prec|3_; w;C; and Q|prec|Crnq,—Chudak and Shmoys [3]
gave an O(logm)-approximation by grouping the machines into logm groups according to
their speed and treating the machines in each group as identical parallel machines. Li [11]
improved this ratio to O(log m/loglogm). On the negative side, Bazzi and Norouzi-Fard [2]
recently showed the problem is hard to approximate for any constant assuming the hardness
of an optimization problem on k-partite graphs.

Another overlapping set of problems is resource-constrained scheduling with one common
resource (e.g., P[resl{Cpqs and Q|resl| > w;C;). Garey and Graham’s result in [5] implies a
(3—3/m)-approximation for P|resl|Cy,q.. Later, Niemeier and Wiese [13] gave the algorithm
with the current best approximation ratio of (2 + €). Recently, Jansen et al. [9] provided
an AFPTAS for the problem. Since bin packing is a special case of this problem, a simple
reduction from the partition problem shows that no approximation with a ratio smaller than
3/2 is possible unless P = N P. Note that, in all the problems we consider here, preemption
is not allowed and the processing time of a job does not depend on the resource allocated to
the job.

There is a clear connection between resource constrained scheduling and packing problems,
such as bin packing and strip packing. In the case of unit processing times (p; = 1), for
example, P|resl, p; = 1|Cyqz is the same as the bin packing problem where we pack different
sized items into bins of fixed size and try to minimize the number of bins used. In the strip
packing problem, we have a fixed width strip with one open end and a finite set of rectangles.
The goal is to fit all the rectangles in the strip minimizing the total height that the rectangles
reach. The correspondence between strip packing and resource constrained scheduling is
obvious. The width of the strip corresponds to the global resource limit and the widths
and the heights of the rectangles correspond to the resource requirement and the processing
time of the jobs respectively. In fact, we make use of this correspondence between the two
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problems in our algorithms. One difference between these two problems is that we can pack
as many small width rectangles as the width of the strip allows in the strip packing problem
whereas the number of jobs that can run in parallel is bounded by the number of machines
in the resource constrained scheduling problem.

Our Results and Techniques

We study identical parallel machines in Section 2. First, in Section 2.1, we consider the
objective of minimizing the makespan under both resource and precedence constraints, namely
the problem P|resl, prec|Chuqaz. We prove the following.

» Theorem 1. There is a 2 4 2log(n + 1)-approximation algorithm for P|resl, prec|Coaz-

To show this, we consider the two constraints separately and present a two-step algorithm
for minimizing the makespan. The first step produces an intermediate approximate schedule
satisfying only the precedence constraints with a loss of factor of 2 in the approximation. The
second step uses a divide and conquer algorithm (inspired by [1]) to stretch the intermediate
schedule so that it also satisfies the resource constraint. We generalize this result for the
version of the problem with release times.

» Theorem 7. There is a 2+ 4log(n + 1)-approzimation algorithm for P|res1, prec,;|Cmaz-

In Section 2.2, we use the algorithm from Section 2.1 as a subroutine to obtain our first
main result:

» Theorem 8. There is an O(logn)-approzimation algorithm for P|resi, prec,r;| Zj w;Cj.

To obtain this result, we extend the general framework of [8], [15], and [3] with a novel
Linear Programming (LP) relaxation for Plresl,prec,r;|>; w;C;. In this framework, we
divide the time horizon into geometrically increasing intervals. Using our new linear program,
we obtain the approrimate completion interval for each job. Then we show that if we consider,
for each interval, the set of jobs completing in the same interval as a separate instance of
Plresl, prec, 1;|Crnaq problem and schedule them in a separate fragment using the makespan
minimizing algorithm we obtain in Section 2.1, the concatenation of these fragments also gives
a good approximation to the minimum total weighted completion time objective (> 5 Wj Cy)
for the original instance. Our core technique is our time-interval-indexed LP where we
carefully incorporate the resource requirements into the LP to guarantee a reasonable total
resource requirement by the set of jobs completing in any given interval. This allows us to
bound the makespan given by our algorithm from Section 2.1 for each P|resl, prec, 7;|Craz
instance.

Finally, in Section 3, we build on our previous techniques to show that they can be
modified to work together with the methods in [3] to get an O(logm logn)-approximation
for scheduling on uniformly related machines subject to simultaneous resource, precedence,
and release times constraints with weighted completion time objective. In particular, we
state a simple generalization of the time-interval-indexed LP used in the previous section
without the resource LP constraints) to machines with different speeds. We use the LP
solution to get the approximate completion time intervals as we did for identical machines
setting as well as job to machine assignments. Then, we argue that the first step of our
two-step makespan minimizing algorithm can be replaced by the O(log m)-approximation
algorithm for Q|prec, 7;|Cinae given in [3]. Moreover, the second step of our algorithm will
respect these job to machine assignments. If we begin with an optimal solution to the LP,
we show that these integral job to machine assignments are close enough to the fractional
assignments given by the LP solution.
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» Theorem 12. There is an O(logmlogn)-approxzimation algorithm for Q|resl, prec, r;l|
> wiCj

These are the first algorithms with non-trivial approximation ratios for this class of
scheduling problems where a resource constraint and general precedence constraints need to
be satisfied together.

2 Identical Parallel Machines

2.1 The Minimum Makespan Objective

In this section, we present an O(log n)-approximation algorithm for the problem of minimizing
the makespan under both resource and precedence constraints.

» Theorem 1. There is a 2 4 2log(n + 1)-approximation algorithm for P|resl, prec|Cyqz -

Given an instance (J,m,{p;}jc7,S,{sj}jeq, <) of P|resl, prec|Cpqz, we let OPT de-
note the makespan of a minimum makespan schedule of this instance. Our algorithm solves
the problem in two steps by handling its precedence and resource constraints separately. First,
we consider the corresponding P|prec|Cyp,q. instance where we drop the resource requirement
(i.e. (J,m,{p;j}jes,=)). In his seminal work, Graham [7] presents an online machine-driven
list scheduling algorithm for this problem. His algorithm greedily considers the jobs in some
arbitrary extension of the partial order < to a total order (i.e. a list). As soon as a machine
is idle, the algorithm schedules the next available job (i.e. all its predecessors are finished) in
the list on that machine. In the analysis, he uses two standard lower bounds for the value of
OPT:

» Lemma 2 (Load Bound). .- >, ;p; <OPT.

» Lemma 3 (Chain Bound). = max > . .p; <OPT.

C is a chain

The Load Bound is implied by the observation that a perfectly balanced schedule with no
idle time would have a makespan of % > je Pi Also note that the total processing time of
any “chain” of precedence constraints such as j; < jo < -+ < ji is a lower bound on the
makespan of any schedule. His analysis charges the time intervals where all the machines
are busy on the Load Bound and the time intervals where some machines are idle on the
Chain Bound. We run Graham’s list scheduling algorithm on our instance after we drop the
resource constraints and get an approximate intermediate schedule satisfying the precedence
constraints. Let LS denote the makespan of this schedule and LS(j) denote the completion
time of a job j € J in it. Graham [7] shows this makespan is bounded by the sum of the
Load and the Chain Bounds LSy < - 3", ;pj +  max > . .p; <2-OPT.

m C is a chain
The schedule we get by running Graham’s list scheduling on the corresponding P|prec|

Cinaz instance may violate the resource constraints of the original instance. In the second
step of the algorithm, we run a divide and conquer algorithm on this schedule to make it
satisfy the resource constraints without disturbing the precedences already satisfied after our
first step. We lose a factor of 2 in the approximation due to Graham’s algorithm and an
O(logn)-factor in the second step. In the rest of this section, we explain and analyze the
second step of the algorithm in detail.

! In fact, [7] shows a slightly stronger bound of (2 — 1/m) OPT.
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Algorithm 1 DS(J, B, E) Divide and Schedule.

Input: A subset of jobs J C J and the beginning B and the end E times of J in the
schedule of the first step

Output: A makespan y for a feasible schedule of J

if J =0 then
return 0

end if

Joeg < {7 € J | LS(j) < (B+ E)/2}

Jmia < {j € J | LS(j) —p; < (B + E)/2 and LS(j) = (B + E)/2}

Japt < {7 € J|LS(j) —p; = (B + E)/2}

Yoes < DS(Joes, minje,, , LS(j) — pj, maxje ., LS(j))

Schedule Jyes according to DS(Jyey, minje ., LS(j) — pj, maxje g, , LS(j)).

Ymid < NFDH(JmZ'd)

Schedule J,,iq according to NFDH(J,,,;4) starting at ype .

t Yast < DS(Jage, mingey,;, LS(J) — pj, maxjey, ,, LS(4))

: Schedule J,f; according to DS(Jay¢, minje g, ;, LS(j) — pj, maxje s, ,, LS(j)) starting at

Yvef T+ Ymid-
c return Ypef + Ymid + Yaft

_ = e

—_
w

Note that the total resource required to complete a job j € J is its resource requirement
integrated over the time it takes to complete the job: fé) ?sjdt = sjp;. We denote this value
by RB(j). We define RB(J) for any subset J C J of jobs as the sum of the total resource
required for jobs in J (i.e. RB(J) =3, ;RB(j)). Our algorithm uses another lower bound
derived by comparing the resource available in a makespan and total resource required by all
jobs.

» Lemma 4 (Resource Bound). RB(J)/S < OPT.

To incorporate the resource constraint into the schedule obtained in the first step, we run a
divide and conquer algorithm similar to the one employed by Augustine et al. [1] for strip
packing. This algorithm (Algorithm 1: DS) will need to use a subroutine for scheduling at
most m jobs J C J with resource constraints that have no precedence constraints among
them on m machines. We denote this subroutine by Next-Fit Decreasing-Height: NFDH(J)
and it guarantees a makespan that is bounded by NFDH(J) < 2RB(J)/S + max,c;p;. A
simple greedy algorithm that schedules the jobs respecting their resource constraints in the
order of non-increasing processing time will have this guarantee. Next-Fit Decreasing-Height
algorithm for strip packing analyzed in [4] is one such algorithm when applied to scheduling
m jobs on m machines with resource constraints and no precedence constraints.

The algorithm is called with the following initial arguments: all jobs J, beginning time
B =0, and end time F = LSy, the makespan of the schedule obtained in the first step.
It takes the set of jobs Jp,;q scheduled to cross the mid time point LS /2 in the schedule
obtained in the first step. It schedules these jobs in a separate time fragment and concatenates
it with schedules obtained recursively on the jobs before, Jy.r, and the jobs after, J, 5. We
need the following lemma to justify the initial condition required to call NFDH(J,:q4).
Proofs of all the lemmas in the rest of the paper can be found in the full version of the paper.

» Lemma 5. The jobs in Jyq have no precedence constraints among them and 1 < |Jpia| <
m.
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In any given level of the recursion tree, the total loss across all recursive calls in this
level is at most an additive factor of O(OPT). Since the algorithm terminates in at
most [logn] levels, we get an O(logn) approximation. Lemma 6 proves this formally
and gives a bound on our initial call to Divide and Schedule algorithm: DS(7,0,LS7) <
2RB(J)/S+LSslog (|J] + 1) < (24+2log(n+1))OPT. This completes the proof of Theorem
1.

» Lemma 6. DS(J, B, E) <2RB(J)/S+ (F — B)log(|J|+1)

The first step of our algorithm can be extended to accommodate release times constraints:

» Theorem 7. There is a 2+ 4log(n + 1)-approzimation algorithm for P|resl, prec,;|Cmaz-

In addition to resource and precedence constraints, each job j € J now has a release time
r; such that j can only be started after time r; (P|resl, prec, 7j|Ciaz). Munier, Queyranne
and Schulz [12, 14] provide a 4-approximation for P|prec,7;|Cpas. We replace Graham’s list
scheduling in the first step of our algorithm with their 4-approximation algorithm to get a
similar bound for the problem with all three constraints. Note that, after the first step, we
obtain a schedule that satisfies the release times and precedence constraints. The second step
of our algorithm can easily be made to never schedule a job before its starting time in the
schedule from the first step (by forcing J,,;q’s fragment to start at max{(E — B)/2, ypes})-

We note that an o(logn)-approximation is not possible using only the Load, Chain, and

Resource Bounds. The bottleneck is in the second step where we use divide-and-conquer.

The gap example in [1] for strip packing shows one needs stronger lower bounds on OPT
than “the area bound” (Resource Bound in our setting) and “the longest chain of rectangles
bound” (Chain Bound in our setting) for an o(logn) approximation. Their example can
easily be translated into a scheduling instance with m = logn machines. Setting m = logn
allows any solution to their example be interpreted as a scheduling solution because the
example has at most logn parallel precedence chains at any point. Also, the Load Bound
of the translated instance is at most ©(1), where OPT = Q(logn).? Thus, for both the
makespan and the weighted completion time objectives, one needs stronger lower bounds on
OPT than any combination of the three bounds we use for a better approximation ratio.

2.2 The Minimum Weighted Completion Time Objective

In this section, we generalize our result by giving an O(logn)-approximation algorithm for
the minimum total weighted completion time objective. In addition to processing time p;,
resource requirement s;, and release time r;, we now have a weight w; associated with
each job j € J and our goal is to minimize the total weighted completion time }_ w;C},
where Cj is the completion time of j in the final schedule. This problem is denoted as
Plresl, prec,r;| >, w;C;.

» Theorem 8. There is an O(logn)-approzimation algorithm for Plresi, prec,r;| >, w;C;.

We first reduce the problem of minimizing weighted completion time (3_; w;C;) to a set
of smaller problems with the objective of minimizing the makespan (C),4.). We then use our
O(log n)-approximation algorithm from Section 2.1 for the minimum makespan objective as
a subroutine on these problems. In the reduction, we use the general framework of Hall et al.

2 See [1] and their illustrations for a detailed description of the gap example.

25:7

STACS 2018



25:8

Approximation Algorithms for Scheduling with Resource and Precedence Constraints

[8] and Queyranne and Sviridenko [15] (see also, for example, [3] for an application of this
framework in uniformly related machines setup).

We start with a trivial upper bound 2¥ on the length of an optimal schedule, where L
= [log(n-max;c7(r;+p;))], and divide the time horizon into a set of geometrically increasing
intervals [1,2],(2,4], (4,8],---, (2F=1, 2], For the problem with only precedence and release
time constraints (P|prec,r;|>_;w;Cj), Hall et al. argue that for each job j, if we are given
the interval in which it completes in the optimal schedule, or the completion interval of j”,
we can get an approximate schedule based on this information [8]. All the jobs completing in
(2!=1,2"] in the optimal schedule can be scheduled to start and complete in (2!71 2!*2] using
a makespan minimizing algorithm on this subset of jobs as a subroutine. This results in an
8-approximation for the weighted completion time objective. Since the completion intervals
in an optimal schedule are not known, Hall et al. use an LP relaxation to obtain approximate
values for the completion intervals [8]. The makespan of the makespan minimizing algorithm
they use for P|prec,7;|Cpqs depends only on the Load Bound and the Chain Bound, which
are both easy to bound in the same LP where they get the completion intervals. However, in
our setting, we need stronger guarantees when obtaining the completion intervals with an
LP than prior work provides. In particular, we need the jobs completing in a given interval
to have a total resource requirement that is comparable to the resource available up to that
interval. In this way, we introduce the following linear programming relaxation for the P|
resl, prec, ;| Y 5 Wj C; problem which ensures that we get a good estimate on the completion
interval of each job and simultaneously guarantees that the total resource requirement by
jobs completing in some interval is not “too much”. We let [a] denote the set {1,2, -, a}
for a positive integer a.

min Z w;C} s.t. (LPp)
JjeTJ

m L
S wmip=1, vjeJ; (2.1)

=1 t=1
pj < Cj—ry, vjieJ; (2:2)
ijCj—Cj/, Vj’%j;

L m

ZQt_l injt < Cj, Vi e J; (24)
t=1 =1

l

> pi > wip <2, Vi € [m],l € [L); (2.5)
jeg =1

m 1 m 1

szﬂzjt < Zzﬂcij/t, Vj' < j,l € [L]; (2.6)
i=1 t=1 =1 t=1

m 1

ijSj szijt < 2lS, vl e [L], (27)
jeg i=1 t=1
Zize > 0, Vie[m],jeJ,telll; (2.8)

In LPp, we have two sets of variables: a set of real valued variables for the completion times
of the jobs {C}};c7 and a set of decision variables {%;;: }icim), je s te[z) that take 0-1 values
in an integral solution with z;;; = 1 implying that the job j completed on machine 7 in the
time interval (2¢=1,2!]. Constraint 2.1 says a job needs to complete on some machine and in
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some interval. Constraints 2.2 and 2.3 make sure that the completion times are not infeasible
with respect to release times and the precedence constraints. Constraint 2.4 says that the
completion time of a job needs to be later than the time point marking the start of the time
interval in which the job completes. Constraint 2.5 ensures that the total processing time of
the jobs completing on machine 7 in the first [ intervals is at most the time point marking the
end of the [th interval. Constraint 2.6 ensures that a job j depending on another job 7/ must
complete in j'’s completion interval or later. Finally, Constraint 2.7 is how we guarantee
that the total resource requirement of the jobs completing in the first [ intervals is at most
the total amount of resource available in these intervals.

Let {Z;;:} and {C;} be a solution to LPp. We now describe how to obtain the approximate
completion intervals from this fractional LP solution and the smaller problems with minimum
makespan objective by partitioning the set of jobs with respect to these completion intervals.
Let ¢1(j) be the first interval [ where the sum of job j’s variables x;;; across all machines
exceed 1/2 (i.e. minimum ! s.t. Zi:l S @i > 1/2). Also, define ¢5(j) to be the
interval containing job j’s completion time (i.e. minimum [ s.t. C; < 2!). We let £(j) =
max{¢1(j),l2(j)}. Define, for each I € [L], J; ={j € T : £(j) =1} C J to be the subset of
jobs that “complete” in the Ith interval (jobs with £(j) = I). Note that the sets Jy, Jo, -+, Jr
are disjoint and they partition the set of jobs 7.

Next, we consider each J; as a separate instance of P|resl, prec|Cyuq. problem and run
our makespan minimizing algorithm from Section 2.1 on the smaller instance (J;, m, {p;};,
S,{s;j}j, <) where <;C< is the subset of the precedence constraints that are between the
jobs in J;.

» Lemma 9. Algorithm 1 in Section 2.1 on the instance (J;, m,{p;}ict,S,{sj}jes,=<n)
returns a feasible schedule of length (4 + 3log(|J;| + 1))2".

Using Lemma 9, we schedule, for each ! € [L], the jobs in J; to start after (4 + 3log(n +
1))(1+2+4---+271) and complete before (4 + 3log(n + 1))(1+2+4--- +2%).

» Lemma 10. The resulting schedule satisfies resource, precedence, and release time con-
straints.

The next lemma completes the proof of Theorem 8.

» Lemma 11. The resulting schedule has weighted completion time within 32 + 241log(n + 1)
factor of the LPp wvalue Zjej wjé’j.

3  Uniformly Related Machines

In this section, we describe our O(lognlogm)-approximation algorithm for the problem
of scheduling jobs on uniformly related machines (i.e. machines running at different
speeds) under resource, precedence, and release time constraints. Again, the objective
is to minimize the more general total weighted completion time. This problem is denoted as

Qlresl, prec, ;| > w; Cj.

» Theorem 12. There is an O(logmlogn)-approximation algorithm for Q|resl, prec, v}l
Zj U}jCj .

Now, we have a speed f; associated with each machine ¢ € [m] in the input and it takes
p;/ fi amount of time to complete job j € J on machine i € [m]. We note that the Load,
Chain, and Resource Bounds do not only depend on the set of jobs anymore, but also on
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the job to machine assignments in a solution (in particular, an optimal solution). This is
because the processing time p;/f; of a job j now depends on the machine i to which it is
assigned. Note that this processing time does not change between machines running at the
same speed. Thus we will be more interested in the speed that a job is assigned to than
the particular machine. We let K be the number of distinct speeds and fq,fs, - ,fx be all
the distinct speeds among all m machines. We also let mj be the number of machines with
speed f, for each k € [K]. We start by solving a time-interval indexed linear program similar
to the one we used in Section 2.2 but incorporates the different machine speeds in the LP.

min Z w;C; s.t. (LPg)
jeT
K L
S aw =1, Vje J; (3.1)
k=1t=1
K L
S USN wp<Ci-ry Ve d: (3.2)
=1 " =1
K L
SN <0 -0y Y <3 (3.3)
P
L K
Z 2t-1 Zfﬂkjt < Cy, vieJ; (3.4)
t=1 k=1
l
1
> ) <2 vk € [K],1 € [L]; (3.5)
kM £ —
JET t=1
K l K 1
Zzﬁk]‘t < szkj’t, Vj' < j,l e [L]; (3.6)
k=1t=1 k=1t=1
K l
S BN e <2ls,  WielL) (3.7)
jeTk=1F =1
Tpjt > 0, Vk e [K],je J,tel[L]; (3.8)

Constraints and variables of LPg are similar to the ones in LPp of Section 2.2. We still
have the real-valued completion time variables {C}};c7. However, we are now interested
in the distinct speed group a job is assigned to rather than the particular machine. In this
way, we modify the decision variables as {Zy;: }re[k],je7,tc[] Where the first index & now
indicates the speed group among the machines. In an integral solution, z;;; = 1 would
stand for the job j completing in the time interval (2¢~! 2¢] on some machine with speed
f.. Since the processing time p; of a job j now depends on the speed it runs on, we replace
p; in the constraints by Zszlpj/fk ZtL:l x;; which essentially is the average processing
time of 5 with respect to fractional speed assignments of j. We make the required change to
Constraints 2.2, 2.3, 2.5, and 2.7 to obtain corresponding Constraints 3.2, 3.3, 3.5, and 3.7.

Similar to what we did in the identical machine setting, our algorithm will partition the set
of jobs according to approximate completion intervals obtained from LPg. Then it will obtain
a set of smaller Q|resl, prec,r;|Cyyqz instances from the original Q|resl, prec, 7| Zj w;C;
instance. We solve each minimum makespan instance again in two steps by considering
the Q|prec, 1;|Chqe instance in the first step and handling the resources in the second step.
The bound on the makespan minimizing algorithm of Section 2.1 is analyzed in terms of
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Load, Chain, and Resource Bounds. However, as we have indicated above, we do not have
well-defined Load, Chain, and Resource Bounds in the case of machines running at different
speeds. In order to use and analyze a similar two-step algorithm, we use the solution to
LPg to first fix job to machine speed assignments, then show that the Load, Chain, and
Resource Bounds under these assignments are comparable to the LPg value. We adapt the
speed-based list scheduling algorithm of [3] as our first step for solving Q|prec, 7;|Cpqz and
finally we apply the Divide and Schedule procedure of Section 2.1 as our second step.

Let {#4j:} and {C;} be a solution to LPg. We obtain “completion intervals” (£(5)’s)
for all the jobs and partition J by defining J; for 1 <! < L in the same way as we did in

Section 2.2. We let £(j) = max{¢1(j),¢2(j)} where ¢1(j) is defined as the minimum [ s.t.

Zi:l Zszl Zrjt > 1/2 and £5(j) as the minimum [ s.t. C; < 2'. We partition J by letting
J={jeTJ: L) =1} foreach | € [L].

Chudak and Shmoys [3] solve a similar LP without Constraint 3.7 to get an O(logm)
approximation for Q|prec, ;| > j w;Cj. They follow a similar framework by first giving a
makespan minimizing algorithm for Q|prec, r;|Cynqe and then using it on .J;’s as a subroutine
to get the same result for the weighted completion time objective. We replace Graham’s list
scheduling for P|prec|C),q, with Chudak and Shmoys’ speed-based list scheduling algorithm
[3] for Q|prec,r;|Cpmaz in our first step. We now briefly discuss their speed-based list
scheduling algorithm, its analysis, and how to integrate it into our setup.

Their speed-based list scheduling algorithm uses a list to process the jobs greedily in the
order given by the list similar to Graham’s list scheduling. In addition, it uses a function f
mapping each job j to a speed f(j) € {f1,f2,---fx}. As soon as a job finishes processing, all
idle machines are considered in some fixed order one by one. The algorithm considers each
machine with speed f and schedules the first available job j in the list with f(j) = f; on
this machine, where a job is available if all its predecessors are completed. They analyze
this algorithm by considering the Load Bound of each speed group separately. They use
an argument similar to the analysis of Graham’s list scheduling by charging the busy time
intervals on the Load Bounds and idle intervals on the Chain Bound. They show that the
length of the makespan returned by this algorithm is at most the sum of the Load Bounds
for each speed group and the Chain Bound:

K
1 Pj Dj
Sl P e Y
1 my PGt f(j) C is a chain iec f(j)

Note that the bound given above depends heavily on job to speed assignments f used by
the algorithm. Given the assignments of an optimal solution, the Load Bound of each speed
group and the Chain bound will be bounded by the optimal makespan length. This would

put the makespan of the algorithm within a factor K + 1 of the optimal solution length.

Since we do not have the optimal assignments, we now describe how to get approximate job
to speed assignments f by applying standard filtering techniques on the fractional solution
{Zx;:} to LPq. Consider a partition J; and a job j € J;. Let a; = Y0, 7 #pj0 and let
Tp; = Yooy Frji/a;. Note o > 1/2 by definition of £(j) = I. Let the average processing
time of a job j in LPq solution be pj"’ = Zszl(pj/fk)ikj. We define f(4) to be the speed
of the maximum capacity speed group among all speeds more than half the average speed

that j is assigned to in the fractional LPg solution.® Formally, let

3 Equivalently, since pj is a constant in the evaluation of f(j), we can define it to be the fj that maximizes
fkmk.
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f() = argmin P
fki pj/kaQP;Ug fklmk

Similar to [3], we show that the sum of the Load Bounds of all speed groups under these
job to speed assignments given by f is bounded by 4K - 2!

» Lemma 13.

K
1 D
;m—k Z f—J§4K-21.

jedis fG)=tx *

Now we show that the total processing time of any chain in J; under the assignments
given by f is also bounded:

» Lemma 14. For any chain C of precedence constraints from < j,, we have Zjec pi/f(j) <
428

Lemmas 13 and 14 show that the speed-based list scheduling algorithm we employ in
the first step returns a schedule of length O(K) - 2! on the smaller instance we get from the
partition Jj.

After getting the intermediate schedule from the first step of our algorithm, we run our
second step (Divide and Schedule) respecting job to machine assignments of the intermediate
schedule. Note that J,,;q in DS has only one job per machine because jobs in J,,;q all run in
parallel at some point in the intermediate schedule. Thus, we do not need any modification to
the NFDH subroutine to ensure the same job to machine assignments in the final schedule.

Next, we show that Resource Bound of the sub instance obtained from the partition J; is
bounded by 45 - 2! under the same job to speed assignments f.

» Lemma 15. RB(J;) <45 -2

Our second step returns a schedule of length bounded by DS(J, B, F) < 2RB(J)/S +
(E — B)log(|J| + 1) where (E — B) is the length of the intermediate schedule obtained by
the first step. Lemmas 13, 14, and 15 prove that, for any [ € [L], this bound is at most
O(K logn) - 2! on the sub-instance obtained from the jobs in J;.

As we did in Section 2.2, we schedule the jobs in J; for each | € [L] to start after
O(Klogn)(1+2+4---+2') and complete before O(K logn)(1+2+4---+ 2! +21+1). This
again gives us a feasible schedule as in Lemma 10 and, given that 2!~2 < C'j as in the proof
of Lemma 11, we have an O(K logn) approximation.

Finally using the preprocessing of Chudak and Shmoys [3], we can assume that we only
have K = logm distinct speed groups. This comes with a loss of an additional constant
factor on the approximation ratio of our algorithm for the minimum makespan objective.
We first discard all the machines with speed less than 1/m times the speed of the fastest
machine and then round down each remaining speed to the nearest power of 1/2. Discarding
slow machines only increases the optimal makespan by a factor of 2 because we discard no
more than m machines each of which is at most as fast as 1/m times the speed of the fastest
machine. This means the fastest machine can process the jobs of the discarded machines with
a loss of factor 2 in the length of the schedule. Similarly, we only lose another factor of 2 by
rounding down the speeds of the remaining machines. Since we have at most logm distinct
speeds after the preprocessing, the algorithm described above on each Q|resl, prec, 7;|Ciaz
sub-instance is an O(logm logn)-approximation with K = logm.
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