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Improved Approximations for Unrelated Machine Scheduling

Sungjin Im* Shi Lif

Abstract

We revisit two well-studied scheduling problems in the unrelated machines setting where each job can
have a different processing time on each machine. For minimizing total weighted completion time we give a
1.45-approximation, which improves upon the previous 1.488-approximation [Im and Shadloo SODA 2020].
The key technical ingredient in this improvement lies in a new rounding scheme that gives strong negative
correlation with less restrictions. For minimizing Li-norms of machine loads, inspired by [Kalaitzis et al.
SODA 2017], we give better approximation algorithms. In particular we give a /4/3-approximation for the
Lo-norm which improves upon the former v/2-approximations due to [Azar-Epstein STOC 2005] and [Kumar
et al. JACM 2009].

1 Introduction

Unrelated machines have been an elegant abstraction of various heterogeneous resource allocation problems. In
the model there is a set J of jobs to be scheduled on a set M of machines. Job j has an arbitrary processing
time (or equivalently size) p;; on machine ¢. This general model has been extensively studied in various settings,
such as offline, online, and stochastic settings. Further, due to the generality of the model, its study has led to
discovering various algorithmic techniques.

In this paper we revisit two well-studied offline scheduling/load balancing problems for unrelated machines,
namely minimizing total weighted completion time and minimizing the Li-norm of machine loads. We give
improved approximation algorithms for both.

1.1 Previous Work We describe the previous results related to the two problems we study.

Total Weighted Completion Time. This problem is denoted as R|| ), w;C; using the classic common three-
field notation. In this problem, a machine can process at most one job at each time and all jobs must be completed
non-preemptively. The problem is known to be strongly NP-hard and APX-hard [23]. Schulz and Skutella gave
a 1.5 4 e-approximation by using a time-indexed LP and rounding the LP solution. The approximation ratio
was improved to 1.5 by Skutella [38] and Sethuraman and Squillante [36] independently, which both used convex
programming. Breaking the barrier of 1.5 had since been widely open [16, 34, 30, 41, 35].

The open problem was resolved by the breakthrough work by Bansal et al. [9]. All the previous works had
used an independent rounding where each job j is assigned to machine i with probability x;; independently,
given a fractional solution satisfying > ,, ;; = 1. Even if all machines are identical, independent rounding
only gives a 1.5-approximation. To break the barrier, they introduced a novel rounding scheme yielding certain
strong negative correlations among some jobs grouped together. The weighted completion time objective is highly
affected by how much jobs delay other jobs. To reduce the extra delay caused by randomized rounding, ideally
we want to have a strong negative correlation for any pair of jobs, meaning two jobs j and j’ are assigned to
machine ¢ simultaneously with probability strictly less than x;; - ;. Although this is not possible for every pair
of jobs simultaneously, they showed it is possible for some jobs disjointly grouped on each machine.

Unfortunately, the approximation ratio in [9] was 1.5 — 10~7, which was only slightly better than the barrier
of 1.5. The approximation ratio was improved to 1.5 — 1/6000 by Li [33], who used a time-indexed LP instead
of SDP but used the same rounding scheme as Bansal et al. used. Later, it was further improved to 1.488 by
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Im and Shadloo [27]. Their main contribution was obtaining a significantly stronger negative correlation. Their
rounding scheme was iterative fair contention resolution, which was inspired by the work of Feige and Vondrak
[19]. In contrast, Bansal et al.’s rounding was a clever modification of pipage rounding.

Li-norms of Machine Loads. In this problem each machine ¢’s load is measured as the total processing time
of jobs assigned to machine . Note that machine i’s load is equivalent to the maximum completion time of jobs
scheduled on machine 7 non-preemptively with no idle times. The objective is minimizing the Lg-norm of machine
loads. The Lj-norm seeks to reduce the variance of the loads as well as their average; for further motivation see [6].

The most well-known case is the L,.-norm, which is exactly the makespan minimization. For the L.,-norm,
there exists a classic 2-approximation and it is known to be hard to approximate within a factor of 1.5 unless
P = NP [37]. For the Ly-norm, Awerbuch et al. [4] gave a ©(k)-approximation based on independent rounding.
Later, Azar and Epstein [5] gave a breakthrough by showing a 2-approximation by using a convex programming
and rounding it using the same rounding scheme used by Shmoys and Tardos [37] for the Generalized Assignment
Problem. In particular they gave a \/2-approximation for the Lo-norm. Kumar et al. further improved the
approximation ratio for small values of k using a novel dependent rounding [29].

1.2 Owur Results

THEOREM 1.1. (Sections 2-4) There is an efficient randomized 1.45-approximation algorithm for the problem of
minimizing weighted completion time on unrelated machines.

As mentioned before, this improves upon the current best 1.488-approximation due to Im and Shadloo [27].

THEOREM 1.2. (Section 5) There is a randomized algorithm that is o’k approzimate for minimizing the Ly -norm
of machine loads, where o := SUp,,¢(0,1],yef0,1) 9(M,Y), and

m-(L+ 1 —m)y)* + (1 —m) ((1L—m)y)*
m-1%+(1—m)-y*

g(m,y) :=

By using a numerical tool, we can compute an upper bound on the claimed approximation ratio a’'/* for small
values of k. For the important special case of k = 2, we can analytically show that o = 4/3; see Appendix E.

k | 1.5 | 2 | 25 | 3 |35 | 4 | 45 | 5
Kumar et al. [29] | 1.585 | 2~ 1414 | 1.381 | 1.372 | 1.382 | 1.389 | 1.41 | 1.436
This paper 1.085 | \/4/3~1.155 | 1.214 | 1.265 | 1.309 | 1.349 | 1.384 | 1.415

Table 1: Approximation ratio for minimizing the Li-norm of machine loads for each value of k.

1.3 Our Techniques In this section we give an overview of our techniques.

Total Weighted Completion Time. For the problem of minimizing weighted completion time, our main
contribution is a new strong negative correlation (SNC) scheme. In the scheme introduced by Bansal et al. [9],
which was used later by Li [33] and Im and Shadloo [27], there is a vector y € [0, 1> such that Y, vi; = 1
for every j € J. For every i € M, we are given a partition of the edges incident to i into groups such that every
group has total y value at most 1. A rounding algorithm with strong negative correlation will assign each job
j € J to a machine i randomly, respecting the marginal probabilities (i.e., j is assigned to ¢ with probability
Y;j), non-positive correlation between events that two jobs are assigned to a same machine, and strong negative
correlation between events that two jobs are assigned to a same group.

A crucial difference between our setting for the SNC scheme and that of Bansal et al. is that our partitions of
edges are fractional. As a result, it is more natural for us to define y as a vector in [0, 1]Y*7, where U is the set
of all groups. Additionally, we are given a mapping ¢g : U — M indicating which machine each group belongs to.
In contrast to the setting of Bansal et al., we may have y,; > 0,¥,/; > 0 for a job j € J and two distinct groups
u,u’ € U with g(u) = g(u'). Similarly, our rounding algorithm assigns jobs to groups, respecting the marginal
probabilities, non-positive correlation between events that two jobs are assigned to two groups belonging to the
same machine, and strong non-negative correlation between events that two jobs j and j’ are assigned to the same
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group u. The strong non-negative correlation holds when ZU,GU:g(u,):g(u) Yuj < % and Zu,eU:g(u,):g(u) Yuj < %
Such a restriction is needed: In the case where g maps all the groups to the same machine, without the restriction,
we can not satisfy all the three requirements. As our SNC setting is more flexible, we have a simpler reduction
from the scheduling problem to the SNC scheme, and the loss it incurs is smaller. This is explained below.

As we do not require the groups belonging to a same machine to be disjoint, a simple construction of the
SNC instance from the scheduling problem guarantees the condition (*): The total y value of edges in a group is
at most 1. In contrast, the algorithm in [27] requires a sampling step to ensure the disjointness of groups for the
same machine. As a result, the condition (*) is satisfied only in expectation. To address the issue, they filter 1/2
fraction of the edges in a group and apply Chernoff bound. Even with this procedure, (*) can only hold with a
reasonable probability smaller than 1. As a result, their algorithm and analysis are more involved and their loss
is bigger due to the filtering and the application of Chernoff bound. Furthermore, due to the simplicity of our
algorithm, we can afford to analyze the approximation ratio more carefully.

Our rounding algorithm for the SNC scheme borrows some ideas from online correlated selection which played
a crucial role in the recent breakthrough result of a better-than-1/2 competitive algorithm for the online edge-
weighted bipartite matching problem due to Fahrbach et al. [18]. Initially, every job chooses two candidate
groups belonging to different machines randomly. Then to respect the marginal probability, we need to assign
the job to one of the two candidate groups uniformly at random. We correlate this process across different jobs
to create some strong negative correlation between events that two jobs are assigned to the same group, without
introducing positive correlation between events that two jobs are assigned to the same machine. To do so, we
generate segments of the form wu-j-u’-j’-u”, where j,7’ € J,u,v',v” € U and all edges are candidate edges. We
then correlate the assignment of j and j': With probability 1/2, we assign j to u and j' to u'; with probability
1/2, we assign j to v’ and j’ to u”. So, we will not assign both j and j’ to u, creating a negative correlation
between the two events. The segments are generated so that for every u’, 7, j’, the path j-u’-j’ appears in the
middle of a segment with some reasonable probability. Our new SNC scheme as well as the rounding algorithm
may be of independent interest.

Li-norms of Machine Loads. For minimizing Lj;-norms of machine loads, we use the same algorithm that was
used by [28] for minimizing total weighted completion time when all jobs have an equal weight-to-size ratio, a.k.a.,
uniform smith ratios. Their algorithm is essentially the same as the celebrated algorithm Shmoys and Tardos
used for minimizing makespan. The novelty of the work [28] primarily lies in the analysis.

At a high level, the rounding views the fractional LP solution as a fractional matching between jobs and
“buckets.” A machine may have multiple buckets, each of unit capacity. The rounding samples an integral
matching. The main difficulty in analyzing the algorithm comes from the fact that individual job assignments are
highly correlated. The key observation in [28] is the outcome satisfies a certain structural property. Then, the
instance is sequentially modified into simpler instances keeping the property satisfied. We borrow this key idea.
But, perhaps our analysis is (modestly) simpler and therefore works for all Li-norms of machine loads.

1.4 Other Related Work We first discuss other related work on the total weighted completion time objective.
The problem can be solved in polynomial time if jobs have uniform weights or all jobs are unit sized [24, 12]. The
problem admits a PTAS if the number of machine is fixed [32]. As mentioned before, Kalaitzis et al. [28] gave
a 1.21-approximation when all jobs have the same ratio of w;; and p;; on each machine [28]. When machines
are identical (P[] }_, w;Cj) or uniformly related (Q||>_; w;C};), the problem is NP-hard [20] but admits PTASes
[1, 39, 15]. If there is only one machine, the smith rule of ordering jobs in decreasing ratio of their weight to size
is known to be optimal.

All hither-to-discussion assumed jobs arrive at time 0. If jobs arrive at different times, the problem is NP-
hard even when there is only one machine [31]. When machines are unrelated (R|r;|_; w;C}), 2-approximation
[34, 38] had been the best until it was improved to 1.869-approximation by [26]. PTASes exist when machines
are identical or uniformly related [1, 15]. The flow time objective is significantly more challenging to approximate
than the completion time objective. For minimizing total flow time, i.e, R[r;[3_;(Cj —r;), a poly-logarithmic
approximation was given by [7] and it was recently improved by [8]. For the special case of restricted assignment
case with release times, see [21, 22].

For the makespan objective, i.e., R|| max; C;, there have been attempts to give better than 2-approximations
for certain special cases [40, 17]. The dual objective of maximizing the minimum total load of all machines
has also been studied extensively [10, 3, 2, 13, 19]. Kumar et al. gave a unified approach to optimize multiple
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objectives simultaneously [30]. Bonifaci and Wiese showed a PTAS when there are a fixed number of machine
types for minimizing Ly-norms of machine loads [11]. Chakrabarty and Swamy initiated studying the more general
symmetric norm [14], which strictly generalized the Lg-norm of machine loads. The state-of-the-art approximation
ratio for the problem is 2 4 € [25].

1.5 Organization of the Paper The rest of the paper is organized as follows. In Section 2 we introduce
our new strong negative correlation scheme and give the algorithm. In Section 3 we present our algorithm
for R||>. ;w;Cj. We give its analysis in Section 4, finishing the proof of Theorem 1.1. In Section 5, we prove
Theorem 1.2 by giving the algorithm for the problem of minimizing Lx-norm of loads and analyzing it. All missing
proofs can be found in the appendix. Most of the analysis of the algorithm for the weighted completion time
problem is analytical. There are a few places where we use numerical tools to compute the maximum (minimum)
of a single-variable function over an interval. We plot the two functions in Appendix D.

2 Rounding Algorithm with Strong Negative Correlation

In this section, we introduce our strong negative correlation (SNC) scheme. In our setting, there is a set M of
machines, a set J of jobs, a set U of groups, a function g : U — M mapping groups to machines, and a vector
y € [0,1]Y*7 such that y(u,J) <1 for every u € U, and y(U, j) = 1 for every j € J, where y(u,J') = ZjEJ/ Yuj
for every u € U and J' C J, and y(U’,j) = >, cps Yuj for every U C U and j € J. We say a group u € U belongs
to the machine g(u). We make the following definition, where g~!(i) is defined as {u € U : g(u) = i}.

DEFINITION 2.1. We say a machine i € M dominates a job j € J if y(g~1(i),7) > %

See Figure 1(a) for the input of the SNC scheme. Our main theorem for the strong negative correlation
scheme is the following.

THEOREM 2.1. Given M, J,U, g and y as described above, there is an efficient randomized algorithm that outputs
an assignment o : J — U of jobs to groups satisfying the following properties.

(2.1a) (Marginal Probabilities) For every u € U and j € J we have Pr[o(j) = u] = yu;.

(2.1b) (Non-Positive Correlation for a Same Machine) For any two distinct jobs j,j' and two (possibly
identical) groups u,u’ € U with g(u) = g(u'), we have

PI‘[U(]) =1u, g(j/) = ul] S YujYu'j’ -

(2.1¢) (Strongly Negative Correlation for a Same Group) For any two distinct jobs j,j € J and group
u € U such that g(u) does not dominate any of j and j', we have
Prlo(j) = o(j") = u] < (1 —n)yujyu;’, wheren=0.1561.

As we mentioned, in the scheme of Bansal et al. [9], the vector y is in [0, 1]/ and there is a partition of
edges incident to each machine i into groups. This naturally gives a vector over [0,1]Y*7 for the set U of all
groups, with a crucial condition which our scheme does not have: a job can not be adjacent to two different
groups belonging to the same machine, in the support of the vector. Our 7 = 0.1561 may seem weaker than the
counterpart in Im and Shadloo [27]. However the flexibility of the scheme allows us to save more in the reduction
from the scheduling problem.

2.1 Sketch of Rounding Algorithm We first give a sketch of the algorithm. To deliver the ideas more
efficiently, we assume no machines ¢ dominate any job j, all the y,; values are very close to 0, and we make many
simplifying assumptions along the way. Our algorithm consists of 4 steps; see Figure 1 for an illustration of the
sketch.

1. For every job j, we choose two candidate groups belonging to two different machines, such that a group w is
chosen with probability exactly 2y,;. This is possible as we assumed no machines dominate any job. The
process is independent for different jobs j. Let H%" be the bipartite graph between U and J containing the
edges {uj : w is a candidate group of j}. So, to respect the marginal probabilities, we need to assign each
j € J to one of its two candidate groups uniformly at random. We do this in a coordinated way in succeeding
steps.
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Figure 1: The sketch of the algorithm for our SNC scheme. (a) depicts the input of the scheme. (b) shows the
graph H®" where every job j € J is incident to two groups belonging to two different machines. The pairing
is indicated by the red arcs in (b). (c) shows the graph H*Pt. (d) gives one cycle-component in H*P* and a
partition of the cycle into 2 segments, denoted by red and blue lines respectively.

2. For every group u € U, we consider its incident edges in H", or equivalently, the set of jobs choosing u as a
candidate group. We pair these edges, and for simplicity we assume their cardinality is even so all edges can
be paired. The pairing is chosen uniformly at random. Replacing each group u in H%" with multiple copies,
each incident to one pair of edges, we obtain a graph H*P' where all vertices have degree 2. Thus HP'" is the
union of some cycles.

3. For simplicity, we assume all cycles in H*'"t have lengths being integer multiplies of 4. We break each cycle
in H%'"t into paths of length 4 with end points being groups, which we call segments. There are two ways to
do so and we choose one uniformly at random. So, each segment is of the form w-j-u'-7'-u” with u,u’, v’ € U
and 7,7’ € J. (We identify the copies of groups with their original groups in U).

4. For each segment u-j-u'-j'-u", we perform the rounding operation: with probability 1/2 we let o(j) = u and
o(y") = u/, and with the remaining probability 1/2, we let o(j) = v’ and o(j') = v”.

This finishes the sketch of the algorithm. Property (2.1a) is easy to see. To see Property (2.1b), notice that
Step 4 does not create a positive correlation over a same machine: We have g(u) # g(u’) and g(u') # g(u”), due
to that the two candidate groups of a job do not belong to a same machine.

To analyze Property (2.1c), we show that two edges uj and wj’ will be paired with a decent probability,
conditioned on that they are both in H"d: When all the y values tend to 0, the degree of u in H®" follows
a Poisson distribution with mean 2. Once their are paired, with probability 1/2, v will be the middle vertex of
the segment containing wj and uj’. If this happens, we do not assign both j' and j’ to u in Step 4, creating a
negative correlation between o(j) = u and o(j’) = w.

Many complications arise in the actual algorithm. Firstly, if a job j is dominated by a machine 7, we can
not guarantee the two candidate groups for j belong to different machines. In such a case, we do not impose the
requirement. Secondly, as our y values may not tend to 0, we need an extra filtering operation in Step 1: For
every edge uj € H®" with g(u) not dominating j, we mark uj with probability %, which approaches 1 as
Yyuj tends to 0. This ensures that the probability an edge is marked is 1 — e~2¥#7 leading to the desired Poisson
distribution in the analysis. For every group u, we only pair the marked edges incident to it. Thirdly, the cycles
in H*P"* may have lengths not being multiplies of 4 (but the lengths are always even). We break such a cycle into
segments of length 4, and one segment of length 6 satisfying certain properties. Finally, H®'* may contain paths
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as edges may be unpaired; however they are easier to handle than cycles.

2.2 Formal Description of Rounding Algorithm Now we formally describe the rounding algorithm for
Theorem 2.1. Throughout the section, given a graph H = (V,E) and a vertex v € V, we shall use dg(v) to
denote the set of incident edges of v in H. The rounding algorithm proceeds in 4 steps as we mentioned.

Step 1: Choosing and Marking Candidate Edges. For every job j € J, we independently run the following
procedure. We randomly choose two candidate groups v},ujz € U, and call the two edges Ujl. J and vjz 7 candidate
edges; let H" be the bipartite multi-graph between U and J containing all the candidate edges. We guarantee
the following two properties for every j € J:

. Pr[v} =ul = Pr[vj? = u] = yy;, for every u € U.

e For every i € M such that i does not dominate j, we have Prg(v]) = g(v?) = i] = 0.

The second property says that we should avoid choosing two candidate groups belonging to the same machine,
unless it is unavoidable.

OBSERVATION 2.2. If g(u) does not dominate j, then uj appears in H" at most once and Pr[uj € H"] = 2y,,;.

There are no other properties needed on how we choose the two candidate edges for a fixed j.

For every uj € H%" such that g(u) does not dominate j, we independently mark it with probability
1_5;& < 1. The probability tends to 1 as y,; tends to 0. Similarly, we create a bipartite graphs H mark

between U and J that contains all the marked edges.

OBSERVATION 2.3. If g(u) dominates j for some v € U,j € J, then uj ¢ H™™. Otherwise, Prluj € H™] =
1 — e, Moreover, for a group u € U, the events uj € H™* over all jobs j € J are independent.

Notice that H™* does not contain parallel edges and H™* C H<"  This holds as if H" contains two
copies of the same edge uj, then it must be that g(u) dominates j, in which case we should not have marked uj.

Step 2: Pairing Edges to Obtain a Set H*P'* of Paths and Cycles. For every vertex u € U, we independently
run the following pairing procedure. We pair the edges in dgmai(u) (instead of dyenda(u)), so that 0 or 1 of the
edges in dpmak(u) are not paired, depending on whether |6 gme(u)| is even or odd. Among all the valid pairings,
we choose one uniformly at random. An edge in Jpgend(u) may not be paired for two reasons: First, it may not
be in 0 gmak (u). Second it is in § gmex (1), but |§gmex(u)] is odd and it is the only unpaired edge in the set.

Now, we create a graph HP' from H" by splitting groups as follows. Let H*" contain only the jobs
initially. Then, for every group u € U, and any two paired edges uj, uj’ € H®", we add a copy of u to H*'* and
two edges connecting the copy to j and j’ respectively. For every group u € U and any unpaired edge uj € H",
we add a copy of u to H*'"t and connect the copy to j.

Notice that in H*P't every job has degree exactly 2, and every group (more precisely, every copy of a group)
has degree 1 or 2. So, each connected component in H*' is either a cycle or a path connecting two copies of
groups. From now on, we may not strictly distinguish between a group in U and its copies, when doing so does
not lead to a confusion.

CLAIM 2.4. Let P be a component in H®® containing at least 4 edges, and let 7 € P. Then the two adjacent
groups of j in P belong to different machines.

Proof. If the two groups belong to the same machine, then the machine must dominate j. In this case the two
edges between the two groups and j are not marked and thus can not be paired with other edges. Then P should
be a path of length 2, a contradiction. ]

Step 3: Breaking Cycles/Paths in H*"* into Segments. We construct a set of edge-disjoint segments from
the paths and cycles in H%'t defined as follows.
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DEFINITION 2.5. Let P be a component in HP® that is a path, or a cycle of length at least 8. A segment S in P
is a sub-path of P of length 4 or 6, starting and ending at groups. Moreover, if S is a path u-j-u'-j'-u"-7" " of
length 6, then g(u) # g(u”) and g(u"") # g(u').

The groups in S that are not the starting or ending group of S are called the centers of S: If S is u-j-u’-j"-u",
then the center is v/, and if S is u-j-u'-j'-u" -5 -u""’, then the centers are v’ and u".

If P is a length-4 or 6 cycle in H®™ then we also call P a segment, and all groups in P are centers of P.

Notice that by Claim 2.4 and the definition, all centers of a segment S belong to different machines, and
a center and a non-center group of S belong to different machines. However, it may be possible that the two
non-center groups of S belong to the same machine.

We construct a set S of edge-disjoint segments. If P is a cycle of length 4 or 6 in H**'t, then P is a segment
and we add P to S.

Focus on a path component P in H*'" and let it be w1-j;-ug-jo-- - - -ug41. Then we add a set of edge-disjoint
segments of P to S as follows: With probability 1/2, we add to S all the segments of P of the form ws-jg-ts11-
Jt+1-Ut+2 with ¢ being an odd number. With the remaining probability 1/2, we add to S all the segments with ¢
being an even number. The following claim is immediate:

CLAIM 2.6. FEvery internal group u in P is the center of a constructed segment with probability %

Now we show how to create segments from a cycle component C' in H%'"t with length at least 8, in the proof
of the following lemma. As the proof is done by some tedious case-by-case analysis, we defer it to the appendix.

LEMMA 2.7. Let C be a cycle component in H®' with length at least 8. There is an efficient random procedure
that outputs a set of edge-disjoint segments of C, such that every group uw € C is a center of a segment with
probability at least %.

We add the segments constructed by the lemma to S.

Step 4: Rounding Along Segments. For every segment S € S, we list all the vertices along S in a sequence,
which have length 5 or 7; if S is a length-4 or length-6 cycle, we break it at an arbitrary group and list all the
vertices from the group. With probability 1/2, let o(j) for every job j in the sequence be the group u before j.
With the remaining probability 1/2, let o(j) for every j be the group after j in the sequence.

There are many other jobs that are not in any segment in S and thus are not assigned. For these jobs j,
we independently let o(5) be one of its two neighbors in H*"d uniformly at random. j may not be in a segment
because the component P € H*!t containing j falls in one of the following cases.

e P is a path, j is the first or the last job on P.

e P is a cycle of length at least 8, and the segments from P do not cover j. This is possible as the segments
constructed by the procedure in Lemma 2.7 may not cover all jobs.

Notice that P can not be a cycle of length 2 as we do not mark an edge uj if v dominates j. This finishes the
description of the rounding algorithm for the SNC scheme.

2.3 The Analysis of Rounding Algorithm for SNC Scheme Now we analyze the algorithm in Section 2.2
and finish the proof of Theorem 2.1. We let ¢; = 1 if we assign j to v; and ¢; = 2 if we assign j to v3.! To see
Property (2.1a), notice that Pr[vjl» =u| = Pr[v? = u] = y,; for every uj € U x J. Conditioned on any values of vjl-

and v?, we have Pr[¢; = 1] = Pr[¢; = 2] = §. Therefore, we have Pr[v} = u,¢; = 1] = Prjvf = u,¢; = 2] = %2,

So, Prio(j) = u] = yu;-
To prove Property (2.1b), we focus on two vertices u,u’ € U with g(u) = g(v') (it is possible that v = ')

and two distinct jobs 7,5’ € J. We have Pr[v} = u, v}, = v/] = Prfv} = u| Pr[v) = «/] = yu;yu i as the candidate
J JyJ 7 7 7 i YujYu'j

edges for different jobs are chosen independently. In the rest of this paragraph, we condition on vjl- = u, vjl-/ =

We show that the probability ¢; = ¢;; = 1 is at most 1. Notice that the two edges uj and u’j" in H" can not

appear in the same cycle of length 4 or 6 in H*'t due to g(u) = g(u') and Claim 2.4. If the two edges uj and

Tt is possible that v = v2. In this case, we can still tell whether ¢; = 1 or ¢; = 2. Indeed the purpose of introducing c; is to

avoid the confusion caused by this case.
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v'j in H® do not belong to a same segment in S, then j and j’ are rounded independently in Step 4. In this
case, the probability is precisely §. Now assume they appear in the same segment S € S. As g(u) = g(u’), u and
«’ must be the two end-vertices of S, or we have u = u’. In either case, the probability ¢; = ¢;; = 1 happens with
probability 0. So, the probability that ¢c; = ¢ = 1 is at most i.

. YujiYy! 5!
This proves that Pr[vjl- = u,vjl., =',¢; = ¢y = 1] < =23~ We can prove the same upper bound for
1_ 2 o 2 _ T _ 0 o 2 _ 2
Prlv; = u,v5, = u'icj = 1l,cj = 2], Pr[vs = u,vj, = u' cj = 2,¢5 = 1] and Pr[v; = u, vy, = u' ;= ¢ = 2].

Therefore, we have Prlo(j) = u,0(j") = v'] < YujYuj-

Proof of Property (2.1c) Finally, we prove Property (2.1c), which is the hardest. We focus on a vertex
u € U, and two distinct jobs 7,5’ € J such that u does not dominate either j or j'. Notice that each of uj and
uj’ appears in H®" at most once, and Prluj,uj’ € H®"] = 4y,;y,;». Under the event, they are both marked

. ae o (1—e i) (1—e 2Yui)
with probability Ty .

From now on, we condition on the event uj,uj’ € H™™*. Let Q = |§gma(u)| — 2. Then the distribution
for @ is dominated by Pois(2p), where for convenience we define p := 1 — y,,; — yu;s, and Pois(\) is the Poisson
distribution with mean \. Formally, we have the following claim:

Cram 2.8. We can define a random variable X ~ Pois(2p) that is correlated with @, such that Q@ < X always
holds.

Proof. @ is the number of marked edges incident to w other than uj and wj’. By Observation 2.3, for every
4" ¢ {4,4'}, the probability that j” is marked is at most 1 — e~2%s” and the events are independent. The
Bernoulli variable with mean 1 — e~ 2% is dominated by the Poisson distribution with mean 2yyj. Therefore
we can define a random variable X~ for every job j” ¢ {j,j'}, such that X;» ~ Pois(2y,;~), uj” € H™™ implies
X;» > 1, and the variables X;~ over all j” are independent. It always holds that @ < Zj,,eJ\{j’j,} X, which
follows the Poisson distribution with mean Zj”e]\{j,j’} 2y = 2y, J) = Yuj — Yugr) < 2(1 = Yuj — Yuj?) = 2p
as y(u,J) < 1. O

Under the value @Q, the probability that uj and uj’ are paired is ﬁ when @ is even, and ﬁ when @ is

odd. So conditioned on uj,uj’ € H™ we have that uj and wuj’ are paired with each other with probability at
least

t t
—2p (2p) 1 (2p) 1
€ > TS > L+ 2

t>0 even t>1 odd

_ o2 i (20)" 1 B Z (2p) 1
! !
— 41 1o 1 t+1)(t+2)

o[ 1 m (20 1 (2p)"
2
i Er P e e D Dl
Pi=m v (2p) t>3 odd
_ 1 1 e — =2 1 1—e 4
= (e 1) - )
2p (2p) 2 2p 8p

t
where we used # = i1 odd % in the first equality in the last line.
Define € to be the event that uj and uj’ are paired to each other, and the copy of the group u for the pair
(uj,uj’) is a center of some segment in S. Notice that when £ happens, we will not assign both j and j’ to u. So

we have

Prlo(j) = u,0(i') = t] = Ayusyiy - (1~ Prfeluj,ug’ € H=) - <
iy (1 (L1 )
R L e | (21)
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In the inequality, (1 —e~2Y4i)(1 — e 2%’ )4y, Y, is the probability that uj and uj’ are marked, under the

condition that they are candidate edges; 2*1,) — 1789/:‘)
under the condition that they are marked; and % comes from Claim 2.6 and Lemma 2.7.
YujYu g’

is the probability that they are paired with each other,

We then lower boun ) For a fixed y,; + yujy = 1 — p, we have that

2p 8p?
(1—e 2Yui)(1—e >
YujYuj’

the fact that In 1_;71 is a convex function of z:

l/uj/)

is minimized when y,; = y,;s. This follows from taking the logarithm of the quantity, and

CrAamm 2.9. In 1_;732 is convex over the domain [0, 00).

2y =2y, B _ )
So for a fixed p € [0, 1], %(1_6 yyij;ijle ) (ﬁ - 1_8224’)) is minimized when y,; = y,j» = +52. In this
o 4 (1—er\? (1 1—e
case, the quantity isequalto = - | — | | — — ———
9 1—p 2p 8p?

The function in the domain [0, 1] has the minimum value of at least 0.1561 (See Figure 10 in Appendix D for
the function). Therefore, (2.1) is at most (1—0.1561)yu;Yu;s = (1—0)Yu;Yu;’, finishing the proof of Property (2.1c).

3 Scheduling Algorithm Based on Rectangle LP

In this section, we describe our algorithm for the problem of scheduling unrelated jobs to minimize the weighted
completion time. The problem is formally defined as follows. We are given a set M of machines, a set J of jobs,
and a processing time p;; € Zso U {oco} for every i € M,j € J. Every job has a weight w; € Zs( for every
j € J. The output of the problem is an assignment o : J — M and a total order <; of jobs in 0 ~1() for every
i € M. The completion time C; of a job j with o(j) = ¢ in the solution is p;; + Zj'erl(i):j’ﬂj pij. The goal
of the problem is to minimize ) jed w;Cj. It is well-known that once the assignment o : J — M is decided, it is
optimum to sort jobs in o~ (i) for every i € M in non-decreasing order of p;;/w.

As in [33] and [27], our algorithm is based on the so called rectangle LP, which we describe now. Let
T=> jeJ MaXiip, ;oo Pij SO that any schedule will complete by time 7. The LP is defined as follows:

min Z w; Z Tijs (5 + pij) (3.2)

jeJ  ieM,s€[0,T)

Z Tije = 1 VielJ (3.3) Tijs =0 VieM,jeJ,s>T —py (3.5)
1€M,s€[0,T)
> <1 Vie M,t e [T] (34)  wis=20  VieM,jeJ,sel0,T) (3.6)

JEJ,SE[t—pij,t)

In the correspondent integer program, x;;s for every ij € M x J and integer s € [0,T) indicates if job j is
scheduled on machine i, with starting time s. The objective gives the weighted completion time of the schedule.
(3.3) requires that every job j is scheduled. (3.4) requires that at any time on machine 4, at most one job is being
processed. (3.5) ensures that no jobs complete after time 7. (3.6) is the non-negativity constraint. The LP is
polynomial-sized when T is polynomially bounded, but it can be solved to an arbitrary precision even when T is
super-polynomial in n, as shown in [33].

Im and Shadloo [27] showed that given a solution x to LP(3.2), one can round it to an integral schedule,
whose weighted completion time in expectation is at most 1.488 times the value of x. In this paper, we improve
the ratio to 1.45.

As in [27], we define R;j, for every variable z;;s > 0 to be a rectangle with horizontal span (s, s + p;;] and
height x;;,. We say that the rectangle is for job j, on machine ¢ and with starting time s. So (3.3) says the total
height of all rectangles for a job j is at least 1, and (3.4) says the total height of rectangles on any machine ¢ that
covers a time point ¢ is at most 1. Let x;; = Y _ ;5 be the total height of all rectangles for job j on machine i,
for every i € M,j5 € J.

3.1 Comparison of Algorithm to That of Im and Shadloo [27] As showed by Li [33], the following
independent rounding algorithm leads to a 1.5-approximation for the problem. For every job j, we independently
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choose an “anchor rectangle” R;;s for j, so that R;;s is chosen with probability z;;,. If the anchor rectangle for j
is R;js, we assign j to machine ¢, and define 6; to be a random real number in the span (s, s+p;;| of the rectangle.
Then we schedule all the jobs assigned to a machine ¢ in increasing order of §; values. This serves as a starting
point of their better-than-1.5 approximation algorithms.

Similar to Im and Shadloo [27], we break the time horizon into a set of base windows of geometrically
increasing length and define when a rectangle belongs to a base window. We choose a shifting parameter 7;; for
every pair ¢ with x;; > 0. Roughly speaking, R;;s belongs to base window k if s 4 7;; is in the base window.
We create one group for every machine ¢ and every base window k, that contains all the rectangles on machine ¢
belonging to the base window k. We guarantee that the total height of rectangles in a group is at most 1. This
way, bad rectangles on machine ¢ with the similar width have a good probability of being grouped together. Then
applying Theorem 2.1 with this grouping gives some negative correlation between the events these bad rectangles
are chosen as the anchor rectangles. This leads to the better-than-1.5-approximation ratio of the algorithm.

In our SNC scheme, we do not require that a job is only incident to one group belonging to a machine. So
we do not need to choose a representative rectangle R;;s for a ij pair as in Im and Shadloo [27]. As a result,
our construction automatically satisfies that the total height of rectangles belonging to one group is at most 1.
In contrast, the condition is only satisfied in expectation in [27]. Thus, they need to filter 1/2 fraction of the
rectangles in a group and apply Chernoff bound, which only guarantees that the condition holds with a probability
smaller than 1.

3.2 Formal Description of Rounding Algorithm for Scheduling Problem In this section, we formally
describe the rounding algorithm for the problem R|[3_; w;C;.

Step 1: Constructing Base Windows and Choosing Shifting Parameters. Let a = 0.3,8 = 12.1 be
two parameters whose values are chosen to optimize the final approximation ratio; recall that n = 0.1561 is the
parameter in Theorem 2.1. We randomly choose a parameter p € [1,14 /) so that In p is uniformly distributed in
[0,In(143)). Then, define a grid point to be a real number of the form p(1+3)*, k € Z. So the time horizon (0, o)
is broken into many base windows by the grid points: the base window k is the interval (p(1 + 8)*~1, p(1 + B)*].

For every pair ¢j with p;; # oo, we choose a shifting parameter 7;;, independently and uniformly at random
from [0, p;;). Let 7 be the vector (7i;)icn, je:p;;#00- Till the end of this section, we condition on the values of p
and 7 when dealing with probabilistic events.

DEFINITION 3.1. We say a rectangle R;js belongs to the base window k if s < p(1+ B)F~1 < s+ 1;; < p(1+ p)k.
Let Ry, be the set of all rectangles belonging to the base window k. We use R;js ~ Rij o to denote the event that
the two rectangles R;js and R;j 5 on the same machine i belong to the same base window k. We use R;;s ~ Rjjrs
to denote the event that there exists some k such that R;js ~1 Rijisr.

It is possible that a rectangle R;;, does not belong to any base window: This happens if there are no grid points
between s and s + 7;;. We note that the requirement s < p(1 + 3)*~1 will be used in the proof of Lemma 3.2.

Step 2: Defining Groups and Applying Theorem 2.1. To apply the SNC scheme, we need to define the
groups U, the mapping g : U — M and the fractional matching y € [0,1]Y*/. We view each group u as a set of
rectangles and the set U of all groups forms a partition of the rectangles.

For every machine ¢ and base window k, we add a group w;x := {R;;s € R} to U, if the set is not empty. We
define g(u;) = i. For any ij pair in M x J, we add a group v;; := {Rijs ¢ U, R} to U if the set is not empty.
We define g(v;;) = i. That is, v;; contains all the rectangles for j on ¢ that do not belong to any base window.
Clearly, U forms a partition of all rectangles. Then for every group u € U with g(u) =4 and j € J, we define

Yuj = Z Lijs
s:Rijs€u
to be the total height of rectangles in group u for job j. By definition, we have y,,;; = 0 if j # j'.
LEMMA 3.2. For every u € U we have y(u, J) < 1. For every j € J, we have y(U,j) = 1.

Proof. For a group u;, € U, we have y(u;x, J) is the total height of all rectangles in w;;. Notice that R;;s € Ry
only if [s, s 4+ p;) contains p(1+ 8)¥~1. By (3.4), this is at most 1. y(v;j,J) = ys,,; < 1 as the total height of
rectangles for j is at most 1. The second statement follows from that U is a partition of all rectangles. 0

Copyright © 2023 by SIAM
2926 Unauthorized reproduction of this article is prohibited



Downloaded 05/31/23 to 169.236.236.7 . Redistribution subject to SIAM license or copyright; see https://epubs.siam.org/terms-privacy

Now we can apply the algorithm for the SNC scheme in Theorem 2.1 on U, g and y to obtain an assignment
o :J — U of jobs to groups. For every j € J, we identify an anchor rectangle R;;s that resulted in the assignment
of j to o(j) in the SNC scheme: assuming o(j) = u, we choose the anchor rectangle for j randomly from the
all rectangles for j in u, with probability proportional to their heights. So, such a rectangle R;;s is chosen with
probability %
uj
We use i; and s; to denote the machine and starting time of the anchor rectangle for job j. Abusing notations
slightly, we also use R;;s to denote the event that R;;s is the anchor rectangle for j. That is, R;;s holds iff i; =4
and s; = s. We state a lemma that is a direct consequence of Theorem 2.1. Recall that a machine ¢ dominates a
job j if y(g7'(3),4) = zij > 3
LEMMA 3.3. Let j,j’ € J be two distinct jobs, i € M and s,s' € Z>o. Then the following statements hold.
(3.3&) PI‘[RijS} = Tijs-
(5).5)[)) PI‘[RijS, Rij’s’] S LijsLijls! -

q

(5.3¢) If i does not dominate any of j and j', then
Pr[R;js, Rijis|Rijs ~ Rijrs] < (1 —n)xijstijoer, where n = 0.1561 is as in Theorem 2.1.

Step 3: Construction of Final Schedule. We define

0. — (1+a)s; + 74,5 if i; does not dominate j
Tl A+ a)s; + Ti,;5 +0.2-p;;;  if i; dominates j

Recall that o = 0.3 is the global parameter we chose at the beginning of the algorithm. As observed in the
algorithms of [33] and [27], the hard cases come from the rectangles R;;s with s < p;; and z;; close to 0. This is
because we can charge some delay to s when it is big and a self-“charging” is possible when x;; is large. Thus we
can afford to add the term as; to the definition of 6;; when z;,; > %, we can even afford to add the term 0.2 p; ;.

In the final schedule, every job j is scheduled on the machine i;. Jobs assigned to a same machine i are
scheduled in increasing order of their §; values (with probability 1, no two jobs have the same 6, values). Notice
that once the assignment of jobs to machines is fixed, it is the best to sort jobs using the Smith ratios on each
machine. However, as in [33] and [27], it is more convenient to analyze this (possibly) sub-optimal schedule. This
finishes the description of the algorithm.

4 Analysis of Rounding Algorithm for Scheduling Problem

In this section, we analyze the approximation ratio achieved by the rounding algorithm in Section 3. We fix a
job j* and let C* be the completion time of j* in the schedule produced by the rounding algorithm. Most of the
time we also fix a machine i and our goal is to prove

1.45 .
— D T (87 + pige). (4.7)
[/

E[C*|ij» =] < .
This shall prove that E[C*] < 1.45 Zi’s* Tij+s+ (8" 4+ pij+), which in turn proves that the expected weighted
completion time of the schedule is at most 1.45 times the value of the rectangle LP.
As in [27], we can bound the ratio in (4.7) by 1.5 — 17/2 + 0.2 = 1.45, for the case when 7 dominates j*. The
—17/2 term comes from that x;;+ > 1/2 and the 0.2 term comes the additive term 0.2 “Pi,.j+ in the definition of
6;~. We defer the proof of following lemma to the appendix, as it follows from the argument in [27].

LEMMA 4.1. If the machine i dominates j*, then (4.7) holds.

4.1 When i Does Not Dominate j* From now on we consider the case where i does not dominate j*. We
fix j*, i and a starting time s*. We shall upper bound E[C*|R;;-s] by 1.45(s* 4 p;;+). De-conditioning on s*
proves (4.7). Throughout this section we use 7% and 6* as shorthands for 7;;- and ;- respectively. Notice that
0* = (14+a)s*+7* conditioned on R;;«s-. Most of the time we also condition on the value 7*. So for convenience,
we use 15\1"[] and E[] to denote Pr[-|R;j-s+,7*] and E[-|R;j« 4=, T*] respectively.

As in [33] and [27], we define configurations as follows:
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DEFINITION 4.2. A configuration f is a set of rectangles on i for jobs in J \ {j*} with disjoint spans. That is,
for every two distinct rectangles R;;s, Rijis € f, we have (s,s+ pij] and (s',s' + pij’] are disjoint.

It is well-known that we can find a family F of configurations?, each f € F with a value z; € [0, 1] such that
Z zg =1 and Z z§ = @;js for every rectangle R;js with j # j*. For every f € F, we define
feF fEF:Ri;s€f

. f’}[Rijs,Qj < 9*} * Dij -

The usefulness of the definition ®(f) can be seen from the following claim:

Cram 4.3. E[C7] — Pijx = Z (f).
feF

As Zfe]—‘ zp = 1, our goal then is to upper bound q)z(ff) for every f € F, considerably below 6*. This will

bound E[C*] away from 6* + pij- = (14 a)s* + 7 + pij-. As E[7*|ij- = i] = 24° we shall obtain a better-than-

2
1.5-approximation. We bound M in the following crucial lemma. For any p € [1,1+ ) and a real t > 0, let

z
h,(t) be the smallest grid point that is at least ¢, under the value of p: h,(t) = p(1 + B)* for the smallest integer
k with p(1+ )k > ¢.

LEMMA 4.4. For every f € F, we have

o 0 h * *
) — g _ min{n : IE,,/ 1 <s* PEUICE +r*)) dr, 0.1020*} . (4.8)
0

zf 1“1‘5

We defer the proof to the appendix, and elaborate more on the inequality and proof here. For simplicity,
assume ¢ does not dominate any job involved in f; this is the bottleneck case. We shift a rectangle R;;s to the
right by as, so that the value of 0; will be the starting time of the anchor rectangle for j after shifting, plus ;.
After shifting, the horizontal span of rectangles in the configuration f € F are disjoint, as we shift the rectangles
on the right more than the rectangles on the left. Then, without using the negative correlation, we can bound %,{)
by 6*. The negative term in (4.8) comes from two cases, corresponding to the two terms in the min operator. The
first term, which is the main term, comes from the negative correlation between R;j«¢+ and the unique rectangle
R;j, in f that covers 6* after shifting. We shall show that the worst case happens when s = 0. In the integration,
7T is the 7;; value and the condition inside 1(-) is for the event R;;s ~ R;;+s+. The second term 0.1026* in the min

operator comes from the case where the rectangle R;;s has s > s*.

To avoid the issue of dividing by 0, we assume s* > 0. One can show that the case where s* = 0 will be
covered by the case s* > 0 and p;;+ tends to co. For every r € [0, 00), we define

1+a+r r
QO(T):W'E;»/O 1(1< hpl(:_—;) <y<hp(1+r)) - dy, (4.9)
Q(r) =min{Q°(r), 01021 +a+71)}. (4.10)

COROLLARY 4.1. Let r = 7*/s*. Then we have E[C’*] —pij» < (1+a+r—Q(r))s*.

Proof. First, for every f € F, we have () < 0* — Q(r) - s*. This follows from Lemma 4.4 by defining r = ks

zZf S

and using the fact that In p is uniformly distributed over [0,In(1 + 3)). By Claim 4.3, we have

E[C*] = pijr = > O(f) < D (0" = Q(r)s")zy = (1+a)s" +7° = Q(r)s

feF feF
=(1+a+r—Q(r))s" O

2Here, a configuration implies a complete schedule on a machine, i.e. an ordered subset of jobs. Thus, each job in a configuration

f can be thought of as a rectangle of height z¢.
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Now we decondition on 7% and bound the final ratio for the case that ¢ does not dominate j*. Let p* = p;;-,
o=15 and r = Z—:

E[C*|R;j*s+] 1 30 1 [°
L A 4.5. J < -1 — == d
EMM &t p 11, < —I—oz+2 P OQ(T) 7“>
P dr* s*2 /s
Proof. E[C*|Rijvs-] — p* g/ E [C*|Rijrsr, T*] - pe —p* < - / (I+a+7r—Q(r))dr
0 0
L, 1/ . o 1 [°
=2 [arasr—Qir=s (1+a+ -7 [amr).
0] 0 2 o 0
E[C*|R;j*s+] 1 30 1 [°
Th J < -s* (1 —— = d
o s*+p* T (1+0)s* 3 ot Q(T) "
1
= —_— 1 _ — d .
140 ( e + / ol r)
It remains to show that ﬁlo (1—|—a+ 20 7f0 dr) < 1.45 for every o > 0. This will prove

E[C*|R;j+s+] < 1.45(s* 4 p*), which proves (4. 7) for the case where ¢ does not dominate j*. The proof of the
inequality is by tedious elementary mathematical techniques and so we defer most of the proofs to the appendix.
First, we can obtain the closed form for Q°(r):

LEMMA 4.6.
EB) (Q+a+7r) -In(1+7)—7) r €0, —al
Q) =t (+a+nm GEEED —(5-0))  re(@-aj)
U] o— BUtn) 4 (1+a+7r)ln 7(1+B)(1+T)> r>

In(1+B) 1+ 1+a+r

Figure 12 in Appendix D shows the function Q°(r) over r > 0, the function 0.102(1+ a+7r) over r € [0, 5 — )
and the function 0.1r over r € [ — a,00). It shows that Q°(r) < 0.102(1 + a + r) (this is the other term in
the definition of Q(r)) when r € [0, 8 — a] and Q°(r) > 0.1r when r > 3 — «. For formality, we prove the later
inequality analytically as r can go to oo in this case.

LEMMA 4.7. When r > 8 — «, we have Q°(r) > 0.1r.
We define Q' (r) for every r > 0 as follows:
Q'(r) = Q°(r) = mkay (A +a+7) (1 +r)—7r) re0,8-aq
0.1r r>p—o

Therefore, we have Q'(r) < Q(r). It remains to prove the following lemma, whose proof is in the appendix.

3 1 /¢
. (1 ta+ 22 Q’(r)dr) < 1.45.
0 2 o)

1
LEMMA 4.8. We have
1+

5 Minimizing Li-norms of Machine Loads

In this section we consider the other objective of minimizing Lj-norms of machine loads. As before, we are given
as input {p;; }jes,iem where p;; indicates j’s processing time (or size) on machine i. Formally, for an assignment
o :J — M of jobs to machines, Zjed,l(i) pi;j is machine i’s load, i.e., the total processing time of jobs assigned
to machine 4. It is also equivalent to the maximum completion time of jobs in o~1(i) when processing them on
machine ¢ with no idle times. Neither migration nor preemption is allowed. The goal is to find an assignment
that minimizes the following objective:

o\ 1/k

20 2

i€EM \jeo—1(i)

We will optimize the objective after taking the kth power. In other words, we will optimize the L’,z—norm of
machine loads and take the kth root at the end.
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5.1 Linear Programming We again use a time indexed LP to find an approximate solution:

min E WijsTijs

jeJ €M, s€(T]

Z Tijs >1 Vj eJ
€M ,se[T]
> m <1 Vie M,te [T (5.11)
JE€J,sE(t—pij,t]
xijS:0 ViGM,j€J,S>T—pij
xijs € [0,1] Vie M,jeJ,selT],

where w;js == (s —I—pij)k — sk,

The time indexed LP is almost identical to the LP presented at the beginning of Section 3. The main difference
lies in the objective where job j adds to the kth power of machine loads by w;;; when job j starts execution at
time s on machine . To better understand the objective, consider the IP before relaxation; so, z;;, € {0,1}.
Fix an assignment of jobs to machines and say jobs ji,j2,...jg are scheduled on machine 4 in this order and
let C;,,C},,...,Cj, be their respective completion time—ordering doesn’t affect machine loads so we assume an
arbitrary fixed ordering. Then, machine i contributes to the L¥-norm objective in the schedule by

=Y (€55 = (€50 ") -

h'=1

where Cj, := 0 for brevity. So, when job jj/ starts at time s = C} i.e., w3, = 1, we can pretend that

h/—17?
it contributes to the objective by w;j,,s = (s + pijh,)’C — s*. Thus, the above objective captures the Lz—norm
objective of the IP.

All the constraints remain unchanged. The only simplification is that we don’t explicitly prohibit job j from
being assigned to machines ¢ such that p;; > 7', but this is only for notational convenience. Thus, the above LP

is a valid LP relaxation for minimizing the L{-norm objective.

5.2 Splittable Rectangle Packing To better understand the structure of the LP solution x, we consider the
following fractional packing problem for each machine 4, which we term splittable rectangle packing (SRP).

Fix a machine i. Suppose we have a rectangle of width z;; :== > ;5 and height p;; for each job j.* We are
allowed to split the rectangle into smaller ones of the same height, subject to the constraint that the total width
of the resulting rectangles equals the original width, x;;. We are asked to pack the rectangles into a container of
width 1 with no overlap. Then, we can view the packing as a collection Z; of subsets of rectangles of the same
width A(I), where » ;.7 A(I) = 1. Let p(I) denote the total height of rectangles in /. Then the packing’s cost
is Y rer, M) - (p(I))%. See Figure 2 for illustration.

Note that I € Z; may include more than one rectangle originating form the same job.* So, if we associate
rectangles with jobs that they originate from, we can view I as a multi-set of jobs and P(I) is the total size of the
jobs in the multiset. Let SRP*({z;;};) denote the optimum solution for instance {x;;}; of the splittable rectangle
problem, or its objective.

If a rectangle is placed at distance s from the bottom of the container, we say that it starts at time s. This
is natural because there is a natural mapping from jobs to rectangles as discussed above.

LEMMA 5.1. For an optimum solution = to the LP and for each machine i, SRP*({z;;};) is equal to z’s
contribution to the LP objective on machine i, i.e., Zsj WijsTijs-

Proof. Fix a machine i and the value of x;; for all j. For the sake of contradiction suppose SRP*({z;;},) <
ZS j WijsTijs- To draw a contradiction, we convert the optimum packing Z; to the SRP into a local LP solution

3Here, we override the definition of height that was used in the previous sections.

4We can avoid this by using configuration LPs instead of time-indexed LPs although we don’t have to.
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Figure 2: Illustration of the splittable rectangle packing. In this example, we are given three rectangles, a, b, and
c. They have height 2, 2, 3 and width 0.75,0.5, 0.5, respectively. Intuitively they correspond to jobs of processing
times 2, 2, 3 that are fractionally assigned to a machine by 0.75,0.5,0.5. The right figure shows a packing of the
rectangles. The three groups Iy = {a, b}, Ir = {a,c}, I3 = {c} have width 0.5,0.25,0.25 respectively. Note that
rectangle a was split into two, which appear in I} and I5. Since p(I1) = 2+ 2, p(I3) = 5, p(I3) = 3, the objective
of the packing is 0.5 * 4% 4 0.25 % 5% + 0.25 % 3k, It is an easy exercise to see that this is indeed an optimum
packing for any k£ > 1. Lemma 5.1 shows that this is what the LP optimizes on each machine given a set of jobs
fractionally assigned to the machine.

on machine 4. As discussed above, each split rectangle corresponds to a job and its start time is naturally defined
in each subset I in Z;; the rectangles are ordered in an arbitrary but fixed order). Initially x;;; = 0 for all j
and s. For each split rectangle in I € Z; that start at time s and corresponds to j, we add A(I) to ;5. Since
the rectangles are packed into the container of width 1 with no overlaps, the resulting local LP solution must
satisfy constraints (5.11). This means we can improve the optimum LP solution locally on machine ¢, which is a
contradiction. Therefore, we have SRP*({x;;},) > ZSJ WijsTijs-

Conversely, we can convert the LP solution on machine 4 to a valid solution to SRP without changing cost.
To this end, create a rectangle R;;s for each x;;; > 0. The rectangle has height p;; and width x;;,. Sort the
rectangles { R;;s}; s in non-decreasing order of their start time and pack them into the container of width 1—here,
we split the considered rectangle if necessary. Then, it is easy to see that we can pack R;j, starting it at time
s due to the LP constraint (5.11). As we didn’t change the start times, the cost is preserved. Thus, we have

SRP*({zi5}5) < D2, WijsTijs- u

We have shown the equivalence of two views: fractional optimal scheduling in the LP and fractional splittable
rectangle packing for fixed {z;;};. Henceforth we will use both views in the analysis. In particular, we will
interchangeably use jobs and rectangles.

5.3 Algorithm We use the same algorithm as Kalaitzis et al. [28] used for minimizing weighted completion
time of jobs with uniform smith ratios, which is essentially the celebrated algorithm developed by Shmoys and
Tardos for the Generalized Assignment Problem [37]. For completeness we reproduce the algorithm below.

Sort jobs on each machine 7 in non-increasing order of their processing time, p;;, and fractionally pack them
into buckets of unit capacity, denoted as B(i,1), B(i,2), B(%,3) ..., opening a new bucket only when necessary.
Formally, let X;; = Zj’:pwzm x;j breaking ties in an arbitrary but fixed way. If [X;; — z;;] = [X;;], then
j is fractionally matched with B(i,[X;;]) by z;; where x;; := 3", x;;5 as defined before. Otherwise, job j is
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fractionally matched with B(Z7 |—X” — x”]) by |_Xij — -Tij-‘ — (Xij — .’Eij) and with B(Z, [XZ]—‘) by Xij — I_X”J .5 In
either case, job j is matched with buckets by x;; in total. If it is matched with more than bucket, it is matched
with exactly two consecutive buckets on machine 3.

For convenience, we add dummy jobs of size 0 (which doesn’t affect machine loads), so every bucket is fully
matched. Thus, we have defined a fractional perfect matching between jobs and buckets. It is well known
that a fractional perfect matching can be decomposed into a convex combination of polynomially many integral
matchings. We sample an integral matching at random from the combination/distribution. Clearly, it assigns
each job to exactly one bucket, therefore to one machine.

5.4 Analysis Fix a machine ¢. As a result of the above rounding, suppose machine i gets assigned a set I of
jobs with probability A(I). Clearly we have > ; A(I) = 1. Because j is assigned to i with probability z;;%, we can
view the rounding outcome as a feasible solution to the instance {x;;}; of SRP, which we denote as A;. Thanks to
Lemma 5.1, our goal becomes upper-bounding this solution’s cost relative to SRP*({x;;};). But the solution can
be complicated to analyze due to correlations among jobs that exist on other machines. The key idea in [28] lies
in observing a structural property of the rounding scheme’s outcome and upper bounding the cost by the worst
packing solution satisfying the property.

For brevity, henceforth we fix a machine ¢ and consider the instance {x;;}; of SPR. The following definition
articulates the key property. Recall that a rectangle’s height is equal to the corresponding job’ size.

DEFINITION 5.2. A solution T with A\(I),I € T to the SRP is balanced if for any I,1' € T and any integer g > 0,
the qth highest rectangle in I has no smaller height than the q + 1th highest rectangle in I'.

Recall that A; denotes the solution to the SRP resulting from the rounding; for convenience, we may let it
also denote its cost. The following observation is immediate from the algorithm’s definition.

OBSERVATION 5.3. It is the case that A; is balanced.

Let O; denote the optimum solution’s cost, i.e., ZLS WijsTijs- Knowing that A; is balanced, we will consider
the worst balanced packing solution and compare its cost to O; for the sake of analysis. Intuitively, the packing
gets worse when more bigger jobs are grouped together.

Formally the worst balanced packing is defined as follows. Sort jobs in decreasing order of p;;, breaking ties
arbitrarily. If jq, jo, ..., is the order, they are mapped to intervals (0, xi;, ], (€ij,, Zijy + Zijp), ... Let f(z) denote
the size of the job whose interval includes z. See Figure 3. Let F(z) := f(z) + f(z+ 1)+ f(z+2) + ... and
F,.(z) :== F(z) — f(2), which are both defined over z € [0,1]. See Figures 4 and 5.

f(z)

. —

Figure 3: Illustration of f.

5The only degenerate case is when Xij —x;; and X;; are both integers. In that case, j is fully matched with B(%, X;;).

61t is an easy exercise to show this as the fractional matching constructed in the algorithm matches i and j by Z;; units.
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Figure 4: Partitioning f.
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Figure 5: Illustration of F' and F;..

LEMMA 5.4. A; < [}(F(2))*dz.

Proof. The randomized rounding chooses exactly one job from each bucket. In other words, it chooses z; € [0,1),
23 € [1,2),... at random and the kth power of machine i’s load is (f(z1) + f(22) +...)F. It is an easy exercise
to see that the expected kth power is maximized when z; = z, 20 = 2+ 1... for z sampled from [0, 1) uniformly
at random. In this case the expected kth power is exactly the desired upper bound. The proof follows from a
straightforward swapping argument. O

Having upper bounded A; by the “worst” balanced packing’s cost, we will compare the worst balanced packing
to the optimum packing.

LEMMA 5.5. Let O; := Zj s WijsTijs and A} = fOI(F(z))kdz. If Al < aO;, then the randomized rounding gives
a o*-approzimation for minimizing Ly -norms of machine loads.

Proof. We have EY", A; < >, A7 < a) . 0;. Thus, the algorithm yields an assignment that is a-approximate
against the LP solution for the L¥-norm objective. By taking the kth root, the lemma follows. 0

Therefore, our remaining goal becomes upper bounding A’ /O;. We will make several modifications of f (and

therefore F' and F, accordingly) in a sequence without decreasing A;/O;. In each step we convert the current
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f into f’, and accordingly F' and F, into F’ and F}, respectively. For convenience, we will assume that f has
domain [0, c0) by adding dummy jobs of zero size. Note that F(z) and F).(z) have domain [0, 1].

First step. F' =F; f'(z) = F(z) — F(1), z € [0,1]; and F/(z) = F(1). Further, jobs corresponding to F)(z)
are infinitesimal. See Figure 6.

F(z)

%

1

Figure 6: Illustration of the first step. In the left the red area illustrates f(z) for z € [0,1] and the grey area
illustrates F.(z). In this step we replace the area below the dotted line with infinitesimal jobs, which are colored
blue in the right figure.

Here, it is important to notice that we only replace each job (or rectangle) with smaller jobs (or shorter
rectangles). In particular, rectangles corresponding to f(z), z € [0, 1] can only be replaced into shorter rectangles.
This is possible due to the following lemma.

LEMMA 5.6. For all z € [0,1] we have F,.(z) < F(1).

Proof. By definition of f we have f(z +1) < f(1), f(z 4+ 2) < f(2).... The claim follows by adding up the
inequalities. a

Since F' = F, Al remains fixed. Further, O; can only decrease as we replaced each rectangle with shorter
rectangles and thus more flexible packings are allowed. Therefore, the first step doesn’t decrease A./O;.

Second step. Since all rectangles corresponding to f(z), z > 1 have infinitesimal height, the optimal packing
just ‘waterfills’ the slope defined by f(z), z € [0,1]. This is shown in the left figure in Figure 7. We would
like to increase A} keeping O; the same. Thus, we only modify the slope under the water. Precisely, we find
m’ < m € [0,1] such that i) f/(z) = f(z) for all z € [0,m'], ii) f'(z) is constant for all z € [m/,m], iil) f'(z) =0
for all z € [m, 1], and iv) f'(m)(1 —m) = le=0 F,.(z)dz. This process is illustrated in Figure 7. Note that this
step doesn’t change the value of O;.
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Figure 7: Illustration of the second step. The left figure shows the optimum packing. The right figure shows the
modification: without changing the volume and skyline of infinitesimal rectangles colored blue, shift the volume of
f(2),z €[0,1] to the left as much as possible. The right figure shows the resulting F’, along with f'(z), z € [0, 1]
and F.

Further, it is straightforward to see that this step can only increase A; as illustrated in Figure 8.

F(z) F(z)
z m z

Figure 8: Illustration of F' before and after the second step.

Third step. Change f to f’ so that f’(z) is constant for z € [0, m]. In this step we do not change f(z), z > m.
Here we ensure A}/O; never decreases. Let’s see why this is possible. Let r := F(1); in other words, the total
height of infinitesimal rectangles in any group of A} is r. Thanks to the simple structure of f, we have

AL [T F(2) dz (1)t

z

O: ~ ™ (FG)Fdz + (1= m)(J(m))F

Let’s consider any two 21,22 € [0,m] such that f(z1) # f(22). Let I; be the maximal interval including z;
where f(z) is constant for z € I;. Similarly I5 is defined. We observe that we can make f more uniform without
decreasing the value of A}/O;.

LEMMA 5.7. It is possible to not to decrease the value of A;/O; by setting f'(z) = f(z1) or f'(2) = f(z2) for all
z€hUIly ;and f'(2) = f(2) for all z ¢ I; U I.

Proof. Let y; = f(21) and y2 = f(22). Let Ay = |I;| and Ay = |I3]. Then, for some ¢,,cq > 0, before the change,

we have
AL My +r)F A+ ey + 1) 4

0; AL(y1)k 4 Ao (y2)* + ca
Let A1 = XA and Ay = A — A;. Then, both the numerator and denominator are linear in A. It is an easy exercise
to show that A}/O; is maximized when A =0 or A = A1 + Asg. O
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The above process of making the function values uniform must terminate in a finite time steps assuming that
f has a finite number of distinct function values. Thus, at the end f(z) is constant for z € [0, m] and f(z) = 0 for
z € [m, 1]. Technically speaking f(z) should be a sufficiently small constant for z € [m, 1] to capture infinitesimal
sizes, but we pretend that the value is zero for convenience.

After all the modification steps, the final f is illustrated in Figure 9.

F(2)

Figure 9: After all the modification steps, f(z), F;.(z),z € [0,1] are colored in red and blue, respectively. The
right figure shows the optimal packing.

To upper bound A}/O;, by scaling we can assume wlog that

f(2) = {1 z € [0,m]

F(2)=(0—-m)y ze€[0,1]

0 zem,1],

for some y € [0, 1]. Define

m-(1L+ 1 —my*+ 1 —m)-((1-my)"
m-lk+(1—m)~yk

g(m,y) := (5.12)
Note that A/O; = g(m,y). Thus, thanks to Lemma 5.5 we have Theorem 1.2, which we reproduce below for
easy reference.

THEOREM 5.1. There is a randomized algorithm that is o/ *-approzimate for minimizing the Li-norm of machine
loads, where o := SUp,,¢(0,1],ye0,1] 9(M, Y)-

As mentioned before, we can compute an upper bound on the claimed approximation ratio a'/* for small
values of k. See Table 1. When k = 2, we analytically show that « = 4/3 in Appendix E.
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A Missing Proofs in Section 2

LEMMA 2.7. Let C be a cycle component in H®" with length at least 8. There is an efficient random procedure
that outputs a set of edge-disjoint segments of C, such that every group u € C is a center of a segment with
probability at least g.

Proof. If the total length of C is an integer multiply of 4, then we can partition the edges of C into segments of
length 4. There are two different ways to do this, and we output one uniformly at random. Clearly, every group
in C' is the center of a segment with probability 1/2.

Otherwise, the length of C' is 4z + 2 for some integer z > 1. If the length of C' is at least 18, we do the
following. We randomly choose a job in j € C'NJ from C, remove it and its two adjacent edges from C, break
the resulting path of length 4z into z segments of length 4, and output the z segments. The probability that a
vertex is the center of a segment is ﬁ > g

It remains to consider the case where the length of C'is 10 or 14. In this case, we show that C' contains a valid
segment S of length 6. As two groups u and u’ adjacent to a same job j in C have g(u) # g(u'), the multi-set

M’ :={g(u) : w € CNU} contains at least 3 distinct machines.

e If C has length 10, then M’ has size 5 and every machine appears at most twice in M’. Among all the 5
sub-paths of C' of length 6 that start and end at groups, at most 4 of them are invalid segment. This holds
since a pair of the same machine in M’ can invalidate two segments of length 6.

e If C has length 14, then M’ has size 7 and a machine appears at most 3 times in M’. If a machine appears
3 times, then the three groups w,u’, v’ with g(u) = g(u') = g(u”) breaks C into paths of length 4, 4 and 6
respectively. The path of length 6 is a valid segment as the two end-groups have the same g value. Now assume
no machine appears 3 times in M’, then as before we can invalidate at most 6 segments of length 6, and there
is one (valid) segment of length 6 in C.

With the segment S of length 6, we show how to output the segments. With probability 1/2, we output S,
breaking the remaining edges into segments of length 4 (there are 1 or 2 of them) and output these segments
also. With the remaining probability 1/2, we do the following. Let j be the job between the two centers of S.
We remove j and its two adjacent edges from C, and break the remaining path into segments of length 4. Clearly
one can show that every group is a center of some segment with probability 1/2. 0

Cram A.1. 1n1%ﬂ is convex over the domain [0,00).

Proof. The derivative of the function is % — % = ﬁ —1—=. The second-order derivative is (17 ,,)2 —|—

It remains to show that (1 —e™%)?2 > e %22 for every x > O7 which is equivalent to e™% + e~ */2g g 1
for every x > 0. The inequality holds with equality when & = 0. The derivative of the function is
—e T —e 2 )2 f e = /21 — /% —g/2) 0. O

B Missing Proofs in Section 3
LEMMA 3.3. Let j,j € J be two distinct jobs, i € M and s,s' € Z>o. Then the following statements hold.
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(3.3&) PI‘[RijS} = Tijs-
(33()) PI‘[Rijs, Rij’s/] < LijsLijls! -
(5.3¢) If i does not dominate any of j and j', then

Pr[Rijs, Rijis'|Rijs ~ Rijrs'] < (1 —n)xijsxijrsr, where n = 0.1561 is as in Theorem 2.1.

Proof. U, g and y are determined when we fixed p and 7. To see (3.3a), notice that we assign j to a group u
with probability 3,;, which is the total height of rectangles in u for j. Under this event, we choose the anchor
rectangle from them at random, proportional to their heights.

Now we consider (3.3b). Let u be the group containing R;;s; define u' similarly for R;j. We have
g(u) = g(u') = i. (2.1b) in Theorem 2.1 says that Prlo(j) = u,0(j) = «|p,7] < yujywj. Then
Pr[R;js, Rijist|p, T,0(j) = w,0(j) = u'] = ?TJ]" : % by the way we choose anchor rectangles. Combining
the two inequalities gives Pr[R;js, Rijrs|p, T] < xijsijrs for any p and 7. Then de-conditioning on p and 7 proves
(3.3b).

Finally we turn to (3.3¢). Assume 4 does not dominate any of j and j'. Fix a base window k. For a fixed
p and 7 for which R;;s ~ Rijrsr, we have Pr[o(j) = wik, 0(§") = wirlp, T] < (1 = 0)Yu,piYuirj’> Oy the Property
(2.1¢) in Theorem 2.1. Again by the way we choose the anchor rectangles, we have

Pr[Rijs, Rijror|p, 7] < Pr[o(j) = uir, 0(j') = wir|p, 7] - Pr[Rijs, Rijosr|0(3) = win, 0(j") = win, p, 7]
Tijs  Lij's!

< (L= )YusrjYuinj’ = (1 =n)wijswijrs .

wikj  Yuing’
Then de-conditioning on p and 7, we have Pr[R;;s, Rijrs/|Rijs ~k Rijrsr] < (1 —n)2ijs24j 5. De-conditioning on

k proves (3.3¢). O

C Missing Proofs in Section 4
LEMMA 4.1. If the machine i dominates j*, then (4.7) holds.

Proof. For every j € J and real t > 0, let vol; ;(t) be the total volume of portions of rectangles on i for j before
time ¢. For every ¢,J" C J and t, let vol; j/(t) = >_,c ;s vol; j(t). Then,

; ; 1 Piar dr*
E[C*[ije =i = pije < 7> @ijesr / voly jyj=((1+a)s* + 7"+ 0.2 pije) —
xz]* 0 pl]*
1 i dr*
i 0 -
]‘ s Dij* dT*
- Zzij*s* ((1 +a)st + P 402 “Dije — / vol; j«(s* +77%) )
Lijx = 2 0 P
1
= o inj*s* -8t 4+ O'7pij* _ Lij+Pij
Lijj* p 2
1+« .
S T D e 8" 045p;e.
15*

s*

s*

We explain the inequality in the first line. The probability of R;j-s+ is m;””

, conditioned on ;- = i. As ¢
dominates j*, we have 0;+ = (1 + a)s* + 7* 4+ 0.2 - p;; conditioned on R;j+s« and 7,5+ = 7*. Under these
conditions, the expected starting time of j* is at most vol(6;-): for a rectangle R;;; with j # j*, we have
PI‘[RijS,Gij < ej*‘Rij*s*7Tij* = T*] < PI‘[RZ‘]‘S,S—FTZ‘J‘ < Hj* Rijrge, Tije = T*] < acijs-Pr[s—&—Tij < Gj* Ryjrgn, Tije =
7*]. This is pi times the volume of the rectangle R;;s before time 7. If the event happens, the rectangle

contributes p;; to the starting time of j*. So the inequality holds.
The second inequality used that the total volume of all rectangles on machine i before time (14+a)s*+7*+ap; -
is at most (1 + a)s* + 7% + 0.2 - p;j+, and vol; j« (s* +7%) < vol; j=((1 + a)s* + 7% + 0.2 - p;j+).
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We then prove

1 1 Pij* Liin D
inj*s* / VO|(S* +T*)d7'* — 1] p’L] ,
Tig» 2 Dij 2
which is used in the equality in the fourth line. Notice > . . f(f“* Op”* Tijese Tijegre (8" +7"* < s*+7%)dr*dr"™ =
u*pu

. Scaling both sides by -

— gives the inequality.
]

The last inequality used that z;+ > 5 since i dominates j*. So, E[Cj-lij» = i] < ) D T TR
(1+ @)s* 4+ 1.45p;;+) < L 45 Z Tijrse (S 4 Pije). |
Cram C.1. E[C*] — pyje = Z (f

fer —~
P'I“OOf. E[C*] — Dij*x = Z PI'[RZ'J'S79]‘ < 0*] * Dij
J#J*5s
— . 1
= Z Pr[Rijs,9j<t9 ]pUT Z Zf
J#I* s VP feF:RijsEf
1 o~
= Z Z ZfTPr[szs;0]<9 “Pij = Zq)
fEF j#j* s:Rijs€f e fer
LEMMA 4.4. For every f € F, we have
P 0~ ho(s* *
) < g~ min - JE,,/ 1 <s chel ) hy(s* +r*)) ~dr,  0.1020% ). (4.8)
Zf 0 1+

Proof. We first give a coarse upper bound for the first term in the min operator, so that we can use it to absorb
some bound we obtain along the way.

0+
L hy(st 47 .
’I]Ep/o 1<5 <plT<T<hp(S +T))d7'

SUIE"/:H(W<T>'d72m(177+f;)/11+ﬁ?'(9*—(1+;9&+5)>

— " _(¢p'm B N e B .
_ln(1+ﬂ)(91(1+5) (1+a)(1+,8)> no (1 (1+a)(1+5)ln(1+6)><0‘8”9'

The inequality comes from that the event in 1(-) on the right side of the inequality is easier to satisfy than that
on the left side. The first equality follows by defining o = W and that In g is uniformly distributed in
[0, In(1 + 5)].

For a rectangle R;js € f with s 4+ p;; <

13_7*&, we have ﬁ[Rijsaej < 0*] § f);[les] S Tijs due to (33}))
Thus %1/3;[ ijs:0; < 0] < 1. For a rectangle R;;s with s > %, we have I3\r[ ijS,H» < 0*] = 0 as
(I1+a)s+7; > (1+a)s > 60" with probability 1. Let les be the unique rectangle with s < 7— < s+ p;; in the
configuration. We assume R;;s exists: Otherwise (f ) < e +a < 0* —nb*, and nb* is at least the first term in the
min operator in (4.8). So (4.8) holds.

For notational convenience, we use p for p;; and 7 for 7;;. The total contribution of rectangles in f before
R;;s to ®(f) is at most zys, and the total contribution rectangles in f after R;;s is 0. So,

®
G
zf Tijs

~f);‘[Rijs,9j < 0*} - p

If ¢ dominates j, then %]{) <s+ (0 —(1+a)s—0. 2p)Jr =max{s,0* —as—02-p},as 0, =(1+a)s+7+0.2p
and 7 is uniformly distributed in [0, p). Notice s < 7— < 0" —nf* and as+0.2-p > 0.8n- (1+a)(s+p) > 0.8n6*.
Thus %p < 0* — 0.8n0*. Again 0.8n6* is lower bounded by the first term in the min operator of (4.8).

Copyright © 2023 by SIAM
2940 Unauthorized reproduction of this article is prohibited



Downloaded 05/31/23 to 169.236.236.7 . Redistribution subject to SIAM license or copyright; see https://epubs.siam.org/terms-privacy

From now on we assume i does not dominate j. Let ¢ = min{6* — (1 4+ «a)s,p} > 0. For any 7 € [0, p], we
have (1 + a)s + 7 < 6* if and only if 7 < ¢. For any 7 € [0, ¢), we have

Pr[Rijs,0; < 0%|7] = Pr[Rijq|7]

= lg;[Rijs ~ Rjjeg+|T] - Pr[R;js| Rijs ~ Rijwg+,T] + f’\r[Rz'js % Rjje g+ |T] 'f’\r[Rijs|Rijs % Rijegn,T]

< ls;[Rijs ~ Rijege|T] - (1= n)zijs + f);[Rijs % Rijoge|T] - Tijs
= xijs(l —-n- PI‘[RZ‘J‘S ~ Rij*s* T])
So, we have
P 1 9 - a__
ﬁ:s+7/ (1 —n-Pr[Rijs ~ Rijrs=|T]) -p-dr = s+q717/ Pr[Rijs ~ Rijes+|T] - dT
cf b Jo 0
a__ q__
:s+q—n/ PI'[RZ'J'SNRZ‘]'*S* T}dT = s—i—q—nEP/ Pr[RijsNRij*s*‘T,p]'dT
0 0
q h * *
:s+q—n-Ep/ 1 (max{s,s*} < p(f_:_ﬁT) <s+T< hp(s*—I—T*)) -dr. (C.1)
0

In the rest of the proof, we fix s* > 0,7* > 0 and 6* = (1 + «)s* + 7*, and upper bound (C.1) subject to
$,q > 0,(1+ a)s+ q < 6% Tt is easy to see that if we increase ¢ continuously at a rate of 1, the negative term
increases by at most a rate of . So the quantity increases. Thus, we can assume (1 + «)s + g = 0*.

We consider two cases. In the first case we assume s > s*, or (1 + 8)s < (s* + 7*), which implies that the
condition s < %;T) inside 1(-) is redundant. We apply the following continuous operation: decrease s at a
rate of 1 and increase ¢ at a rate of 1 + « so that (1 + a)s + ¢ = 6* holds in the process. This increases s + ¢ at
a rate of a. For a fixed p € [1,1 + ), we consider the interval of 7 values in [0, ¢] for which the condition inside
1(-) holds. The length of the interval increases at a rate of at most 1 + «, which is how fast ¢ increases. So the
how negative term increase at a rate of at most (1 + a)n. As a > (1 + «)n, the operation will increase (C.1).

So, the quantity is maximized when s = 0 when s < s*. In this case, we have ¢ = 0* and

o(f) " hp(s™ +77)
——= <6 —n-E 1(s" < 22t <7 <hy(s"+7%) ) -dr.
e n p/o s 15 T o(s*+77) T
This is what we obtain using the first term in the min operator of (4.8).

Then we consider the second case where we have s > s* and (14 8)s > (s* +7%). As * =1+ a)s* + 7" =
(14 a)s+gq, wehave s + ¢ < s* +7* < (1 + 8)s. We have

4 h,y(s* +7*)
s+q— ~E/1<maxs7s* <2
77 14 o { } 1+B

q h * *
=s5+qg—n-E / 1<5<(f++57)<5+7')~d7'

<s+T<hp(s*+T*)) -dr

do

=8+ 4 (s+q—0s)

1

—_— 7q J—
=s5+q— 1+5 ((s+q q)
0* —
:9*—<as+ ((9*—a3)ln Sas—9*+(1+a)s>>.
%;T*) = ps. Notice that In g is uniformly distributed in

(1 (Hﬁ)s,ln = +T }, and the integration is s + ¢ — ps if s < 9s < s 4+ ¢ and 0 otherwise. The last equality used
that 0* = (1 + a)s +q.

In(1 + )
The second inequality follows by defining o so that

Let # = 5% € [0,1]. The minimum of ax + ﬁ (1—az)In =22 — 14 (14 a)z) over z € [0,1] is at least
0.102. See Figure 11 in Appendix D for the plotting of the functlon. Therefore, we have %ff) > 0* — 0.1020*.
This corresponds to the second term in the min operator of (4.8). ‘ O
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LEMMA 4.6.

mrs (L +a+7) In(l+7) —7) re 0,8 - a

Q°(r) = m (1+a+r)ln%—(ﬁ—a)) re(8—a,p]

o — B(f:;) +(14+a+r)ln 7(1J{i)x(itr)> r>

7
In(1+8)

Proof. For convenience, we recall that Q°(r) =7 -E, fOHa—H' 1(1 < %‘g’”) <y < hy(l+ r)) - dy.

Ifref0,8—a)],wehave 1+ a+7r<1+4+a+—a=1+ . The condition y < h,(1 + r) in the definition

of Q°(r) is redundant since if 1 < h”l(rgﬂ, then h,(1+7) > 14+ a+r. We define ¢ := %y)

uniformly distributed in [In ﬁ};,ln(l +r)). Notice that 1 < 147 < 14 3. We have fOH(H_T (1< hpl(igr) <y)dy

isl+a+7r—pif o> 1 and 0 otherwise.

, and thus In g is

U e do U
°(r) = — 1 —o0==—"T_(1 (1 +7) — 7).
Q°(r) ln(1+ﬂ)/1 (1+a+r Q)g 1n(1+ﬂ)<( +a+r)-In(l+r)—r)
Then we consider the case r € (8 — a,8]. We have 1 +r <1+ < 14 a+r. We define g := %;T)

Then, 0”“’”1(1 < keld) <y<hp(1—|—7‘)>~dyis Beif g € [1,4247) and 1+a+r—if g € [LH24 144],

(Notice that % <l4+a<1+48.) So,

1+a+r 1+’I‘
oy M [T g de _ %
@0 = ms s (/ R Q>Q>

it (A 1480 (1, Lrair)

—-B+(1+a+r)-In

In(1+4 1+p 14+a+r 1+
U (1+p6)(1A+r)
=—1 (1 —(1+B) —-r+(1 In 22T
(1 + 5) ( tatr=(1+p) mrhtern)hmm AT
U (1+p5)(1+r)
=——1(1 In—————~ — (8- .
In(1+ 3) (( tatnh l+a+r (6 -a)
Finally consider the case » > (. In this case we have 1 +a+r>14+r>14+ 4. So, 1 < hp1(41r+ﬂr) is always
satisfied and the requirement can be removed in the definition of Q(r) in (4.10). We define p = %, which

takes values in [1,1 + ). Then 01+a+r 1 (%;T) <y < hy(l —|—r)) - dy is % co(l+r)if o €1, 1?%), and

1+a+7"—9(11f+ﬁr)ifg€ [ 1 4 8). So,

orn M OB do  ['P o(1+7)\do
Q(T)_ln(1+ﬂ)</1 m'“””';*/lw(”““W);

T+r

7 Ba 1+80A+r) 1+a+r
= 1 In——— 72 _ (1 =
1n(1+ﬂ)<1+5+( tatnh = ( T )
n B +r) (I+8)A+r)
=T (BT Ip =TT
In(1+p3) (a 1+ +(+a+r)n l+a+r o
LEMMA 4.7. When r > 8 — «, we have Q°(r) > 0.1r.
Proof. First consider the function Q° over the domain r € [8 — a, §]. We have
Qo (1+8)(1+1) i i
dr — In(1+p) (ln l+a+r +d+atr) 1+r 14a+r
_ n 1n(1—+—ﬁ)(1-|—7’)Jr a )
In(1+ 5) l+a+r 1+7r
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We then compare % with QTO

dQO_QO_ n ((1_1+a+r).ln(1+ﬁ)(1+7“)+ a +ﬁ—a>

dr r In(l1+pB) T l+a+r 1+r r
- ln(ln+ﬂ) (_h;a o (1;rflfl+tr) * 14a-r * ﬁ;a>
= 1n(1n+ ) (_;Jﬂ; I 1(1++ﬂﬁ)2a 1 iﬁ = 3 a) ” ln(()llﬁﬂ) =0
Therefore, ©") attains its minimum when 7 = 8 — a in the domain [3 — a, §]. In this domain, we have
O > a1+ A+ 5 -a) - (6 - a)
_ ln(17’+5) {;ti (148 —a) - 1} > 0.1.

d o
dr °

Now we consider the domain r € [3,00). As before, we compute

aQ° B (1481 +7) 1 1

dr  In(1+B) <_1+5+ln lta+r +(1+a+r)<1+r_1+a+r)>
. B 1+p)d+r) , «a
_ln(1+6)<_1+ﬂ+ln l+a+r +1+r)'

Again, we compare % with QTO:

dQ°  Q° _ n <_ 8 a o« ﬂ(1+r)+(1_1+a+7")1n(1+5)(1+r)>
dr r o In(1+75) 148 14+r r (1+p/)r T 1+a+r

7 ( @« _a. I6; 71+041 (1+ﬂ)(1+r)>
S In(l+B8) \1+r o (1+p)r r o 1tatr

U B (1+8)°
) <1+6(1+a)ln1—|—a+ﬁ> =0

o
So, QT is minimized when r tends to co. So, when r > 8, we have

Q°(r) n B o nB
; Zln(1+5)(_1+6+ln(1+6))_n A+ A+ = q
LEMMA 4.8. We have 1 io - (1 +a+ 32—0 - (1)/00 Q’(r)dr) < 1.45.
Proof. If 0 < 8 — «a, we have
11, e 7
EA Q(r)dr—g/o m[(l—i—a—kr)-ln(l—kr)—r]dr
B 7 2(r+1)(r+2a+1)In(r+1)—7r-Br+4a+2)°
~oln(1+8) 0
B n 200+ 1) (0+2a+1)In(o+1)—o0- (30+4a +2)
~oln(1+48) 4
B n 2(0+1)(0o+2a+1)In(o+1) 3o+4a+2
_1n(1+5)'< 40 - 4 )
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So, we need to compute the maximum of

L [ipayde__m  (20FD(F2a+n(ot1) 3o+dat2)]
1+o 2 I(1+7) 4o 4

The maximum of the function over o € [0, — o] is at most 1.445 < 1.45, achieved when o = 8.162 (See
Figure 13 in Appendix D).

B—a B — a)?
Then we consider the case o > 8 — «a. We define A such that / Q' (r)dr = M. Indeed one

0
can compute the value of A\ and see that A < 0.1. To avoid the computation, we see that if A > 0.1, then we
have % [V Q'(r)dr > 1 (% + fﬁ O.lrdr) > 242 = (.050. The quantity we need to bound is at most

1+o ~(1+a+ 2 —0.050) < max{l + a,1.45} = 1.45.
So we assume A < 0.1. We have

1 30 1 (° 1 30 1 [/AB—a) °
— (1 02 < 1 B (Ve 1
1+0<+a+2 OAQ(T)dT>_1+ (+ *ty 0< 2 +/,a0 rdr

1 30 1/AB-a)? 01— (B—0a)?)
= 1 -
1+o < tety s ( SR 2
1
= <1 + o+ 1.450 + (01= N —a)* >
140 20
1 d=A 2 1 1-XN)(B—-a)?
:1.45+f~(0 G + (1+a145 © )(B a)>
o 2 140 2
1 d=A 2 1 1-X)(B—-a)?
_qap4 L (01=NB-a) (O45—a+(0 )(8 O‘)).
0 2 140 2
To obtain the second-to-last equality, we replace HO_ with 1 — T and ﬁ with % — 1_}_0. Let
A= w and B = 045 — a + w so that the above quantity is 1.45 + % - %. Notice

that 0 < A < B. The derivative of the function w.r.t 0 is — % + ﬁ. The derivative is 0 if o = 1/(/B/A — 1),
positive if o > 1/(y/B/A —1), and negative if 0 < 0 < 1/(y/B/A—1). So o = 1/(y/B/A —1) is a local minimum.

Therefore, the maximum of the function occurs when o = 8 — a or 0 = co. The former case is already covered in
the case o € [0, 8 — a]. In the later case, the function value is 1.45. 0
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D Plotting of Functions Used in the Weighted Completion Time Result

In this section, we plot the functions used in the analysis of the algorithm for weighted completion time. See

Figures 10 to 13.

g
m——

(0.547,0.156107) | p
015 | ' ' [ols ] f f [ 1

N2
Figure 10:  The function 2 - (1—ep 1)

9 1—p
(2—1/) - 1_86p;4p> over p € [0,1].

) 1|0 2|0
Figure 12: The function Q°(r) over r > 0 (the
red line), the function 0.102(1 + o + r) over r €
[0,8 — @) (the green line) and the function 0.1r
over r € [f — «a, c0) (the blue line).

04

(0.1743,0.1027)

0 0!5

Figure 11: The function az + prls ((1 -
ax)ln =22 — 14 (14 a)x) over z € [0,1].

1.5

e

(81162,1.4436)

510
. . . 1 30
Figure 13: The function 7 - {1 o+ 5 -

2(0o+1)(o+2a+1) In(o+1) 3ot+4a+2
1n(177+3) X To — Sotfet )} over
0€[0,8—a]=1[0,11.8].
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E Approximation Ratio for Minimizing Ls-norm of Machine Loads

In this section we analytically show that the approximation ratio of our randomized algorithm for minimizing the
La-norm of machine loads is y/4/3. To show this, it suffices to show that sup,,¢ (0,1}, ye0,1]9(m,y) = 4/3 Wwhen
k = 2. For convenience we reproduce g(m,y) here when k = 2.

m-(1+1-m)y)?+ (1 —m)- (1-my)?
m+(1—m)-y?

g(mv y) =

We first check the boundary cases. For any fixed y, lim,,,—o g(m,y) = 1. Further, g(1,y) = 1 for any y € [0, 1]
and g(m,0) = 1 for any m € (0,1]. Finally, g(m, 1) = m(2—m)?+ (1 —m)? and we can show that it is maximized
when m =1/2 and ¢(1/2,1) = 9/8.

To consider the local optima when m € (0,1),y € (0,1), we compute the partial derivative. For convenience,
consider

m(1l —m)y(y — 2)
(1 —m)y?+m

—g(m,y) +1=

Let p and ¢ be the numerator and denominator respectively. Consider the partial derivative w.r.t. m. By
simplifying

_ o ~q—@-p=(1—Qm)y(y—2)((1—m)y2+m)—(—y2+1)m(1—m)y(y—2),

0=3m 9" am

we obtain
m

= — E-2
y=1 (E.2)
Consider the partial derivative w.r.t. y. By simplifying
_Op Jq

0=5, 13, P m(1—m)(2y — 2)((1 = m)y* + m) — m(1 — m)y(y — 2)2y(1 — m),

we obtain,

T (E.3)

From Eqn (E.2) and (E.3), we have m = 1/3 and y = 1/2. This is the unique local optimum when m,y € (0,1)
and g(1/3,1/2) = 4/3. Thus, we conclude sup,,¢(o,1),ye[0,11 9(m, y) = 4/3.
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