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Abstract

We develop a single rounding algorithm for scheduling on unrelated parallel machines; this algorithm
works well with the known linear programming-, quadratic programming-, and convex programming-
relaxations for scheduling to minimize completion time, makespan, and other well-studied objective
functions. This algorithm leads to the following applications for the general setting of unrelated parallel
machines: (i) a bicriteria algorithm for a schedule whose weighted completion-time and makespan si-
multaneously exhibit the current-best individual approximations for these criteria; (ii) better-than-two
approximation guarantees for scheduling to minimize the L, norm of the vector of machine-loads, for
all 1 < p < oo; and (iii) the first constant-factor multicriteria approximation algorithms that can handle
the weighted completion-time and any given collection of integer L, norms. Our algorithm has a natural
interpretation as a melding of linear-algebraic and probabilistic approaches. Via this view, it yields a
common generalization of rounding theorems due to Karp et al. and Shmoys & Tardos, and leads to
improved approximation algorithms for the problem of scheduling with resource-dependent processing
times introduced by Grigoriev et al.

1 Introduction

The complexity and approximability of scheduling problems for multiple machines is an area of active
research [16, 19]. A particularly general (and challenging) case involves scheduling on unrelated parallel
machines, where the processing times of jobs depend arbitrarily on the machines to which they are assigned.
That is, we are given n jobs and m machines, and each job needs to be scheduled on exactly one machine;
we are also given a collection of integer values p; ; such that if we schedule job j on machine 7, then the
processing time of operation j is p; ;. Three major objective functions, all N P-hard, in this context are
to minimize the weighted completion-time of the jobs, the L, norm of the loads on the machines, and the
maximum completion-time of the machines, or the makespan (i.e., the Lo, norm of the machine-loads)
[17, 20, 21, 4]. There is no single measure that is considered “universally good”, and therefore there has
been much interest in simultaneously optimizing many given objective functions: if there is a schedule that
simultaneously has cost T; with respect to objective ¢ for each i, we aim to efficiently construct a schedule
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that has cost \;T; for the ith objective, for each i. (One typical goal here is to keep all the A; small.) The
current-best approximation algorithms for these measures are very much tailored to the individual measure.
We develop a unified approach to all of these problems, leading to better approximation algorithms for the
single-criterion and multi-criteria versions.

We will primarily focus on approximation algorithms, since all problems considered herein are N P-
hard. Most of the current approaches for these single-criterion or multi-criteria problems are based on
constructing fractional solutions by different linear programming (LP)-, quadratic programming-, and
convex programming-relaxations and then rounding them into integral solutions. Two major rounding
approaches for these problems are those of Lenstra, Shmoys & Tardos and Shmoys & Tardos [17, 20], and
classical randomized rounding (Raghavan & Thompson [18]) as applied to specific problems by Skutella
[21] and Azar & Epstein [4]. We develop a single rounding technique that works with all of these relax-
ations, gives improved bounds for scheduling under the L, norms, and most importantly, helps develop
schedules that are good for multiple combinations of the completion-time and L,-norm criteria. For the
case of simultaneous weighted completion time and makespan objectives, our approach yields a bicriteria
approximation with the best known guarantees for both these objectives. We start by presenting four of
our applications, and then discuss our rounding technique and other implications thereof.

(i) Simultaneous approximation of weighted completion-time and makespan. In the weighted
completion-time objective problem, we are given an integral weight w; for each job; we need to assign each
job to a machine, and also order the jobs assigned to each machine, in order to minimize the weighted
completion-times of the jobs. The current-best approximations for weighted completion-time and makespan
are 3/2 [21] and 2 [17], respectively. We construct schedules that achieve these bounds simultaneously: if
there exists a schedule with (weighted completion-time, makespan) < (C,T') coordinate-wise, our schedule
has a pair < (1.5C,2T). This is noticeably better than the bounds obtained by using general bicriteria
results for (weighted completion-time, makespan) such as Stein & Wein [23] and Aslam, Rasala, Stein &
Young [2]: e.g., we would get < (2.7C,3.6T") using the methods of [23]. More importantly, note that if we
can improve one component of our pair (1.5,2) (while worsening the other arbitrarily), we would improve
on the current-best approximation known for weighted completion-time or makespan.

(ii) Minimizing the L, norm of machine loads. Note that the makespan is the Lo, norm of the machine
loads, and that the L; norm is easily minimizable. The L, norm of the machine loads, for 1 < p < oo,
interpolate between these “minmax” and “minsum” criteria. See, e.g., [5] for an example that motivates
the Ly norm. A breakthrough of Azar & Epstein [4] improves upon the O(p)-approximation for minimizing
the L, norm of machine loads [3], by presenting a 2-approximation for each p > 1, and a V/2-approximation
for p = 2. Our algorithm further improves upon [4] by giving better-than-2 approximation algorithms for
all p, 1 < p < oo: e.g., we get approximations of 1.585, v/2, 1.381, 1.372, 1.382, 1.389, 1.41, and 1.436 for
p=1.5,2 25,3, 3.5, 4, 4.5, and 5 respectively.

(iii) Multicriteria approximations for completion time and multiple L, norms. There has been
much interest in schedules that are simultaneously near-optimal w.r.t. multiple objectives and in particular,
multiple L, norms [7, 1, 5, 6, 9, 14] in various special cases of unrelated parallel machines. For unrelated
parallel machines, it is easy to show instances where, for example, any schedule that is reasonably close
to optimal w.r.t. the Lo norm will be far from optimal for, say, the L., norm; thus, such simultaneous
approximations cannot hold. However, we can still ask multi-criteria questions. Given an arbitrary (finite,
but not necessarily of bounded size) set of positive integers pi,p2,. .., pr, Suppose we are given that there
exists a schedule in which: (a) for each 4, the L, norm of the machine loads is at most some given T;, and
(b) the weighted completion-time is at most some given C'. We show how to efficiently construct a schedule
in which the L), norm of the machine loads is at most 3.2 - T for each %, and the weighted completion-
time is at most 3.2 - C'. To our knowledge, this is the first such multi-criteria approximation algorithm



with a constant-factor approximation guarantee. We also present several additional results, some of which
generalize our application (i) above, and others that improve upon the results of [5, 9].

(iv) Convergence to fairness. All the above applications apply to “one-shot” problems. Many of our
results have certain additional properties that lead to quick convergence to fairness for all machines with
high probability, when multiple scheduling problems need to be solved on a set M of m machines. One such
consequence is as follows. Suppose our goal is makespan minimization, and that we use our randomized
algorithm (called SchedRound) on a sequence of scheduling problems (with possibly different sets of jobs)
on the set M of m machines. Let ¢ denote some machine, and k£ be an index of one of these scheduling
problems. Let L;; be the random variable denoting the total load on machine ¢ in problem k, and let
OPT}, be the optimal makespan for problem k. Normalize to define Z; j, = L; ,/OPT},. Z;}, is a cost metric
which we want to keep small, as close to 1 as possible. We guarantee that Z;; < 2 with probability one;
however, our approach helps us show the following for multiple executions. Define Z;(N) to be the average
of the Z; j values for k = 1,2,..., N. We can show that if N > K(logm)/e? for a certain absolute constant
K, then with high probability, we have simultaneously for all machines i that Z;(N) < (1 + ¢). That
is, in the “repeated executions” setting, we converge quickly — in O(logm) executions whose inputs can
be chosen adversarially — to being fair on all machines with high probability, with no centralized control
necessary. Thus, even for objectives such as makespan minimization for which we do not improve upon the
current-best approximation guarantee (which is two [17]), we get such an improvement in the “multiple
executions” setting; we are not aware of other methods that achieve this.

Our approach in brief. Once again, all of the above applications follow by applying our rounding
approach in combination with some problem-specific ideas. We now provide a sketch of SchedRound, our
rounding algorithm. Suppose we are given a fractional assignment {xj]} of jobs j to machines i; i.e.,
>ix;; = 1 for all j, with all the 27, being non-negative. Let tf = > .p;;z;; be the fractional load
on machine i. We round the xz;; in iterations by a melding of linear algebra and randomization. Let

XZ-(ZL-) denote the random value of x; ; at the end of iteration h. For one, we maintain the invariant that
E[XZ(};)] = a7, for all 4, j and h. Second, we “protect” each machine ¢ almost until the end: the load

Zj pi,ijﬁ-) on ¢ at the end of iteration h equals its initial value ¢; with probability 1, until the remaining
fractional assignment on 7 falls into a small set of simple configurations. Informally, these two properties
respectively capture some of the utility of independent randomized rounding [18] and those of [17, 20].
Importantly, while SchedRound is fundamentally based on linear systems, we show in Lemma 5 that it has
good behavior w.r.t. a certain family of quadratic functions as well. Similarly, the precise details of our
rounding help us show better-than-2 approximations for L, norms of the machine-loads.

We then interpret SchedRound in a general linear-algebraic setting, and show that it yields further
applications. A basic result of Karp et al. [13], shows that if A € R™*" is a “column-sparse” matrix,
then for any given real vector z = (x1,xo,... ,xn)T, we can efficiently find a rounded counterpart X =
(X1, Xo,...,X,)7" such that ||AX — Az|| is “small”. The generalization of our rounding approach achieves
the same bound on ||AX — Az||« with probability 1, with the additional property that for all j, E[X;] =
xj. This yields the result of [20]; furthermore, we use this generalization to obtain new multicriteria
approximations in the setting of [13].

Thus, SchedRound helps improve upon various basic results in scheduling. In particular, different
rounding techniques have thus far been applied for diverse objective functions: e.g., the approach of
[17, 20] in [4] for general L, norms, and independent randomized rounding [18] for weighted completion
time in [21] and for the special case of the Ly norm in [4]. SchedRound unifies and strengthens all these
results. Furthermore, since it works with differing objective functions such as weighted completion-time
and L, norms of machine loads, it is the first approximation algorithm to construct schedules that are good
w.r.t. many such objectives simultaneously. We thus expect our approach to be of use in further contexts
as well.



Our main algorithm SchedRound, and its linear-algebraic generalization LinAlgRand (“Linear Algebra
and Randomization”), are presented in Section 2. The applications to approximation algorithms are
presented in Sections 3, 4 and 5. The applications of the linear-algebraic generalization are then developed
in Section 6. We discuss fairness in Section 7, and conclude in Section 8. We provide certain routine
proof-details in the Appendix.

2 The Main Rounding Algorithm, and a Generalization

We start by presenting algorithm SchedRand in Section 2.1. We then observe in Section 2.2 that there
is a natural interpretation of this algorithm as a melding of linear algebra and randomization for general
linear systems. This interpretation will lead to further applications, in Section 6.

We now describe two notions that will be useful. Call a linear system Ax = b (with A, x,b given)
canonical if z; € (0,1) for all j. Next, suppose a given linear system Az = b is canonical and under
determined. Then, RandStep(A, z,b) is a randomized procedure that returns an updated version of = as
follows. Since the linear system is under determined, we can efficiently find a nonzero vector r such that
Ar = 0. Since x is canonical, we can also efficiently find the strictly-positive quantities o and § such that
all entries of (x+a-7) and (z — (- r) lie in [0, 1] and at least one entry of each of these two vectors lies in
{0,1}. Then,

with probability %, RandStep(A4, z, b) returns the vector x + a - 7;
with the complementary probability of ﬁ, it returns «x — G - 7.
Thus, RandStep(A, x,b) yields a random vector Y which satisfies

Pr[AY =] =1, (1)

and in which at least one entry has been rounded. It is also easy to check that

vj, ElY;] = ;. (2)

Note: Given a linear system £ where it will be cumbersome to explicitly write out the matrix A etc.,
we may also refer to RandStep(A, z,b) as RandStep(L, z). RandStep will be used in essentially all of our
algorithms.

2.1 The basic algorithm SchedRound

Algorithm SchedRound takes as input a fractional assignment z* of jobs to machines, as well as the
processing time p; j of each job j on each machine 7, and produces an integral assignment. Let z7 ; € [0, 1]
denote the fraction of job j assigned to machine ¢ in z*, and note that for all j, -, 27, = 1. Initialize
x = z*. The algorithm iteratively modifies x such that x becomes integral in the end. At least one
coordinate of x is rounded to zero or one during each iteration; we will throughout maintain the invariant
“j, > ;xi; =17 Once a co-ordinate is rounded to 0 or 1, it is unchanged from then on. The algorithm is

composed of Phase 1 followed by Phase 2, each composed of some number of iterations. The (random)

values at the end of iteration h of the overall algorithm, will be denoted XZ-(Z»). Each iteration h will

conduct a randomized update to the fractional assignment that will guarantee the invariant that for all

(i,7), E[XZ-(E)] = z; ;. Furthermore, Phase I will attempt to “protect” the machines “as much as possible”:
for each machine ¢, we will try to maintain its load at the end of iteration h, >, p; ; X (R)

i.j » equal to its initial
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value ¢ =3, PijT; for as long as possible (i.e., for all h up to as large value as possible). Once we move
on to Phase 2, the yet-to-be rounded variables will induce a simple structure, and in Phase 2, we will in
fact not even consider the values p; ;. We now present the details of the algorithm.

Notation. Let M denote the set of machines and J denote the set of jobs; let m = |M| and n = |J|. As
mentioned above, the (random) values at the end of iteration h will be denoted XZ-(Z).

Our algorithm will first go through Phase 1, followed by Phase 2 (one of these phases could be empty).
We start by saying when we transition from Phase 1 to Phase 2, and then describe a generic iteration in
each of these phases. Suppose we are at the beginning of some iteration h + 1 of the overall algorithm; so,
we are currently looking at the values XZ-(Z). Let a job j be called a floating job if it is currently assigned
fractionally to more than one machine. Let a machine ¢ be called a floating machine if it currently has at
least one floating job assigned to it. Machine ¢ is called a singleton machine if it has exactly one floating
job assigned to it currently. Let J' and M’ denote the current set of floating jobs and non-singleton
floating machines respectively. Let n’ = |J'| and m’ = |M’|. Define V to be the set of yet-unrounded pairs

currently; ie., V = {(i,7) : XZ-(Z) € (0,1)}, and let v = |V|. We emphasize that all these definitions are
w.r.t. the values at the beginning of iteration (h + 1). The current iteration (the (h + 1) iteration) is
a Phase 1 iteration if v > m/ + n/; at the first time we observe that v < m’ + n’, we move to Phase 2.
So, we initially have some number of iterations at the start of each of which, we have v > m/ + n’; these
constitute Phase 1. Phase 2 starts at the beginning of the first iteration where we have v < m’/ +n/. We

next describe iteration (h + 1), based on which phase it is in.

Case I: Iteration (h+1) is in Phase 1. Let J', M’ ,n’,m’,V and v be as defined in the previous paragraph,
and recall that v > m’ + n’. Consider the following linear system:

vied, Y zy; = L (3)
ieM
. h
Vie M, Z Tij Pij = Z Xi(,j) " Pig- (4)
jeJ’ JjeJ’

(Remark: It is important to note that index i is allowed to take any value in M in the sum in (3), but
that the universal quantification for 7 in (4) is only over M’.) The point P = (X-(};-) cieM,jeJ)isa

feasible solution for the variables {; ;}, and all the coordinates of P lie in (0,1). drucially, the number of
variables v in the linear system £ given by (3) and (4) exceeds the number of constraints n’ +m’. We now
obtain X+ by running RandStep(L, P). (Note that the components of X(") that lie outside of V are
unchanged.) Now, (1) shows that X1 still satisfies (3) and (4); we have rounded at least one further

variable, and also have E[XZ-(ZH)] = Xi(,}]l') for all 4, j, by (2).

Case II: Iteration (h + 1) is in Phase 2. Let J', M’ etc. be defined w.r.t. the values at the start of this
(i.e., the (h + 1)%!) iteration. Consider the bipartite graph G = (M, J’, E) in which we have an edge (i, j)
between job j € J' and machine i € M iff XZ-(ZL-) € (0,1). We employ the bipartite dependent-rounding
algorithm of Gandhi et al. [§8]. Choose an even cycle C or a mazimal path P in G, and partition the edges
in C or P into two matchings M; and My (it is easy to see that such a partition exists and is unique).
Define positive scalars a and 3 as follows.

a = min{sk>0: ((3(i,5) e My X\ +r=1) \/ B(i,j) e Ma: X" — k= 0))};

B = min{x>0: ((3(i,5) e M1: X" —k=0)\/ (3(i.j) € M2: X + v =1))}.

(Note that these definitions appear similar to those of RandStep. We will examine this issue, as well as the
reason why we do not use the values p; ; in Case II, in Section 2.2.) We execute the following randomized
step, which rounds at least one variable to 0 or 1:



With probability 3/(a + f3), set
XZ-(EH) = Xi(f;-) + a for all (i,j) € My, and XZ-(EH) = XZ-(Z) — a for all (4, j) € Ma;
with the complementary probability of a/(a + f3), set

XZ-(ZH) = XZ.(ZL.) — f for all (i,j) € My, and XZ-(ZL-H) = XZ-(Z) + 3 for all (i,j) € Ma.
This completes the description of a typical iteration of Phase 2. Hence, it also completes our algorithm-
description.

Note that the algorithm requires at most mn iterations, since at least one further variable gets rounded
in each iteration. We next present some useful observations and results about the algorithm.

Define machine ¢ to be protected during iteration h + 1 if iteration h 4+ 1 was in Phase 1, and if ¢ was
not a singleton machine at the start of iteration A + 1. If ¢ was then a non-singleton floating machine,
then since Phase 1 respects (4), we will have, for any given value of X (h) | that

h h
> Xi(,j+1) Pij = Xi(,j) “Pij (5)

jed jedJ

with probability one. This of course also holds if ¢+ had no floating jobs assigned to it at the beginning of
iteration h 4 1. Thus, if ¢ is protected in iteration (h + 1), the total (fractional) load on it is the same at
the beginning and end of this iteration with probability 1.

Lemma 1 (i) In any iteration of Phase 2, any floating machine has at most two floating jobs assigned
fractionally to it. (ii) Let ¢ and J' denote the fractional assignment and set of floating jobs respectively,
at the beginning of Phase 2. For any values of these random variables, we have with probability one that
forallie M, 3 ;cp Xig € {2 er il [2 e ¢ij1}, where X denotes the final rounded vector.

Proof We start by making some observations about the beginning of the first iteration of Phase 2.
Consider the values v,m/,n’ the beginning of that iteration. At this point, we had v < n/ + m/; also
observe that v > 2n/ and v > 2m’ since every job j € J’ is fractionally assigned to at least two machines
and every machine i € M’ is a non-singleton floating machine. Therefore, we must have v = 2n’ = 2m/;
in particular, we have that every non-singleton floating machine has exactly two floating jobs fractionally
assigned to it. The remaining machines of interest, the singleton floating machines, have exactly one
floating job assigned to them. This proves part (i).

Recall that each iteration of Phase 2 chooses a cycle or a mazimal path. So, it is easy to see that if ¢

had two fractional jobs j; and jo assigned fractionally to it at the beginning of iteration h + 1 in Phase 2,
then we have Xfﬁ-jl) + Xfﬁ-:l) = XZ(Z? + XZ(};; with probability 1. This equality, combined with part (i),

helps us prove part (ii). B
The following useful lemma is a simple exercise for the reader:
Lemma 2 For all i,j,h,u, E[XZ-(ZH) | (XZ(}]L) = u)] = u. In particular, E[XZ(}]L)] = x}; for alli,j, h.

Lemma 3 (i) Let machine i be protected during iteration h + 1. Then Yh' < h + 1, Yies Xz'(,};'/) P =
Zjej x;“] - pi,; with probability 1. Let X denote the final rounded vector. (i) For all 4, ZJEJXZ.J - pij
Yjes Tij o pig +maxjes. x, ;=1 pij with probability 1. (iii) For all i, 3" ;c; Xij - pij < Xjes i Pij
maXjey: oy €(0,1) Pij with probability 1.

+ A



Proof Part (i) follows from (5), and from the fact that if a machine was protected in any one iteration,
it is also protected in all previous ones.

We now argue part (ii). If ¢ remained protected throughout the algorithm, then its total load never
changes and the lemma holds. Let hyyy (i) denote the first iteration at which machine ¢ became unprotected.
Let Junp(i) denote the set of floating jobs at the start of iteration hy,y,(i) which were assigned to machine
i at the end of the algorithm. There are four possible cases. Case (a): Machine i became a singleton
machine when it became unprotected. If case (a) does not occur, then i had two floating jobs j; and j,
when it became unprotected (Lemma 1(i) shows that this is the only other possibility); let the fractional
assignments of j; and jp on ¢ at this time be ¢; j, and ¢; j, respectively. Case (b): ¢;j, + ¢ij, € (0,1].
Case (c): ¢ij, + ¢ij, € (1,2], and strictly one of the jobs j; and jo belongs to Jy,,. Case (d):
Gij + ¢ij, € (1,2], and both j; and jo belongs to Jyu,p. The total load on machine ¢ when it became
unprotected is 3¢ ;7 ;-pi ;. Hence, in cases (a), (b), and (c), the additional load on machine i at the end of
the algorithm is strictly less than max;e s, pij. We now consider case (d); in this case, the additional load
on i is (1= i )pijy + (1= @i g )Pijo < (2= iy = bijp) - maxg, jo{Piji, Pijp} < 1-maXjey,,, () Pij- The strict
inequality follows due to the fact that ¢; j, +¢; j, > 1in case (d). Since max;e g, (i) Pi,j < MaXje X, j=1Dij
part (ii) of the lemma holds.

We now argue part (iii). From the proof of part (ii), it follows that the final load on machine ¢ is strictly
less than 3¢ ;27 ;- pij + maxje g, ;) Pij With probability 1. Job j belongs to Junp(i) only if 27 ; € (0,1);
hence, with probability 1 the final load on machine i is strictly less than 3¢ ; @7 ;-p; j+max;¢ Jiwt €(0,1) Dig-
This concludes the proof of the lemma. W

Algorithm SchedRound underlies almost all of the algorithms discussed further in this paper, and hence
we will employ the above lemmas in various applications below.

2.2 A linear-algebraic interpretation

We now observe that SchedRound can be interpreted more generally as follows. Suppose we have a linear
system Az = b, with A,b, and x given. We wish to round z to some integral X such that each Xj is the
ceiling or floor of x;, and so that AX “approximately” equals b. We will present and analyze a partially-
specified algorithm LinAlgRand for this task. We then see how SchedRound is essentially an instantiation
of LinAlgRand, with the caveat that we may change the linear system as we pass from Phase I to Phase
IT of SchedRound. Section 6 will exploit the fact that LinAlgRand works with general linear systems, in
order to develop further algorithmic applications.

Given a linear system A’z’ = b’ where 2/, € [0, 1] for all j, we define an operation Simplify(A’ 2/, b')
which modifies (A, 2,V as follows. Let S = {j : 2/ € {0,1}}. Modify (A’,2',0) by removing the columns
corresponding to S and entries corresponding to S from A’ and 2’ respectively, and replacing each b} by
b; — > jes Aj ;7. Note that this leads to an equivalent but canonical linear system. It also ensures that
once rounded to 0 or 1, a variable x; never changes value from then on.

Given a linear system Az = b, consider the following (partially-specified) rounding algorithm LinAl-

gRand:

Algorithm LinAlgRand:
{Comment: By subtracting out integer parts, we assume that z; € [0,1] for all j.}

Initialize A’ + A, 2’ « x, and V/ « b;
Simplify(A’,2/,b);
While there exists some variable to be rounded in z’ do:



(Comment: A’z' =V’ is the current canonical linear system.)
“Judiciously” remove some constraints from the system A’z’ = ¥’ so that it becomes under determined;
2’ «— RandStep(A’, 2',V');
Simplify(A’, 2", V).
End of Algorithm LinAlgRand

The partially-unspecified part of the algorithm is which rows to eliminate in a “judicious fashion” in each
iteration. In Section 6, we will study an approach of Karp et al. [13] for such row-elimination for certain
families of linear constraints; we will employ LinAlgRand along with this approach to generalize the results
of [13].

The following lemma summarizes some useful properties of LinAlgRand:

Lemma 4 Given an initial system Ax = b, suppose algorithm LinAlgRand rounds x to some X, using
some rule for choosing the rows to be eliminated in each round. Let n be the number of components of x.
We have the following: (i) Vj, X; € {|x;],[x;]} with probability 1, and the algorithm terminates within
n iterations; (ii) Vj, E[X;] = x;, and (iii) if a certain constraint of the original system Ax = b was
not removed until the end of iteration h, then that constraint holds with probability one for the (random)
n-dimensional vector X that we have at the iteration h.

Proof Part (i) is straightforward. Part (ii) follows by repeated application of (2) and Bayes’ theorem.
Finally, part (iii) follows from (1). B

Connection to Algorithm SchedRound. Let us now see why algorithm SchedRound is a special case
of LinAlgRand. It is easily seen that the randomized update of Case I of SchedRound, where we maintain
(3) and (4), is an instantiation of LinAlgRand. Although we do not “judiciously remove any constraints”
here, we have implicitly done so by neglecting the constraints (4) for singleton machines.

Next, suppose we are in iteration (h + 1), which is in Case II of SchedRound. Consider the bipartite

graph G = (M, J', E) as described in Case II; given an edge e = (i, j) of this graph, let Xe(h) denote XZ-(Z).
Given any vertex (job or machine) v of G, let N(v) denote the set of edges incident on v at the end of
iteration h, and let s(v) = > ccn(w) Xe(h). The linear system to which LinAlgRand is basically being applied

to in iteration (h + 1) of SchedRound, is:

Vo, Z xe = s(v). (6)

e€N(v)

Starting with the solution z. = Xéh) for all edges e, we can see that iteration (h+1) of SchedRound proceeds
as follows. If it found an even cycle C in G, it considers the restriction of (6) to the nodes v contained
in C. This system is under determined already, and the randomized update of Case II is as prescribed by
LinAlgRand. (The fact that this system is under determined is one reason why we drop consideration of
the processing times p; ; in Phase 2 of SchedRound.) If a maximal path P was found instead, we consider
the restriction of (6) to the nodes v contained in P. This system is not under determined, and Case II
basically proceeds by implicitly dropping the constraints of (6) that correspond to the two endpoints v of
P. Letting £ be the number of vertices in P, this leads to a system with £ —1 variables and £— 2 constraints,
and is hence under determined; the update RandStep is then applied.

Thus, SchedRound is essentially a special case of LinAlgRand; however, we change the linear system
when we pass from Phase I to Phase II. We will see further applications of LinAlgRand in Section 6.



3 Weighted Completion Time and Makespan

We now use algorithm SchedRound to develop a (2, 2)-bicriteria approximation algorithm for (weighted
completion time, makespan) with unrelated parallel machines. That is, given a pair (C,T), where C' is the
target value of the weighted completion time and T', the target makespan, our algorithm either proves that
no schedule exists which simultaneously satisfies both these bounds, or yields a solution whose cost is at
most (%, 2T). Our algorithm builds on the quadratic-programming formulation of Skutella [21] and some
key properties of SchedRound; as we will see, the makespan bound needs less work, but managing the
weighted completion time simultaneously needs much more care. Let w; denote the weight of job j. For a
given assignment of jobs to machines, the sequencing of the assigned jobs can be done optimally on each
machine 7 by applying Smith’s ratio rule [22]: schedule the jobs in the order of non-increasing ratios ;Z—J
Let this order on machine 7 be denoted <;. Let x be an “assignment-vector” as before: i.e., > ; ; ; =1 for
all jobs j, with all the z; ; being non-negative. For each machine i, define a potential function

O,(z) = Z W;Ti 5T kDi k-

Note that if = is an integral assignment, then > ; >y <. @i ;@i kpix is the amount of time that job j waits
before getting scheduled. Thus, for integral a881gnments x, the total weighted completion time is

(Z w;pi i) + (Z ®;()). (7)
1,7 i

Given a pair (C,T), we write the following Integer Quadratic Program (IQP) motivated by [21]. The
x;; are the usual assignment variables, and z denotes an upper bound on the weighted completion time.
The IQP is to minimize z subject to “Vj, >, x;; =17, “Vi,j, z;; € {0,1}”, and

S Z Z xw (1 + xw pis) Z B, (8)
z > Z w; Z Ti jPij; 9)
j i
Vi, T > Y pijxij (10)
J

V(i j), (pij >T) = (zi;=0). (11)

The constraint (11) is easily seen to be valid, since we want solutions of makespan at most 7". Next, since
d(1+d)/2 =d for d € {0,1}, (7) shows that constraints (8) and (9) are valid: z denotes an upper bound
on the weighted completion time, subject to the makespan being at most 7. Crucially, as shown in [21],
the quadratic constraint (8) is convez, and hence the convex-programming relaxation (CPR) of the IQP
wherein we set x; ; € [0,1] for all 4,7, is solvable in polynomial time. Technically, we can only solve the
relaxation to within an additional error e that is, say, any positive constant. As shown in [21], this is easily
dealt with by derandomizing the algorithm by using the method of conditional probabilities. Let € be a
suitably small positive constant. We find a (near-)optimal solution to the CPR, with additive error at most
e. If this solution has value more than C + €, then we have shown that (C,T) is an infeasible pair. Else,
we construct an integral solution by running SchedRound the fractional assignment z. Assuming that we
obtained such a fractional assignment, let us now analyze this algorithm.

Recall that X (") denotes the (random) fractional assignment at the end of iteration h of SchedRound.
We next present a lemma that claims the key property that for each machine i, the expected potential

function value E[®;(X("))] is non-increasing as a function of h; we prove the lemma using the structure of
SchedRound.



Lemma 5 For all i and h, E[®;(X"+t1))] < E[®;(X")].

Proof Fix a machine i and iteration h. Let us condition on the event that the fractional assignment
at the end of iteration h, X equals some arbitrary but fixed z(") = {ZEE};)} We will now show that,
conditioning on the above event, E[®;(X*D)] < ®;(z). We may assume that ®;(z(")) > 0, since
E[®;(X"+1))] = 0 if &;(z™) = 0. We first show by a perturbation argument that the value

B[&,(X ()

S NF0)

is maximized when all jobs with nonzero weight have the same ;:—JJ ratio. Partition the jobs into sets
S1,...,5k such that in each partition, the jobs have the same ;UZ—JJ ratio. Let the ratio for set S, be ry

and let rq,...,r; be in non-decreasing order. For each job j € Si, we set w;- = wj; + Ap;j where A has
sufficiently small absolute value so that the relative ordering of r1,..., 7, does not change. This changes
the value of ¢ to a new value ('(\) = Zigﬁ, where a,b,c and d are values independent of A, ( = a/¢, and
a,c > 0. Crucially, since ¢’()) is a ratio of two linear functions, its value depends monotonically (either
increasing or decreasing) on A, in the allowed range for . Hence, there exists an allowed value for A\ such
that ¢'(A\) > ¢, and either 7} (which is 71 + ) equals 79, or { = 0. The terms for jobs with zero weight

can be removed. We continue this process until all jobs with non-zero weight have the same ratio p— So,

we assume w.l.o.g. that all jobs have the same value of this ratio; thus we can rewrite, for some fixed value
£>0,

Bat) = & pgpalal)
{k,j}:k=<ij

BoX" )] = B 3> pupaXiyU XS
{k,j}:k=<qj

(Again, the above expectations are taken conditional on X" = 2(") ) There are three possibilities for
a machine ¢ during iteration h + 1:
Case I: i is protected in iteration h + 1. In this case,

E[@; (X)) - (E[(Zp-,jxfz*”)?] - ZE[(p-,jX{Z*”)?D

wlm N[

mew ZE [(ps; X )2) (12)

where the latter equality follows since i is protected in iteration h+ 1. Further, for any j, the probabilistic
rounding of Phase I of SchedRound ensures that there exists a pair of positive reals («, ) such that
Xi j(h+1) equals (xy;) + «) with probability 3/(« + ), and equals (ZE(h)

i () with the complementary
probability. So,

p
a+pf

o
oy + @)+ S @) = 9 2 )

Plugging this into (12), we get that E[®;(X"T1D)] < @;(z(™)) in this case.

E[(X"V)?] =

Case 11: i is unprotected since it was a singleton machine at the start of iteration h+1. Let j be the single
floating job assigned to 4. Then, ®;(X"*1) is a linear function of X}Tl), and so E[®;(X "+1))] = &, (z(M)
by Lemma 2 and the linearity of expectation.
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Case III: Iteration h + 1 is in Phase 2, and i had two floating jobs then. (Lemma 1(i) shows that this is
the only remaining case.) Let j and j' be the floating jobs on i. ®;(X("*1)) has: (i) constant terms, (ii)
terms that are linear in X(]H) or XZ(};,H) and (iii) the term X(hH) X(};H) with a non-negative coefficient.
Terms of type (i) and (ii) are handled by the linearity of expectatlon just as in Case II. Now consider the
term X-(h-H) -XZ-(};-H)
of Phase 2, there are positive values o, 3 such that we set (X(hH) X(h+1)) (:EE};) + 5, ng;)/ — () with

probability a/(a + ), and to (ZEE};) - a, x(h), + a) with probability 3/(a + (). Therefore,

we claim that the two factors here are negatively correlated. Indeed, in each iteration

EX" . X5 = (af(a+8) - @) +8) - (@)~ 8) + (B/(a+8) - (@) —a) - (") + ) <2l -2,

thus, the type (iii) term is also handled. B
Lemma 5 leads to our main theorem here.

Theorem 6 Let C' and T’ denote the total weighted completion time and makespan of the integral solution.
Then, E[C'] < (3/2) - (C +¢€) for any desired constant € > 0, and T" < 2T with probability 1; this can be
derandomized to deterministically yield the pair (3C/2,2T).

Proof As shown in [21], the factor of € can be easily disregarded by derandomizing the algorithm using
the method of conditional probabilities. (We exploit the fact that all the values w; and p; ; are integers,
which implies that C' is also an integer; thus, if the objective function is at most (3/2) - (C + €), then it
must be at most (3/2) - C if € < 1/3.) The fact that 77 < 2T with probability 1 easily follows by applying
Lemma 3(iii) with constraints (10) and (11). Let us now bound E[C"].

Recall that X = {X; ;} denotes the final random integral assignment. Lemma 2 shows that E[X; ;] =

x} ;. Also, Lemma 5 shows that E[®;(X)] < ®;(z*), for all i. These, combined with the linearity of

expectation, yields the following:

RIS 0y S piiXia/2) + (S 80 < (T wy Yopigaly/2) + (S @) <2 (13)

j i i j i i
where the second inequality follows from (8). Similarly, we have
E[Z wy Z Xijpijl = Z W Z 7 jPig < (14)
j i
where the inequality follows from (9). As in [21], we get from (7) that
E[C'] = Z w;ip; ;E Z E[®
Z wj me ii/2) + Z @i(X)] +ER_w; 3 Xipij/2]
i j i

z+z/2
3C)2.

VANVAN

As mentioned at the beginning of this proof, we can derandomize this algorithm using the method of
conditional probabilities. l
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4 Minimizing the L, Norm of Machine Loads

We now consider the problem of scheduling to minimize the L, norm of the machine-loads, for some given
p > 1. (The case p = 1 is trivial, and the case where p < 1 is not well-understood due to non-convexity.)
We model this problem using a slightly different convex-programming formulation than Azar & Epstein
[4]. Recall that J and M denote now the set of jobs and machines respectively. Let T' be a target value
for the L, norm objective. Any feasible integral assignment with an L, norm of at most T satisfies the
following integer program (IP).

VieJd wiy; > 1 (15)
Vie M >z -pi; —t; <0 (16)
J
S o< o a7
> i -Zpﬁ-’,j < T° (18)
V(z‘,j)le J]\/[ xJxi; € {0,1} (19)
V(i,j) € {(4,5) | piy > T} xij = 0 (20)

We let x; ; > 0 for all (7,7) in the above IP to obtain a convex program. The feasibility of the convex
program can be checked in polynomial time to within an additive error of € (for an arbitrary constant € > 0):
the nonlinear constraint (17) is not problematic since it defines a convex feasible region [4]. We obtain the
minimum feasible value of the L, norm, 7, using bisection search in the range [min; ;{p; ; }, max; j{p; ;}|.
We ignore the additive error ¢ in the rest of our discussions since our randomized guarantees can be
converted into deterministic ones using the method of conditional probabilities in such a way that € is
eliminated from the final cost: the idea is the same as is sketched in the proof of Theorem 6. We also
assume that 7' is set to T™ by a suitable bisection search. We round the fractional solution to the convex
program, {a:fj}, using SchedRound; we analyze the performance of the rounding below.

We start with the following two lemmas involving useful calculations; the proofs of these lemmas are
presented in the Appendix.

Lemma 7 Leta € [0,1] and p,\ > 0. Define N(a,\) = a-(1+ NP+ (1—a) and D(a,\) = (1+a\)P +alP.
Let y(p) = max(q,x)e(0,1]x[0,00) % Then, v(p) is at most: (i) 1, if p € (1,2]; (ii) 2P72, if p € (2,00); and
(iii) O(2P/\/p) if p is sufficiently large (i.e., there exist constants K and py such that for all p > po, v(p) <
K-20/\/p). Further, forp =2.5,3,3.5,4,4.5,5,5.5 and 6, y(p) is at most 1.12,1.29,1.55,1.86,2.34, 3.05, 4.0

and 5.36 respectively.

Lemma 8 Let aj,as be variables, each taking values in [0,1]. Let D = (Ag+a1- A1 +az-A2)P + a1\ +az b,
where p > 1, A\g > 0 and A1, Ao > 0 are arbitrary but fized constants. Define N as follows:

ifar +as <1, then N =(1—a; —az)- M) +a1- Ao+ A)P +az- (Ao + X2)P; else if ay + az € (1,2], then
N=(1-a2)- Mo+ M)P+(1—a) - (Ao+A)?+ (a1 +az—1) - (Ao+ A1+ X2)P. Then, N < ~(p)-D, where
~v(p) is as in Lemma 7.

Consider a fixed machine 4. Recall that X denotes the final rounded assignment and {z; ;} the fractional
solution to the convex program; lett; = > ; p; ;x; ; denote the load on 7 in the fractional solution. Let T;
denote the final (random) load on machine i. Let U = {U; ;} denote the random fractional assignment at
the beginning of the first iteration during which ¢ became unprotected. W.l.o.g., we assume that there are
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two distinct jobs j; and jo which are floating on machine 7 in assignment U. The cases where ¢ became a
singleton or ¢ remains protected throughout the course of the algorithm are handled by setting one or both
of the variables {U; j,,U; j,} to zero; hence we do not consider these cases in the rest of our arguments.

The following simple lemma describes the joint distribution of (X j,, X; j,):

Lemma 9 Let u denote an arbitrary fractional assignment. Then the following holds.

Case 1: Ifu;j +uij, €[0,1], then

Pri(Xij, =) A\Xij=1) | U=1u] = 0

Pr(Xij, = DAXij, =0) | U=1u] = uy,

Pr(Xij =) A(Xij, =1)) [ U =u] = uj,

Pr{(Xij, =) A(Xij =0) [ U=u] = 1—uj —uij,
Case 2: Ifu;j +uij, € (1,2], then

Pri(Xijy = DAXijo =1) | U=1] = wijy +uij —1

Pri(Xijy = DAXij =0) [U=1] = 1—wuy,

Pri(Xijy =0 AXijp = 1)) | U=1] = 1-u

Pr{(Xij, =0) \(Xij, =0)) [ U=1u] = 0

Proof If i never became unprotected, then both w; ;, and u; j, are zero; we have Case 1 and the lemma
holds trivially. If ¢ became an unprotected singleton, then w; j, = 0. Again, Case 1 occurs and the lemma
can be easily seen to hold due to Lemma 2. Assume ¢ become unprotected with both j; and js fractionally
assigned to it (i.e., u;j,,u;ij, € (0,1)). We now analyze Case 1. Since u; j, + u; , € [0,1], it follows from
Lemma 1 that Pr{((X;;, = 1)A(Xij, = 1)) | U = u] = 0. This implies that Pr[((X;; = 1) A(Xi , =
0)|U=u] =Pr[(X;;, =1) | U = u] = v . The last equality follows from Lemma 2. By an identical
argument, Pr[((X;;, = 0) A(Xij, =1)) | U = u] = u;,. Finally, Pr[((X;;, = 0)A(Xij , =0)) | U =] is
the remaining value which is 1 — u; j, — u; j,. We note that the above arguments hold because the events
considered above are mutually exclusive and exhaustive. Case 2 is proved using very similar arguments. B

Theorem 10 Given a fized norm p > 1 and a fractional assignment whose fractional L, norm is T, our
algorithm produces an integral assignment whose value C,, satisfies E[Cp] < p(p) - T. Our algorithm can
be derandomized in polynomial time to guarantee that Cp, < p(p) - T. The approzimation factor p(p) is at
most the following: (i) 2%, forp e (1,2]; (i) 2=Y?, for p € [2,00); and (iii) 2 — ©(log p/p) for large p.
For specific values p > 2, slightly better upper bounds for p(p) can be computed using numerical techniques.
In particular, the following table illustrates the achievable values of p(p) for the corresponding values of p:

» | 25 3 35 1 » | 45 5 5.5 6
p(p) | 1.381 | 1.372 | 1.382 | 1.389 || p(p) | 1.410 | 1.436 | 1.460 | 1.485
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Proof Let A(i) = {j: Ui = 1} and let R; = 3" ;¢ (;) pi,; be the rounded load on i at the beginning of the
first iteration in which ¢ was unprotected. By definition of a protected machine, R; +U; j, -p; j, + Ui j,Di j, =
t¥. By Lemma 9, E[T? | U = u] equals:

(1= wijy, — wijy) - RY 4 wijy - (Ri + pijy )P + ijy - (Ri + pijy)? (21)
if w5, + w4, € [0,1]; and
(1= uigy) - (Ri + i)V + (1 —wijy) - (Ri+ pijp)’ + (wigy +uij, — 1) (Ri +pigy + Pign)’ (22)

if Ui 5 + Usjy € (1, 2].

Let p(x,i) =3, a:”pi;7 ; for any assignment-vector . Note that

67+ Eu(X,i) | U=u] = ;7 + Y wipf ; > 677 +wi bl + wijopl ;-
7

Combining this with the above-seen equality R; + U, j, - pij, + Ui j, - pij, = t;, we get
"+ Eu(X,0) | U=u] > (R +uijy - Pijy + Wiy Dija)’ + Wi i D j, + iy - (23)

Recall that E[TP | U = u] takes the form (21) or (22); this, in conjunction with (23) and Lemma 8, shows
that for all possible u,
E[T} | U=u] <9(p) (" +E[uX,i) | U =u)).

Thus,

E[T7] < v(p) (57 + Elu(X,9)]) <v(0) & + 3 a5 00)),
J

where the second inequality follows from Lemma 2. So, >, E[TF] < 2y(p) - T?, by (17) and (18). The

claims for p(p) follow by noting that p(p) < (27(p))% and substituting (p) from Lemma 7, and by Jensen’s
inequality which implies that for any non-negative random variable T, E[Y] < (E[Y?])!/?. m

5 Multi-criteria optimization for multiple L, norms and weighted com-
pletion time

We now demonstrate that algorithm SchedRound is useful in multi-criteria optimization as well. We present
our multi-criteria optimization results for a given collection of integer L, norms and weighted completion
time, in Section 5.2. We then improve upon the results of [5, 9] that pertain to all norms p > 1 for the
restricted assignment version of the unrelated-parallel-machines problem, in Section 5.3.

The setting of Section 5.2 is as follows. Let S be a set of positive integers and let T'(p) be a target
value for each p € S. Let W* be a targeted total weighted completion time. We aim to obtain a schedule
such that the L, norm of the vector of machine-loads is not much more than 7'(p) for each p € S, and such
that the weighted completion time is not much more than W*. (In some cases, such as in part (1) of the
statement of Theorem 11, we will not be concerned with the weighted completion time, in which case we
set W* = 00.) Section 5.1 presents a natural convex programming relaxation for this problem; Section 5.2
then develops a deterministic multi-criteria approximation algorithm in which the rounding is basically a
derandomization of a modified version of algorithm SchedRound.
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5.1 The formulation (MULT)

Given targets {T'(p) : p € S} and W* as in the previous paragraph, the following formulation (MULT)
suggests itself. We modify the formulation of Section 4 as follows:

e we retain the constraints (15), (16) and (19);

e we include equations (17) and (18) for each p € S, with the “T” in the right-hand-sides replaced by
T

e we include constraints (8) and (9) from Section 3, with the “z” in the left-hand-sides replaced by
(LW*”;

e we replace (20) by

V(i,j) € {(i',j") | 3p € S such that py j > T(p)}, z;; =0.

It is easy to see that the resulting formulation (MULT) is indeed a valid integer formulation of the given
problem with targets {T'(p) : p € S} and W*. Furthermore, the discussions of Sections 3 and 4 show that
the natural continuous relaxation of (MULT) obtained by replacing (19) by “V(i,j),z;; > 07 is a valid
convex formulation of the problem.

5.2 The rounding approach for (MULT)

Given an integer assignment X = (X;;), we set Cp(X) and W(X) to be the L, norm of the vector of
machine-loads and the weighted completion time under X, respectively. Let z* be a fractional assignment
that is feasible for the continuous relaxation of (MULT'). Theorem 11 essentially uses SchedRound to round
x*. Note that Theorem 6 follows as a corollary of claim (4) of Theorem 11, by letting the parameter € tend
to 0 from above in claim (4) of Theorem 11.

Theorem 11 Suppose, for a given problem with target machine-loads {T(p) : p € S} and completion-time
target W*, that x* is a feasible fractional solution to the continuous relazation of (MULT). Then, we can
derandomize SchedRound in polynomial time to obtain an integer assignment X = (X; ;) that achieves any
desired one of the following four outcomes:

1. Forallpe S, Cp(X) <2.56-T(p);
2. W(X) <32 -W*and forallpe S, Cp(X) <3.2-T(p);

3. For any given e >0, W(X) < 3. (1+e)W* and for allp € S, Cp(X) < 2(e+ 2) - T(p), where e is the
base of natural logarithms; and

4. For any given € > 0 and any given p > gg, W(X) < 3(1+e€) and Cp(X) < 2-T(p). (K is some
absolute constant here.)
Proof We show how to obtain each of the four guarantees claimed in the theorem.

Guarantee 1: We now describe a derandomization of SchedRound, in order to get the guarantee for all
p € S. We first recall a few definitions and define new ones. Let X" denote the (fractional) assignment
vector after iteration A in our derandomized rounding algorithm, with X ©) = z*; let t7 denote the fractional
load imposed by assignment x* on machine . We let x denote an arbitrary assignment vector. For a fixed
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machine 7, let p,(z, i) = > a;”pf ;- Let X denote the final integral assignment, and let T; denote the final
load on machine 7. Let R;, ji1, and jo, denote the rounded load and the two floating jobs assigned to ¢
respectively, at the beginning of the first iteration in which i was unprotected. Define ¢,(x,7) as follows:
if Tij, + Tijy, € [0, 1], then

Gp(,8) = (1= @iy — Tigy) - BY + @iy - (Ri 4 pii)" + @iy - (Ri+ pig)”
else if z; j, + z; j, € (1,2], then
Gp(,1) = (1= migy) - (Ri + i )" + (L= i) - (Bi +pig)’ + (@igy + Zigo — 1) - (Ri 4 pijy + Pija)”
This definition is motivated by the fact that ¢(X,i) = TF, just as in (21) and (22). Recall the function
v(+) from Lemma 7. We next define the quantity v, (x,7) as follows: if p = 1, then ¢,(z,i) = ¢,(x,1);

else if p > 1, then ¢, (x,7) = % —t;P. Tt follows from Lemma 8 that for all p > 1 and Vi, ¢p(z,7) <
v(p)(t;¥ + pp(x,i)), and therefore we have:

wp(x7i) S Mp(x7i)’ (24)

Let Ml(h) and Mz(h) denote the set of protected and unprotected machines respectively immediately after
iteration h. Let Q,(X") = ZieMl(h) up(X(h),i)—i—ZieMQ PYp(X W 4). Define Q(z) = > opes %, where
the positive values f(p) are chosen such that 3° ¢ f( y <1 This implies that Q(X(©)) <

We are now ready to describe the derandomized version of SchedRound. At iteration h, as in the
randomized version, we have two choices of assignment vectors 1 and x9 and two scalars aq,ag > 0 with
o1 + o = 1 such that oz + aozs = XM, We choose X"+ € {z1, 25} such that Q(X 1) < Q(X ™).
This is always possible because Q(z) is a linear function of the components in x - since we also have
Q(x) = 1Q(z1) + a2Q(x2), the minimum of these choices will not increase the value of Q). Next, if a

machine i becomes unprotected during some iteration h, then for all p € S, we replace 1, (X (h+1),z') by
Pp(X (h+1) ') in the expression for Q. It follows from (24) that this replacement does not increase the value

of Q.

Since Q(X") is a non-increasing function of h, Q(X) < Q(X(©) < 1. Hence, it follows that for each
p €S, QpX) < f(p)T(p)P. We now analyze the final L, norms for each p. If p = 1, the final cost
Ci(X) =2 01(X,i) = Q1(X) < f(1)T(1). We now analyze the values Cp(X) for norms p > 1. We first
note that all machines become unprotected by the time the algorithm terminates. Hence,

(Cp(X))P = Z¢p(X7i)
Z’y )(Wp(X, 1) +t7)
() Zt:p+Qp X))

() (T (p)? + f(p)T(p)?)
v(p)(f(p) + 1)T(p)’.

VANVAN

Hence, Cp(X) < (v(p)(1 + f(p)))%T(p) We are now left to show the choice of values f(p) such that
1
f(1) = 2.56, and for all integers p > 1, (v(p)(1 + f(p)))?» < 2.56 with > 372 1f( y < 1. Let k =1.28. We

choose f(p) as follows: f(1) = 2k; for p € {2,3,4,5,6}, f(p) = v(zz) 1; for p > 7, f(p) = 4kP — 1. By
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substituting the minimum achievable value (p) for each p from Lemma 7, we have (v(p)(1+ f(p)))
for every integer p. Next, observe that

i 1 Ly 4k5
Z 4/4”—1 T logk B _1°
By substituting the value £ = 1.28, it follows that Zp 1 f Ol <1

Guarantees 2, 3, and 4: We now have the problem of simultaneously minimizing the total weighted
completion time and L, norms for the given set of integer-norms S. We proceed quite similarly as in
our approach above for Guarantee 1; we will suitably modify our “potential function” Q(-) in order to
accommodate the weighted completion-time, and employ Lemmas 2 and 5 in analyzing the effect of this
modification.

Recall the definitions of @, () from the proof of Guarantee 1 above. Also recall that the total weighted
completion time objective for any integral assignment X is

wa ig - (pig + Z Xijpigr)
J'=<iJ
We extend this definition to any fractional assignment x:
Zwmxm (pij + Z i jPij)
J'=ij

We now redefine our combined objective Q(z) as follows:

o) =S+ S g

where the positive values g and {f(p)} satisfy
1
+> (25)
= fp)

We will choose these positive values separately for each of guarantees 2, 3, and 4. Recall the easy fact
“W(x*) < 3W*/2” (e.g., from the proof of Theorem 6). Since X(©) = z*, z* is a feasible assignment, and
(25) is true, we get that Q(X(©) < 1. We now follow the same derandomlzatlon strategy as in Guarantee
1: i.e., we choose from two possible choices for X("+1) such that Q(X"+V) < Q(X™). Crucially, we
remark that this is possible since, as shown in Lemma 5, at every iteration A, the two choices for X (h+1)
namely x1 and zo, and the scalars aq,as > 0 with a3 + ao = 1 are such that aq - 1 + a9 - 9 = X ") and
W (1) + oW (z2) < W (X™); this implies that at every iteration of the derandomized algorithm, there
exists a choice of X1 such that Q(X"+1)) < Q(X™) < 1. Thus we will have W (X) < %gW* for our
final integral assignment X. We are now left to show the choice of positive values {f(p)} and g such that
(25) holds, and such that the tradeoffs claimed in the theorem can be achieved. We show this below for
each of guarantees 2, 3, and 4.

Guarantee 2. We fix k = 1.6 and let g = 2F. All the values of f(p) remain the same function of k as in

the proof guarantee 1: i.e., f(1) =2k, Vp € {2,...,6}, f(p) = (%) —1,and for p > 7, f(p) = 4kP — 1. Tt

now follows from the arguments for guarantee 1 that (25) holds.

Guarantee 3. Fix k = e + % and g = 1 +e. Welet f(1) = 2k and for p > 2, we let f(p) = 4kP — 1

3(1+€)
2

and v(p) = 2P~2 (from Lemma 8). This yields an approximation factor of for the completion

17



time and a factor of 2(e 4+ 2) for each norm p € S. We now have, % + 2 pes % < %JFE + 250 % <

€ € 1 4k € € 1 € € €
l-g+itmgrloslgg)sl-g+i+tgpysl-g+i+gst
Guarantee 4. Fix g = (1 +¢), and let f(p) = 1+ % We have v(p) < 0(3—%) from Lemma 8. Hence
for all p > K/e? with K being a suitably large constant, y(p) < €2P~2. So, W(X) < =5~ - W* and
Co(X) < (v(p)(f(p) +1 5T p) < 2T(p). Furthermore, * + - = 1, which concludes the proof of the
P v g " )
theorem. W

5.3 All-norm approximations for the restricted assignment problem

The next theorem pertains to the approximation ratio of SchedRound for the restricted assignment problem,
where each job j is associated with some number p; such that for all (i,7), p;; € {pj,o00}. That is, each
job has a processing time p; and a subset S; of the machines; j can only be scheduled on some machine in
S, and has processing time p; on all machines in S;. We will employ Theorem 10 to improve on certain
results of [5, 9].

As in Azar et al. [5], we first obtain the unique fractional solution x* that is simultaneously optimal
with respect to all norms p > 1: this * is a strongly-optimal fractional assignment, in the following sense
[5]. Consider a fractional assignment z’; let ¢/ be the fractional load on machine i induced by z’: i.e.,
ti = > jes v pij- Consider any norm p > 1; the fractional Ly-norm of 2’ is Ly(z') = (ZieM(t;)p)%; let
L,(frac) denote the minimum value of the L,-norm achievable by any valid fractional assignment (i.e., any
fractional assignment such that the z; ; are all non-negative, and such that the sum of the z; ; values for each
job j is one); let L,(int) denote the minimum value of L,-norm achievable by any valid integral assignment.
A fractional assignment x* is strongly-optimal if for any p > 1, L,(2*) = L,(frac) (i.e, 2* is optimal w.r.t.
all the norms). Azar et al. [5] show that, given any instance of the restricted assignment problem, there
exists a strongly-optimal fractional assignment x* for the instance; further, such an assignment can be
computed in polynomial time. It is also demonstrated in [5] that z* can be rounded efficiently to get an
absolute 2-approximation factor w.r.t. every norm p > 1: this notion of absolute approximation is that
each L, norm is individually at most twice optimal, i.e., at most 2 - Ly(int). This result of [5] was also
independently shown by Goel and Meyerson [9]. We get an improvement as follows:

Theorem 12 Consider the restricted assignment problem. Given a strongly-optimal fractional assignment
x*, and a fived norm p' € [1,00), SchedRound can be derandomized in polynomial time to simultaneously
yield a p(p') < 2 absolute approzimation w.r.t. norm p’ and an absolute 2-approximation w.r.t. all other
norms p > 1, where p(-) is the function from Theorem 10. That is, the L, norms C) of the integral solution

constructed, satisfy the following: Cp < 2 - Ly(int) for allp > 1, and Cp < p(p’) - Ly (int).

Proof We start by computing a strongly-optimal fractional assignment z* as in Azar et al. [5]. We round
this fractional assignment into an integral assignment using algorithm SchedRound. Let C), be the random
variable denoting the L, norm of the integral assignment produced by our algorithm. We prove below that
for all p > 1, C, < 2L,(int) with probability 1. This claim along with Theorem 10 immediately leads to
Theorem 12 as follows. Consider the fixed norm p’ € [1,00); the fractional assignment has an L,y norm
value of L, (z*) = Ly (frac) < Ly (int). Hence, by Theorem 10, the integral assignment has an expected
value E[Cy] such that E[Cy] < p(p')Ly (frac) < p(p')Ly (int); here p(p’) < 2 is the approximation ratio
in Theorem 10. Crucially, since our claim guarantees that Vp > 1,C), < 2L,(int) with probability 1, we
have the conditional expectation E[C) | Vp > 1,C) < 2L, (int)] = E[Cy]| < p(p)Ly (int). Hence, we can
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derandomize algorithm SchedRound using the method of conditional probabilities (as in Theorem 10) to
obtain an integral assignment such that C,y < p(p)L,y (int) and Vp > 1,C), < 2L,(int).

We now prove that SchedRound produces an integral assignment in which for all p > 1, C), < 2L, (int)
with probability 1. Let X = (Xj;) denote the integral assignment yielded by SchedRound; recall that
SchedRound ensures that X; ; can be 1 only if 27 ; > 0. Since we have an instance of restricted assignment
and x* is an optimal fractional assignment w.r.t. all the norms, it follows that X; ; = 1 only if p; ; = p;
(and not o). We have

C)P = Y O Xij-pij)?

i jeJ
p
< X ((Z Tig o Pig) t o max pm’) (26)
% jeJ ’
< p—1 X P \P
< ;2 ((gfcm Pij) +(jef;n§f§:1 pj)) (27)
< 27 ((Z(Z 5 pig)’) + Zp?)
i jeJ j
< 2271 (Ly(frac)? + Ly(int)P) (28)
< 2P71. oL, (int)P
= 2P. [,(int)P
Hence: C, < 2L,(int)

In the above derivation, (26) follows from Lemma 3(ii). Bound (27) is a consequence of the fact that for

allz >0, y>0and p>1, (z+y)? <2°71. (2 + yP). Bound (28) follows from the fact that (3°; p?)% is
a lower bound on the L, norm value of any integral assignment. H

6 Generalizing the Karp et al. Procedure, and Applications

We now employ LinAlgRound to develop two additional applications. The 2-approximation for makespan
minimization in unrelated parallel machines [17] was extended in [20] as follows. Suppose we are given
some numbers {c; ;} (where ¢; ; corresponds, e.g., to the cost of processing job j on machine 4), a target
makespan 7', and a fractional assignment x that satisfies the target makespan (along with the usual
important constraints “if p; ; > T, then x; ; = 0”) as well as the constraint > Cijxij = C for some C.
Then, the algorithm of [20] constructs an integral assignment X such that > PijXij < 2T for all i, and
such that 37, ; ¢; ;X ; < C. We first describe how Theorem 13, a basic rounding theorem of Karp et al. [13],
can be used to obtain the result of [17]. We then show a probabilistic generalization of this theorem of [13]
(Theorem 14) which in particular also yields the result of [20]. We also describe an extension (Corollary 16)
to the setting where we are given multiple cost-objectives and by paying a slightly larger factor for the
makespan, we can bound the absolute deviation for the additional objectives.

Theorem 13 ([13]) Given a matriz A € R™*", with t denoting max; {3 ;. 4,50 Aij: — 2i:a,,<0 Aij}, and
a fractional vector x, we can, in deterministic polynomial time, construct a vector X such that: (i) Vj,
Xj S {ijJ, (l'j~|}, and (’l’l) Vi, (AX)Z < (Aa:)z +1.
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To see how Theorem 13 yields the result of [17], consider the LP of [17] for makespan minimization,
given a target makespan of 1"

(A1) Vi, 3 @i > 1

(A2) Vi, 37, pijwij < T}
(A3) 0<z;; <1;and

(A4) Dij > T implies Tij = 0.

If we multiply the constraints (A1) by —7', the parameter ¢, in the notation of Theorem 13, can be taken
to be T'; therefore there is an integral vector X such that: (i) for each j, >, =X ; <0, 0r 3, X; ; > 1 (i.e.,
job j is assigned to some machine), and (ii) for each 4, > Pi,jXij < 2T. We now describe our probabilistic
generalization of Theorem 13; it is a generalization since it guarantees the additional properties (iii) and

(iv):

Theorem 14 Given a matriz A € R™*", with t denoting max;{3>;. 4, >0 Aij, — >i:a,,<0 Aij}, and an n-
dimensional vector x, we can, in randomized polynomial time, construct a vector X such that: (i) V7,
X; € {lzj], [z;]} with probability 1, (ii) Vi, (AX); < (Ax); + t with probability 1, and (iii) for each j,
E[Xj] = zj; in particular, given any vector ¢, we have E[Y,c;X;| = C = 37, cjx;. Furthermore: (iv)
a vector X for which (i) and (ii) hold, and for which 3°;c;X; < C, can be constructed in deterministic
polynomial time.

Proof We essentially use algorithm LinAlgRand on top of the basic approach of Theorem 13 as follows.
By subtracting out integer parts, we may assume that x; € [0,1] for all j. We proceed in iterations, each
of which further rounds at least one yet-unrounded z; to 0 or 1. We now describe a typical iteration.
Suppose L is the current linear system (when we start, £ is the original system “Ax = 0”). Recall the
Simplify operation related to LinAlgRand. We first run Simplify to make £ canonical. Now, it is shown
in [13] that: (a) either £ is under-determined, or (b) there exists a row i (which can be found efficiently)
in our system of constraints £ such that no matter how we round the yet-unrounded variables to get a
final (rounded) vector X, we will have (AX); < b; +t. If (b) holds, we keep discarding such rows i from
consideration (since they are “safe” from now on), until case (a) holds. And now that the system is under
determined, we apply RandStep. This completes the description of an iteration.

Lemma 4 easily shows properties (i), (ii) and (iii) of the theorem. Property (iv) also follows directly
by derandomizing this algorithm — i.e., making each application of RandStep deterministic — using the
method of conditional probabilities as follows. Suppose S is the current set of yet-unrounded variables,
and that RandStep has the choice of moving along directions 7" or —7: then, we choose 7if ;g ¢jr; <0,
and choose —7 otherwise. B

Recall the argument above (using the constraints (A1)—(A4)), about how Theorem 13 yields the result
of [17]; Theorem 14 can be similarly seen to imply the result of [20].

We now extend Theorem 14 as follows. Suppose, in addition to the linear system Ax = b, we have £+ 1
additional linear constraints ¢®) .2 = d,, k =0,1,...¢. We prove that these additional constraints can be
approximated well, by incurring a slightly larger error in the system “Az = b":

Corollary 15 Suppose we are given: (i) a matriz A € R™*"™, with the parameter t as in Theorem 14; (ii)
an n-dimensional vector z, (iii) £+ 1 linear constraints ¥ p =dy, k=0,1,...¢, that are satisfied by the
given x, and (iv) a positive real €. We can, in deterministic polynomial time, construct a vector X such
that:
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() Vi, Xj € {lz;], [;1}
(b) Vi, (AX); < (Az); +t(1 +€);

(c) forallk=1,2,...,¢, |¢® . X —di| < (1+ €)ML/e, where My, is the mazimum absolute value of any
coefficient in c¢%) (note that the case k = 0 is excluded here, and is handled next in part (d)); and

(d) 9. X <dy.

Proof We will first rescale the given system with constraints “Az = b” and “c® .2 =d;, k=1,...0
(note that the constraint for k£ = 0 is excluded here) as follows: scale the system “Az = b" by 1/((1 + €)t),
and replace the constraints “c®) . 2 = dj, k= 1,...¢” by the following 2¢ constraints:

€
- - < - -
(1+6)'€'Mk - (1+6)'€'Mk
€ €

N ) B S S S A
o P S Targan W=t

€

'(c(k)':n) cdp; k=1,...4;

Note that the parameter ¢ for this system, in the notation of Theorem 14, is at most

t d eM,
(1+e)t+z (1—|—€)']2'Mk =1
k=1

where the “M,” in the numerator of the second term in the l.h.s. comes from the fact that My is the
maximum absolute value of any coefficient in %), Now apply part (iv) of Theorem 14, with the constraint
“0) . ¢ = dy” playing the role of the constraint “>jcjz; = C” of Theorem 14. We now verify that the
resultant vector X satisfies the guarantees of this corollary. Guarantees (a) and (d) directly follow from
Theorem 14. Guarantee (b) follows from Theorem 14, via a rescaling by (1 + €)¢. Similarly, Guarantee (c)

follows from rescaling by the quantities M |

Using the constraints (A1)—(A4) once again, Corollary 15 specializes to the following result on multi-
objective scheduling:

Corollary 16 Suppose we are given an instance of unrelated-machine-scheduling the cost of processing job
j on machine i), a target makespan T, and a fractional assignment x that satisfies the target makespan,
as well as the constraints “if p; ; > T, then z;; = 07. Suppose further that x satisfies the £ + 1 linear
constraints ¢®) .z = dy,, k=0,1,...¢. Then, for any given € > 0, we can construct an integral schedule
X = (X;;) such that:

(a) the makespan is at most (24 ¢€)T';

(b) forallk=1,2,...,¢, |¢® . X —dy| < (14 €)Myl/e, where M, is the mazimum absolute value of any
coefficient in ¢®) ; and

(c) 9. X <dy.
Note in particular that for bounded My, ¢ and €, we get a constant additive error for the additional

constraints; we are not aware of any other method that can yield this, even for small constants /.

Finally, we consider the problem of unrelated parallel machine scheduling with resource dependent
processing times. This is a variant of the standard unrelated parallel machine scheduling, where the
processing times p; ; of any machine-job pair can be reduced by utilizing a renewable resource (such as
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additional workers) that can be distributed over the jobs. Specifically, a maximum number of k£ units of
a resource may be used to speed up the jobs, and the available amount of & units of that resource must
not be exceeded at any time. Grigoriev et al. [11] presented a 4 + 21/2 approximation for this problem. A
direct application of Theorem 14 yields an assignment of jobs and resources to machines; combined with
the scheduling algorithm of [11], we developed in the conference version of this work [15] a 4-approximation
for the problem. Our work has been further built upon in [12], leading to a 3.75-approximation. We refer
the reader to [12] for complete details, but the basic idea for our improvement exactly follows from the fact
that Theorem 14 is able to incorporate one additional linear constraint (i.e., via ¢€), without losing any of
the guarantees of Theorem 13.

7 Convergence to fairness

Quite a number of our bounds are of the following type. Some random variable X:
(P1) has “low” expectation p (often equal to the corresponding LP-value), and
(P2) is at most some value a with probability 1.

Two examples of this are as follows: (a) as seen from Sections 2 and 3, SchedRound ensures that the final
load on machine ¢, Zj Di,jXi j, equals its LP-value ¢7 in expectation, and is at most 2¢7 with probability
one; (b) properties (ii) and (iii) of Theorem 14 show that for any row i, (AX); equals (Ax); in expectation,
and is less than (Az); + ¢ with probability one. We often use only (P2) in bounding our approximation
guarantees; in this short section, we observe that combined usage of (P1) and (P2) easily leads to fairness
guarantees under multiple executions.

Consider, for instance, the makespan-minimization setting described in application (iv) in the introduc-
tion; the reader is asked to recall the notation used therein. From the discussion of the previous paragraph,
we have that for any ¢ and k, Z;  lies in [0, 2], and has mean at most 1. Thus, since Z; is a bounded
random variable, a standard application of the Chernoff bounds shows that for any particular i,

Pr[Z;(N) > (1+€)] < 1/m,
if N > K(logm)/€%. Thus, a union bound over all m indices i gives simultaneous fairness for all machines,
with high probability. Similar fairness considerations apply to any random variable of the type considered
in the previous paragraph.

8 Conclusions

We have presented a new approach to scheduling through SchedRound, which is a rounding algorithm
based on linear algebra and randomization. SchedRound offers a unified way to tackle a number of different
objectives in scheduling jobs on unrelated parallel machines. One natural question left open is to improve
the specific bounds developed in this paper: e.g., can we do better for at least one of the pair (makespan,
weighted completion time) of objectives? Also, could linear-algebraic considerations help with rounding
for semidefinite programs, where variants of the seminal random-hyperplane technique [10] appear to be
the foremost tools of choice?

More generally, we expect that a deeper understanding of the methods developed here could be fruitful
in the field of approximation algorithms.
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[23], and Yossi Azar for sending us an early version of [4]. We are thankful to the anonymous FOCS 2005
referees for valuable comments.
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Appendix

A Proofs and Auxiliary Results

Proof (For Lemma 7) Consider any p > 1. Let N'(a,\) = pa - (1 + AP~ and D'(a,\) = pa -
(1 + aA)P~t + paAP~! be the derivatives of N(a,\) and D(a,\) respectively w.r.t. A. Observe that
N(a,\) = N(a,0) + fo’\ N'(a,\)d\ and DN (a,\) = D(a,0) + fo’\ D’(a, \)d\. Hence,

N(a,\) <maX{N(a,O) N’(a,)\)}.

D(a,0)" ax D'(a, \)

max

a,\ D(a, )\) -

' p-l L .
We have max,_ ) g,ggi‘g < (Hi;*l which is maximized when A = 1. Hence max,_ ) gggig < max{1,2P2}.

Thus the lemma holds for the first two cases.

Now suppose p is sufficiently large. Observe that

N(a,)\)<A;a(1+/\)p—|—1—a
D(a,\) = l4par+al

We now analyze A. Both the numerator and denominator of A are linear functions of a, and the denominator
is positive; so, A is maximized when a € {0,1}. When a = 0, A = 1 and the lemma holds. Hence, it is

enough to show that FI(\) = % is at most O(2P/,/p). If A < 3, then F(\) < (%)p; else if A € [3,1],

the denominator of F()) is at least § and the numerator is at most 2°. Hence the lemma holds if A € [0, 1].

Assume next that A > 1, and set A\ = ifz for some positive €. Then,

op
FQ) = p(l—€)P + (1+¢€)P’

(29)

The denominator here is minimized when

1 L 1 1
1 i_i = ppil = e(lnp)/(p—l) =14+ ﬂ + O((M)Z)
p p
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We thus take e = lg—pf):tO((h;p) ). This implies that 14+€ = 1+1npj:O(( 2)2) and 1—e = 1— lnpiO((Tp) )-
Substituting back these values in (29) yields
op
p-[1 = (np)/(2p) £ O(((Inp)/p)*)I + [1 + (Inp)/(2p) + O(((Inp)/p)*)]?
— 6/(p- 1/ + V)
02/ \/p).

Thus we have the lemma’s claim for large p.

FQ)

Finally, suppose p € S = {2.5,3,3.5,4,4.5,5,5.5,6}. We use numerical techniques to obtain tighter
bounds on y(p). Define f(a,\) = (1 + aA)? and g(a,\) = ﬁ +a- W. For each p € S, it
suffices to show for all (a,\) € [0,1] x [0,00) that

fla,A) = g(a, A). (30)

For any fixed A\, f(a,)) is a convex function of a while g(a,\) is linear. Assume v(p) > 1. Hence,
£(0,X) > ¢g(0,A) and f(1,\) > g(1, ). Hence, if (30) is violated, then the straight line g(a, \) intersects
the convex function f(a,A) at two distinct values of a € (0,1). In this case, by Lagrange’s Mean Value

Theorem, there exists an a € (0,1) such that f’(a,)\) (derivative w.r.t. a), i.e., pA(1 + a\)P~!, equals
(NP =1—7(p)A?
7(p)
strictly convex as a function of a, f(a*(\),\) < g(a*(X),A). The above arguments yield us the following

strategy for choosing v(p). We choose v(p) such that one of the following conditions hold for A € [0, 15].

. Let a*(\) be this value which can be obtained by solving this equation for a. Since f is

1. a*(A) < 0. In this case both the intersection points of g(a,\) and f(a, ) are at values a < 0. Hence,
g(a,\) < f(a,\) for all values of a € [0, 1] and our claims hold.

2. f(a*(A),\) — g(a*(\),A) > 0. In this case the functions do not intersect within the ranges of a and
A that are of interest to us.

For the choices of 7y(p) in this lemma, one of these two conditions occurs and this can be verified numerically

by plotting the above functions of A in the range A € [0, 15]. We restrict ourselves to A € [0, 15] since the
(a,))

fraction g 75y for the values of A > 15 can be easily seen to be within v(p) for the values of p considered
here. This completes the proof of the lemma. B

Proof (For Lemma 8) Recall that p, A1, Ay are arbitrary but fixed positive values with p > 1; also,
Ao is some non-negative constant. In all the cases below, we assume w.l.o.g. that A\; > Ao. Let us first
dispose of the easy case where A\g = A9 = 0. In this case, N = al)\zf regardless of the value of a1 + as, and
D = (a] +a1) - A\'; so, N < D. Note from Lemma 7 that y(p) > 1, since we can always set a = A = 0 in
Lemma 7. So, N <~v(p)- D if A\g = Ay = 0.

Hence, we assume from now on that Ag + Aa > 0. We analyze three possible cases next.
Case 1: a1 +as =1. Since a; +as =1, A\ > Ay and Ay + Ao > 0, D is nonzero. We have
N _ al()\o—i-)\l)p—l-(l—al)()\o—i-)\g)p

D ot dtad—A))P+a Xl +(1—a)X
al()\() + Ao + ()\1 — )\2))p + (1 — al)()\() + )\g)p

(Ao + A2 +ar(A1 — X2))P +aj (N — A2)P

By scaling both the numerator and denominator of the latter fraction by (Ag + A2)? > 0, and by letting
A = (A1—A2)/(Ao+A2) (which is non-negative since Ay > Ao by assumption), the fraction is seen to assume
the form as in Lemma 7. Hence the lemma holds.
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Case 2: a1 +as > 1. In this case, D is nonzero and

N _ (a1 +ag — 1)()\0 + A+ AP+ (1 — al)()\o + A2)P + (1 —az)(Ao+ A1)?P

(31)

D (Ao + a1 A1 + agX2)? + al)\f + ag)\‘;
Let A\g + a1 A1 + a2y = ¢, and hold ¢ fixed. Thus, we view a1 and as as variables subject to the following
four linear constraints: (1) 0 < ay <1, (ii) 0 < ag < 1, (iii) a1 +ag > 1, and (iv) Ao+ a1 A1 +azAa = ¢, where
¢ is fixed. Now, the fraction in (31) becomes a rational function of a; and ay with a positive denominator;
S0, it is maximized when (at least) two of the constraints (i)-(iv) are met with equality. If ay +ao = 1, then
Case 1 occurs and the lemma holds. Otherwise, either a; or as is equal to 1, and a7 + ag > 1. Suppose
as =1 and a; > 0. We have

ar(Ao + A2+ A1)P + (1 —a1)(Ao + A2)P
(Ao + A2+ a1 A1)? + a1 \] + A5
ar(Ao + A2+ A1)P + (1 —a1)(Ao + X2)P
- (Ao + X2 + a1 )P + ar N '

Sl =

If we scale both the numerator and denominator of the latter fraction by (Ag + A2)P > 0, it assumes the
same form as in Lemma 7. Hence the lemma holds. An identical argument applies when a; = 1.

Case 3: a1 +as < 1. If \g =0, then N < D and again, we get N < ~(p) - D. So, we assume that
Ao > 0, which implies that D > 0. We proceed as in Case 2, holding ¢ fixed; the only change is that
constraint (iii) of Case 2 now becomes “a; + az < 1”7. Once again, N/D is maximized when at least two
of the four constraints (i)-(iv) are met with equality, and we are reduced to Case 1 if a; + as = 1. So, the
only remaining case is where one among a; and a9 is zero, and the other is strictly smaller than 1. So,
suppose ag =0 and 0 < a1 < 1. We get

N _ ar1(Ao+ A1)P + (1 — al))\g

D ()\() + al)\l)l’ + al)\f ’

which assumes the same form as in Lemma 7 upon scaling the numerator and denominator by Aj. An
identical argument applies when a; = 0. B
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