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1. Introduction. We consider the following classic scheduling problem. We have a set of jobs N =
{1,...,n} that needs to be scheduled nonpreemptively on a single machine that can process, at most, one
job at a time. Each job i € N has a processing time p; € R., and weight w; € R.,. Precedence constraints
are represented by an acyclic, transitively closed directed graph G = (N, A): if (i, j) € A, then job i must be
processed before job j. The objective is to schedule these jobs in a way that respects the precedence constraints
and minimizes the sum of weighted completion times. In the notation of Graham et al. [10], this problem is
denoted as 1|prec| > w;C;.

The scheduling problem 1|prec| > w;C; is strongly NP-hard (Lawler [14], Lenstra and Rinnooy Kan [15]).
Currently, the best approximation algorithms all have a performance guarantee of 2 (Hall et al. [11], Chudak
and Hochbaum [4], Chekuri and Motwani [3], Margot et al. [16]). On the inapproximability front, Ambiihl
et al. [1] showed that a PTAS is not possible, assuming NP-complete problems cannot be solved in randomized
subexponential time. Bansal and Khot [2] showed that it is NP-hard to compute a (2 — )-approximate schedule
for any & > 0, assuming a stronger version of the Unique Games Conjecture (Khot [13]) holds.

In this work, we focus on 0-1 bipartite instances. In a 0-1 bipartite instance (N;, N,, A), the set of jobs is
partitioned into N = N,UN,, and precedence constraints take the form of a directed bipartite graph (N,UN,, A),
in which (i, j) € A implies i € N, and j € N,. The jobs in N, have unit processing time and zero weight, and the
jobs in N, have zero processing time and unit weight. This scheduling problem on 0-1 bipartite instances can
equivalently be viewed as a linear ordering problem on a mixed bipartite graph, in which there is an undirected
edge between every pair of nodes i € N,, j € N,, for which (i, j) € A. The goal is to find an orientation B of the
undirected edges, such that the resulting directed graph (N, UN,, AU B) is acyclic and has as few arcs that are
directed from N, to N, as possible.

These 0-1 bipartite instances have further appeal than their simple combinatorial structure: it turns out that
these simple instances effectively capture the inherent difficulty of 1|prec| > w;C;. Chekuri and Motwani [3]
used a class of 0-1 bipartite instances to show that the linear programming relaxation in linear ordering variables
attributable to Potts [19] has an integrality gap of 2. Moreover, Woeginger [23] showed that a p-approximation
algorithm for 0-1 bipartite instances of 1|prec| Y w;C; implies a (p + &)-approximation algorithm for arbi-
trary instances of 1 |prec| > w;C;; that is, the approximability behavior of 0-1 bipartite instances and arbitrary
instances is virtually identical. In fact, the previously mentioned inapproximability result attributable to Bansal
and Khot [2] was proved using 0-1 bipartite instances.

We study O-1 bipartite instances of 1|prec| > w;C; with a probabilistic lens. One appealing feature of 0-1
bipartite instances is that they are completely defined by their precedence constraints. Because precedence
relations in bipartite partial orders are independent, we can apply the model of Erdds and Rényi [7] often used
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in random graph theory to define classes of random 0-1 bipartite instances. Our analysis of these random 0-1
bipartite instances yields several “almost all”’-type results:

e We show that almost all 0-1 bipartite instances are non-Sidney-decomposable. The decomposition technique
of Sidney [21] splits an instance of 1|prec| - w;C; into smaller instances so that the concatenation of optimal
schedules for the smaller parts yields an optimal schedule for the entire instance. Together with the work of
Chekuri and Motwani [3], Margot et al. [16], and Goemans and Williamson [9], our result also implies that for
almost all 0-1 bipartite instances, any feasible schedule is a 2-approximation.

e Using two-dimensional Gantt charts, we show that for almost all 0-1 bipartite instances, all feasible sched-
ules are actually arbitrarily close to optimal. In particular, we show that for any given & > 0, any feasible
schedule is a (1 + £)-approximation with high probability, when the number of jobs is sufficiently large.

o We give a lower bound on the integrality gap of various linear programming relaxations of 1|prec| >-w;C;
for almost all 0-1 bipartite instances. For the random models of 0-1 bipartite instances that we study, this lower
bound approaches 2 as the precedence constraints become sparser in expectation. This result generalizes a result
of Chekuri and Motwani [3].

2. Models for random 0-1 bipartite instances. We form a model for random 0-1 bipartite instances as
follows. Let n € Z_, and g € (0, 1). In addition, let 7 € R':gl be a probability vector; that is, Y _, 7, = 1.
We define %(n, 7, q) as the probability space of 0-1 bipartite instances (N,, N,, A) with n jobs such that
P(|N| =s,|N,|=n—s)=m, for s=0,...,n and each arc (i, j) € N; x N, appears in A independently with
probability g.

In this work, we consider random models of “balanced” 0-1 bipartite instances (N,, N,, A), in the sense that
the ratio between the size of N, and the size of N, is not too far from ®(1) with high probability. In particular,
we look at models 93(n, m, g) with probability vector 77 € R%}" that satisfy

v(n)—1 n
> m <2 and > m <cenr2Tn (1)
s=0 s=n—v(n)+1

for some function v: Z_, — Z_, such that v(n) € O(log"n) for some fixed k > 1 and for some constants
¢, 6y, c3, ¢4 € R, when n is sufficiently large.

These conditions on the probability vector 7 are satisfied for two natural models of random 0-1 bipartite
instances in particular. First, consider %(n, 7, ¢), in which 7, = (*)(1/2)" for s =0, ..., n: jobs are assigned
to N, and N, with equal probability. Note that %(n, 77, 1/2) is the uniform distribution over all 0-1 bipartite
instances. There exist constants ¢, ¢,, ¢3, ¢, € R_, so that the probability vector 7 satisfies (1) for any v(n) €
O(log" n) with k > 1, because

T, = (n) 27" < p(n)n"™27",
s

s=0 s=0
n n n
> o om= > ( >2” <wv(n)n"™M27",
s=n—v(n)+1 s=n—v(n)+1 §

Second, consider %(n, 77, g), in which 7, =1 if s = an, and 7, = 0 otherwise, for some fixed a € (0, 1) such
that an € Z_, and (1 — a)n € Z_,,. For any instance (N,, N,, A) from %(n, 7, q), the proportion between the
number of jobs in N, and the number of jobs in N, is always fixed. Clearly, there exist constants c,, ¢,, ¢3, ¢4 €
R_, so that the probability vector 7 satisfies (1) for any v(n) € @(log“ n) with k > 1, when n is sufficiently
large.

3. Sidney-decomposability and 0-1 bipartite instances. Sidney [21] introduced a very useful characteri-
zation of optimal schedules to 1|prec| > w;C;. We define

Y w;/Y p;  forany subset of jobs S € N such that ) " p; >0,
p(S) — jes jes jes

+o0 otherwise.

A set of jobs I C N is called initial if j €I and (i, j) € A imply i € I. An initial set I* is said to be p-maximal
if I* € argmax{p(I): I is a nonempty initial set}. Sidney showed that there exists an optimal schedule in which
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all jobs in a p-maximal initial set S* are scheduled before those in N\S*. By recursively applying this result,
we naturally obtain a partition of jobs (S, ..., S,) with p(S;) > --- > p(S,). Such a partition is called a Sidney
decomposition. Sidney’s decomposition theory can be seen as a generalization of Smith’s rule [22] for the
problem without precedence constraints. An instance of 1 |prec| >-w;C; is non-Sidney-decomposable if the only
p-maximal initial set is N; otherwise the instance is called Sidney-decomposable. An instance is called stiff if
p(N) > p(I) for all nonempty initial sets I; note that stiffness is a necessary condition for an instance to be
non-Sidney-decomposable.

A Sidney decomposition can be computed in polynomial time (Lawler [14], Picard and Queyranne [18], Gallo
et al. [8], Margot et al. [16]). Independently, Chekuri and Motwani [3] and Margot et al. [16] showed that
for stiff instances, every feasible schedule is already a 2-approximation. A geometric proof of this result was
subsequently given by Goemans and Williamson [9].

In this section, we show that almost all 0-1 bipartite instances are non-Sidney-decomposable. We begin by giv-
ing the following characterization of Sidney-decomposability for 0-1 bipartite instances. For any directed graph
(N, A) and any subset of vertices X € N, we define I'(X) := {i e N\X: (i, j) € A or (j, i) € A for some j € X};
in words, I'(X) is the set of neighbors of X.

LemMA 3.1. A 0-1 bipartite instance (N;, N,, A) of 1|prec| 3 w;C; with |N;| = n,, |N,| = n,, and
n, +n, > 2 is Sidney-decomposable if and only if one of the following three conditions holds: (SD1) n, = 0;
(SD2) n, = 0; (SD3) (i) there exists a subset Y C N, such that Y # &, N,, and n,|I'(Y)| < n,|Y|, or (ii) |T'(N,)| <
n;—1.

ProoOF. First, note that a 0-1 bipartite instance with n, 4+ n, > 2 is Sidney-decomposable when n, =0 or
n, = 0, because any nonempty subset of jobs [ is initial and satisfies p(I) = p(N).

Now suppose a 0-1 bipartite instance with 7, > 0 and n, > 0 is Sidney-decomposable. By definition, this
occurs if and only if

there exists a p-maximal initial set I # N such that p(I) > n,/n,. (2)

Recall that by definition, a p-maximal initial set is nonempty. Suppose (2) is satisfied with an initial set /
such that / € N, UN,, but I € N,. Because [ is p-maximal, ] =I'(Y) UY for some Y C N, such that ¥ # @&.
We consider the following cases:

o If Y # N,, then (2) holds if and only if |Y|/|['(Y)| = n,/n,.

e Otherwise, we have ¥ = N,. In this case, (2) holds if and only if |[I'(N,)| <n, — 1.

Note that (2) cannot be satisfied if 7 C N,, because in this case, p(I) =0 < n,/n, =p(N). O

Note that (SD3) implies that a 0-1 bipartite instance (N,, N,, A) with |N,| = |N,| > 1 is non-Sidney-
decomposable if and only if [['(N,)| = |N,| =|N,| and |T'(Y)| > |Y| for all ¥ C N, such that ¥ # &, N,. This
is very similar to Hall’s marriage theorem [12], which says that an undirected bipartite graph (N,UN,, A) with
|N;| = |N,| has a perfect matching if and only if |I'(Y)| > |Y| for all Y C N,.

We now give an analogous characterization of Sidney-decomposable 0-1 bipartite instances that considers
subsets of N, instead.

LEMMA 3.2. The condition (SD3) in Lemma 3.1 holds if and only if the following condition holds: (SD3’)
(i) There exists a subset X C N, such that X # &, N,, and n,|I'(X)| < n,|X|, or (ii) |I'(N,))| <n, — 1.

ProoF. We show that (SD3) implies (SD3’). Suppose that (SD3) holds because there exists a subset Y € N,
such that ¥ # &, N, and n,|I'(Y)| < ny|Y|. Let X = N,\I'(Y). We consider the following cases:

e I'(Y) =@. In this case, X = N,. Because Y # @, this implies that |I'(N,)| = |T'(X)| <n, — 1.

o I'(Y) # @, N,. In this case, X # &, N,. In addition, we have that |X|=n, — |['(Y)| and |T'(X)| <n, —|Y|.
These two observations, in addition to the assumption that n,|I'(Y)| < n,|Y|, imply that n,|T'(X)| < n,|X|.

e I'(Y) = N,. In this case, because n,|I'(Y)| < n,|Y|, we have that |Y| > n,, which is a contradiction, because
Y #N,.

Now suppose that (SD3) holds because |I'(N,)| <n, — 1. Let X = N,\I'(,). Note that because |[I'(N,)| <
n, — 1, we have that X # @. In addition, because X NT'(N,) = &, we have that I'(X) = @. We consider the
following cases:

o I'(N,) #@. Then X # &, N, and n||I'(X)| =0 <n,|X]|.

e I'(NV,)=@. Then X =N, and |['(N)|=|I'(X)|=0<n, — 1.

Showing the reverse direction works in a similar manner. [

Before we proceed, we need the following lemma.
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LEmMMA 3.3. Forany ac(0,1] such thatase Z_,and k=1,...,s, (LZH <(})

PrOOF. The claim follows directly from the fact that (”) ("- |) and () =" ) forany x=1,...,n. O
Using the characterization of Sidney-decomposability in Lemmas 3.1 and 3.2, we can show that almost all
0-1 bipartite instances are non-Sidney-decomposable.

THEOREM 3.1.  Fix g € (0, 1), k > 1, and v(n) € O(log* n). Let m € R"}' be a probability vector that satis-
fies (1) for v(n) and some constants c,, c,, cs, ¢, € R_o, when n is sufficiently large. Then,

lim P(B € %(n, 7, q) is non-Sidney-decomposable) = 1.

ProoF. Let B=(N,, N,, A) be a random 0-1 bipartite instance from %B(n, 7, g) with probability vector 7
that satisfies (1) for v(n) and for some constants ¢, ¢,, ¢5, ¢, € R_,, when n is sufficiently large. We show that
the probability that B satisfies any of the conditions (SD1)-(SD3) goes to zero as n approaches infinity. For the
remainder of this proof, we consider n sufficiently large so that n > 2 and v(n) < |n/2].

First, we consider (SD1). We have that

P(B € %(n, m, q) satisfies (SD1)) =P (B € B(n, 7, q) has n, =0) = 7, < ¢,n?>*"27",

and so lim,_, ., P(B € %(n, 7, q) satisfies (SD1)) =0. Similarly, for (SD2), we have that

P(B € B(n, m, q) satisfies (SD2)) =P(B € %(n, m, q) has n, =0) = 7, < c;n*""27",

and therefore lim,_, ., P(B € %(n, m, q) satisfies (SD2)) =0.

Now we consider (SD3). Observe that any bipartite graph (N, UN,, A) with |N,| =s and |N,| =n — s with a
subset Y of N, of size k such that |I'(Y)| < (s/(n — s5))k can be constructed as follows. Choose a subset Y of N,
of size k and a subset X of N, of size | (s/(n — s))k], and forbid all edges between Y and N,\X. Any bipartite
graph (N, UN,, A) with |N,| =s and |N,| = n—s with a subset X of N, of size k such that |[I'(X)| < ((n—ys)/s)k
can be constructed similarly. Therefore, by conditioning on the size of N, and N, and using a union bound,
we have

P(B € %(n,m,q) satisfies (SD3))
n—1
=Y m,-P(Be%(n,m,q) satisfies (SD3): |N,|=s, |N,|=n—ys)
s=1
[n/2]
<Y m,-P(Be%(n,m,q) satisfies (SD3): |N;|=s,|N,|=n—s)
s=1

n—1
+ Y w,-P(Be%B(n,m,q) satisfies (SD3'): |N,|=s,|N,|=n—s)
s=[n/2]

[n/2] n—s—1 n—
=L 77’( > (") (o) “‘q)k““‘“"“”"“+s(1—q)“>

SN ATE n—s Nk L= 4 () V(] — )
R ( () (o )00 Homd Q)>'

We define

E = 7T,~s(1—q)”“‘ fors=1,...,|n/2],

s s

- 8 n—s n—s—|((n—s)/s
fo=mey (k) (L((n_s)/s)kJ ) (A= fors=n/2]..n— 1.
G, i=m-(n—s)(1—gq)* for s=[n/2],...,n—1,

N S
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so that
Ln/2] n/2] n—1 n—1
P(B € %(n, m, q) satisfies (SD3)) < > D+ > E+ Y F+ Y G,
s=1 s=1 s=[n/2] s=[n/2]

For the remainder of this proof, let r = (1 —¢)~'. Note that » > 1. First, we consider the expression F, in the
regime s = [n/2],...,n—v(n). By Lemma 3.3 (letting a = (n — s5)/s), for all s =[n/2],...,n—v(n), we
have that : X 1 5

(s (s
- 1— k(n—s—|((n—s)/s)k]) < - ( > 1— ((nﬁr)/x)k(xfk)'
<me2(,) 1-0) <m-2(,) -9
For all s=[n/2],...,n—v(n)and k=1,...,5—1, define
§\2
H = 1— ((nfs)/s)k(sfk),
w=(;) a-o
and note that H_, = H, , . We would like to show that H_, > H, ,,, for all s =[n/2],...,n—v(n) and
k=1,...,[s/2] —1, or equivalently,
—k
210grk+1 (s—2k—1) fork=1,...,|s/2] =1 and s=[n/2],...,n—v(n). 3)
Define n_s
A(x):= (s—2x—1)—2log,(s —x)+2log,(x+1).

Taking derivatives, we obtain

A _ 2n-s) 2 (1 1 PA 2 (1 |
ax s logr\s—x x+1)’ ax* logr\(s—x)> (x+1)2)

Note that for x € [0, (s — 1)/2], we have that 9*A/dx? <0, so A(x) is concave on [0, (s — 1)/2]. We have that
A(0) >0 for all s=[n/2],...,n—v(n), because

AO) = 272 (s 1) = 2log, s +21og, 1

=n—s—D—2log,s
N

v

n—s—1—2log,n (because s>n—s and s <n)

v

v(n)—1—2log,n (because s <n—wv(n))

v

0 (because v(n) € O(log"n) and k > 1).

In addition, we have that A((s — 1)/2) = 0. Because A(x) is concave on [0, (s — 1)/2], it follows that when
s=[n/2],...,n—v(n), A(x) >0 for all x € [0, (s —1)/2], which establishes (3). Therefore, H, , > H_;,

for s=[n/2],...,n—v(n) and k=1,...,[s/2| — 1. Because H, , = H, ,_,, it follows that H, | > H, , for
s=[n/2],...,n—v(n)and k=1,...,s— 1.
So, for s =[n/2],...,n—wv(n), we have that
F<m i( ) _ g)(=kts—b)
< 7, 53(1 = ) =)/96=D
— 1
<7 -5 (1—q)""? (because > > 3 for s > 2).
s
Therefore,
n—v(n) n—v(n)
Z F < Z T, q)(n—:)/Z < n4(1 _ q)v(n)/Z.
s=[n/2] s=[n/2]
Now we consider F, in the regime s =n—wv(n)+1,...,n— 1. Note that

s—1 s n—s s—1 s
F = . 1— k(n—s—[((n—s)/s)k]) .Qn=s ( ) 1— k . 2V(n) 72— s
=2 (1) ( (1= 5)/5)K] ) o =mm s e g
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It follows that

n—1 n—1

n—1 n
Y £z ¥ m2C-gs ¥ m20e-grsaey(i-2).

s=n—v(n)+1 s=n—v(n)+1 s=n—v(n)+1 2

We also have that

n—1

Y 6= % m-9(-gr =g

s=[n/2] s=[n/2]
Using similar techniques to above, we can also show that

v(n)—1 q n ln/2] ln/2]
> Dssc,(znw'ﬂ(l——) S S D =Ty,

s=1 2 s=v(n)
Therefore,
n/2] ln/2] n—1
P(B € B(n, m, q) satisfies (SD3)) < Z D+ Y E+ > F+ Z G,
s=1 s=[n/2] s=[n/2]

IA

c,(2n2)"™ (1 - g) + ¢ (2n%)"™ <1 - %)

F2rt (1= )" 4 (1 — g)™2.
Because v(n) € ®(log” n) for some fixed k > 1, it follows that
r}l_)l‘[olo P(B € B(n, 7, q) satisfies (SD3)) =0.
Finally, we put all of the pieces together:

lim P(B € %(n, 7, q) is Sidney-decomposable) = 11m [P’(B € B(n, m, q) satisfies (SD1))

n—oo

+ lim P(B € %(n, 7, q) satisfies (SD2))
+ lim P(B € %(n, m, q) satisfies (SD3))=0. O

In random models of “balanced” 0-1 bipartite instances, the number of jobs in N, and the number of jobs in N,
grow together as the total number of jobs grows. This phenomenon is important for the validity of Theorem 3.1.
For example, consider %(n, 7, ¢) with 77, =1 if s =1 and 7, = 0 otherwise: the class of instances in which
N, consists of one job, and N, consists of n — 1 jobs. In this case, an instance B € %(n, 7, ¢) is non-Sidney-
decomposable if and only if the job in N, must precede all jobs in N,. This occurs with probability ¢"~!, which
goes to zero as the total number n of jobs grows.

Finally, we note that Theorem 3.1 still holds for sparser precedence constraints. It is straightforward to show
that if the probability g(n) of a precedence constraint appearing is a function of the number n of jobs so that
q(n) € w(1/1og" " n), then the analysis in the proof of Theorem 3.1 holds.

4. Two-dimensional Gantt charts and 0-1 bipartite instances. Two-dimensional (2D) Gantt charts
(Eastman et al. [6]) provide an elegant, geometric way of understanding single-machine completion-time-
objective scheduling problems. In a traditional Gantt chart, the horizontal axis corresponds to processing time.
In a 2D Gantt chart, the horizontal axis corresponds to processing time, and the vertical axis corresponds to
weight. Suppose we have an instance (N, A, (p;);cn» (w;);cy) of 1]prec| > w;C;. The 2D Gantt chart is con-
structed for a permutation schedule (1, ..., n) as follows. Each job j € N is represented by a rectangle of width
p; and height w;, whose position in the chart is defined by a startpoint and an endpoint. The startpoint of the
first job (job 1) in the schedule is (0, 3.y w;), and its endpoint is (p;, 3_;cy w; — w,). For all subsequent jobs
in the schedule, the startpoint (¢, w) of job j is the endpoint of the previous job j — 1, and its endpoint is
(t+pj, w—w;). The completion time of a job in this schedule is the time component of its endpoint. The work
curve W (t) formed by the upper side of each rectangle is the total weight of jobs that have not been completed
by time ¢. The area under the work curve is equal to the sum of weighted completion times for the schedule
represented by the 2D Gantt chart.
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Work curve W(r)

ny

an,

Weight

>
>

ny
Processing time

FIGURE 1. An example of a 2D Gantt chart for a 0-1 bipartite instance.

It turns out that the area under the optimal work curve for almost all 0-1 bipartite instances is “large.” We
formalize this notion now. Consider the 2D Gantt chart for an optimal schedule of a 0-1 bipartite instance
B = (N,, N,, A) with |N,| = n, and |N,| = n,. Note that any 2D Gantt chart for such an instance starts at (0, n,)
and ends at (n;,0). Also, observe that all jobs in N, are represented by a horizontal line segment of length 1,
and that all jobs in N, are represented by a vertical line segment of length 1. We define R, to be the region
between the optimal work curve and the frontier formed by the lines {(¢, w): t =n,} and {(¢, w): w=n,} (see
Figure 1 for an example).

We define the following parametrized condition on a 0-1 bipartite instance B, for any « € (0, 1):

(R-@) A rectangle of width an, and height an, cannot fit in R,.
We now show that for any fixed a € (0, 1), the condition (R-«) is satisfied for almost all 0-1 bipartite instances.

THEOREM 4.1. Fix g€ (0,1), a €(0,1), k > 1, and v(n) € O(log"n). Let 7 € [RE';;I be a probability vector
that satisfies (1) for v(n) and some constants c,, c,, ¢5, ¢, € R_,, when n is sufficiently large. Then,

lim P(B € %(n, 7, q) satisfies (R-a)) = 1.

Proor. Fix a 0-1 bipartite instance B = (N,, N,, A) with |N,| = n, and |N,| = n,. If B does not satisfy (R-a),
that is, a rectangle of width an, and height an, can fit in Ry, then there exists a set of [an,]| jobs from N,
that has at most n, — [an,] predecessors in N,. In other words, if a rectangle of width an, and height an, can
fit in Ry, then there exists a set of [an,] jobs from N, and a set of [an,] jobs from N, with no precedence
constraints between them.

Therefore, we have that

P(B € %(n, 7, q) does not satisfy (R-a) | [N,| =s, |N,| =n—1s)

[ X|=Tas], [Y[=[a(n=s)],
<P| IXCN,,YCN,: no precedence constraints INi|=s, IN|=n—s
between X and Y

S n—s S n—s 2
< (1 _ q) [as][a(n—s)] < < ) < )(1 _ q)a s(n—s).
<faﬂ> (fa(n - 3)1) [as]) \[a(n—s)]
So, by conditioning on the size of N, and N,,
IN,| =,
[N =n—s

= Z” (o) G

n—1
. B e %(n, m,
P(B € %(n, m, q) does not satisfy (R-a)) = > - P < does not Satisfy ng-a)
s=1
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Let
D=7 () (o JA = 97" 0r 3= eeon

so that '
P(B € %(n, m, q) does not satisfy (R-a)) <Y D,.
s=1
First, for the regime s=1,...,v(n)— 1, we have that

(Z) o=t (1ewt) (o ap =

s=1

v(n)—1 R R
Z m, 2;1(] _ q)a (n—1) < clnczv(n)(] _q)a (n—l)‘
s=1

IA

Similarly, we can show that

n—1

Z Ds < canv(n)(l _q)az(n—l)'

s=n—v(n)+1
For the regime s =v(n),...,n—v(n), we have that
n—v(n) n—v(n)
N n—s 2. 2
Dx = - ( )( )(1 _ q)a s(n—s) < nzn(l _ q)a V(n)(n—p(n)).
2 2 [as]/ \Ta(n—s)]

s=v(n) s=v(n)
Therefore,

P(B € %B(n, 7, q) does not satisfy (R-a))
n—1
<Y D, <P (1= g)* " e (1= g) D 4 n2" (1 g) D,

s=1

Because v(n) € ®(log" n) for a fixed k > 1, it follows that

lim P(B € %(n, m, q) does not satisfy (R-a))=0. O

Before we proceed, we need the following version of the Chernoff bound.

LEMMA 4.1 (CHERNOFF BOUNDS; SEE MITZENMACHER AND UPFAL [17]). Let X,,...,X, be independent
random variables such that for i=1,...,m, P(X;=1)=¢q, and P(X;,=0)=1— g with q € (0, 1). Then for
S=Y" X, w=ES)=gm, and any & € (0,1), (a) P(S > (1 4+ &)u) < e and (b) P(S < (1 — H)u) <

ei,wz/z

As with the non-Sidney-decomposability result in §3, the “balancedness” of the random 0-1 bipartite instances
we consider plays a key role in the validity of Theorem 4.1. To illustrate this, as before, fix g € (0, 1) and
consider %(n, 7, q) with 7, =1 if s =1 and 77, = 0 otherwise: the class of instances in which N, consists of
one job, and N, consists of n — 1 jobs. Take « to be arbitrarily small: in particular, & < 1 — ¢g. In this case,
an instance B € %(n, 7, q) does not satisfy (R-a) if and only if there exist at least [a(n — 1)] jobs in N, that
do not have any predecessors in N,. Let Z be a binomial random variable with n — 1 trials and probability of
success 1 — g. Then, by the lower tail Chernoff bound in Lemma 4.1(b),

P(B € B(n, 7, q) does not satisfy (R-a)) =P(Z>[a(n—1)])=1-P(Z<a(n—1))

> 1 —exp(—%(l - %)2(1 —)(n— 1)).

Therefore, P(B € %(n, 7, q) satisfies (R-a)) goes to zero as the total number n of jobs grows.

With Theorem 4.1 in hand, we can show that for almost all 0-1 bipartite instances, all feasible schedules are
arbitrarily close to optimal. Let opt(B) denote the optimal value of instance B, and let val(B, S) denote the
objective value of (feasible) schedule S for instance B.
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THEOREM 4.2. Fix g€ (0,1), @ €(0, 1), k > 1, and v(n) € ©(log* n). Let m € R%' be a probability vector
that satisfies (1) for v(n) and some constants c,, ¢,, cs, ¢, € R_o, when n is sufficiently large. Then,

val(B, S) -
opt(B)

Proor. Consider some 0-1 bipartite instance B with |N,| =n, and |N,| = n,. If (R-«) is satisfied—that is, if
a rectangle of width an, and height an, cannot fit in the region Rz—then opt(B) > n;n,(1 — «)?. Because the
objective value of any feasible schedule of an instance B is at most n,n,, this implies that if (R-«) is satisfied,
val(B, S)/opt(B) < n,n,/(n;ny(1 —a)?) = (1 — @)~2, which implies the claim. [

In addition, Theorem 4.1 also implies a nontrivial lower bound on the integrality gap of various linear
programming relaxations of 1|prec| > w;C;, for almost all 0-1 bipartite instances. Potts [19] proposed the
following integer programming formulation. Define the decision variables (8;); jc.,; as follows: for all i, j € N
such that i # j, ;; is equal to 1 if job i is processed before job j, and O otherwise. Then 1|prec| 3 w;C; can
be formulated as

lim P(B € B(n, m, q) satisfies

n—oo

(1 — )2 for all feasible schedules S) =1

[P] minimize ) pw,+ Y. pw;6;, (4a)
JjeN i, JeN:i#j

subject to &+ 6, =1 forall i, je N:i#j, (4b)

8,;+0,+0,<2 foralli,j,keN:i#j#k+#i, (4c)

8,=1 for all (i, j) € A, (4d)

6, €{0,1} forall i, je N: i #j. (4e)

It is straightforward to check that [P] is a correct formulation of 1 |prec| 3-w);C;. We denote the LP relaxation
of [P] obtained by replacing the binary constraints (4¢) with nonnegativity constraints §; > 0 for all i, j € N as
[P-LP]. Let Ip(B) denote the optimal value of [P-LP].

THEOREM 4.3. Fix g€ (0,1), «€(0,1), 6€(0,1), k > 1, and v(n) € O(log"n). Let 7 € Rgl be a proba-
bility vector that satisfies (1) for v(n) and some constants c,, ¢,, ¢, ¢4 € R_, when n is sufficiently large. Then,

opt(B) 2(1 —a)? ) |
> =1
Ip(B) 1+ (1+6)q
Proor. Consider a 0-1 bipartite instance B = (N, N,, A) with |N,| = n, and |N,| = n,. It is straightforward to
show that setting 8,; =1 if (i, j) € A, and 8,; = 1 otherwise, is a feasible solution to [P-LP] and that this solution
has objective value 3 (n,n, + |A|). Therefore, Ip(B) < 1(n,n, +|A|). In the proof of Theorem 4.2, we showed
that if B satisfies (R-«), then opt(B) > n,n,(1 — a)?. Therefore, if B satisfies (R-a) and |A| < (1+8)gn,n,, then
opt(B)  nn,(1 —a)? nyn,(1 — a)? 2(1 — a)?
>

> = )
Ip(B) %(”1”2+|A|) %(”1”2"‘(1"‘5)‘]”1”2) 1+ (1+8)q

lim [P’(B € %B(n, m, q) satisfies

n—oo

and so
opt(B) - 2(1 —a)?
Ip(B) — 1+ (1+d)¢q

P(B € %B(n, m, q) satisfies > < P(B € %(n, m, q) does not satisfy (R-a))

+P(B e %B(n,m, q) satisfies |A| > (1 + 0)gn,n,).
By conditioning on the size of N, and N,, and using the upper tail Chernoff bound from Lemma 4.1(a), we

obtain
P(B € B(n, m, q) satisfies |A| > (14 8)gnn,) = > m -P 1A] > (1+8)gn,n, ng=s,n,=n —S>

s=1

! < B € B(n, m, q) satisfies

n—1
< Zﬂ_ A equ(nfs)ﬁzﬂ < nefq(nfl)BZ/B'
s=1
Therefore, lim,_  P(B € %(n, 7, q) satisfies |[A| > (1 + &)gn,n,) = 0. By Theorem 4.1, we have that
lim,_,  P(B € %(n, m, q) does not satisfy (R-a)) =0. It follows that

opt(B) - 2(1—a)* \
Ip(B) ~ 1+(1+6)q>_0' =

lim [P’(B € %B(n, 7, q) satisfies

n— o0
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We note that the above result also applies to other formulations of 1|prec| > w;C;, including the further
relaxations of [P] attributable to Chudak and Hochbaum [4] and Correa and Schulz [5], and the LP relaxation
of 1]prec| 3 w;C; based on completion-time variables attributable to Queyranne and Wang [20], because all of
these relaxations are no stronger than [P-LP].

Finally, we note that Theorems 4.2 and 4.3 remain valid as long as the probability g(n) of a precedence
constraint appearing is a function of the number n of jobs so that g(n) € w(1/log" n).

Acknowledgments. The authors thank the associate editor and three anonymous referees, as well as David
Gamarnik, Monaldo Mastrolilli, and Maurice Queyranne, for their helpful comments.

References

[1] Ambiihl, C., M. Mastrolilli, O. Svensson. 2007. Inapproximability results for sparsest cut, optimal linear arrangement, and precedence
constrained scheduling. Proc. 48th Annual IEEE Sympos. Foundations Comput. Sci. (FOCS 2007), IEEE Computer Society, Los
Alamitos, CA, 329-337.

[2] Bansal, N., S. Khot. 2009. Optimal long code test with one free bit. Proc. 50th Annual IEEE Sympos. Foundations Comput. Sci.
(FOCS 2009), IEEE Computer Society, Los Alamitos, CA, 453-462.

[3] Chekuri, C., R. Motwani. 1999. Precedence constrained scheduling to minimize sum of weighted completion times on a single machine.
Discrete Appl. Math. 98(1-2) 29-38.

[4] Chudak, E. A., D. S. Hochbaum. 1999. A half-integral linear programming relaxation for scheduling precedence-constrained jobs on
a single machine. Oper. Res. Lett. 25(5) 199-204.

[5] Correa, J. R., A. S. Schulz. 2005. Single-machine scheduling with precedence constraints. Math. Oper. Res. 30(4) 1005-1021.

[6] Eastman, W. L., S. Even, 1. M. Isaacs. 1964. Bounds for the optimal scheduling of n jobs on m processors. Management Sci. 11(2)
268-279.

[7] ErdSs, P, A. Rényi. 1959. On random graphs 1. Publicationes Mathematicae 6 290-297.

[8] Gallo, G., M. D. Grigoriadis, R. E. Tarjan. 1989. A fast parametric maximum flow algorithm and applications. SIAM J. Comput. 18(1)
30-55.

[9] Goemans, M. X., D. P. Williamson. 2000. Two-dimensional Gantt charts and a scheduling algorithm of Lawler. SIAM J. Discrete
Math. 13(3) 281-294.

[10] Graham, R. L., E. L. Lawler, J. K. Lenstra, A. H. G. Rinnooy Kan. 1979. Optimization and approximation in deterministic sequencing
and scheduling: A survey. Ann. Discrete Math. 5 287-326.

[11] Hall, L. A., A. S. Schulz, D. B. Shmoys, J. Wein. 1997. Scheduling to minimize average completion time: Off-line and on-line

approximation algorithms. Math. Oper. Res. 22(3) 513-544.

Hall, P. 1935. On representatives of subsets. J. London Math. Soc. 10(1) 26-30.

Khot, S. 2002. On the power of unique 2-prover l-round games. Proc. 34th Annual ACM Sympos. Theory Comput. (STOC 2002),

ACM, New York, 767-775.

[14] Lawler, E. L. 1978. Sequencing jobs to minimize total weighted completion time subject to precedence constraints. Ann. Discrete
Math. 2 75-90.

[15] Lenstra, J. K., A. H. G. Rinnooy Kan. 1978. Complexity of scheduling under precedence constraints. Oper. Res. 26(1) 22-35.

[16] Margot, F., M. Queyranne, Y. Wang. 2003. Decompositions, network flows, and a precedence constrained single-machine scheduling
problem. Oper. Res. 51(6) 981-992.

[17] Mitzenmacher, M., E. Upfal. 2005. Probability and Computing: Randomized Algorithms and Probabilistic Analysis. Cambridge Uni-
versity Press, Cambridge, UK.

[18] Picard, J.-C., M. Queyranne. 1980. On the structure of all minimum cuts in a network and applications. Math. Programming Stud. 13
8-16.

[19] Potts, C. N. 1980. An algorithm for the single machine sequencing problem with precedence constraints. Math. Programming Stud.
13 78-87.

[20] Queyranne, M., Y. Wang. 1991. Single-machine scheduling polyhedra with precedence constraints. Math. Oper. Res. 16(1) 1-20.

[21] Sidney, J. B. 1975. Decomposition algorithms for single-machine sequencing with precedence constraints and deferral costs. Oper.
Res. 23(2) 283-298.

[22] Smith, W. E. 1956. Various optimizers for single-stage production. Naval Res. Logist. Quart. 3(1-2) 59-66.

[23] Woeginger, G. J. 2003. On the approximability of average completion time scheduling under precedence constraints. Discrete Appl.
Math. 131(1) 237-252.

[12
[13

[t s

[

=



	Introduction.
	Models for random 0-1 bipartite instances.
	Sidney-decomposability and 0-1 bipartite instances.
	Two-dimensional Gantt charts and 0-1 bipartite instances.

