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Abstract

Earlier work has developed the underpinnings of a theory of scheduling compu-
tations having intertask dependencies—modeled via dags—for Internet-based com-
puting. The goal of the schedules produced is to render tasks eligible for execution
at the maximum possible rate. This goal aims: (@) to utilize remote clients’ com-
putational resources well, by always having work to allocate to an available client;
(b) to lessen the likelihood of the “gridlock” that ensues when a computation stalls
for lack of eligible tasks. The dags handled by the theory thus far are those that
can be constructed from a given collection of bipartite building-block dags via the
operation of dag-composition. The current paper extends the range of applicability of
the theory by significantly expanding the repertoire of building-block dags that the
scheduling algorithms can handle. Thereby, the theory can now schedule large classes
of “expansive” and “reductive” dags optimally.

1 Introduction

Earlier work [11, 12, 13] has developed a formal framework for studying the problem
of scheduling computations having intertask dependencies for the several modalities of
Internet-based computing (IC, for short)—including Grid computing (cf. [1, 6, 5]), global
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computing (cf. [2]), and Web computing (cf. [9]). The goal is to craft schedules that maxi-
mize the rate at which tasks are rendered eligible for allocation to remote clients (hence for
execution), with the dual aim of: (a) enhancing the effective utilization of remote clients,
by always having work to allocate to an available client; (b) lessening the likelihood of
the “gridlock” that can arise when a computation stalls pending computation of already-
allocated tasks.

The framework of [11, 12, 13] idealizes the problem of scheduling computation-dags® for IC,
via the assumption that tasks are executed in the order of their allocation. (This assumption
idealizes the hope that the monitoring of clients’ past behaviors and current capabilities
prescribed in, say, [1, 8, 14] can render the desired order likely, if not certain.) Building on
the case studies of [12, 13], in [11] we developed what we hope will be the underpinnings of
a theory of scheduling computation-dags for IC. The development in [11] begins with any
collection of building-block dags that we know how to schedule optimally. It develops two
conceptual /algorithmic notions that allow us to schedule complex computation-dags built
from these building blocks.

1. The priority relation > on pairs of dags. The assertion “G; > G5” asserts that the
schedule ¥ that entirely executes G; and then entirely executes G, is at least as good
(relative to our quality metric) as any other schedule that executes both G; and Gs.

2. The operation of composition on pairs of dags. If one uses composition to construct a
complex computation-dag G from a set of building blocks that are pairwise comparable
under the relation >, then we can often compute an optimal schedule for G from
optimal schedules for the building blocks.

Fig. 1 depicts four familiar dags that yield to the algorithmic framework of [11].

The current paper extends the range of dags that yield to the framework of [11], by sig-
nificantly expanding the repertoire of building-block dags that we know how to schedule
optimally and >-prioritize. We focus here on building blocks that compose to yield “ex-
pansive” dags and “reductive” dags, as exemplified in Fig. 1, in addition to compositions
of “expansive” dags with “reductive” dags, as exemplified in Fig. 2.

A roadmap. We present the formal framework of our study in Section 2, defining all
technical terms and presenting required details from [11]. We introduce the building-block
dags of interest in Section 3. In addition to the “expansive” and “reductive” building
blocks that are our primary focus, we introduce the class of “T-dags” that generalize both
of the preceding classes. In Section 4, we show how to schedule an arbitrary “T-dag”
building block optimally; by specialization, we thereby show how to schedule an arbitrary
“expansive” or “reductive” building block optimally. The framework of [11] then allows

LAl technical terms are defined in Section 2.2.



Figure 1: (Top) “expansive” dags: a 2-dimensional mesh and a binary tree. (Bottom)
“reductive” dags: a binary tree and a 2-dimensional mesh.

gy

Figure 2: Three composite dags that the theory of [11] can schedule optimally.

one to compute, for any “expansive” dag ¢; that admits an optimal schedule ¥; and
any “reductive” dag G, that admits an optimal schedule Y5, an optimal schedule for the
composition of G; with G,. In Section 5, we prove that “expansive” building blocks and
“reductive” building blocks are dual to one another in two strong senses. (a) Given a
building block B that is either “expansive” or “reductive,” and given an optimal schedule
3 for B, one can algorithmically derive from X an optimal schedule for the building block
B that is obtained by reversing all arcs of B. (b) Given two building blocks, B; and B, that
are both either “expansive” or “reductive,” if By > By, then BQ > Bl.

Related work. Most closely related to our study are its companions in this nascent
scheduling theory: [11], whose contributions we have just described; [12, 13], which char-
acterize and specify optimal schedules for uniform dags typified by those in Fig. 1. A
companion to these sources, [10]—which is motivated by the fact that many dags do not
admit an optimal schedule in the sense of [11]—pursues an orthogonal regimen for schedul-



ing dags for IC, in which a server allocates batches of tasks periodically, rather than al-
locating individual tasks as soon as they become eligible. Optimality is always possible
within the batched framework, but achieving it may entail a prohibitively complex compu-
tation. In less directly related work, [7] presents a probabilistic approach to the problem
of executing tasks on unreliable clients. Finally, the impetus for our study derives from
the many exciting systems- and/or application-oriented studies of IC, in sources such as
1,2, 5,6,8,09, 14].

2 A Basis for a Scheduling Theory

2.1 Computation-Dags

A directed graph G is given by a set of nodes Ng and a set of arcs (or, directed edges) Ag,
each of the form (u — v), where u,v € Ng. A path in G is a sequence of arcs that share
adjacent endpoints, as in the following path from node u; to node u,: (u; — us), (uy —
us)y ooy (Upo = Up_1), (Up_1 — uy). A dag (directed acyclic graph) G is a directed graph
that has no cycles—so that no path of the preceding form has u; = u,. When a dag G is
used to model a computation, i.e., is a computation-dag:

e cach node v € Ng represents a task in the computation;

e an arc (u — v) € Ag represents the dependence of task v on task u: v cannot be
executed until u is.

For any arc (u — v) € Ag, u is a parent of v, and v is a child of v in G. The indegree (resp.,
outdegree) of node u is its number of parents (resp., children). A parentless node of G is a
source, and a childless node is a sink. G is bipartite if Ng can be partitioned into sets X and
Y such that, for every arc (u — v) € Ag, u € X and v € Y. G is connected if, when one
ignores the orientation of its arcs, there is a path connecting every pair of distinct nodes.

2.2 A Model for Executing Dags on the Internet

“Pebble games” on dags have yielded elegant formalizations of a variety of problems related
to scheduling computation-dags. Such games use tokens, pebbles, to model the progress
of a computation on a dag: the placement or removal of the various available types of
pebbles—which is constrained by the dependencies modeled by the dag’s arcs—represents
the changing (computational) status of the dag’s task-nodes. Our study is based on the
Internet-Computing (IC, for short) Pebble Game of [12]. Based on studies of IC in, e.g.,



[1, 8, 14], arguments are presented in [12, 13] (q.v.) that justify the simplified form of the
Game that we study here.

A. The rules of the Game. The IC Pebble Game on a dag G involves one player S, the
Server, who has access to unlimited supplies of two types of pebbles: ELIGIBLE pebbles,
whose presence indicates a task’s eligibility for execution, and EXECUTED pebbles, whose
presence indicates a task’s having been executed. The Game is played as follows.

The IC Pebble Game

e S begins by placing an ELIGIBLE pebble on each unpebbled source of G.
/*Unexecuted sources are always eligible for execution, having no parents whose prior
execution they depend on.*/

e At each step, S
— selects a node that contains an ELIGIBLE pebble,
— replaces that pebble by an EXECUTED pebble,
— places an ELIGIBLE pebble on each unpebbled node of G all of whose parents
contain EXECUTED pebbles.

e S’s goal is to allocate nodes in such a way that every node v of G eventually contains
an EXECUTED pebble.
/*This modest goal is necessitated by the possibility that G is infinite.*/

A schedule for the IC Pebble Game is a rule for selecting which ELIGIBLE pebble to execute
at each step of a play of the Game. For brevity, we henceforth call a node ELIGIBLE (resp.,
EXECUTED) when it contains an ELIGIBLE (resp., an EXECUTED) pebble. For uniformity,
we henceforth talk about executing nodes rather than tasks.

B. The quality of a play of the Game. Our goal is to play the IC Pebble Game in
a way that maximizes the production rate of ELIGIBLE pebbles. When G is bipartite, it
suffices to focus on maximizing the production rate of ELIGIBLE sinks. For each step t of a
play of the Game on a dag G under a schedule ¥, let Ex(t) denote the number of ELIGIBLE
pebbles on G’s nonsource nodes at step t.

We measure the IC quality of a play of the IC Pebble Game on a dag G by the size of
Es(t) at each step t of the play—the bigger, the better. Our goal is an IC-optimal schedule
Y, in which Ex(t) is as big as possible for all steps t.

The significance of IC quality—hence of IC optimality—stems from the following scenarios.
(1) Schedules that produce ELIGIBLE nodes more quickly may reduce the chance of the
“gridlock” that could occur when remote clients are slow—so that new tasks cannot be
allocated pending the return of already allocated ones. (2) If the IC Server receives a batch



of requests for tasks at (roughly) the same time, then having more ELIGIBLE tasks available
allows the Server to satisfy more requests.

2.3 A Framework for Crafting IC-Optimal Schedules

Simplifying the search for schedules. We lose no IC quality by executing all sources
of a bipartite dag before any sinks.

Lemma 2.1 ([11]). If a schedule X for a dag G is altered to execute all of G’s nonsinks
before any of its sinks, then the IC quality of the resulting schedule is no less than ¥ ’s.

The priority relation >. For ¢ =1, 2, let the bipartite dag G; have s; sources and admit
the IC-optimal schedule ¥;. If the following inequalities hold:?

(Vo € 10,s1]) (Vy €10, s2]) :

B, () + Exy(y) < By, (min{sy,z +y)) + By, (max{0,z +y — 5,}), =)

then G has priority over Go, denoted G; > G5. Informally, one never decreases IC quality
by executing a source of G; whenever possible.

Lemma 2.2. (a) ([11]) The relation > is transitive. (b) One can decide in time propor-
tional to s1sy whether or not G, > Gs.

The proof of Lemma 2.2(a) appears in [11]; the proof of Lemma 2.2(b) is immediate from
the definition of >.

A framework for scheduling complex dags. The operation of composition is defined
inductively as follows.

e Start with a set B of base dags.?

e One composes dags G,,G, € B—which could be the same dag with nodes renamed
to achieve disjointness—to obtain a composite dag G, as follows.

— Let G begin as the sum (or, disjoint union), G; + Go, of the dags G, G,. Rename
nodes to ensure that Ng is disjoint from Ng, and Ng,.

— Select some set Sy of sinks from the copy of G; in the sum G; 4+ G, and an
equal-size set Sy of sources from the copy of G5 in the sum.

%[a, b] denotes the set of integers {a,a +1,...,b}.
3Continuing the practice of [11], our base dags here will be connected bipartite dags.



— Pairwise identify (i.e., merge) the nodes in the sets S and S, in some way. The
resulting set of nodes is G’s node-set; the induced set of arcs is G’s arc-set.?

e Add the dag G thus obtained to the base set B.

We denote the composition operation by 1} and say that G is composite of type [G1 1} Ga)-

Lemma 2.3 ([11]). The composition operation is associative. That is, G is composite of

type [[G1 1 Ga] 1 G| if, and only if, it is composite of type [G1 1 [G2 1 G3]].

The dag G is a >-linear composition of the connected bipartite dags G1,...,G, if: (a) G is
composite of type G1 {} -+ - 1} Gy; (b) each G; > G, 44, for all i € [1,n — 1].

Theorem 2.1 ([11]). Let G be a >-linear composition of G1, ..., Gy, where each G; admits
an 1C-optimal schedule ¥;. The schedule X for G that proceeds as follows is 1C optimal.

1. Fori=1,...,n, in turn, X executes the nodes of G that correspond to sources of G;,
in the order mandated by X;.
2. X finally executes all sinks of G in any order.

One finds in [11] a suite of algorithms that determine whether or not a given computation-
dag G can be decomposed into a set of bipartite building blocks G; that satisfy Theorem 2.1.

The nascent scheduling theory of [11] is illustrated there via a small repertoire of bipartite
building blocks that lead, via Theorem 2.1, to a rich family of complex dags that we know
how to schedule IC optimally (including the dags in Fig. 1). This early success leads to the
current challenge: to expand the repertoire of building blocks that the theory can handle.

3 M-Strands, W-Strands, and T-Strands

We strive for an extensive repertoire of bipartite building-block dags: (a) that compose
into dags that one might encounter in real computations; (b) that our theory knows how
to schedule optimally and >-prioritize. Although our main focus is on dags that are either
expansiwe—growing outward from their sources—or reductive—growing inward toward their
sinks (cf. Figs. 1 and 3), we gain a technical advantage by considering also a building block
that is a combination of expansive and reductive. Specifically, by demonstrating how to
schedule any such combined building block IC optimally, we demonstrate in one fell swoop
how to schedule IC optimally any building block that is either expansive or reductive.

T-dags. A sequence of positive integers is heavy if all integers, save perhaps the first,
exceed 1. For any heavy sequence ¢, the d-strand of T-dags, denoted T[d], is defined
inductively as follows.

YAn arc (u — v) is induced if {u,v} C Ng.
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Figure 3: Top row: T[4] 4] and T[1,4] = ; middle row: T1[1,4,4,3,3,2,2,4,3,2|;
bottom row: WI4,2,4, 3] and ./\/l[4, 2,4,3]. All arcs pomt upward in the ﬁgure.

The base cases. For each d > 1:

e Td], the (single-source) outdegree-d T-dag, is the bipartite dag that has one
source, d sinks, and d arcs connecting the source to each sink. (Note that

Tldl =wld].)

e T11,d], the (single-sink) indegree-d T-dag, is the bipartite dag that has one
sink, d sources, and d arcs connecting each source to the sink. (Note that

TIL,d] = M[d].)

The inductive extensions. For each heavy sequence 6 and each d > 1, the dag 7’[5, d]
is obtained as follows.”

If [0 is even (resp., odd), then identify (or, merge) the rightmost source-to-sink arc
of T[0] with the leftmost source-to-sink arc of T[d] (resp., of T[1,d)).

W-dags and M-dags. We now present the two important subclasses of T-dags that are
our main focus. For any finite sequence ¢ of integers, each > 1: the J-strand of W-dags,

denoted W[)], and the d-strand of M-dags, denoted MJ)] are defined inductively as
follows.

1. For each integer d > 1, W[d] is the (single-source) degree-d W-dag. It has one source
and d sinks; its d arcs connect the source to each sink.

5|5| denotes the length of, i.e., number of integers in, sequence 4.



2. For each sequence 5 of integers, each > 1, and each integer d > 1, W[é, d] is obtained

from WI[6] and WId] by identifying (or, merging) the rightmost sink of the former
dag with the leftmost sink of the latter.

Clearly, every M-strand and every W-strand is a T-strand:

Every W-strand W|[dy,ds, ..., dg] is equal to T[dy,2,ds,2,...,2,dy]; every M-
strand M(dy,ds, ..., d;] is equal to T[1,dy,2,ds,2,...,2,d].

~ ~

Every W-strand WI[J] has a dual M-strand M,y[d] that is obtained by “reversing” all
arcs. Conversely, each M-strand M([)] has a dual W-strand W[d] that is obtained by
“reversing” all arcs. In Fig. 3, e.g., the W-strands in the top row and the M-strands in
the bottom row are (from left to right) dual to one another. We refer generically to M(0]

as an M-strand and to WI[d] as a W-strand. Note that every strand is, by definition,
connected, hence has no isolated nodes.

Fig. 1 illustrates why we view W-strands and M-strands as the basic building blocks of
expansive and reductive computation-dags. The expansive mesh is composite of type
WI2] + WI[2,2] f+ W]2,2,2]; the expansive tree is composed of seven instances of W[2].
Dually, the reductive mesh is composite of type M|2,2, 2] f# M[2,2] } M]2]; the reductive
tree is composed of seven instances of M|2].

The informal duality noted in the preceding paragraph has technical, as well as intuitive
significance. The arc “reversal” that dualizes a strand exchanges the roles of source and sink
and of indegree and outdegree. One might, therefore, expect that an IC-optimal schedule
for Wi or Myy can be obtained from an IC-optimal schedule for M or W, respectively,
by “playing the schedule in reverse.” The next section shows this to be true.

4 IC-Optimal Schedules for T-Strands

The main result of this section is the following.

Theorem 4.1. Every sum of T-strands admits an [C-optimal schedule.

Because M-strands and W-strands are special forms of T-strands, Theorem 4.1 immediately
yields the following.

Corollary 4.1. Every sum of M-strands and every sum of W-strands admits an IC-optimal
schedule.



Our proof of Theorem 4.1 in fact proves a stronger assertion, which we develop now.

Focus on an arbitrary sum of T-strands S. By Lemma 2.1, we may restrict attention to
schedules that execute all of S’s sources before any of its sinks. Let Sre(S) denote the set
of 8’s sources. For any X C Sr¢(S), denote by e(X;S) the number of sinks of S that are
ELIGIBLE at the step when the sources in X are precisely those that have been executed.

Focus on a planar drawing of S, strand by strand, so that we can identify its sources, from
left to right, with the integers 1,2,...,n, where n = |Sr¢(S)|. For any u € Sre(S) and
any k € [1,n], denote by u[k] the set ulk] = {u,u+1,...,u+ k — 1} comprising source u
and the k£ — 1 sources to its right in the drawing. To simplify exposition, we allow £ to
exceed n+ 1 —u, so that u[k] may contain numbers greater than n—but none of these large
integers denotes a node of S. Let S, denote the strand of § that u belongs to, and let
Su = Sre(Sy). Denote by ex(u) the number egx(u) = e(u[k] N Sy; S) of sinks of S that are
rendered ELIGIBLE when the sources in u[k] are the only EXECUTED sources of S. Associate
with each v € Sre(S) the n-component eligiblity vector V,, = (e1(u), ea(u),. .., en(u)).
Note that, since |Src(S)| = n, if u[k] contains numbers larger than n, then the last u
entries of V,, are identical. Finally, order the vectors Vi, Vs, ..., V,, in lexicographic order,
using the notation V,, >, V,, to indicate that source v’s vector precedes source w’s vector
lexicographically. We call a source s € Sre(S) mazimal if Vi >, Vi for all s" € Sre(S).

A schedule ¥g for the sum of T-strands S is > -greedy if it operates as follows.

1. X5 chooses any maximal s € Sre(S) as the first source of S to execute.

2. After executing source s, Yg removes from S source s and all sinks (if any) that
have s as their only parent. This converts S to a new sum of T-strands S’ whose
constituent strands are as follows.

(a) Each T-strand of S other than Sy (i.e., each strand that does not contain s) is
a constituent strand of S';

(b) S contributes to 8 all of its nodes other than s and all sinks that have s as
their only parent.

The number of constituent strands of S is either one smaller than the number of
constituent strands of S (if s is Sy’s only source), or is the same as that number (if s
is either the leftmost or rightmost source of Sy), or is one greater than that number
(in all other cases).

3. Xg recursively executes the sum &' using the >;-greedy schedule Y.

We prove Theorem 4.1 via the following more detailed result.

Theorem 4.2. For any sum of T-strands S, every >r-greedy schedule Ys is IC optimal.

10



(Intuitively the “lookahead” inherent in the eligiblity vectors prevents such an Xg from
“getting stuck in” local optima that are not globally optimal.)

We prove Theorem 4.2 by induction, in the next two subsections.

4.1 X5 Chooses the Best First Source to Execute

We show in this section that any >p-greedy schedule starts out by executing a source of S
that is most advantageous (with respect to IC quality).

Lemma 4.1. Let S be an arbitrary sum of T-strands, and let s be an arbitrary mazimal
source of 8. For each set X C Src(S), there is a set X' C Sre(S) of equal cardinality such
that: (a) s € X', and (b) e(X";S) > e(X; S).

Proof. For any maximal source s of S, focus on an arbitrary X C Src¢(S) that does not
contain s. Let w € X be any source and ¢ € [1,n] any integer such that w[/{] is a maximal
cardinality sequence of consecutive numbers from X N S, (using the integer names of
sources). The maximality of source s ensures that Vi > V,; i.e., either V; = V,,, or
there exists h € [0,n — 1] such that s(1) = w(1), s(2) = w(2),..., s(h) = w(h), and
s(h+1) >wh+1).

We now investigate the impact on the number of ELIGIBLE sinks at step |.X| of the execution
of §, of “un-executing” certain sources from set X and executing an equal number of other
sources in their stead. Specifically, we “un-execute” some EXECUTED sources near to, and
including w, and execute an equal number of un-EXECUTED sources near to, and including
s. (This substitution for certain nodes in X will yield the set X'.)

Focus on the following two quantities.

e h* € [0,n—1] is the largest value such that e;(s) = e;(w), e2(s) = ex(w), ..., ep(s) =
ep(w). It is, thus, the maximum number of consecutive sources starting from s whose
execution does not improve on the “yield” produced by starting from w.

e k* € [1,/] is the largest value such that s[k*] N X = (). It is, thus, the maximum
number of consecutive sources starting from s that are not EXECUTED at the start of
our modification of X.

We branch on the relative sizes of A* and k*.

Case 1: h* < k*.

Consider the impact of “unexecuting” the sources in w[h* + 1] and executing, in their
steads, the sources in s[h* 4+ 1] (which, in this case, is a subset of Si). This replaces the
set X by X' = X \ w[h* + 1] U s[h* + 1]. The “unexecution” loses us at most ep«y1(w) + 1

11



ELIGIBLE sinks. (The possible extra sink may be lost if the rightmost source in w[h* + 1]
has a righthand neighbor in &, N X with which it shares a child.) In compensation, the
execution gains us at least ep«y1(s) > epey1(w) + 1 new ELIGIBLE sinks. We are, thus, not
worse off for the exchange.

Case 2: h* > k*.
We have two subcases to consider.

2a. e (w) = er(w).
In this case, we know two significant pieces of information.

1. Once having executed nodes w,w+1,...,w+ k* — 1, no further sinks were rendered
ELIGIBLE by executing any source in {w+k*,...,w+{¢—1}. (Recall that w[{] C X.)

2. All of nodes s,s+1,...,s 4+ k* — 1 belong to S,, and none belongs to X.

This information tells us that “unexecuting” the sources in w[k*| loses us ezactly ex(w)
ELIGIBLE sinks, while executing the sources in s[k*] gains us at least sp«(w) = e (w) new
ELIGIBLE sinks. This means that replacing the set X by X' = X \ w[k*] U s[k*] leaves us
with at least as many ELIGIBLE sinks. As in Case 1, we are not worse off for the exchange.

2b. e (w) < er(w).
In this case, even having executed nodes w,w + 1,...,w + k* — 1, some new sinks are
rendered ELIGIBLE by executing the sources in {w + k*,...,w + ¢ — 1}. This means that
s+ k* € S, i.e., that the integer s 4+ k* is the name of a real source of §. To wit, were this
not true, we would have eg«;1(s) = ex+(s) for all i > 1, so that, in particular, e,(s) < ey(w).
This would contradict the fact that V, > V.

Let ¢ be the leftmost child of s 4+ k* (using the planar drawing of S to specify “leftmost”).
Since source s + k* —1 ¢ X, t was not rendered ELIGIBLE by the execution of the sources
in X. Further, since s+ k* ¢ s[k*], t will not be rendered ELIGIBLE by the execution of the
sources in s[k*].

We digress to introduce a useful notion. A source (resp., sink) u of a T-strand is a backbone
source (resp., sink) if u is either extremal in the strand (i.e., leftmost or rightmost), or u
has at least two children (resp., at least two parents).

We now note the obvious, yet important, fact that every mazimal source is a backbone
source. To wit, at least one of the two neighboring (in the planar drawing) backbone
sources of each non-backbone source s has a lexicographically larger eligibility vector than
s.

Our analysis now branches on whether or not s 4+ k* is a backbone source of S.

2b(i). If s + k* is a backbone source, then we know four significant facts.

12



1. s+k*e X because h* > k*;

2. s+ k* is a backbone source by assumption;

3. s is a backbone source because it is maximal;
4. s+ k* & wk¥ because V, > Vi,.

It follows that executing the nodes in X U s[k*] renders sink ¢ ELIGIBLE. Therefore, “unex-
ecuting” the sources in w[k*] loses us at most ex«(w) + 1 ELIGIBLE sinks. In compensation,
executing the sources in s[k*] gains us at least eg«(s)+ 1 ELIGIBLE sinks—because ¢ becomes
ELIGIBLE when source s+ k* —1 is executed. Thus, replacing X with X' = X \ w[k*] U s[k*]
leaves us with at least as many ELIGIBLE sinks.

2b(ii). If s + k* is not a backbone source, then in order to render sink ¢ ELIGIBLE, we
must execute not only s 4+ k*, but also the set R C S that comprises all of the sources to
s + k*’s right (in the drawing), until we reach the next backbone source.

Let j* € [0, n] be the largest integer such that eg«(w) = egeyjs (w); L€, e (W) = €1 (w) =
epry2(W) = eprpjr(w) < epryjrq1(w). Since the current case is defined by the condition
“ep(w) < eg(w),” we know that every element of w{k* + j*] belongs to X.

Easily, |R| < j*. Were this not the case, then we would have ejsyjs11(5) = eprqjr(s) =
o= e (5) = e (W) < eprpjrq1(w). This would contradict the fact that Vs > V.

Note now that “unexecuting” the k* + j* sources in w[k* + j*] would lose us no more
than ey« (w) + 1 ELIGIBLE sinks. In compensation, executing the k* sources in s[k*], plus
the at-most j* sources in R gains us at least eg«(s) + 1 ELIGIBLE sinks (because sink
t becomes ELIGIBLE). Thus, replacing the set X with the (possibly smaller) set X' =
X\ w[k* 4+ j*| U (s[k*] U R) leaves us with at least as many ELIGIBLE sinks.

The sequences of cases we have considered have established the following. By executing a
sequence of sources starting with s, instead of a like-numbered sequence starting with w,
we can only increase the total number of ELIGIBLE sinks. The lemma follows. O

4.2 s Continues to Make Good Choices

Assume, for induction, that every >p-greedy schedule in IC optimal for all sums of T-
strands having n or fewer sources. Lemma 4.1 verifies the (n = 1) case of this assertion.
Focus, therefore, on an arbitrary sums of T-strands having n+ 1 sources. Lemma 4.1 shows
that every >p-greedy schedule, ¥g, chooses an optimal source s € Src(S) to execute in
its first step. Hence, if we seek a set X C Src(S) that renders maximally many sinks of
S ELIGIBLE, among cardinality-| X | subsets of Src(S), we can, with no loss of generality,
choose X to contain s. Let 8’ be the sum of T-strands obtained by removing from S source
s plus all sinks that have s as their only parent.
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Let the yield, Yid(v), of a source v be the number of sinks that are rendered ELIGIBLE by
executing just v. Removing s and its single-parent children effectively increases by 1 the
yields of the sources that neighbor s in S, if any.

Easily ¢(X;S) = Yid(s)+e(X\{s}; &'). Since 8’ has fewer sources than S, our inductive
assumption asserts that schedule Yg is IC optimal for S'. It follows that schedule X g, which
executes s and then mimics schedule ¥g, is IC optimal for S.

This completes the proof of Theorem 4.2, hence, also, of Theorem 4.1.

5 Dualities between W-Strands and M-Strands

In this section, we demonstrate that W-strands and M-strands are dual to one another, in
the sense that knowing how to schedule and/or >-prioritize either class of dags allows one
to schedule (Section 5.1) and/or t>-prioritize (Section 5.2) the other. While the scheduling-
based duality is not really needed, given the algorithm in Section 4 that schedules every
T-dag IC optimally, the duality is convenient to know about, because it allows one to “read
off” an IC-optimal schedule for either a W-strand or an M-strand from an an IC-optimal
schedule for its dual.

5.1 Scheduling-Based Duality of W-strands and M-strands
5.1.1 Scheduling M-strands via their dual W-strands

Let W be a W-strand that has n sources, {uy,...,u,}, and m sinks, {vy,...,v,,}. Let ¥
be a schedule for VW that executes YW’s sources in the order

Uy Ukyy «+ vy Uky_1y Uk, - (51)
Easily, ¥ renders W’s sinks ELIGIBLE in a sequence of “packets,”
Pl - {Ul,la"'Jvl,il}J P2 - {U2,17"'7v2,’i2}7 R Pn - {Un,la---;vn,in}; (52)

for each ¢ € [1,n], the set P, is the (possibly empty) “packet” of sinks that become ELIGIBLE
when ¥ executes source uy,. (Clearly, there must be an arc from wy, to each sink in P,.) A
schedule for My is dual to X if it executes Myy’s sources in an order of the form

[[Un,la B Un,in]]a [[Unfl,la s 7Un71,in_1:|:|7 R [[Ul,la B Ul,il]]a (53)

where [[a,b,...,c]] denotes a fixed, but unspecified, permutation of the set {a,b,...,c}.
Note that M,y will generally admit many schedules that are dual to .
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Theorem 5.1. Let the W-strand YW admit the 1C-optimal schedule ¥yy. Any schedule for
My that is dual to Xy is IC optimal.

Proof. Let ¥,y execute W’s sources in the order (5.1) and render W’s sinks ELIGIBLE
according to the partial order (5.2). It follows that every schedule for M,y that is dual to
Yy executes Myy’s m sources in an order of the form (5.3). Assume, for contradiction,
that some schedule, ¥y, for M)y is dual to ¥y but is not IC optimal. There is then a
schedule ¥ for My and a step ¢ € [1,m] such that Ex(t) > Ex,, (). We show now that
the existence of X refutes the alleged IC optimality of Xyy.

Some notation will facilitate our analysis. Let A, denote the sources of My, that X,
executes during its first ¢ steps, and let B, denote the sinks of M, that these ¢ executions
render ELIGIBLE. Let A} and Bj; denote, respectively, the analogous sets for schedule .
Note that |A;| = |A}| = ¢, and that, by assumption,

def def
b B = B, () < Ex(t) = Bl 2 V.
For each set S, we denote by S its “complement;” e.g., B; = U — B, comprises the sinks of

My that do not become ELIGIBLE when the sources in A; are executed.

Focus on a schedule ¥}, for W that executes W’s sources in the order [[BL]], [Bl]]; i.e.,

1. ¥}, begins by executing, in some order, the n — 0’ sources of W in the set Bl

2. ¥, then executes, in some order, the ' sources of WV in the set B;.

Consider the numbers of sinks of V¥ that become ELIGIBLE at various steps under schedules
ZW and Z;/V

Claim 1. Ey; (n—=V) > m—t.

Proof of Claim 1. No sink of W in A} can have a parent in B!, for such a dependency would
deny that all sinks of M,y in B; are rendered ELIGIBLE by executing the sources of My in
Al. (Note the role of duality here.) It follows that all m — ¢ sinks of W in A} are rendered
ELIGIBLE by the execution of the n — b’ sources of W in B. O

Claim 2. EEW (n — b) > EEW (n — b,)
Proof of Claim 2. Immediate from the assumption that b < ', plus the fact that, for any
IC-optimal schedule ¥, Ex;() is strictly increases with ¢. To wit, if T"is a set of ¢ < n sources

whose execution renders maximally many sinks ELIGIBLE, then executing any source that
neighbors a member of 1" must render at least one more sink ELIGIBLE. O
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It follows from Claim 2 that no packet can be empty. Note that A; consists of the first b
“packets” in (5.3), plus, possibly, part—but not all—of the (b+1)th “packet.” We consider
two cases, based on this possibility.

Case 1. A; does not contain any nodes from the (b + 1)th “packet” in (5.3).
Claim 3. In this case, Ex,,,(n —b) = m —1t.

Proof of Claim 8. An argument parallel to that of Claim 1 shows that Ey,, (n—b) > m—t
(there can be no arc from B, to A;); we need, therefore, show only that Ex,, (n—b) < m—t.
We verify this as follows. If executing the sources of W in B, rendered any sink v € A,
ELIGIBLE, then there would exist no arc in W of the form (v — v) for any u € By. It follows
that v would belong to some packet beyond the first b in (5.3), contrary to assumption. [

Claims 1-3 show that, in this case, By; (n—0') > m—t = Eg, (n—0) > Ey,(n-V),
which refutes the alleged IC optimality of Xy,.

Case 2. A; contains at least one node from the (b+ 1)th “packet” in (5.3).
Claim 4. In this case, Ex,,(n —b—1) < m—t.

Proof of Claim 4. By assumption, A; contains b full packets, P,, ..., P, 4.1, plus a portion
of packet P, , that is neither empty nor full. It follows that when only the sources in A; are
EXECUTED, the sink u;_ _, that corresponds to P,_; cannot be ELIGIBLE; to wit, that sink
has an arc from every source in P,_;, while not all sources in that packet are EXECUTED.
Hence, the set B; comprises precisely the b sinks uy,,,...,ux, ,.,. Consider now the effect
of executing only the n—b—1 sources ug,, ..., ux, , , under 3. We clearly render ELIGIBLE
only the sinks from packets Pi,..., P, , 1—and none of those in A;. Since A; has strictly
fewer sinks than do packets P,, ..., P,_p, the claimed strict inequality follows. O

Claims 1, 2, 4 show that, in this case, Fy; (n—0') > m—t > Ey,, (n—b-1) > Ey,, (n-V),
which again refutes the alleged IC optimality of Xy .

We conclude that any schedule for My, that is dual to ¥,y is IC optimal for M), whenever
Yy is IC optimal for W. O

5.1.2 Scheduling W-strands via their dual M-strands
We turn now to the intuition about M-strands and their dual W-strands. Let M be an

M-strand with m sources, {v,...,v,}, and n sinks, {uy, ..., u,}. Let ¥ be a schedule for
M that renders M'’s sinks ELIGIBLE in the order (5.1), by executing sources packet by

16



packet, in the order (5.2). The (unique) dual schedule to ¥ is the schedule for M’s dual
W-strand W, that executes W, ’s sources in the order

Uk, s Why_ys -y Ukyy Uk, - (5.4)

Lemma 5.1. Every IC-optimal schedule ¥ for M operates in n stages: For each | € [1,n]
in turn, 3 ezecutes all un-EXECUTED sources of sink ug,. Consequently, for allt € [1,n—1],
Ex(t+1) < Ex(t) + 1.

Proof. We focus first on ¥’s claimed execution regimen. Were ¥ to deviate from this
regimen, there would be a step ¢ such that, ¥ could have rendered a sink ELIGIBLE at step
t only if it had executed all of some sink u’s parents as fast as possible.

We turn next to the claim that ¥ renders at most one new sink ELIGIBLE per step. Say,
for contradiction, that there is a step ¢ when executing a source x renders two or more
sinks ELIGIBLE. The topology of M implies that these must be two neighboring sinks, y
and y’. Just before step ¢, all parents of y and 3/, save for their shared parent, x, must be
EXECUTED. Let P, and P, be, respectively, the parents of y and ¢/, other than .

Case 1. Some source v € P, U P, has just one child. Say, for definiteness, that v € P,.
Let t' < t be the step when v gets EXECUTED. Let us create a “gap” in schedule ¥ by not
executing v at step ¢’ (so X “idles” then). Clearly, the number of ELIGIBLE sinks at step
t —1 does not change. Therefore, we can accelerate by one step each source-execution by X
in steps t'+1,...,t—1. The resulting “shifted” schedule has the same number of ELIGIBLE
sinks at step ¢t — 1 as does ¥. Moreover, by step t — 1, every parent of ', except for z, is
EXECUTED. So, if we execute x during the gap that now exists at step ¢ — 1, we increase
the number of ELIGIBLE sinks at that step, thus contradicting ¥’s alleged IC optimality.

Case 2. Every source in P, U Py has two children. Lemma 5.1 and M’s topology imply
that, in this case, both y and 3" have only two parents: x, and v for y, and v’ for y'. Both
v and v must be EXECUTED before step t. Say, for definiteness, that v’ is to the right of x.
Pick the rightmost source w that is EXECUTED at some step t” < ¢t. We claim that had ¥
executed x instead of w at step t”, this would have increased the number of ELIGIBLE sinks
at step t —1, contradicting ¥’s alleged 1C optimality. To wit, if a sink is rendered ELIGIBLE
when ¥ executes w, then w must have had an EXECUTED lefthand neighbor at step t"—
whence w # v'. Hence, executing w renders only one sink ELIGIBLE, while executing
x renders two sinks ELIGIBLE. If, alternatively, no sink is rendered ELIGIBLE when X
executes w, then the benefit of executing x at step t”, instead of w, is even greater. O

Lemma 5.1 implies that every packet is nonempty. To wit, if some packet P, were empty,

then there would be a packet P,, r < £, such that the execution of the last source in P.
renders both uy, and uy, ELIGIBLE.
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Theorem 5.2. Let the M-strand M admit the IC-optimal schedule . The schedule
Ywa Jor Wy that is dual to ¥pq s IC optimal.

Proof. Let ¥ render M’s sinks ELIGIBLE in the order (5.1), so that ¥y, executes W’s
sources in the order (5.4). Assume, for contradiction, that ¥,y , is not IC optimal for W .
There must then be a schedule X for Wy and a step ¢ € [1,n] such that Ex(t) > Ex,, (¢).
We show now that the existence of ¥ refutes the alleged IC optimality of ¥ ,,.

Some notation will facilitate our analysis. Let C; denote the sources uy,, ..., ug,_,,, of
W that Xy, executes during its first ¢ steps, and let D, denote the sinks of W that
these ¢ executions render ELIGIBLE. Recall that every source from packet P, has an arc in
M to sink wy,, so that all sinks in D, come from packets P,, ..., P,_4+1. (Sinks from other
packets cannot become ELIGIBLE.) Let C] and D, denote, respectively, the analogous sets
for schedule . Note that |C;| = |C}| = t, and that, by assumption,

d £ |Dy| = By, (1) < Ex(t) = |Dj] = d.

Back to the proof: Consider any schedule ¥y, for M that executes the sources of M in
the order [[Dj]], [[D}]]; in other words:

1. X', begins by executing, in some order, the m — d’ sources of M in the set D;

2. X'\, then executes, in some order, the d’' sources of M in the set D;.

Consider the numbers of sinks of M that become ELIGIBLE at various steps under schedules
Xm and X'y, The following fact mirrors Claim 1 in Theorem 5.1 and is left to the reader.

Claim 5. By, (m—d') > n—t.
Claim 6. By, (m —d) > Ey,(m—d).

Proof of Claim 6. The inequality follows from three observations.

1. Y renders all n — ¢ sinks of M in C, ELIGIBLE when it executes the m — d sources of
M in D,. This is because no sink of M in C; has a parent in D, (cf. Claim 5).

2. Each source u of M in D, has a child in C;. Otherwise, v € D;.

3. After ¥ has executed m — d’ < m — d sources of M, at least one source, v € D;, of
M remains un-EXECUTED. v’s child in C} thus remains un-ELIGIBLE. O

Claim 7. By, (m—d) = n—t.
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Proof of Claim 7. Repeating the proof of Claim 5 for ¥, establishes that Ex,, (m — d) >
n —t, so it suffices to show that Ey,,, (m —d) < n—t. We accomplish this by showing that
each sink of M in C} has a parent in D; within M. To see this, observe that, the sources
from any packet P, in M, cannot have arcs to any earlier sink wuy, , 7 < ¢, because the
such an arc would prevent uy, from becoming ELIGIBLE after packet P, has been executed.

Therefore, D, actually contains all sinks of Wy, from packets P,,..., P, ;1. But every
packet Py is nonempty, and each of its sources in M has an arc to sink ug,. Since C}
comprises the sources ug,, ..., Uk, .., of Wy, and D; includes sinks from P,,..., P, 1,
any sink from C} clearly has a parent in D; within M. O

Claims 5-7 combine to show that Eyy (m—d') > n—t = Eg, (m—d) > Eg, (m-d),
which refutes the alleged IC optimality of > ,.

We conclude that ¥y, is IC optimal for W whenever 3,4 is IC optimal for M. O

5.2 Priority-Based Duality of W-strands and M-strands

We now derive >-priorities between two W-strands or two M-strands from [>-priorities
between their dual M-strands or W-strands, respectively.

Since the system of inequalities (2.1) that defines > is not convenient for establishing -
priorities among M-strands, we invoke a more convenient dual formulation of the relation.

Let ¥ be a schedule for the S-sink bipartite dag G. For any e € [0, 5], let Xyx(e) be the
smallest number of sources of G that must be executed in order to render at least e sinks
of G ELIGIBLE. Let G, and G, be disjoint bipartite dags that, respectively, have S; and S,
sinks and IC-optimal schedules ¥; and X,. If the following inequalities hold:

(Ve € [0,51]) (Vf €[0,85,)) :

Xs(€) + Xua(f) > Xe,(minfe + £, 51}) + X, (max{0,e + [ — S1}), (5:5)

then G, has dual priority over G,, denoted G;>G,. Clearly, relation > is equivalent to
>>: the former relation strives to minimize the number of EXECUTED sources for a given
number of ELIGIBLE sinks; the latter strives to maximize the number of ELIGIBLE sinks for
a given number of EXECUTED sources. Stated formally,

Lemma 5.2. Let bipartite dags G, and G admit IC-optimal schedules 31 and Yo, respec-
tively. G1 > Go if, and only if, Gi>Gs.

Lemma 5.2 affords us easy access to the following result. (Note the reversal of indices.)

Theorem 5.3. For any W-strands Wy and Wa: W1 D> Wa if, and only if, Myy, > Myy,.
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Proof. For i = 1,2, let W; have s; sources and S; sinks, and let it admit the IC-optimal
schedule %;. Theorem 5.1 tells us how to construct, from %; an IC-optimal schedule ¥; for
Wi = Myy,. Moreover, the proof of the Theorem gives us valuable information about how
Y; and iz operate. In particular, using the notation of the proof, we recall that, in order
to render b sinks of My, ELIGIBLE, we must execute sources in packets P, ..., P_pi1.
Moreover, executing n — b sources of VW renders ELIGIBLE exactly the sinks of packets
Py, ..., Py . Hence, forall e € [0, 5], Xg (¢) = S;— Ex,(s; —e). Thus, for any e € [0, 5,]
and f € [0, 55, we have

Xg,(e) + Xg,(f) = (S1+52) = By, (51— €) — Eg,(s2 = f). (5.6)

Say now that W, > W,. By (2.1), we then have
EEl (51 - 6) + EE2 (32 - f) < EZl (min{sla 51t 82 —€— f}) + Egz(max{(), S2 —€— f})
Combining this inequality with (5.6), we find that

Xg (€) + Xg,(f) = (S1+52) — Ex,(min{sy,s; + 52 —e— f})
—Ey, (max{0,s, —e — f})
= Xg (51 —min{s;,s; +s2 —e— f}) (5.7)
+X§2(52 —max{0,s2 —e — f})
= Xg (max{0,e+ f —s2}) + Xg (min{ss, e+ f}).

This last inequality means that Myy,>Myy,, so that, by Lemma 5.2, My, > My, as
claimed. The converse follows “by running the argument backwards.” O

Corollary 5.1. For any M-strands My and Maq: If My > My, then Wa, > W, .

Proof. Every W-strand (resp., M-strand) is dual to its dual M-strand (resp., W-strand). O

6 Where We Are, and Where We’re Going

6.1 Conclusions

The results in this paper significantly expand the range of computation-dags that the
algorithmic theory of [11] can schedule IC optimally. In addition to the structurally uniform
dags of Fig. 1 and the simple composite dags of [11], we are now able to schedule IC
optimally any sequence of sums of T-strands that is linearly ordered under >-priority:
Ti>Ta>-->T,. We are, consequently, now able to schedule IC optimally the following
three classes of computation-dags, which are reminiscent of the dags encountered in a
variety of scientific computations. Let us be given:
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e any sequence of sums of W-strands that is linearly ordered under >-priority: S, >

e any sequence of sums of M-strands that is linearly ordered under >-priority: 3’1 >
So> > S

Then any composite dag of one of the following three types admits the IC-optimal schedule
dictated by Theorem 2.1:

(1) St Satr--- 1S,

@2 S84 8, A

B) SIS NS ntSi St 1 S
Intuitively, we now have scheduling control over a quite broad family of dags that are
expansive, reductive, and expansive-reductive.

6.2 Projections

Our work on this project proceeds in a number of directions.

Theory. We are engaged in investigations aimed at extending the scope of the theory of
[11] in several ways.

1. We are expanding the scheduling component of our theory to move beyond its current
dependence on [>-linear compositions of building blocks. Our new work focuses on
(IC-optimal) schedules that allow the interleaved execution of building blocks.

2. We are seeking a rigorous framework for devising schedules that are “approximately”
IC optimal. This thrust is important for computational reasons—a computationally
simple heuristic may be “almost as good” as a more arduously derived [C-optimal
schedule—and because many dags do not admit IC-optimal schedules.

3. We are working to extend our theory so that it can optimally schedule composite
dags whose building blocks are not necessarily bipartite.

Simulations and experiments. We are currently engaged in a suite of simulation ex-
periments that seek to determine the extent to which our scheduling algorithms actually
enhance the efficiency of Internet-based computations. The simulations will include real
scientific dags that coauthor G. Malewicz studied during a summer, 2005, visit to Argonne
National Lab., as well as artificially generated ones.

Integration with grid schedulers. Perhaps our most ambitious non-theoretical endeavor
involves incorporating our suite of scheduling algorithms into a real scheduling tool. We
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have taken steps in this directions by developing a tool [4] for prioritizing the jobs of a
DAGMan file. The tool was implemented by coauthor G. Malewicz his visit at Argonne
National Lab. An integration of the tool within the Condor project [3] is under way.

Acknowledgments. A portion of the research of G. Cordasco and G. Malewicz was done
while visiting the TAPADS Group at the Univ. of Massachusetts Ambherst. A portion of
the research of G. Malewicz was done while visiting the Mathematics and Computer Sci-
ence Division of Argonne National Laboratory. The research of G. Malewicz was supported
in part by NSF Grant I'TR-800864. The research of A. Rosenberg was supported in part
by NSF Grant CCF-0342417. The authors are grateful to Matt Yurkewych (UMass) and
Michael Wilde (Argonne) for valuable conversations at several stages of the research re-
ported here. G. Malewicz wishes to thank lan Foster (Argonne) for hosting his visit at
Argonne and Frederica Darema (NSF) for support that facilitated that visit.

References

[1] R. Buyya, D. Abramson, J. Giddy (2001): A case for economy Grid architecture for
service oriented Grid computing. 10th Heterogeneous Computing Wkshp.

2] W. Cirne and K. Marzullo (1999): The Computational Co-Op: gathering clusters into
a metacomputer. 13th Intl. Parallel Processing Symp., 160-166.

3| Condor Project, University of Wisconsin. http://www.cs.wisc.edu/condor
JeCt, Yy P

[4] 1. Foster, G. Malewicz, A.L. Rosenberg, M. Wilde (2006): A tool for prioritizing
DAGMan jobs for internet-based computing. In preparation.

[5] 1. Foster and C. Kesselman [eds.] (2004): The Grid: Blueprint for a New Computing
Infrastructure (2nd Edition). Morgan-Kaufmann, San Francisco.

[6] 1. Foster, C. Kesselman, S. Tuecke (2001): The anatomy of the Grid: enabling scalable
virtual organizations. Intl. J. Supercomputer Applications.

[7] L. Gao and G. Malewicz (2005): Toward maximizing the quality of results of de-
pendent tasks computed unreliably. Theory of Computing Systs,, to appear. See also,
Intl. Conf. on Principles of Distributed Systems, 2004.

[8] D. Kondo, H. Casanova, E. Wing, F. Berman (2002): Models and scheduling mecha-
nisms for global computing applications. Intl. Parallel and Distr. Processing Symp.

22



9] E. Korpela, D. Werthimer, D. Anderson, J. Cobb, M. Lebofsky (2000): SETI@home:
massively distributed computing for SETI. In Computing in Science and Engineering
(P.F. Dubois, Ed.) IEEE Computer Soc. Press, Los Alamitos, CA.

[10] G. Malewicz and A.L. Rosenberg (2005): On batch-scheduling dags for Internet-based
computing. Euro-Par 2005, 262-271.

[11] G. Malewicz, A.L. Rosenberg, M. Yurkewych (2005): Toward a theory for schedul-
ing dags in Internet-based computing. IEEE Trans. Comput., to appear. See also,
Intl. Parallel and Distr. Processing Symp., 2005.

[12] A.L. Rosenberg (2004): On scheduling mesh-structured computations for Internet-
based computing. IEEE Trans. Comput. 53, 1176-1186.

[13] A.L. Rosenberg and M. Yurkewych (2005): Guidelines for scheduling some common
computation-dags for Internet-based computing. IEEE Trans. Comput. 54, 428-438.

[14] X.-H. Sun and M. Wu (2003): GHS: A performance prediction and node scheduling
system for Grid computing. IEEFE Intl. Parallel and Distributed Processing Symp.

23




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /KOR <FEFFd5a5c0c1b41c0020c778c1c40020d488c9c8c7440020c5bbae300020c704d5740020ace0d574c0c1b3c4c7580020c774bbf8c9c0b97c0020c0acc6a9d558c5ec00200050004400460020bb38c11cb97c0020b9ccb4e4b824ba740020c7740020c124c815c7440020c0acc6a9d558c2edc2dcc624002e0020c7740020c124c815c7440020c0acc6a9d558c5ec0020b9ccb4e000200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee563d09ad8625353708d2891cf30028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f003002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c4fbf65bc63d066075217537054c18cea3002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f3002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.000 842.000]
>> setpagedevice


