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Abstract

Remote execution facilities allow the wuser of a
workstation-based distributed system to offload programs
onto idle workstations, thereby providing the user with
access to computational resources far beyond that pro-
vided by his personal workstation. In order to make good
use of such facilities, one must be able to find suitable
candidate hosts for remote execution, typically the least-
loaded host with the necessary number of resources to run
a given program. In this paper we describe the design and
performance of scheduling facilities for finding idle hosts
in a workstation-based distributed system. We focus on
the tradeoffs between centralized and decentralized archi-
tectures with respect to scalability, fault tolerance, and
simplicity of design, as well as several implementation is-
sues of interest when using multicast communication. We
conclude that the principal tradeoff between the two ap-
proaches is that a centralized architecture can be scaled to
a significantly greater degree and can more easily monitor
global system statistics, while a decentralized architecture
is simpler to implement.

1 Introduction

A distributed computer system consisting of a cluster
of workstations and server machines represents a large
amount of computational power, much of which is fre-
quently idle. For example, the research system used as
the testbed for the work reported here consisted of about
70 Sun-class workstations and server machines, provid-
ing a total of about 150 MIPS processing power. Yet one
third of the workstations were completely unused, even
at the busiest times of the day. Use of such workstations
as “computation servers” increases the processing power
available to (active) users and improves the utilization of
the hardware base.

In a previous paper [11] we described the design and
performance of remote program execution and migration
facilities for such a system, leaving open the question of
what kinds of global scheduling facilities would be best
to provide. In this paper we provide half of the answer
to that question—a comparative study of architectures
(hence mechanisms) for global scheduling, as well as sev-
eral implementation issues of interest when using multi-
cast communication. Policy issues, including fairness, are
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discussed in [10].}
From an architectural point of view, the principal goals
for a global scheduling facility are:

¢ performance: The scheduling facilities should im-
pose minimal overhead on the system; they should
neither steal cycles from applications that are not
using the facilities nor significantly delay the exe-
cution of applications being scheduled. Specifically,
we would like the scheduling facilities to, on average,
consume less than 1% of any client workstation’s
CPU cycles, consume less than 1% of the network
bandwidth, and require less than 100 ms to select a
host.

¢ scalability: The architecture should support sys-
tems containing hundreds of machines.

e fault tolerance: The remote execution facilities of
the system should not be disabled for more than
a few seconds by the crash of one or even a few
machines.

The principal thrust of this paper is to demonstrate that
facilities for finding suitable hosts for remote execution
(or migration) can be constructed that perform well, are
highly available, and can be scaled to systems containing
hundreds or even thousands of machines. Assuming the
availability of efficient broadcast/multicast facilities, we
further show that both centralized and decentralized de-
signs can be constructed which are similar in their perfor-
mance and fault tolerance characteristics; however, cen-
tralized designs can be scaled to significantly larger sys-
tem sizes.

There are two principal features of workstation-based
distributed systems that distinguish them from the en-
vironments typically assumed in the literature on global
scheduling (see [13] for an overview). First, most previ-
ous work has assumed a homogeneous workload. How-
ever, an environment consisting principally of personal
workstations tends to produce a load distribution that
can vary greatly in magnitude over time and is not homo-
geneous in nature. Hosts may be idle or running interac-
tive applications or compute-intensive batch jobs or both.
“Clusters” of hosts may be idle when events such as group
meetings occur. Consequently, techniques based on inter-
actions with “nearest neighbors” of a host or scheduling

10ur “architectures” are roughly equivalent to the “placement
policies” of Zhou and Ferrari [14], whereas our “policy issues” in-
clude their “information” and “transfer” policies.



designs that rely on statistical averages to determine their
selections will have difficulties with this environment.

Second, most previous work has assumed very simple
communications models, frequently with zero communi-
cation cost. Little work has been done on determining
how realistic such models are; that is, on how to actually
gather global state information about a system. What
has been done, with a few exceptions, assumes point-to-
point communications, ignoring the availability of efficient
broadcast or multicast support in many local area network
technologies. However, in a workstation-based environ-
ment, in which the set of machines available as “remote
execution servers” is constantly changing, a communica-
tions model based on some form of broadcast can provide
a much more efficient means of disseminating information
than can be provided by point-to-point communications.
Naturally, indiscriminate use of broadcast can inflict a
significant overhead on the system, particularly on hosts
that are not interested in participating in the activity us-
ing broadcast (e.g., global scheduling). The provision of
multicast communication facilities can alleviate much of
this overhead by directing communications only to inter-
ested parties in the system.

Unfortunately, broadcast/multicast, as implemented at
the data link level, is typically unreliable. If reliable
broadcast/multicast is required, it must be implemented
in software, with the attendant overhead. Furthermore,
the loss rate of replies to query messages can be very sig-
nificant if the number of replies generated to a query is
larger than the buffering capacity of the sender’s hard-
ware and/or software. With multicast, one must also
worry about how to manage the membership of machines
in multicast groups.

This paper presents our scheduling designs with par-
ticular focus on how we have addressed both the general
scheduling issues mentioned as well as the specific issues of
using unreliable multicast facilities to implement our de-
signs. The next two sections describe the target environ-
ment and provide an overview of the major architectural
issues in designing a global scheduling facility. Sections 4
and 5 describe our centralized and decentralized schedul-
ing architectures, respectively. Section 6 discusses related
work, and Section 7 concludes the paper.

2 Target Environment

The scheduling architectures described in this paper
should apply to most contemporary workstation-based
distributed systems. By “workstation-based distributed
system” we mean a system in which most machines are au-
tonomous personal workstations, each dedicated primar-
ily to serving its local user, interconnected by high-speed
local area networks. We assume that the operating sys-
tems on each workstation are able to communicate with
each other so as to provide transparent remote execution
and scheduling facilities. By “transparent” we mean that
use of workstations as computation servers should not re-
quire programs to be written with special provisions for
executing remotely. Examples of systems that conform
to this model include the V-System [2], Mach {8], LO-
CUS [12], and NEST [1]. The performance figures quoted
in this paper are based on implementations we have done
under the V-System.

Many of the assumptions made in this section with re-
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spect to parameter values can be characterized as “rule-of-
thumb”—for example, assuming that at most 1% of the
system network bandwidth be consumed for scheduling
activities. The values assumed are intended to be rep-
resentative rather than authoritative and we argue that
reasonable changes to those values will not significantly
affect the conclusions we arrive at.

2.1 Hardware

We assume workstations with at least 1 MIPS processing
power. We assume a network with speed and failure char-
acteristics like those of Ethernet? or token rings and that
can provide efficient broadcast or multicast communica-
tions between machines. Of particular concern is the over-
head the use of broadcast/multicast imposes on machines
that are not members of the intended set of recipients.
Although hardware support in the network interface can
make the overhead close to zero,® many network inter-
faces only support broadcast, requiring that multicast fil-
tering be done in software. Fortunately, evaluation and
measurements we have done of the V-System’s communi-
cation facilities indicate that a 1 MIPS machine (such as a
Sun-2) can reasonably be expected to need about 0.4 mil-
liseconds to discard a multicast packet not destined for it
in software. Thus, it could discard up to 25 packets per
second using less than 1% of its CPU cycles.

We also must make some assumptions about the han-
dling of multiple nearly simultaneous replies to a single
broadcast (or multicast) query. We will assume that net-
work interfaces are capable of receiving at least every sec-
ond network packet of a stream of “back-to-back” packets
and that machines and their operating systems are capa-
ble of buffering at least 20 to 40 packets before reaching
the limits of their capacity. This corresponds to our em-
pirical observations on the performance of a Sun-2 work-
station with a 3coM interface board, connected to a 10
Mb Ethernet, and running the V-System. Even with these
assumptions, the broadcast/multicast reply loss rate can
easily exceed 50% when more than a few replies are gen-
erated to a query [4].

The final major parameter that must be taken into ac-
count is network bandwidth. If we assume a 10 Mb/sec
network and require that, on average, at most 1% of its
bandwidth be consumed by our scheduling facilities, then
we have 12.5 Kbytes/sec to play with. This corresponds to
about 120 messages of length 100 bytes—sufficient space,
in particular, for the 64 bytes of packet header required on
Ethernet and the 32 bytes of data comprising a V-System
message.

2.2 Workload Assumptions

Our primary interest is an environment in which most
machines are autonomous personal workstations that are
dedicated principally to serving their local users. How-
ever, nothing in our design precludes the use of dedicated
“compute server” machines. We assume a workload that
consists primarily of interactive and “fast-turnaround”
applications that exist for relatively short periods of
time—such as text editing, electronic publishing, program

2Ethernet is a trademark of Xerox Corporation.

3An example is the Intel 85286-based interface used in the Sun-3
workstation.



development, and cAD—rather than compute-intensive,
long-running applications. The total number of such ap-
plications running in the system varies considerably, de-
pending on how many users are present and active at any
given time. Typically, many machines are “idle”, where
idle is defined here to mean a level at which low-cost activ-
ities such as text editing are still handled. Periodically,
however, a few users may grab the entire system’s free
resources to run large, distributed computations. The
heterogeneity of this workload contrasts with an environ-
ment in which compute-intensive, long-running applica-
tions take up all available resources in the system most of
the time, thereby keeping the workload uniformly high.

Informal observations indicate that our users spend at
least one minute thinking, debugging, or text editing, be-
tween submitting tasks such as compilation or text for-
matting for execution. Therefore, in order to obtain an
upper bound on the frequency of remote execution re-
quests, we assume that all users generate requests ran-
domly, with an average of one per minute—that is, ac-
cording to a Poisson distribution with a mean, k, of one
per minute. We claim that this remote execution fre-
quency is significantly higher than will occur in reality
since, as observed, many workstations are completely idle
and many of the rest are occupied by users engaged in
non-compute-intensive activities such as editing of files.

We assume, in turn, that each user request corresponds
to an application with some number of subprograms, each
of which may be executed on a separate machine. Based
on experience with our own system, we argue that in con-
temporary workstation-based distributed systems highly
concurrent applications are rare and that the average
number of subprograms per application, d, is small—
between one and five, say. Moreover, we claim that the
remote execution requests associated with each applica-
tion will almost always be batched into one “multiple”
selection action or will have program loads interspersed
between them. Since program loads typically take sev-
eral seconds to perform and different programs will take
different amounts of time to load, we argue that in the
latter case there will effectively be no correlation between
remote execution requests. Therefore, we assume that all
remote execution requests generated by a machine will
be distributed randomly—according to a Poisson distri-
bution with mean k& - d.

Finally, we require that selection of an idle host takes
no more than 100 ms.

2.3 Load Metrics

It is well known that schedulers make better decisions
if they can take advantage of information about the na-
ture of the jobs they are scheduling. Unfortunately, in
most systems—especially timesharing systems, of which
our environment is a generalization—exact knowledge is
unavailable and estimates are either unreliable or time-
consuming to compute. Therefore, as in most commercial
timesharing systems, we take the simple but surprisingly
effective approach of scheduling programs on the basis of a
few readily-available metrics—memory requirement, pro-
cessor type, and processor utilization. However, the dis-
cussion that follows is independent of chosen load metrics,
since they can be computed in a completely decentralized
manner; in particular, each host periodically computes its
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own processor utilization independent of all other hosts.
It is the manner in which the load information is dissem-
inated that is of interest here.

3 Dimensions of Global Scheduling

There are three principal architectural issues to be ad-
dressed in designing a global scheduling facility for a
workstation-based distributed system, namely:

1. How is load information disseminated—by adver-
tisement or in response to queries?

2. Who initiates a request for remote execution—the
source (or sender) or the server (or receiver)?

3. Who “makes the match” between program and
host—the initiator of the request or a central server
(in which case the initial request was sent to that
server)?

Server-initiated strategies are best suited to environ-
ments where it is desired to maintain a balanced load
across all machines at all times. In our target environ-
ment this is not only unnecessary but undesirable. Since
most machines are under-utilized, balancing the load will
typically cause processes to be migrated from one lightly
loaded machine to another, to no advantage when over-
head is taken into account. Therefore, we concern our-
selves only with source-initiated strategies.

The remainder of the paper addresses the remain-
ing two issues, using the distinction between centralized
scheduling and decentralized scheduling as the means of
subdividing the discussion.

4 Centralized Scheduling

We define centralized scheduling to mean that state infor-
mation is collected at a single physical location at which
all scheduling decisions are made. We will show that repli-
cation for performance reasons will be unnecessary, but
may be desirable for fault tolerance.

4.1 The Basic Model

The basic model of a centralized scheduling service con-
sists of machines periodically sending status update mes-
sages and clients sending remote execution requests—to
a central server.* Thus, machines advertise their load in-
formation. One might consider having the server query
the system for state, but the same query could just as
well be performed directly by clients, resulting in the de-
centralized scheduling architecture described in Section 5.
Having a central server perform the state queries would
reduce message traffic if state information were used to an-
swer several host selection requests, but, since machines
can change their load at any time due to local activities,
this would introduce problems of stale state information.

4This corresponds to the CENTRAL algorithm of Zhou and
Ferrari [14].



4.1.1 Model Parameters

The most important quantities that determine a schedul-
ing server’s performance are the frequency of selection
requests, fr, the frequency of state updates, f,, and the
average service times needed to process a selection or up-
date request, s, and s, respectively. If N is the number
of hosts in the system, then:

fr=N-k-d (1)

For idle machines, we claim that state updates will oc-
cur only infrequently. For active machines, we need to fil-
ter out transient load changes by using time-averaged load
values. We argue that once every 10 seconds is the high-
est frequency one should consider, given our assumptions
of remote program durations of a minute or more and our
desire to filter out insignificant local events. Examples of
these include a brief flurry of editor page scrolling events,
checkpoints of edit files (which can take several seconds),
and the loading and running of small programs—such as
directory listing and system status programs.

If we assume that the server maintains an ordered list
of host candidates of size Ny, then s, is essentially a con-
stant. If we assume that update messages arrive randomly
then s, will be proportional to N,. We shall take N, to
be equal to the average number of host selection requests
arriving during one time interval since this is sufficiently
large to satisfy most bursts of requests. We shall show
later how multicast communication can be used to quickly
refill the server’s candidate list in the event of too many
requests.

4.1.2 Model Evaluation

Given these assumptions and definitions, the load placed
on the server is:
=1 41, (2)

where [, is the selection request load:

lr=fr-s,=N-k-d-s, 3)

and [, is the update message load:

(VN = Ny)
—~ Suz] (4)

Here s, and s,z are the service times needed to process
host update messages that respectively belong or don’t
belong to the host selection candidate set. Assuming an
ordered candidate list with pointers to the first and last
element, s,; is linearly proportional to Ny and sz is a
constant. For our implementation we found that su1 =
30-(140.0025- Ny) and suz = 0, where so is basically the
time needed to satisfy a “null” request—that is, the time
required to receive and reply to a network message with
all server “maintenance” activities averaged in. Indeed,
since it is difficult to delineate the time spent on each
machine for a inter-machine message, we overestimate so
by including the entire time required to perform an inter-
machine send/receive/reply transaction. That is, s will
be approximated as the sum of the network IPC time and
the time needed to satisfy a “null” request. With this
overestimation in mind, we can also approximate s, as so
since the time required for the scheduler to pick the first
element off an ordered list of candidates is negligible.

N
Iu=fu'[Tg‘3u1+

T (msecs)
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Figure 1: Central server performance with all hosts up-
dating it. In all cases hosts generate one host selection
request per minute and one status update message every
10 seconds. s in the figure stands for so.

We estimate the average response time of the server
by assuming that it can be approximately modeled as an

M/M/1 queue [7):

_ 3

()

where s is the average service time of the server and p is
the utilization factor of the server. For the constant ser-
vice time required for an M/M/1 queue, we simply take
the maximum service time our server might need to pro-
cess an incoming message, namely, su1. p is the normal-
ization of / to the interval 0—1. The details of this analysis
may be found in [10].

Finally, with respect to network bandwidth, remember
that our scheduling facilities should not generate more
than 120 100-byte messages per second. Assuming that
our selection requests, replies to those requests, and load
updates do indeed average 100 bytes in length, adhering
to this limit implies that:

2 fr + fu <120 (6)

Figure 1 shows how a central scheduler can be expected
to perform under various perturbations of the quantities
just discussed. As a convenience to the reader, we first
summarize the various parameters that are relevant to
this figure before drawing conclusions from it:

k : the average number of applications to execute re-
motely per user per unit time (we assume one per
minute per workstation in all cases shown)

d : the average number of (remotely executed) subpro-
grams per application

N : the number of hosts in the system

fu @ the frequency of update messages generated by the
system (we assume each workstation generate one
every 10 seconds in all cases shown)

Ny : the number of host selection candidates recorded at

the server (in an ordered list)

3o : the “base” service time for a message by the sched-
uler.



The server is quite capable of handling systems of 100
to 200 machines, even when a base service time of 20
milliseconds is assumed for so and all applications are
generating 5 remotely executing subprograms. As will
be shown in Section 4.3, a base service time of 6 msecs
is possible with an operating system with optimized Pc
(such as the V-System), running on a 1 MIPS machine
(such as a Sun-2). Examining the behavior for a base time
of 20 msecs illustrates how a system with less efficient IPc
facilities might perform, such as Berkeley UNIX.

If the server has a base service time of 10 millisec-
onds, then slightly over 700 machines can be handled,
each of which is generating one remotely executing non-
distributed application per minute. If we can reduce the
base service time by a factor of 2—e.g. by buying a sin-
gle more powerful server machine—then our design would
support a system of up to about 1500 “standard” work-
stations. If, on the other hand, we make the average “de-
gree of distribution” of applications, d, equal to 5, then
a server with a 10 msec base service time should still be
able to accommodate systems containing up to about 400
machines.

Unfortunately, taking our constraints on network band-
width consumed into account significantly reduces the
number of hosts that can be handled in some scenarios.
In particular, for d = 1, we can handle at most 900 ma-
chines, and for d = 5, at most 450 machines. Whereas this
limit is not a serious constraint for systems where the base
service time is 10 — 20 msec, it will be for a system with
a 5 msec base service time.

4.2 Restricting the Number of Updaters

We can substantially lower the load on the network (as
well as the server) by realizing that we are only interested
in update information from those hosts that are likely
candidates for remote execution, namely, the hosts that
comprise the host candidate set described previously. An
“update group” can be created whose members send up-
dates to the server, and all other hosts in the system do
not. Membership in this group can be determined in a
decentralized manner by using broadcast to send out a
load cutoff value (to all hosts in the system). Hosts with
a load below this value join the update group if they are
not already a member of it. Hosts with a load above this
value leave the update group if they are already a member
of it.

Cutoff values are recomputed periodically to accommo-
date changes in the overall state of the system. This in-
formation is acquired by having all hosts in the system
send update messages to the server at low frequency—
much lower, in particular, than the frequency with which
hosts in the candidate set send update messages. Using
this information and subsequent feedback from the up-
date group, it is possible to (perhaps iteratively) compute
a cutoft value that, while limiting the size of the update
group, ensures the group is large enough to handle rea-
sonable variations in the host selection request frequency.
Note that broadcasting an increased load cutoff value also
allows quick replenishment of the server’s candidate list
should it become depleted by a burst of host selection
requests.

However, this design still bothers busy hosts with cutoff
messages and makes them generate periodic update mes-
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Figure 2: Central server performance with a restricted
updater group. In all cases hosts generate one host selec-
tion request per minute and one status update message
every 10 seconds. s in the figure stands for so.

sages. A refinement is to create another multicast group
containing all hosts that have idle resources available for
remote execution requests. Cutoff messages are sent only
to this “idle group” since only hosts in this group need
generate update messages. Membership in the group is
determined in a completely decentralized fashion: Each
host decides for itself when to join or leave the group,
based on its own determination of whether or not it has
idle resources.

Figure 2 shows the results equivalent to Figure 1 with
our changes in update frequency taken into account, that
is, with the second term of equation 4 set to 0. The
most important thing to note is that the server is now
able to handle in excess of 400 machines in all cases. For
our “canonical” case of running a server with a 10 msec
base service time and dealing with non-distributed ap-
plications, the server can deal with systems up to about
3500 machines in size. With respect to network load, it is
now reduced to where over 3400 machines can be handled
when d = 1, or about 680 hosts when d = 5.

At this level of size, the scheduling facilities will almost
certainly no longer be any kind of bottleneck. In par-
ticular, the traffic generated between remotely executing
programs and the user’s workstation just for purposes of
interacting with the user will typically dwarf that gener-
ated for scheduling.

4.3 An Implementation

In order to empirically evaluate our model a simple
scheduling service was implemented which ignored selec-
tion issues such as memory requirements and specialized
resource needs. A list of machines, ranked by load, is
maintained by a scheduling server and the first element is
always picked. The size of the list is bounded by multicas-
ting a cutoff load value—namely, the normalized processor
utilization—to the idle group.

Figure 3 shows response times for host selection as a
function of the number of machines, N', updating the
scheduler and the frequency, f, at which lightly loaded
machines update the central server. In order to control
the loads and parameters of the host managers, a parallel
set of simulated host managers was created to generate
the data for the graphs and data presented here. Al-
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Figure 3: Central server host selection response times as
a function of the number of updaters (in milliseconds).

though multiple host managers were run on each actual
machine in order to obtain the results for larger system
sizes, there was no contention between the host managers
on any given machine because their update frequency to
the scheduling server was at most once every second and
the phase between host managers’ update cycles was ran-
dom. In order to force pessimistic processing times for up-
date messages, the loads presented by the program man-
agers were uniformly distributed and randomly changed
on every update.

Figure 3 only shows results out to update group sizes
of 180. The reason for this upper bound has to do with
the number of workstations we were able to commandeer
at any one time (at most 20) and with with the amount
of kernel memory available for process descriptors and
network buffers (which limited us to at most 10 simulated
hosts on each workstation).

The scheduling server was run both on Sun-2 and Sun-3
machines, as labeled in Figure 3. The following conclu-
sions can be drawn from the figure:

o The “base” service time for a host selection request,
80, can be determined from the response times cor-
responding to small update groups. For a Sun-3
server, the service time is 4 to 5 msec. For a Sun-2
server, it is about 6 msec.

o The empirical results bear out our claims with re-
spect to scalability. The curves for update frequen-
cies of 5, 10, and 60 seconds indicate that we can eas-
ily handle several thousand machines, at least as far
as scheduler response time goes. An update group
size of 180 corresponds to a system size of 5400 if ap-
plications do not generate multiple subprograms.® If
they generate, on average, 5 subprograms, then the
system size corresponding to an update group of size
180 shrinks to 1000.

Since our testbed is 80% idle most of the time,
using the actual update rates obtained from host
managers that only update on significant changes in
state would yield almost no update traffic at all, cor-
responding best to the curve for updates once every
60 seconds. One can argue that this will also hold
in the future for the set of machines that reside on
the “least loaded host” list in the server.

?We only used one host selection client in our experiments, im-
plying that the N’ in the figure corresponds to 2N,.
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4.4 Fault Tolerance

We have demonstrated that a centralized design is scal-
able to large systems. The next point to address is that of
availability. A typical approach would be to provide k+1
replicas of the server if it is to survive k faults (machine
failures, in our case). Numerous replication algorithms
exist for updating replicated services such as this. We
note only that, if all machinesin the system have network
interfaces that allow multicast filtering in hardware and
we are willing to forego strong consistency by admitting
the possibility of lost updates, then multicast provides a
simple and cheap means of updating the multiple copies
of the server.

However, if occasional delays in service of several sec-
onds are acceptable, then one can take the simpler ap-
proach of reinstantiation instead. Rather than maintain-
ing k + 1 server replicas, we maintain a single server and
ensure that there are at least k entities monitoring the
server to detect its death. When death is detected, a
new instance of the server is brought up, which recon-
structs its state information by sending a multicast mes-
sage out requesting immediate state update.® The time
during which the scheduling service is unavailable will be
the sum of the time to detect failure, the time to load
the server program, the time to resolve the possibility of
multiple concurrent instantiations, and the time to recon-
struct the global state information. If requesting clients
are used as the monitors, then the delay in response seen
by the first client after failure will be exactly this sum. For
our implementation this turns out to be approximately 18
seconds.

4.5 Server Placement

A final problem one faces with global system servers of
any kind is where to run them. If separate machines are
dedicated to running servers, then several such machines
are required if fault tolerance is to be taken into account.
Fortunately, schedulers are not intrinsically bound to any
particular machine, so we can achieve the effect of having
multiple server machines by simply running the server on
idle workstations and migrating or reinstantiating it as
needed. Indeed, since there is no point in considering
remote execution in the first place if there are no idle re-
sources, there is no need to dedicate machines for schedul-
ing purposes.

5 Decentralized Scheduling

It has been demonstrated that it is possible to construct
a centralized scheduling facility that scales well and is
highly available. However, high availability comes at the
expense of moderate complexity—for purposes of fault
tolerance, in particular. As will be shown, decentralized
scheduling facilities can reduce the level of complexity at
the expense of less scalability.

8Actually, state update messages must be sent after a small
random delay to avoid overloading the network interface at the
server machine. This topic is covered in more detail in Section 5.



The Basic Model

A fully decentralized design requires that every machine
perform its own host selection actions. This can be done
either by having every machine keep track of the global
system state continually or having it query the system for
state information as needed. The former approach is an
advertising approach in which machines generate update
messages, as in a central design, and broadcast these to
all machines. The major problem with such an approach
is that every machine, including busy ones, must keep
track of incoming updates as well as generate updates of
its own. Moreover, if a machine crashes, then it must also
somehow reconstruct the state information it has lost.

In contrast, in a query-based approach only those ma-
chines interested in host selection must worry about state
information. If queries are multicast to a group contain-
ing only machines with idle resources, then busy machines
never participate in the process at all, unless multicast is
implemented in software. In that case, under our assump-
tion of one selection request per machine per minute, a
system of 1000 machines would incur a negligible over-
head of about 0.7% on each (1 MIPs) machine for discard-
ing multicast packets. For comparison, the overhead of
providing round-robin scheduling in the V-System on the
same machine is about 1.5% of the cPu. Additionally,
there is no failure recovery procedure since state informa-
tion is obtained only at the time it is needed.

The basic model, then, is one in which a client inter-
ested in obtaining a host selection sends a multicast query
requesting current state information. The request may
contain minimum resource requirement specifications to
exclude some replies from being generated in the first
place. The client receives replies back from all willing
candidate machines and selects the best candidate from
that set.

5.1

5.2 Dealing with a Large Number of
Replies

There are two principal problems with the basic model:
the enquirer may receive a very large number of replies
almost simultaneously and the N2 nature of the design
quickly consumes network bandwidth. Receipt of many
replies prolongs the time required to perform a host se-
lection since the selector must process the reply messages
before being able to make a selection. In contrast, a cen-
tral server can process and order update messages more-
or-less separately from selection requests. Moreover, re-
ceiving a large number of replies almost simultaneously
can overload the hardware and local operating system, as
described earlier, resulting in poor host selections if pack-
ets lost are from the most suitable hosts. Finally, a large
number of replies may consume a significant fraction of
a machine’s packet buffering capacity, which could cause
timeouts of unrelated network communication activities.

An obvious solution is to reduce the number of replies
generated—beyond the reduction already obtained by
virtue of the notion of an idle group. Doing so requires
that global state information be maintained to determine
which machines should be in the reply set, and this infor-
mation must be propagated to those machines. This must
be done on a continuing basis since the reply set changes
over time. Unfortunately, we have no location, such as
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a central server, at which to gather the necessary state
information and then rebroadcast it. Whereas one could
come up with schemes that store state information in a
distributed manner among the host machines of the idle
group (remember that we don’t want to require busy hosts
to participate in scheduling), such schemes would add a
non-trivial amount of complexity to the design. Since our
primary motivation for considering a decentralized design
instead of a centralized design is simplicity, we currently
question the benefit of such an approach—in contrast to
our initial beliefs, presented in [10].

An alternative, and far simpler, approach, is to relax
the assumption of optimal scheduling employed thus far.
In particular, if we are willing to accept host selections
that are not “perfect” in the sense of being the “abso-
lutely” least loaded host in the system, we can have an
enquirer only examine the first n replies of a reply set of
size r, discarding the rest. Response times and buffering
requirements would thus be determined by the value of 7,
whereas reply set size, r, could be a much larger value.

The rationale for such an approach is that even if the
“best” selection candidate isn’t obtained, the requesting
client will obtain a “good” selection candidate. Further-
more, over a period of several selections, the best can-
didate(s) will indeed be found by some client. Work by
Eager, Lazowska, and Zahorjan [5] demonstrates that this
type of approach works surprisingly well, even wher only
two or three replies are examined (see Section 6).

The error introduced by this approach can be reduced
by having reply set members weight their random delays
by a factor that reflects how good a candidate they think
they are. However, these delays must be kept short in or-
der to avoid excessively prolonging the response time to
a host selection request——consider, for example, the situ-
ation where all machines are 90% loaded, in which case
all replies will be needlessly delayed. The basic solution is
to compute the delay as the product of the machine load
(normalized to a value between 0 and 1), a standard de-
lay interval, and a uniformly distributed random variable.
The normalized machine load ensures that lightly loaded
hosts will, on average, respond before more heavily loaded
hosts, while the random variable allows for the possibility
of a quick response even when all hosts are heavily loaded.
Because this solution penalizes the common case of idle
machines being available, a refinement is for any machine
with a load below a given threshold to reply immediately.

Unfortunately, this design does not address the problem
of network bandwidth consumption. If all N machines
in a system were available for remote execution—that is,
consider themselves members of the idle group, as defined
above—and responded to host selection queries, then our
limit of 1% of network bandwidth would be exceeded when
N = 85 for nondistributed (d = 1) applications and when
N = 38 for distributed applications with d = 5.

In practice, we expect the frequency of remote execu-
tion to be far smaller, so that it is not unreasonable to
expect a system of up to a few hundred machines to be
feasible. Indeed, if all N machines of a system really
are available for remote execution, then they won’t all
be generating remote execution requests! Furthermore,
in this situation there will be few applications generat-
ing network traffic, such that a greater fraction of the
bandwidth can reasonably be allocated to scheduling ac-
tivities. Therefore, in order to retain the simplicity of the
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Figure 4: Decentralized scheduling host selection response
times as a function of reply set size.

design, we choose not to introduce additional mechanisms
to accommodate larger systems.

5.3 An Implementation

To verify our claims about the decentralized design, the
centralized scheduling testbed described earlier was ex-
tended to have host managers respond to multicast load
queries as well, each responding after a weighted delay in-
terval that ranged from 0 to about 10 milliseconds. (Hosts
with loads below 10% responded immediately.) Clients
could have host selection performed by either the central
scheduler, by performing a host selection query them-
selves, or by having one followed by the other. Thus,
we could measure both the response times of the decen-
tralized design as well as compare the quality of its host
selections against those returned from the centralized de-
sign.

A problem we encountered with our experimental
testbed was that V does not provide timing delay facilities
with a granularity below 10 msec. In order to implement
delays in the range from 0 to 10 msec we employed a
suitable number of GetTime() calls to the kernel as the
delaying mechanism. While calls introduce interference
among multiple simulated hosts on a single real machine,
resulting in delay intervals that are actually longer than
they are supposed to be, this does not invalidate our load
comparison test results because of the random nature in
which it affects all simulated hosts. It only affects the
average length of our decentralized query response times.

Figures 4 and 5 show the results obtained from our test
runs. Load results are given relative to the interval over
which loads in the simulated hosts were allowed to range.
That is, in order to factor out the absolute load inter-
val from which hosts reply to a host selection query and
from which hosts update the central server, all load inter-
vals were normalized to range from 0 to 100. The reader
should be cautious in attaching any significance to the
relative “volatility” of the graphs; the important result
in each figure is the bound on the values—the range of
response times in Figure 4 and the range in load differen-
tials in Figure 5 (and subsequently, Figure 6). With these
caveats in mind, the results and our conclusions can be
summarized as follows:

o The response times for the decentralized design are
on the order of 20 msec, which we feel are acceptably
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Figure 5: Comparison of host selection results obtained
from concurrently running a central scheduler and decen-
tralized host selection queries.

short, even though they are two to four times greater
than those provided by our centralized design for
comparable system sizes.

¢ The response time of the decentralized host selec-
tion procedure was independent of the size of the
reply set. This is due to the fact that in our system
machines allocate at most 20 to 30 packet buffers
to their network device, implying that anything be-
yond the first 20 or 30 replies will never even enter
the machine. Thus, our system actually violates our
requirement that machines be able to accept every
second network packet sent to them, in this case to
our advantage.

The fact that we saturate the network communica-
tions resources of a machine so quickly illustrates
the point made earlier that multicast can easily in-
terfere with other activities in the workstation by
locking them out from the network. In order for
this scheduling architecture to work without undue
interference it must be possible to inform the op-
erating system when to discard queued reply pack-
ets. Otherwise, a machine may be clogged with un-
needed reply packets long after the scheduling client
has examined the first n packets to a status query,
made a scheduling decision, and gone on to other
tasks.

e The load selection results in comparison to the “per-
fect” selections that are returned from the central-
ized scheduler show that the decentralized scheme
performs within about 2% of the centralized scheme
when 3 replies are examined. The average standard
deviation is about 4%. When 6 replies are examined,
the decentralized scheme performs within 1% of the
centralized scheme, with the average standard devi-
ation being about 2%. These results are so good be-
cause there are almost always machines with loads
below the “immediate-reply threshold” (10%) and
replies from those machines will be among the first
to be received in response to a query.

Another set of experiments forced all simulated hosts
to have loads that were in a range from ! to 100 and had a
single simulated host with a load of 0. These experiments
demonstrate how well the decentralized scheme can pick
out a single good host candidate from a background of
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Figure 6: Comparison of host selection results for a reply
set containing only one good candidate host.

less suitable host candidates that are nevertheless still in
the reply set. Figure 6 displays the results for four values
of I: 10, 30, 50, and 70. These correspond to increasingly
bad reply sets containing a single good candidate host.

The conclusions we draw from these experiments are:

¢ The quality of host selections compared to the “per-
fect” centralized design depends on the odds of re-
ceiving the good candidate’s reply message as well as
the cost of missing it. The odds of missing go down
as [ increases because of the weighted reply delay
times used. The weighting scheme we used made
this factor dominate the increasing differences in
load quality between the one good host and the rest
of the reply set. Consequently the maximum differ-
ence in host selection values from those returned by
the centralized design occurred for I = 10%.

e In the worst case, however, the average difference
in load selections still never exceeded 2.3% when
the client examined only 3 host status replies. For
this case we also ran the experiment with the client
examining 6 replies; which reduced the maximum
difference measured down to 1.5%.

5.4 Contention

Since host selections made are not evident to everyone un-
til the time at which a remote execution request is actually
sent to some host and accepted there, there is a time in-
terval during which the global state information available
to other host selection clients will be out-of-date. Any
new host selections initiated during this time interval will
see a global state that does not reflect the pending host
selection of the first selection, and hence might pick the
same host as their remote execution candidate.

Such transients can be detected by having a program
execution request include the load it is expecting to see
on the machine the request is being sent to. If the actual
load is sigrificantly worse, then rescheduling can be per-
formed before the cost of program instantiation has been
incurred. If the execution request also includes an al-
ternative selection candidate and its expected load, then
rescheduling can consist of simply forwarding the request.

One must now worry about cascading effects, where
rescheduled execution requests conflict with the later se-
lections made after the one being rescheduled. The for-
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warding trick as described only works if the probability of
two additional selections occurring between a host selec-
tion and its associated program load is fairly small. If that
is not the case, alternatives can be randomly selected from
an appropriately large set of the best candidate hosts.

6 Related Work

Most of the work on multi-processor scheduling consists
of theoretical models for load sharing algorithms. An ex-
cellent literature survey of this topic is provided in the
appendix of Wang and Morris [13). Our reservations with
respect to these models were discussed in the introduc-
tion.

Random Probe Sets

The work most relevant to ours is that of Eager, Lazowska,
and Zahorjan [5]. In their design, each server keeps track
of a single-valued load metric for itself, such as the job
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- queue length. When a new task is to be executed, it is ex-

ecuted locally if the load metric is below a given threshold
value. Otherwise, a remote server is selected, which then
performs the same threshold decision. Tasks are allowed
to be “forwarded” at most some fixed number of times to
prevent the system from thrashing (which one can prove
that it will inevitably do). Remote servers are chosen by
probing a small random set of servers in the system for
their loads; the least loaded machine is selected from this
probe set. Using queueing models and simulation, this
simple scheme is shown to perform almost optimally—
with remarkably low threshold values (job queue length
of 1) and probe set sizes (2 to 5, depending on server
utilization).

The advantages of this algorithm are clear: bounded,
small communication costs, provable stability, and excel-
lent performance under the environmental assumptions
made. Unfortunately, the algorithm relies on homogeneity
and statistical assumptions similar to those outlined ear-
lier, which we have argued do not hold in our environment.
Nevertheless, the approach provides the basis for our de-
centralized architecture. By restricting the set of hosts
that are examined to only “reasonable” candidates, we
achieve a degree of homogeneity similar to that required
by their design. Since only reasonable candidates are ex-
amined, and replies are temporally ordered according to
load, our design should out-perform their’s—in terms of
goodness of selection.

6.2 Stumm

In [9], Stumm advocates a decentralized scheduling de-
sign that is based on advertising rather than querying.
He argues that advertising state information generates
O(N) update messages, whereas querying for state infor-
mation will generate O(N?) query/query reply messages,
and therefore a design based on advertising will be more
scalable. In exchange for this added scalability, his decen-
tralized design requires a more complicated implementa-
tion: Hosts must continually keep track of the global state
of the system even when they have no intention of in-
voking any remotely executing programs, and new hosts
must either wait for periodic status update messages to



initialize their “monitoring” records with or must query
the system for that information. Stumm also dismisses
centralized designs as being undesirable on general (aes-
thetic) principles.

We, however, consider a centralized design acceptable.
Indeed, our centralized design is even more scalable than
Stumm’s decentralized design and is effectively as fault
tolerant if clients are willing to occasionally wait a few
seconds to allow reinstantiation of failed servers. We con-
sider the principal advantage of a decentralized design
to be its potential for greater simplicity, not scalability.
Thus, when choosing a decentralized design, we chose to
base it on querying rather than advertising.

6.3 Zhou and Ferrari

Zhou and Ferrari have performed a number of experi-
ments with load balancing algorithms in the context of
UNIX [14]. Several of their conclusions are consistent
with ours—in particular with regard to the advantages
of using a central server. On the other hand, their con-
clusion that decentralized algorithms are more scalable is
based on their examination of the random probe set algo-
rithm of Eager, Lazowska, and Zahorjan, whose workload
assumptions we have already taken exception to above.

7 Concluding Remarks

We have described two radically different scheduling ar-
chitectures that perform well (in terms of response time,
quality of host selection, and overhead incurred by the
system to support the facilities), and are highly available.
Although the architectures are comparable in terms of
availability and performance, tradeoffs exist with respect
to complexity of implementation and scalability.

The centralized architecture we have presented is capa-
ble of handling a system of thousands of machines, at least
as far as the scheduling service is concerned. This level
of scalability is achieved by limiting status update traffic
to only those machines that are likely host selection can-
didates. Unreliable multicast communication is used to
efficiently control which machines should view themselves
as such candidates, as well as to allow quick reinstantia-
tion of the server after a crash.

Our decentralized architecture is based on similar no-
tions: Host selection is performed by sending a query mes-
sage to a multicast group containing only willing candi-
dates and only processing the first n replies sent by the
group’s members. The rest of the replies are either dis-
carded or lost in the flood of replies that each query mes-
sage generates. Even if the reply from the “best” can-
didate is lost as a result, the requesting client will nev-
ertheless obtain a “good” selection. Furthermore, over a
period of several selections, the best candidates will in-
deed be found by some client. By relying on a statistical
algorithm, we are able to avoid the problems of reliably
receiving a large number of reply messages within a short
period of time. This approach also limits the amount of
time required to perform a host selection by limiting the
number of replies that must actually be processed.

Unfortunately, network bandwidth considerations limit
our decentralized architecture to handling systems of at
most a few hundred machines, significantly less than the
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centralized architecture. In exchange for this limit on scal-
ability we obtain a simpler design. There are no failure
recovery procedures and no need to migrate a scheduling
server between idle machines if a dedicated server ma-
chine isn’t available. The last point becomes especially
important if the system does not support migration, in
which case the availability of a central server requires pe-
riodic reinstantiation (which is significantly slower than
migration—see [11]).

Given only the tradeoff between scalability (assuming
efficient, although unreliable, multicast) and simplicity,
we prefer the latter and argue that for most systems the
simple decentralized design will be more than adequate.
The parameters we have picked for our scaling estimates
are conservative—the entire premise of remote execution
is based on the assumption that most machines are effec-
tively idle, implying that much larger systems should be
manageable in practice. Note that if we relax our network
bandwidth limits from 1% to 4% then we should be able
to handle systems twice as large as before—at least as far
as network bandwidth constraints are concerned.

We argue that one should switch to a centralized de-
sign when scalability beyond a few hundred machines be-
comes a significant issue, or when other issues (such as
global fairness or network management) come into play.
Note that the implementation of the client code need not
change for such a conversion—the centralized scheduling
server can simply be the only member of the idle resources
multicast group. We suspect that for system sizes beyond
a few hundred machines issues other than simple load-
based scheduling will become of dominant importance. A
centralized architecture may be preferable when such con-
siderations come into play. Principal of these is the ques-
tion of how to extend our architectures to a wide-area or
internetwork environment in which efficient multicast fa-
cilities may not be readily available. While efforts such
as [3] and [6] may show how to provide for suitable multi-
cast facilities, a centralized architecture can be extended
into such an environment in a straightforward manner by
providing a hierarchy of scheduling servers that cooperate
with each other. Another alternative is a hybrid approach
in which central servers would participate as “agents” of
remote networks in a decentralized design (whose effective
system size would still be small). Examination of some
of these alternatives represents future work we intend to
pursue.

Other areas that have not been dealt with in this paper
are those of fairness and load balancing. As argued in [10],
such issues should not be of concern in an environment in
which there are many idle machines available. However,
if long-running and/or massively parallel applications be-
come more prevalent then this may no longer be true. In
that case the tradeoffs between architectures may again
be tipped toward a centralized one.

In conclusion, we view the scheduling architectures we
have described as a demonstration that global schedul-
ing facilities for finding idle machines in a workstation-
based distributed system can be implemented that are
highly scalable, fault tolerant, and straightforward to im-
plement. The reliance on efficient multicast facilities has
allowed us to improve both centralized and decentralized
architectures in a significant manner. By investigating
both approaches we have allowed ourselves room for var-
jous futures in which the nature of available multicast



facilities may be different and in which differing work-
loads may imply the need for additional global scheduling
criteria such as fairness and load balancing.
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