An Execution Servicefor a Partitionable L ow Bandwidth Networ k

Takako M. Hickey and Robbert van Renesse*

Abstract

As the amount of scientific data growsto the point where
the Internet bandwidth no longer supportsitstransfer, it be-
comes necessary to make powerful computational services
available near data repositories. Such services allow re-
mote researchers to start long-running parallel computa-
tionson the data. Current execution services do not provide
remote users with adequate management facilities for this
style of computing.

This paper describes the PEX system. It has an archi-
tecture based on partitionable group communication. We
describe how PEX maintainsreplicated state in the face of
processor failures and network partitions, and how it al-
lows remote clients to manipulate this state. \WWe present
some performance numbers, and close with discussing re-
lated work.

1 Introduction

Dozens of particle accelerators around the world indi-
vidualy collect terabytes of data each year from experi-
ments [23]. Satellites send terabytes worth of observation
to earth each day [19]. Much of this data is stored near
where it was generated or received. The state-of-the-art in
networking is not such that the data can be made available
anywhere, and in any case copyright laws may prevent ship-
ping the data. Due to the large amounts of data, replication
is not usually possible, and caches cannot be made large
enough to provide significant hit ratios.

Thus it makes sense to set up computation services close
to where the data is stored. Typically, computation on this
type of data (observations) can be easily parallelized, result-
ing in significant speed-up. Theindividual computationsre-
quire little or no interaction, and a cluster of computers on
a conventional network is inexpensive and well-suited for
thistype of processing.

The typica r sh-style of remote computation, common
in Unix processing, does not provide convenient access to
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the remote resources. The problem is that some scientific
computations require hundreds of processes [23, 19]. Cre-
ation of the processes isrelatively simple, but keeping track
of hundredsis difficult.

Asonindividual computers, thereisaneed for a process-
ing service that organi zes related processes into sessions. A
user should be able to add processes to a session, list run-
ning (or recently terminated) processes in a session, and be
able to terminate a session with a single command. |1n addi-
tion, it might be useful for a session to be shared among
several users. These users would be cooperating on the
same scientific computation, but would not necessarily be
co-located.

Sessions must be able to tolerate failures. A single ses-
sion may exist for days or weeks. If a process crash erad-
icates the session, or if a network failure renders the ses-
sion inaccessible, hundreds of processes may run unman-
aged and would most likely be inaccessible, consuming re-
sources but not performing useful work.

An execution service provides more than just simple pro-
cess placement or even sophisticated load balancing. It
should:

e support long-running, parallel computation;

e support process placement based on application-
defined placement functions (such as data location);

e be tolerant of processor failures and network parti-
tions;

e support heterogeneity of CPU types and operating sys-
tems;

e support cooperation between multiple, remote users.

This paper describes the PEX service. The contributions
of thiswork are:

e astudy of issues related to partitionable operation of
distributed services, and remote execution services in
particular;

e a demonstration of the use of group communication
protocolsin such services;
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Figure 1. PEX architecture

e a software architecture and prototype implementation
of a remote execution service, as well as experimental
results.

The rest of the paper is organized as follows. Section 2
presents the architecture. In Section 3, we present the client
interface. Section 4 describes a reliable RPC mechanism
that is used to implement this interface. In Section 5, we
describe how PEX deals with processor failures and net-
work partitions. Section 6 reportson the performance of the
initial implementation. Section 7 compares PEX to other
work, and Section 8 gives conclusions.

2 ThePEX Architecture

PEX makes use of a partitionable group membership
service [3]. The service provides consistent information to
the processes about the partition that they are in, and sup-
ports ordered communication within each partition.

Figure 1 shows the PEX architecture. An ingtituteis a
collection of processors connected by a small collection of
local area networks, such asthose used in academic depart-
ments or medium-sized companies. Each ingtitute organizes
its processors in a processor group. Each processor runs
a process server, which handles execution and termination
of processes running on that processor. A small number
of processors (typicaly, two or three) each run a session
server. Session servers together provide the session service,
which provides an access point for users (within or outside
the ingtitute) that want to use processors in the processor
group. We will use the term client to describe users of the
Session service.

The partitionable membership service manages both the
processor group, which is large, and a group of session
servers, which is small. The session service group needs
to be small, because it maintains replicated information that
would be hard to scale to the entire processor group.

The session service maintains three types of replicated
objects: the processor database, sessions, and records for
outstanding user requests. The processor database main-
tains information about the processors in the local proces-
sor group. For each processor, it maintainsattributessuch as
CPU type and speed, operating system, amount of physical
memory, local data sets, accessibility, and load. Based on
thisinformation, and information provided along with each
process creation request (such as which data set it needs to
access), the session service can do informed process place-
ment.

Sessions are sets of processes currently running or re-
cently terminated. Having sessions simplifies management
of related processes and facilitates cooperation between
clients. With PEX arbitrating user requests to the shared
session, multiple clients can safely manage an application
concurrently. All processes in a session have to run in the
same processor group. Sessions and the processor database
arereplicated toimprove availability and to allow load shar-
ing.

Client request records describe on-going and recently
completed client requests. They are replicated to avoid the
loss of a request or reply when a session server fails, and
also to filter duplicate requests submitted to more than one
SEssion server.

Before creating a session, a client has to decide on the
institute where the session should run. Currently, we as-
sume that the client knows which institute stores the data
set that the computation needs; eventually, we hope to use
a fault-tolerant directory service for storing and retrieving
thisinformation.

3 Management Interface

This section describes the RPC interface that clients use
to manipulate sessions. The major types of requests are
listedin Table 1.

Before requesting that the session service start processes,
a client must create a session using Sessi onCr eat e.
The session service returnsa unique session identifier. Once
a session is created, clients can add processes to it using
ProcessCr eat e. ArgumentstoaPr ocessCr eat e re-
quest are a session identifier, processor specifications, pro-
cess properties, a set of commands (one for each architec-
ture), plus a recovery instruction. The reply to Pr ocess-
Cr eat e includes process identifiers for each of the started
processes and a list of commands that failed to start. PEX
ensures that, at the time of creation, each process identifier
refers to a unique object across al partitions. This is ac-
complished by adopting the already unique RPC identifier
attached to the requests (see Section 4).

The processor specifications argument is a digunctive
list of conjunctive criteria used to select processors (e.g.,



[OS type= SUnOS & load < 1.0] Vv [OS type = WIinNT &
data sets include EOS]). The session service selects a set of
processors by testing each conjunctive criteria against the
processor database. The process properties argument speci-
fies characteristics of processes to be started. Some proces-
sors may restrict types of processes that they run (e.g., only
those belonging to a particular user).

Each entry inthe command set isalist of processor char-
acteristics followed by a normal shell-style command. This
allows execution of different versions of the same command
based on processor architecture or operating system. The
recovery instruction argument specifies the action that the
session service should take in certain situations (such as
whether to restart a process after a processor failure and re-
covery).

Clients can wait for processes using Sessi on\Wai t or
ProcessWi t. Sessi onWai t returnsareply when the
last process in a session completes. ProcessWai t waits
for aparticular processto complete. Using Sessi onKi | |
or ProcessKi | |, processes can be terminated explicitly.
The state of on-going sessions and processes can be ex-
amined using Sessi onGet St at e and ProcessGet -
St at e. Clientsshould destroy asession onceitisnolonger
necessary using Sessi onDest r oy.

4 Handling Client Requests

Carrying out a client request exactly-once is desirable
not only because it avoids wasting resources, but because
it simplifies maintaining consistency and coordinating mul-
tiple clients sharing the same session. However, achieving
exactly-once execution is complicated when replicated ob-
jects are involved, since retransmissions of RPC requests
may be dispatched to different servers. Servers must coor-
dinatein order to filter out duplicated requests.

This section describes client-to-service and intra-service
mechanisms that together ensure exactly-once execution per
partition per view of client requests. The first subsection
describes a reliable RPC mechanism that clients use to en-
sure at-least-once delivery of requeststo the session service.
The second subsection describes the mechanisms that the
SEssion service uses to ensure at-most-once execution of re-
ceived client requests. Together they provide the desired
behavior (see Figure 2).

4.1 At-Least-Once Semantics

Clients access their sessions by sending requests to ses-
sion servers and receiving responses. RPC requests and re-
sponses are sent over TCP/IP connections. Before the first
request, a client must select one of the session servers. For
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Figure 2. Exactly-once execution

this, the client maintains a confidence value between 0 and
1 for each session server. When initiating an RPC to the
service for the first time, the client picks the server that has
the highest confidence value. A confidence value of 0 im-
plies that the server is certainly down, while 1 implies that
it is certainly up. Initialy, the value is set to 0.5, and 0.1
is added to it every minute until it reaches 1. When a con-
nection breaks, the confidence value of the corresponding
server ishalved, and a new server is chosen.

Connections to session servers are cached until they
break or until the connection table in the operating system
fills. In case of such communication problems, the client
keeps choosing new servers and retransmitting the RPC re-
quest until it receives a corresponding response to the RPC
request. That is, the client never gives up, so at-least-once
semantics are achieved.

For each new RPC request, the client creates a new RPC
identifier that consists of the client address and a sequence
number that isincremented for each new RPC request. Re-
transmissions of the same RPC request, typically sent to dif-
ferent servers, carry the same RPC identifier.

Clients may obtain server addresses using the White
Pages service (WP). This service maps ASCII service
names (such as “Session Service’) to alist of TCP/IP ad-
dresses for servers that implement the named service. Each
server periodically sendsaRef r esh request to the WP ser-
vice (currently, once a minute). The WP service lists those
servers that have refreshed in this way during the last ten
minutes. Each ingtitute runs its own WP service. The RPC
mechanism automatically contacts the WP service at thein-
stitute of choice (in this case, where the client wantsto cre-
atethesession). The WP serviceisreplicated in way similar
to the session service described in the next section.

4.2 At-Most-Once Semantics

This section describes mechanisms that the session ser-
vice uses to detect duplicate requests to ensure at-most-once
execution of each client request. Combined with the at-



| Request | Arguments | Response |
SessionCreate session-id
ProcessCreate | o00'!d, ProCeSsOr Specs, Process properties, process-id list, failed commands
command list, recovery instruction
SessionWait session-id status
ProcessWait session-id, process-id status, small output
SessionKill session-id status
ProcessKill session-id, process-id status
SessionGetState | session-id session state
ProcessGetState | session-id, process.id process state
SessionDestroy | session-id status

Table 1. Session management interface

least-once delivery provided by our RPC facility, exactly-
once execution of each client request is achieved.

As mentioned previously, session servers and process
servers that serve the same processor group use group
membership and totally ordered communication protocols.
These protocolsensure that all servers agree on the delivery
order of messages and on group membership changes rela-
tive to the message ordering. Agreement simplifies the task
of consistency maintenance of replicated objects.

A client request is delivered initidly to one of the
servers. We call this server the request manager. Requests
that can modify server state must be handled by all servers
inthe same order and at most once. A simpleway of achiev-
ing thisis by having the request manager multicast the re-
guest to the session service group. Each server executes the
request [25]. If arequest arrives at two different servers at
approximately the same time, then they are both multicast,
but the second to be delivered can be filtered automatically.
In general, this approach to replication is costly because
each server has to execute the request. More importantly, if
request processing is non-deterministic, this approach does
not work because the state of the servers would diverge. In
our case, selection of processorsisnon-deterministic, aswe
see later.

These problems can be cured by adopting a primary-
backup approach, where one of the servers, called the pri-
mary, carries out the request. The primary then multicasts
a state update message to the other servers [4]. The state
update message describes how the backups should modify
their state to replicate the primary. The main disadvantage
of this approach is that a failure of the primary means that
afail-over delay isincurred (due to the length of failure de-
tection and the subsequent agreement protocol among the
backups).

To get the best of both approaches, PEX uses a hybrid
protocol. Upon receiving a client request, the request man-
ager carries out the non-deterministic part of computation
but without actually changing state. The request manager
then forwards the request, along with the result of the non-
deterministic computation, to all servers, including itself.

Since the session service group uses totally ordered com-
munication, all servers receive these forwarded requestsin
the same order and will therefore stay synchronized with
each other.

When a session server receives a forwarded request, the
server checks whether it has a client-request record with
the same RPC identifier. If it does not, the request is new
and the server creates a client request record for it. Next,
the session server carries out the deterministic portion of
processing, which may include generating, but not sending,
sub-requests to one or more process servers. After the pro-
cessing completes, only the request manager forwards sub-
requests, if any, to the selected process servers. Process
servers that receive a sub-request do processing and reply
to al session servers when that processing is done. When
all sub-requests have completed, each session server deter-
ministically generates a reply and stores it in the server’'s
client-request record. The request manager also sends the
reply to the client. Thisway the correct state of the process
isknown by the session service, even if the request manager
fails.

If a session server receives a client request for which it
already has a client-request record, then it checks to see
if the current request manager has failed (that is, removed
from the process group). If it has, then the recipient of
the retransmitted request becomes the new request manager.
The new request manager checks the current state of the re-
quest. If the processing is completed, then it sends back the
reply to the client. If it is still being processed, then it re-
sends any sub-requests for which no replies were received,
sinceit is possiblethat the sub-requests were lost. (To avoid
duplicate processing of sub-requests, these messages con-
tain a unique identifier as well.) After that, the protocol can
be completed as normally.

5 Restoring Consistency

This section describes how the session service dealswith
server failuresand network partitions. Instead of replicating



entire processes themselves, only some of the objectsimple-
mented by these processes are replicated. Much of this sec-
tion is devoted to discussing which objects are replicated,
and how consistency of these objectsis ensured.

Crashes and partitionsare announced by the group mem-
bership service in the form of view-changes. In asyn-
chronous distributed systems, it isimpossible to distinguish
the case of a processor being failed from the case of slow
processor. The group membership protocol “solves’ this
problem by erroneously (but consistently) marking a slow
processor as having failed. Thisis practical, because com-
putation on other processors can then continue unimpeded.

A problem created by thissolutionisthat a processor that
joinsagroup might not be a newly started member with no
state, but an old member that has partitioned away sometime
ago and continued processing. In thiscase, itis possiblefor
replicas of a single object to have divergent states at view-
changes. To our knowledge, all existing group communi-
cation systems, if they support partitioned operations at all,
adopt the primary partition state at view-changes. While
algorithmically ssimple, this approach is unsatisfying when
dealing with long running computations; by throwing away
the state of a minority partition it is possible to lose the re-
sults calculated in a computation that has run a long time,
simply because the primary partition did not know about it.

In general, constructing a consistent state out of diver-
gent versions is application dependent. We designed PEX
withasmall set of replicated objects having states for which
construction of consistent states is relatively easy: the pro-
cess servers do not maintain replicated objects at all, and
session servers maintain only three types of replicated ob-
jects: processor database, sessions (which contain process
objects), and client-request records. We present state-merge
algorithmsfor each of these.

5.1 Reconstruction of the Processor Database

PEX keeps the processor database consistent by recon-
structing it from scratch when there is a view-change,
rather than by trying to reconcile divergent versions of the
database. Reconstruction is possible because the session
service only uses the entries of accessible processors. The
entries of inaccessible processors may differ at the different
servers, but this does not matter.

The state of an accessible processor is known by the pro-
cess server that is running on the processor. After a view-
change, each process server multicastsits stateto all session
servers so that they can independently recreate the proces-
sor database. Ultimately, this scheme may not scale, since
thismeans that potentially hundreds of processors broadcast
a message on the network at the same time. Although we
have not found these broadcasts to be a problem, we in the

future may adopt a more sophisticated algorithm similar to
those used in the other replicated objects described bel ow.

5.2 Merging Session Object Replicas

A session is described by a session object, which inturn
consists of a set of process objects. After a partition there
may be multiple concurrent versions of the same session
object, and ditto for a process object. Merging two versions
of a session object involves making sure that every replica
of aresultant session object containsthe same set of process
objects and that each process object refers to a single (live)
process. PEX accomplishes thisin two phases. In the first
phase, the following subsets of the process objects are built:

e live set: processes that are up and running

e dead set: processes that have terminated

o Kill set: (duplicate) processes that need to be killed

o restart set: (failed) processes that need to be restarted

Note that processes in the dead set are terminated only in
this partition. They may still be running and be accessible
in other partitions.

In the second phase, the processes in the kill set are ter-
minated and the processes in the restart set are restarted.
(For efficiency, PEX actualy reconciles the client-request
records in between the two phases, since this merge may
make additional changes to the sets.) We will now discuss
these phases in more detail.

Group membership services allow the election of one
member as coordinator of a partition. When partitions
merge, the coordinators of the (old) partitionsbroadcast the
state of the sessionsin their respective partitions. Each ses-
sion server merges these states pairwise. This ensures that
the set of process objectsin each session object is the same
across all replicas provided that the merge operation used is
deterministic and commutative.

The algorithm for merging two versions, P1 and P2, of
the same process object is shown in Figure 3. If the two
versions refer to the same process, only one is added to
the set; if only one of the processes is accessible, the live
oneis used; if both are dead, it is placed into kill or restart
set depending onthe client’srecovery instruction; otherwise
(both are live processes) the rank of process server manag-
ing conflicting processes is used to pick a process to keep
alive deterministically.

Merging two session objects takes the union of al pro-
cess objects known by either session, checking uniqueness
of each process object. The union might include old pro-
cesses that clients tried to remove, but this approach re-
quires less space than maintaining the histories of session
operations in each partition, which would be required to do



if Svrl = Svr2 & alive(Svrl) then
add(live, P1)
else if alive(Svrl) & dead(Svr2) then
add(live, P1)
else if dead(Svrl) & alive(Svr2) then
add(live, P2)
else if dead(Svrl) & dead(Svr2) then
if torestart(Pl) then
add(restart, P1)
el se
add(dead, P1)
else if rank(Svrl) < rank(Svr2) then
add(live, P1)

add(kill, P2)
el se

add(live, P2)

add(kill, P1)

Figure 3. Merging process object

abetter job. Furthermore, clients can always get the state of
sessions after merging and kill those processes that are not
needed.

The same process identifier can refer to different pro-
cesses. This happens when a client is partitioned from the
original process and starts a new one. After the session ob-
jects merge, and only if both process servers are available,
the one with the lowest rank is chosen and the other is ter-
minated. If both process servers are unavailable, the process
isrestarted, possibly creating a third version of it.

After ensuring that each session replica contains the
same process objects, the session service makes sure that
there is exactly one physical process running for each pro-
cess object with running state by killing processesin thekill
set and restarting processes in the restart set.

The process server restarts a process by executing the
same command used to start the process originaly. It is
up to the application to save its state if necessary. Restart-
ing a process is similar to creation of a new process in that
it involves nondeterministically picking a processor. How-
ever, rather than replicating the processor selection (which
takes extra rounds of messages), one session server isputin
charge of selecting a process server and sending a request
to it. The process server in turn sends its reply back to all
session servers. Thisway, thefact that the restarted process
exists will be recorded, even if the session server that sent
the request to the process server failed.

5.3 Merging Client-Request Record Replicas

As in merging session objects, merging client-request
records proceeds in two phases. A request record contains
sub-request records, each representing a message that has

been sent to a different process server. Since request pro-
cessing involves a non-deterministic selection of proces-
sors, processing the same client request again may not nec-
essarily result in the same set of sub-requests. Rather than
dealing with individual sub-requests, PEX simply adopts
one of the request record versions at random in its entirety.

For requests that call for operations on all processes in
asession (e.g., Sessi onWai t ), thisapproach might over-
look some of these processes. This happensif processes not
known by the partition where the requests were issued were
later merged in. Thisisnot a problem, since the same sce-
nario can happen in a failure-free case, when a client adds
a process while an old session-wide request is still being
processed.

The first phase of merging request records is similar to
that of session objects. It consists of the coordinator of
each partition broadcasting the state of each replicated ob-
ject on aview-change, and having each session server inde-
pendently merge received states pairwise.

Similar to process objects, the up/down status of the re-
quest manager isused to decide which version of therequest
record to keep, breaking ties using the ranks of the request
managers.

Asaresult of processes terminating and restarting, some
of the requests being served may not make sense (e.g., wait-
ing for a dead process) or may become automatically done
(e.g., killing an aready dead process). The second phase
of merging request records makes sure that requests repre-
sented are either being served or, if they are done, a reply
is sent back to the client. [14] describes this algorithm in
more detail.

6 Performance

PEX waswrittenin Ocaml [16] over the Ensemble group
communication system [13]. We used two applications for
performance measurements: dsh and onake. dsh isa
simple shell-like application that reads in a list of com-
mands to execute along with pre-defined composable ma-
chine selection criteria (e.g., [18] describes criteria that
work well even when processor load information is old).
These are submitted to the execution service using the AP
of Section 3. omake isa parallel make program.

We ran our tests on Intel Pentium PCs running LINUX
and on Sun SparcStations running either SUnOS4 or Solaris.
The processors were of mixed speeds, and connected by a
collection of 10 and 100 Mbit/sec Ethernets.

6.1 Basic Operations
PEX is primarily intended for running long sessions.

However, in order to measure the overhead of creating ses-
sions and processes, we used sessions that only ran one



short command (namely, Unix upt i nme). We measured
the time between having dsh send a request and receive
aresponse for the Sessi onCr eat e, ProcessCr eat e,
and Sessi onDest r oy operations. We ran our tests with
session servers on three Pentium processors and process
servers on SparcStations. Processor selection was random.

Table 2 shows the resultsfor varying numbers of process
servers. It takeslonger to start many processes rather than a
few, but even the longest time is negligibleif processes are
expected to run for hours, days, or even weeks.

We also measured the time it took to run upt i me using
sh and r sh on Sparc20 stations. For these measurements,
we ran the command 100 times and took the average. These
times are not strictly comparable to the dsh numbers pre-
sented, since we used the Unix t i e facility for measuring
the overhead rather thanget t i meof day system callsthat
we used inside our own programs. Despite this potential
shortcoming of our measurements, it is instructive to note
that run time using dsh is comparable to the best-case of
starting the command locally. The reason that dsh is not
faster isthat it uses sh for parsing commands.

r sh isamost an order of magnitude slower than dsh.
Doing this comparison is not entirely fair, since r sh and
dsh have different goals. Among other overheads inr sh,
anew r sh daemon is started for every invocation, and the
output of the process created hasto be captured and returned
to the user. With dsh, no daemons are started, and al pro-
cesses run under a guest account so that authentication is
unnecessary.

6.2 Merging Divergent Versions

One of the concerns with replicated objects is the time
overhead involved in maintaining consistency. PEX merges
versions of replicated objects on view-changes. This sec-
tion demonstrates that time overhead of merging replicated
objects is negligible compared to the time it takes to install
aview-change by the group membership service.

We did two experiments. In the first experiment, we
measured the time it takes to reconstruct the processor
database, while varying the number of process servers in
the group. In the second experiment, we measured the time
to merge session objects and request records, while vary-
ing the number of sessions. Each session contained asingle
process running Unix sl eep. In both experiments, we ran
the session servers on Pentium processors running LINUX
and the process servers on SparcStations running SunOS.

PEX merges objects at view-change installations. Caus-
ing view-changes to happen for our experiments requires
adding or killing a session or process server. This happens
automatically inthefirst experiment. For the second experi-
ment, we induced view-changes by periodically startingand
crashing session servers.
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Figure 4. Processor database reconstruction

Figure4 showsthetimeit takesto reconstruct the proces-
sor database as a function of the number of process servers.
The time to reconstruct the processor database is negligible
compared to the view-change overhead. (The experiment
was run only once for each number of process servers, and
therefore outliersare visible.)

Figure 5 shows the time it takes to merge all replicated
objects as a function of the number of sessions. Thistime
includesreconstructing the processor database, but the over-
head isapproximately constant, since the number of process
servers isnow fixed. The merge overhead is approximately
linear in the number of sessions and negligible compared to
the overhead of view-changes.

Our experiment results raises a question: is it worth us-
ing a group membership service, since it is the source of
most overhead in PEX? We believe the answer isyes. The
membership service provides



| Command | #Servers | Total (msec) | SessCreate  ProcCreate  SessDestroy ||
upti ne 1 140
sh 1 210
rsh 1 1700
dsh 1 208 10 51 3
dsh 2 293 9 56 2
dsh 4 326 9 66 2
dsh 8 462 9 126 2
dsh 16 506 9 119 2
dsh 32 817 8 201 2
Table 2. Performance of basic operations
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Figure 5. Merging divergent objects

e automatic location and incorporation of new session
and process servers,

o detection of their inaccessibility, so client requests do
not stall, and

e ordered communication that facilitates replication.

Were we to build such facilitieswithin PEX, then we would
have had to write significantly more code, and we would

The most common application of onake isto compile
and link together the components of some software system.
omake triesto do as many of itscompilationsin paralel as
possible. onmake cannot divide compilationsinto finer sub-
commands. Given this restriction, the ideal parallelization
isto divide the set of all compilations so that the total exe-
cution time at each processor is roughly equal. Even if the
compilation time of each component was known a priori,
this problem is known to be NP-complete [11]. But these
compilation times are not known, and there are dependen-
cies between the tasks. That is, some compilations have to
complete before others.

Currently, omake runs aloop in which it calculates the
current set of componentsthat can be compiled (that is, they
have no dependencies left), and assigns them to processors
as they become available on afirst-come, first-served basis.
Although not optimal, it does provide a significant speed-
up, and unused processor cycles can be utilized by other
unrelated tasks.

We measured the performance of onake by compiling
various software systems. Figure 6 and Figure 7 show the
results for building PEX and the Ensemble system respec-
tively. For comparison, building these applications using a
standard UNIX make takes 130 seconds for PEX and 570
seconds for Ensemble on a single machine.

Making PEX, because of the dependencies between the
components, consists roughly of eight sequentia stages,
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each making 6, 10, 5, 6, 5, 5, 5, and 3 objectsin paralel, or
about 5 on average. Each stage consists of two phases: the
find phase and the make phase. In the find phase, ormake
finds objects that can be made, that is, no up-to-date ver-
sion exist already, the object is not being made, and al its
dependents are up-to-date. In the make phase, onake ex-
ecutes the commands to make these objects. The reason
that a speed-up of 4 is obtained, rather than 5, comes from
the fact that the find phase is not parallelizable, sub-optimal
scheduling, and from overheads in PEX itself.

Making Ensemble consists of 22 stages, each making 1
to 67 objects. The first five stages involve making some di-
rectories, compiling architecture-dependent compilers, and
collecting sources. In stages 6 to 8, most commands are
compiling small objects, and some commands are linking
libraries, which tend to be large. The last two stages in
making Ensemble involves making objects that have no as-

sociated commands (the last object is a phony object “al”,
which depends on another phony object “install” which in-
volves copying some libraries into appropriate directories),
and thus by checking for such cases, the time spent for the
make phase can be eliminated.

The overall performance speed up of building the En-
semble system using 8 processorsis only 2, since little par-
alelism is possible in most stages, and these stages are
lengthy. The gain is better in stages where paralelism is
high. For example, the speed up is 4 using 8 processors for
the stage that makes 67 objects.

7 Reated Work

The PEX project is concerned with two sets of issues:
load sharing in a distributed system, and partitionable oper-
ation. For load sharing, we only consider those projects that
do not make restrictionson programming languages used to
write applications. Partitionable operation has been primar-
ily studied in the context of database and file systems, not
in execution services.

The first wave of interest in sharing of workstations oc-
curred in the early 1980s, when workstationsbecame cheap
enough so that it was viableto allocate aworkstationto each
user. Since no user needed his or her machine al the time,
this created an opportunity to utilize otherwise wasted CPU
cycles. Early research focused on identifying distributed
operating system features that would support such sharing.
The efforts include Demos/MP [22], V [27], and Butler
[20]. Later projectsinclude DAWGS [6], Condor [17, 10],
Batrun[26], DBC [5], and NOW [1].

Most of these systems assumed homogeneous proces-
sors, and none alowed placement of processes based on
data availability. Only DAWGS replicates objects, namely
its processor database. However, DAWGS does not guaran-
tee consistency of this database.

The DBC system, which is written over Condor, does
support asymmetry of data access. DBC uses Condor to
select a machine for a job. If the selected machine does
not have the necessary data, DBC copies the data to the se-
lected machine before starting the job. This works well if
the amount of data to be copied is small, but not for large
data sets, or data protected by licenses or copyright.

Fault-tolerance and partitionabl e operation are important
topics studied by researchers in databases, network file sys-
tems, and version control systems. Here multiple versions
of an object are allowed to co-exist and independently. This
increases the availability of objects, supports disconnected
operation (e.g., for laptops), and allows sharing of an object
by multipleusers. The main challenges are detecting incon-
sistencies and reconciling divergent versions of objects.

For database systems, [8] and [9] give good coverage of
representative merging techniques. Files have weaker se-



mantics than databases, so simpler techniques can be used
there. The LOCUSfile system [30] developed asimple con-
flict detection mechanism based on version vectors. A ver-
sion vector isan integer array with an entry for each replica
Each entry is the number of updates that has been made to
the corresponding replica. Version vectors can be used to
detect multiplewriter conflicts, but not read-write conflicts.
The LOCUS designers reasoned that thisshortcoming isac-
ceptable for most file systems, where most files are inde-
pendent of each other. LOCUS aso developed a conflict
resolution algorithm for directories. For other files, man-
ual interventionis usually necessary. LOCUS also includes
a transparent execution environment for homogeneous pro-
CESsors.

Ficus [12], a successor project to LOCUS, concentrates
only on the file system. It extends the version vector al-
gorithm so that the number of replicas can be dynamically
changed. Many other partitionablefile systems that tolerate
partitionsadopt the basic approach of using version vectors.
These include Coda[24], Bayou [21], and Rover [15].

RCS [28] is a source code control system that uses, for
merging divergent versions of an object, an algorithm based
on diff listings. Suppose that two users independently up-
dated the same file. The RCS algorithm then produces
two diff listings, comparing the respective versions with the
origina file. Each diff listing describes how to create the
version fromthe original. Then both diff listingsare applied
to the original to create a merged version. If two updates
are near each other in the same file, that section is marked
to warn the user. Thisdoes not alwayswork correctly, but it
simplifies the task of merging considerably.

Recently partitionable operation has been getting more
attention in group communication systems. The latest trend
is the awareness that no single merging algorithm can sat-
isfy al applications, and that, ultimately, merging must be
done at the application level. Examples of such systems are
NavCoop [7] and Relacs[2].

NavCoop is a merging tool built over the partitionable
system NavTech [29]. It defines a notion of sub-group and
associates an importance with each sub-group, according
to the identity and weight of its members. Application de-
signers can specify split and merge functions based on the
relative importance of sub-groups. Relacs is a partition-
able group communication system, much like Ensemble,
and they suggest a number of partitionable applications. To
our knowledge PEX is the only application actualy imple-
mented that handles non-trivial merging of replicated ob-
jects.

8 Conclusion

PEX isan execution service for apartitionablelow band-
width network. PEX maintains highly available and long-
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running sessions of processes on behalf of users anywhere
on the Internet. Besides the service itself, the contributions
of our work include techniques for maintaining replicated
objects that can partition and re-merge, and a demonstra-
tion of the use of the group membership paradigm.
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