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Abstract

Distributed High-Performance Computing Applications
are commonplace in several scientific domains. To correctly
execute such applications requires the allocation of multi-
ple resources; often, these resources will belong to multi-
ple administrative domains, and so will not be under cen-
tralized control. Typically, dedicated resources of differ-
ent types will be required, usually including compute re-
sources and network bandwidth. This paper presents HARC
(Highly-Available Robust Co-scheduler): a co-scheduling
framework suitable for any resource under the control of a
scheduler supporting reservations.

At the core of HARC is a replicated co-scheduler pro-
cess, which gives the system fault-tolerance. Lamport’s
Paxos Consensus algorithm is used both to ensure consis-
tency, and to ensure progress provided a majority of the
replicas continue to function. It is shown that a deploy-
ment of seven replicas can be expected to have a Mean-
Time-To-Failure measured in years. The design of HARC is
presented in detail; specifically, HARC is shown to be well
suited to the scheduling of large scientific workflows.

Experiences with the first implementation of HARC are
presented. This includes the successful use of HARC to
co-schedule reservations on ten compute nodes and two
Calient Diamondwave optical network switches as part of
a demo at iGrid 2005.

1. Introduction and Motivation

Distributed applications such as TeraGyroid [4] and
SPICE [25], which have been run across combined re-
sources from the US TeraGrid [19] and UK National Grid
Service [18], require these resources to be co-scheduled, i.e.
to be made available at the same time or at some coordi-
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nated set of times. These experiments make use of high-
performance computers and networks, storage systems, vi-
sualization systems, AccessGrid nodes, haptic devices and
people. At the time of the experiments there were only
ad-hoc, time consuming procedures for reserving these re-
sources. To make this type of experiment an every-day
activity, the scientists will need to be able to easily co-
schedule these distributed resources, and to do this through
a simple software interface.

Fortunately, a growing number of these systems can be
booked in advance using software: advance reservation
systems are increasingly common on parallel compute re-
sources; timetable booking systems are available for book-
ing AccessGrid nodes; and several calendar/diary systems
are network-accessible.

But making a coordinated booking for a set of these re-
sources still involves interacting with a number of separate
and often quite different interfaces. To co-schedule a set of
resources, a client can pick a schedule for the resources, and
then try to schedule each resource in turn. The key problem
with this approach is that one or more of the resources may
not be available at the required time. The user must then
cancel any already-scheduled resources and try something
else, either using a different set of resources, or using a dif-
ferent schedule. From a software engineering perspective,
it makes sense to encapsulate this complexity somehow, ei-
ther in a client library or in an external service. Also, to
make either approach scalable, it should be possible to add
the ability to schedule new types of resource without alter-
ing the client software, save, perhaps, for the updating of
some configuration files.

The advantage of using an external service is that it is
more readily available for use as part of other more com-
plex or higher-level services, e.g. as part of an application-
specific scheduler, or as the back-end of a workflow exe-
cution engine. The disadvantage is that an additional dis-
tributed component is being added to the big picture, which



is an additional source of failure in the overall system. This
paper presents an external co-scheduling system, HARC,
which is highly fault-tolerant through its use of Gray and
Lamport’s Paxos Commit protocol [12], and therefore suit-
able for use in a distributed environment or Grid.! In addi-
tion, HARC uses a system of Resource Manager services,
which wrap the reservation systems of each resource. This
allows HARC to provide a framework for co-scheduling
any resource with suitable booking functionality; new re-
sources and resource types can be added to the overall sys-
tem without modification either to the core co-scheduler,
or to any client end components. Details of a first imple-
mentation of HARC, called HARC/1, are also presented.
HARC/1, which was built using HTTP and XML accord-
ing to the REST [8] architectural style, was demonstrated at
iGrid 2005 [22] and is available for download [15].

The rest of this paper is organized as follows. In Sec-
tion 2, the co-scheduling process is seen to be a distributed
transaction; Transaction Commit protocols are discussed,
and a sketch of the Paxos Commit protocol—the basis of
the HARC system—is given. The next three section present
the design of HARC: the archicture and core of the HARC
system is laid out in Section 3; the four co-scheduling
actions—Make, Modify, Move and Cancel—are explored
in Section 4; and designs for two classes of Resource Man-
ager are sketched out in Section 5. The key points of the
HARC/1 implementation, and early experiences with it, are
given in Section 6. Related work is covered in Section 7,
and the paper closes with Section 8 which presents conclu-
sions and ideas for future work.

2. The Co-scheduling Problem

The task of the co-scheduler then, is to take scheduling
requests for multiple resources, and to attempt to enact these
in a coordinated fashion, achieving one of two possible out-
comes:

Success All scheduling requests are enacted; or

Failure No requests are enacted (and any tentatively made
requests must be canceled).

Note that this work does not take the phrase “scheduling
requests” to mean simply the construction of a schedule;
manipulation and even cancelation of (parts of) a schedule
are included. Further, the coordination of such requests is
still referred to as co-scheduling.

This problem, where a coordinator must ensure that
a number of independent Resource Managers arrive at
a consistent state, is essentially a distributed transac-
tion. To commit a distributed transaction, and ensure the

A system should be designed to be reliable from the start; retrofitting
reliability to an existing design is very difficult [30, 35].

above atomicity requirement, a Transaction Commit proto-
col should be used; there is approximately thirty years of
work on these protocols in the literature.

The best known Transaction Commit protocol is the
Two-Phase Commit protocol.” In this protocol, the coor-
dinator sends a Prepare message to each RM, which effec-
tively asks if the RM if can commit the transaction (i.e. in
our case, it asks if the RM can fulfill the scheduling request).
If it can commit, the RM sends back a prepared message to
the coordinator and moves into the prepared state, otherwise
it sends an aborted message to the coordinator and moves
to the aborted state. If the coordinator receives a prepared
message from all the RMs it sends a commit message to all
the RMs and they move into the committed state, i.e. the
requests are confirmed. Otherwise, if the coordinator re-
ceives an aborted message, or if one or more RMs fail to
respond within a certain time limit, the coordinator sends
an abort message, and all RMs move into the aborted state,
i.e. the requests are abandoned. There is no response from
the RMs to either commit or abort; the RM must perform
the stated action. In the case were the RM does not receive
the abort or commit message, the message may be lost due
to a network failure, it can query the coordinator to find out
the outcome.

The problem with the two-phase commit protocol is that
itis a blocking protocol. If the coordinator fails after issuing
the prepare message then RMs may be left in the prepared
state until the coordinator is repaired. Skeen [36] showed
that a non-blocking commit protocol requires at least three
phases.

One such transaction commit protocol is Gray and Lam-
port’s Paxos Commit Protocol [12], where the coordinator
process is replaced with a set of replicated processes, called
Acceptors. This protocol is based upon Lamport’s Paxos
Consensus Algorithm.?

In the Paxos Consensus algorithm a leader process tries
to get a number of Acceptor processes to agree a value. Any
one of the Acceptors can act as the leader and any of the
Acceptors can replace the leader if it fails. Paxos can still
reach consensus if there is more than one leader or if any
of the Acceptors or leader processes fail and recover. Mes-
sages can be lost, delayed or duplicated and the leader and

>There are many descriptions of Two-Phase Commit in the literature.
These date back to Gray’s paper from 1978 [11, Sec. 5.8.3.3], which cites
an otherwise-unpublished 1976 Technical Report by Lampson and Stur-
gis [31] as the original “elaboration” of the protocol; only the 1979 revi-
sion of the latter is available on-line, which circularly cites Gray’s 1978
paper. Much later, Gray and Lamport provide a description plus TLAT
Specifications in [12]. For a concise overview, the reader is referred to the
Wikipedia definition [21].

3The originally published description of Paxos [28] is no-
toriously hard to understand; a far simpler formulation can
be found in [29]. Both of these papers, and the paper on
Paxos Commit [12], may be found at Leslie Lamport’s website:
http://research.microsoft.com/users/lamport/pubs/pubs.html



Acceptor processes can all run at different speeds. Given a
set 2F + 1 of Acceptors, Paxos continues to make progress
as long as F' 4+ 1 Acceptors are working; if more than F'
Acceptors fail, Paxos will block, but never becomes incon-
sistent.

In Paxos Commit, the Acceptors engage in a number of
separate instances of the Paxos Consensus Algorithm, one
instance for the prepared/aborted decision of each Resource
Manager. Once the result of the transaction is known—i.e.
after all RMs have prepared, after any RM has aborted, or
some RM has failed to respond in time—the current leader
sends the outcome to the RMs; if these messages fail to
arrive, the RMs can query any of the Acceptors for the out-
come.

Due to its excellent fault-tolerant capabilities, and also
due to the elegance of the algorithm, Paxos Commit was
chosen to be the basis for the HARC co-scheduler.

3. HARC System Description

The architecture of the HARC co-scheduling system is
shown in Figure 1, following the terminology explained in
the previous section; to simplify the diagram, the individual
Acceptors are not shown. Any odd number of Acceptors
can be used; increasing the number of Acceptors increases
the reliability of the system, but also increases the number
of message needed to complete each transaction.

Co-scheduling with HARC consists of two basic steps.
First, the client contacts the RMs of the resources for
timetable information, whose representation is described
below.* Based on an analysis of this information, a set of
resources is selected and, in the second step, scheduling re-
quests are presented to an Acceptor for co-scheduling. The
timetable information may be approximate, and will cer-
tainly be slightly out-of-date (as in a distributed system,
messages take a non-negligible time to arrive [27]), and so
there is a possibility that the transaction will be aborted.
The user polls the Acceptors to discover the outcome of the
attempted co-scheduling. The message sequence diagram
for both steps is shown in Figure 2. As will be seen, all
messages in the system, including the user’s co-scheduling
request, are idempotent; if, at any point, the user does not
receive a reply to a request, it is always safe to send the
request again.

3.1. Transparent Acceptors
By using the Paxos Commit protocol, the contents of the

messages describing the reservations requested by the user
are only of concern to the RMs; the Acceptors only need to

It is assumed that there is a separate step prior to this, where the user
discovers and selects suitable resources, by the use of registries and/or re-
source brokers.
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Figure 1. The HARC architecture, showing the
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know the endpoints of the RMs. All other message content
is regarded as opaque by the Acceptors; it could even be
encrypted if desired, e.g. using XML Encryption [23].

The obvious corollary of this is that to allow the co-
scheduling of a new type of resource only requires that a
new Resource Manager is written; absolutely no modifica-
tion of Acceptor code is required.’

The detailed design of HARC is presented below, as a
coherent whole. The authors indicate which elements of the
design are integral to the Acceptors, and which are integral
to the Resource Managers; apart from the choice of Transfer
Layer, rarely is an element integral to both.

3.2. Message Format and Transfer Layer

All messages sent between the client and HARC, are
written in XML, as are all messages sent inside HARC be-
tween Acceptors and RMs. Beyond this, the Transfer Pro-
tocol used to transmit the messages is the concern of the im-
plementation. The purpose of all XML messages in the sys-
tem can be distinguished by the tag name of the root element
of the message; no additional discriminator, e.g. method
name, is required. The transfer layer must be capable of
supporting the secure transfer of messages; encryption need
not be supported, but it must be possible to authenticate the
source of messages, and to ensure that messages cannot be
undetectably tampered with.% For identification purposes, it
is preferable that a security system that can map users to a
reasonably unique string is used, e.g. signing by X509 Cer-
tificates, which can map users to a Distinguished Name.

Acceptors and RMs both need to pass service endpoints
around. In all messages, this is done using an Endpoint
element. The chosen Transfer Layer should use an attribute,
type, to distinguish the Endpoint’s type. A transfer-
specific element (of any type) precisely specifying the end-
point should be embedded within the Endpoint element. An
example endpoint for a REST-ful implementation is shown
in Figure 3. There is no requirement to further describe
the endpoints, e.g. how additional parameters are commu-
nicated; this is left to convention within the implementation.

Clearly, it is a matter for the implementation as to what
Transfer Layer(s) it wishes to support; no protocols are
mandatory.

In any implementation of HARC, it should be possible to
keep the number of modules which are transfer-layer aware
to a minimum; the vast majority of the software will just
need to deal with XML messages, and should not care how
they are received and sent.

5This was observed “in the field” when adding the facility to co-
schedule the Calient switches; the Acceptor code was not touched.

5The requirement that message cannot be undetectably tampered with
comes directly from the Paxos Consensus Algorithm [29, 12]. This can
be easily achieved with signing and encryption techniques, e.g. by using
either HTTPS, or WS-Security [32].

3.3. Timetable Retrieval

Timetables are used in HARC to communicate about the
availability of resources. Timetables are requested from
RMs by clients; the Acceptors are not involved in the
timetable system. Timetables show what resource is free,
rather than providing information about other jobs in the
system which are consuming resources; this allows a higher
degree of privacy for the resource owner, and simplifies the
task of the client. On the RM side, the protocol is simpler
to implement than one where a client asks what time a par-
ticular amount of resource is free.

For timetabling purposes, a resource is composed of
a number of subresources, each of which has its own
timetable. For example, a single-system image compute re-
source could publish two subresource timetables represent-
ing available processors and memory.” HARC currently
supports two separate classes of subresource: quantitative
subresources, where the timetable specifies the amount of
the subresource which is available at a given time; and
atomic subresources, where the timetable specifies whether
the subresource is available or not. The returned timetable
information consists of

e a description of the resource,

e a specification of the range which the timetable infor-
mation covers, then, for each subresource:

— a brief description; and

— the timetable information.

Figure 4 shows the XML returned from a timetable request
for CCT’s SGI Altix machine. The machine has 32 pro-
cessors, and 32 GB of main memory. The timetable re-
turned covers an eight hour period from the time that the
request was made. Initially, 4 processors and 8 GB are free;
from 5pm, 12 processors and 12 GB of memory are avail-
able.® Figure 5 shows the simplified XML returned from a
timetable request for CCT’s Calient Diamondwave Switch;
only two of the 16 actual ports are shown. Each port has an
input and output which are considered to be separate sub-
resources (currently, there is no way to show that these are
linked in any way, other than by the convention used in the
name). A port is either free or it is not. Here, both ports
are free (input and output) for the eight hour period cov-
ered; unavailability would be indicated by the absence of
the Available element in a timetable entry.

"In a single system image resource, the relationship between avail-
able memory and available processors is not necessarily obvious. A 32-
processor machine might have only two processors available, but 90% of
the machine’s memory.

81t should be noted that the content of the message is dependent on not
only the resource being described, but also upon conventions used by the
implementation, e.g. the use of the strings “processors” and “memory”.



<Endpoint type="REST">
<RESTEndpoint>
http://up.cct.lsu.edu:9292/1lsu-calient-rm
</RESTEndpoint>
</Endpoint>

Figure 3. XML Snippet describing the end-
point of a REST-ful service.

<?xml version="1.0" encoding="utf-8" ?>

<Resource>
<Name>santaka.cct.lsu.edu</Name>
<Type>compute</Type>

<Description>LSU’s SGI Altix Machine</Description>

<Timetable>
<Start>2006-01-09T16:56:37-06:00</Start>
<End>2006-01-10T00:56:37-06:00</End>
</Timetable>
<SubResources>
<Quantitative type="processors">
<Name>processors</Name>
<Units>CPU</Units>
<Quantity>32</Quantity>
<Timetable>
<Entry>
<From>2006-01-09T16:56:37-06:00</From>
<Quantity>4</Quantity>
</Entry>
<Entry>
<From>2006-01-09T17:00:00-06:00</From>
<Quantity>12</Quantity>
</Entry>
</Timetable>
</Quantitative>
<Quantitative type="memory">
<Name>memory</Name>
<Units>GB</Units>
<Quantity>32</Quantity>
<Timetable>
<Entry>
<From>2006-01-09T16:56:37-06:00</From>
<Quantity>8</Quantity>
</Entry>
<Entry>
<From>2006-01-09T17:00:00-06:00</From>
<Quantity>21</Quantity>
</Entry>
</Timetable>
</Quantitative>
</SubResources>
</Resource>

Figure 4. Example timetable for a Compute
Resource.

<?xml version="1.0" encoding="utf-8" ?>
<Resource>
<Name>calient.ocs.lsu.edu</Name>
<Type>network</Type>
<Description>LSU’s Calient Switch</Description>
<Timetable>
<Start>2006-01-12T00:00:00-06:00</Start>
<End>2006-01-12T08:00:00-06:00</End>
</Timetable>
<SubResources>
<Atomic type="port">
<Name>0.1lla.1l.0UT</Name>
<Alias>nlr-10gb.OUT</Alias>
<Timetable>
<Entry>
<From>2006-01-12T00:00:00-06:00</From>
<Available />
</Entry>
</Timetable>
</Atomic>
<Atomic type="port">
<Name>0.lla.1l.IN</Name>
<Alias>nlr-10gb.IN</Alias>
<Timetable>
<Entry>
<From>2006-01-12T00:00:00-06:00</From>
<Available />
</Entry>
</Timetable>
</Atomic>
<Atomic type="port">
<Name>0.11b.1.IN</Name>
<Alias>santaka.IN</Alias>
<Timetable>
<Entry>
<From>2006-01-12T00:00:00-06:00</From>
<Available />
</Entry>
</Timetable>
</Atomic>
<Atomic type="port">
<Name>0.11lb.1.0UT</Name>
<Alias>santaka.OUT</Alias>
<Timetable>
<Entry>
<From>2006-01-12T00:00:00-06:00</From>
<Available />
</Entry>
</Timetable>
</Atomic>
</SubResources>
</Resource>

Figure 5. Example timetable for a Calient Dia-
mondwave Switch.



Requesting timetable information is very simple; often,
no parameters will be required. Indeed, the request could
be implemented by a number of transfer protocols without
the need for an XML document, and so it is left to imple-
mentation to determine the nature of this request. However,
in terms of querying, the following requirements must be
satisfied.

e Clients MUST be able to request timetables for spe-
cific intervals, by supplying an optional start-time
and/or end-time; RMs are under no obligation to re-
turn information for the requested interval (the client
may request timetable information further into the fu-
ture than the service is willing to expose and/or take
bookings for) but MUST accurately indicate the start
and end times of the information being returned. The
RM can provide as complete or simplified a picture of
the available resources as it chooses.

e An implementation MUST provide a mechanism for
the the user to obtain the descriptions of the subre-
sources, without any timetable information.

e An implementation MAY support the querying of
timetable information for specific subresource(s).

3.4. Co-scheduling the Requests

To co-schedule a set of resources, the user sends an XML
document containing a list of Make elements; it will be seen
later that Make is just one of a number of supported Actions.
The set of Actions is given a User Identifier string, or UID,
which should be unique to that user. One Make element is
sent for each required resource, specifying three things:

What - a Work element, describing the resources which
are required;

Where — a Resource element, pointing to the Resource
Manager of the resource; and

When - a Schedule element, describing when the re-
sources are needed.

An example message is shown in Figure 6, requesting a sin-
gle CPU and 20GB of memory on Santaka (specified using
JSDL 1.0 [2]), plus the connection of Santaka’s 10Gb net-
work port to the NLR through LSU’s Calient Diamondwave
Switch. Both resources are requested for a duration of four
hours starting from 21:45 (specified in UTC).

The format of the Actions message is partly the concern
of the Acceptors, which split the message into the individ-
ual Actions for use in the Prepare messages that are sent
to the RMs. The Acceptors also use the Resource ele-
ments, which provide them with the location of the RMs.

<?xml version="1.0" encoding="UTF-8" ?>
<Actions uid="mainll136928630068">
<Make filename="net22">
<Resource>
<Name>calient.ocs.lsu.edu</Name>
<Endpoint type="REST">
<RESTEndpoint>http://up.cct.lsu.edu:9292/1
su-calient-rm</RESTEndpoint>
</Endpoint>
</Resource>
<Schedule>
<StartAt>2006-01-10T21:45:002</StartAt>
</Schedule>
<Work>
<Duration>14400</Duration>
<ConnectionSet>
<Connection bidirectional="true">
<From>nlr-10gb</From><To>santaka</To>

</Connection>
</ConnectionSet>
</Work>
</Make>
<Make filename="input.santaka.igrid">
<Resource>

<Name>santaka.cct.lsu.edu</Name>
<Endpoint type="REST">
<RESTEndpoint>http://santaka.cct.lsu.edu:9
191/santaka-rm</RESTEndpoint>
</Endpoint>
</Resource>
<Schedule>
<StartAt>2006-01-10T21:45:002</StartAt>
</Schedule>
<Work>
<JobDefinition xmlns="http://schemas.ggf.org
g/jsdl/2005/06/jsd1l">
<JobDescription>
<Application>
<POSIXApplication xmlns="http://schema
s.ggf.org/jsdl/2005/06/jsdl-posix">
<WallTimeLimit>14400</WallTimeLimit>
</POSIXApplication>
</Application>
<Resources>
<TotalCPUCount>
<Exact>1</Exact>
</TotalCPUCount>
<TotalPhysicalMemory>
<LowerBoundedRange>21474836480</Lowe
rBoundedRange>
</TotalPhysicalMemory>
</Resources>
</JobDescription>
</JobDefinition>
</Work>
</Make>
</Actions>

Figure 6. Example co-scheduling request for
a compute resource and a nhetwork switch.



For extensibility sake, any implementation of the Accep-
tors must copy all elements inside the Action elements into
the Prepare message, except for the Resource element. One
possible use of this feature will be seen in Section 3.5.

The user can send this message to any Acceptor. The
Acceptors conduct an instance of the Paxos Consensus al-
gorithm, to agree a Transaction ID (or TID) (and also the
associated Actions, which form part of the value of the con-
sensus’s outcome value), with the Acceptor which the user
contacted acting as leader and proposing the value of the
TID. If this instance of Paxos is resolved quickly, the TID
can be sent straight back to the user, in an XML document
with a single TID element, containing the TID as a string;
otherwise a TIDPending element is sent back. In the lat-
ter case, or if for some reason the user gets no reply, the
same message is sent again, either to the same Acceptor,
or to another. In the case that the original message was
lost, the instance of Paxos will be started. In the case that
the instance of Paxos was started, the result from that first
instance will be found (the Acceptors use the identity of
the user’s identity plus the UID as a key for looking up the
Paxos instance). The user retries until a TID is obtained.

Following this initial round of Paxos, the co-scheduling
begins. Whichever Acceptor is acting as leader dispatches
the Prepare messages to the RMs.” One Prepare message
is sent for each Make element received, containing a list of
Acceptors, the TID, the identity of the user, and the What
and When of the proposed work (plus any additional ele-
ments, as stated above).

The RMs consider the work, and respond by sending
their Prepared/Aborted response to all of the Acceptors (in
Paxos terminology, this is a Phase 2a message). The Ac-
ceptors agree the Prepared/Aborted decision for each RM,
each RM’s decision having its own instance of Paxos. In
the case where an RM’s decision only reached a subset of
the Acceptors, the Paxos algorithm will propagate this to
the other Acceptors, and it will be agreed upon. In the case
where an RM’s decision was not received by any Acceptor
(or if it was never sent for some other reason, e.g. if the RM
was down), then some Acceptor will (after a delay) propose
a new value of “Aborted” for that instance of Paxos, which
will be agreed upon.

Once all instances of Paxos have resolved to “Prepared”,
or after any one instance produces “Aborted”, then the Ac-
ceptors will know the result of the transaction. The final
decision is sent to all RMs; if they do not receive this—e.g.
if the message is lost or an RM is temporarily unavailable—
then they may query the result from any Acceptor, using the
TID. The user polls the Acceptors for the result of the trans-
action; if the result is not ready, this will contain an empty
ActionsPending element, and the user should retry. As

9For the sake of brevity, the structure of this message is not described,
nor are of any of the other Paxos messages.

with the timetable request, the details of this request are left
to the implementation.

In the case of success, an XML document with a root
ActionsSucceeded element is returned, like the exam-
ple in Figure 7. For each Make element sent, there will
be a corresponding Make element in the reply (these are in
the same order as in the request, and are also numbered by
actionId attribute), containing an Ident element con-
taining the identifier of the reservation, and also copies of
the Resource and Schedule elements sent; future RMs
may support the refinement of the Schedule element,
where a possible range of times is specified, and where the
RM selects a more precise value.

In the failure case, an ActionsFailed element is
sent, having one Make element for each failed Action, con-
taining the Resource element, and also a Reason ele-
ment containing either a string returned by the RM stating
why it aborted, or a string stating that the RM failed to re-
spond, if this is the case. The number in the actionId
attribute can be used to map this back to the corresponding
Make element.

In both the success and failure case, the format of this
message is a combination of information from the RMs and
the Acceptors. In the success case, the Ident elements or,
in the failure case, the Reason elements are simply copied
by the Acceptors (they form part of the outcome value of
the instances of Paxos).

It must be pointed out that the Paxos Consensus algo-
rithm requires that, upon failing, Acceptors can be repaired
to the state they were in before, implying that the state of all
ongoing instances of Paxos must be written to stable stor-
age, e.g. to a database, as the protocol proceeds. By doing
this, upon restart, the Acceptor still knows the state of each
Paxos instance.

3.5. Security Model

As stated in the requirements for the Transfer Proto-
col, it must be possible for entities to identify each other:
RMs and Acceptors need to authenticate (and authorize)
users, and RMs need to authenticate and authorize Accep-
tors. As Acceptors use the user’s identity plus the UID to
uniquely identify instances of Paxos, username and pass-
word schemes are unlikely to be appropriate. (Indeed the
system was designed with the use of PKI X509 Certificates
in mind.)

In some environments, Resource Managers will be able
to trust the Acceptors (which they can authenticate and au-
thorize) to relay the user’s identity correctly. In situations
where this is inadequate, the user could supply an XML sig-
nature [3] for the Work element, and place this inside a new
Signature element in the Make element. As the Accep-
tors simply copy all the elements in the Action elements



except for the Endpoint element, this would not require
any modification to the Acceptors. Of course the RMs need-
ing the enhance security would have the additional require-
ment of verifying the signature.

3.6. Reliability of HARC

In order to calculate the Mean-Time-To-Failure (MTTF)
for HARC, i.e. the average time before an installation of
HARC will cease to function, the formulae and terminology
from [13, Sec. 3] are used. It is assumed that the Acceptors
are writing their state to stable storage, so that they may
be easily repaired by being restarted. Non-repairable faults,
such as disk crashes, are not modeled.

A deployment of HARC with 2F" + 1 Acceptors will fail
if any F' Acceptors are unavailable, and a further Acceptor
fails. From [13, Eqn. 3.9], the probability that a Specific
Acceptor, n, fails is:

1
Po & MTTF

The system will fail if Acceptor n fails, and any F' of the
other 2F' Acceptors are unavailable. From [13, Eqn. 3.7],
the probability that a particular Acceptor is unavailable is:

_(MTTR
“\MTTF

since MTTR < MTTF. So the probability that any F' of
the other 2F' Acceptors are unavailable is:

P _(2F\ (MTTR\"
= F =\ MTTF

The probability that both events occur together is:

P _(2F 1 MTTR\"
notemm BT R MTTF ) \MTTF
Finally, there are 2F" + 1 Acceptors. The chance that any
one can cause the failure is:

P _(2F\ (2F+1\ (MTTR\"
HARC ™\ p MTTF MTTF

This gives us a MTTF of the whole system of:

1 MTTF\ (MTTF\"
MTTFyp i1 ~ : :
S <(2FF)> <2F+1> (MTTR)

Lets conservatively assume that the MTTF of a single Ac-
ceptor is 48 hours, and that following a failure, the MTTR is
2 hours; this should be sufficient to include unavailability
due to network outages. Then, in a deployment with seven
Acceptors (i.e. F' = 3), results in a MTTF of over 650 days.

. MTTR
VS \MTTF + MTTR

Note that in a production environment, where the Accep-
tors were deployed in a reliable environment, such as a web
farm, the MTTF to MTTR ratio would be greatly improved,
and a high level of availability attained with just five, or
even three Acceptors.

While these numbers are impressive, the authors are
aware that there are certain failures, e.g. wide-area network
failures, that might partition the Acceptors in such a way
that they cannot continue to make progress. Although these
failures are not modeled in the above equations, the value of
being able to co-schedule across a distributed system during
such failures is highly questionable.

Finally, the authors note that as HARC is based upon the
Paxos Consensus algorithm, it will never become inconsis-
tent. In the case where too many Acceptors fail, the system
will simply block until sufficient Acceptors are repaired to
provide a majority.

4. Make, Modify, Move and Cancel

Above, it was shown how a user would use HARC to co-
schedule a compute job along with a network connection
by co-scheduling two Make Actions. HARC also supports
three other Actions for controlling the reservations created
with Make: Modify, Move and Cancel.

As with Make, the specification of the other Actions is
simple. As shown above, an Ident element, containing a
Reservation ID, is returned for every successful Make Ac-
tion; a copy of this element is used in Move, Modify and
Cancel to identify the reservation that is to be manipulated.
To use these other Actions, the following must be specified:

Move — the Ident element plus When - a new
Schedule element;

Modify — the Ident element plus What — a new Work
element;

Cancel - just the Ident element.

With HARC, any combination of the Make, Modify,
Move and Cancel Actions can be combined into an atomic
co-scheduling transaction. This simple, yet powerful idea
makes HARC well suited to the scheduling of large scien-
tific workflows.

4.1. Co-scheduling Workflows with HARC

The use of workflows to express and automate complex
scientific processes is a growing research topic in scientific
computing. These workflows are often modeled as a Di-
rected Acyclic Graph, or DAG, where the nodes of the graph
represent computational tasks, and the edges of the graph
are dependences between the tasks, which constrain the or-
der in which the tasks may be executed. Two large projects



dealing with workflows, Pegasus [7] and LEAD [10] repre-
sent workflows in this form.

The common approach when scheduling workflows is to
submit tasks for execution once all tasks they are depen-
dent upon are completed. At the point they are submitted,
the tasks must wait for resources to become available, typ-
ically waiting in some sort of work queue. Due to the un-
predictability of the wait time in the queue, it is not possi-
ble to safely submit jobs ahead of their possible start time.'”
This approach to workflow execution is ideal in the situation
where resources are readily available to execute the com-
ponents of the workflow, or where the user does not care
about the overall turnaround time for the workflow execu-
tion. However, the execution time for the overall workflow
can vary dramatically. For example, if the average queuing
time for the resources available to a user increases by one
hour, then the time taken to execute a three-stage workflow,
where each step is dependent on the last, would increase by
three hours. Such variations in resource usage are common
in reality, as are workflows consisting of many more parts.

The scheduling of workflows with advance reservation
should provide better turnaround time for the entire work-
flow, as the later tasks—the ones with dependences—can be
scheduled much earlier. The client should be able to get a
better placement of the components. In addition, schedul-
ing in this way will provide the end user with a far more
accurate indication of how long the workflow will take to
execute. Because HARC allows clients to atomically com-
bine different Actions on arbitrary reservations, it is trivial
to schedule large workflows in a piecewise fashion; there is
no grouping of reservations into a single indivisible entity.
It is also easy to cancel or re-schedule part of a workflow.

Figure 8 shows the scheduling and re-scheduling of a
simple example workflow consisting of three tasks, which
are to be run one after the next, with gaps of at least one hour
in-between for file transfer purposes. The client creates an
initial schedule for the workflow, the first part running on
Machine A for 4 hours, the second part on Machine B for 8
hours, and the third part on Machine C for 4 hours. While
the second part is running, a monitoring tool discovers that
this computation is running slower than expected, and will
take between 10 and 11 hours to complete; the 8 allocated
hours are insufficient. First, the client tries to extend the
allocated time for the second part and delay the execution
of the third part, by co-scheduling a Modify for Machine
B and a Move for Machine C. Unfortunately, the RM for
Machine C does not support Move, causing the transaction
to be aborted; the initial schedule remains. The client then

10This is the case with most batch queue systems running on supercom-
puters. There is always a chance that your job will start far quicker than
expected, based on an inspection of the work queue: the job may be priori-
tised; may fill a gap in the schedule better than other work in the queue; or
the work ahead of the job in the queue may complete ahead of time or be
withdrawn.

tries a new strategy: instead of delaying the third part, a
Cancel for Machine C is co-scheduled with the same Mod-
ify for Machine B, together with a Make Action for Ma-
chine X, which will be now be used for executing the third
part.11

4.2. Caveat

It is only possible to support Move and Modify if:

1. the underlying scheduler supports the modification of
existing reservations;

2. two-phase commit on these actions is also supported.

This is not the case with Make and Cancel, which can be
supported without 2-phase commit, in the following way.
When Preparing a Make, the RM tries to make the reserva-
tion for the user, the result determining its Prepared/Aborted
response; if the transaction is then Aborted, the reservation
will be deleted. When preparing a Cancel, the RM does
nothing, and returns “Prepared”;12 if the transaction is com-
mitted, then the reservation will be deleted. But there is no
analog for Move or Modify; if the change is enacted by the
RM during the first phase, then there is no guarantee that it
can reverse the change in the second phase if the transaction
is canceled; if the RM waits until receiving a Commit, there
is no guarantee that the change will be possible at all.

The authors currently know of no scheduler which sup-
ports two-phase commit on the modification of existing
reservations. The most promising scheduler for future in-
vestigation is Moab from Cluster Resources [14, 24], which
allows the modification of existing and even current reser-
vations, and supports two-phase commit for the creation of
a reservation.

5. Resource Managers for HARC

To date, two classes of Resource Manager have been de-
signed for HARC; one for parallel compute resources, the
other for network switches. These are described briefly be-
low.

Both classes of RMs expect a single xsd:datetime
to be present in the StartAt element contained in the
Schedule element.

'1f this second re-scheduling strategy succeeds, the client will need to
make other adjustments to ensure that any file transfers to/from Machine
C are redirected to Machine X, and ensure that the job that is to run on
Machine X gets submitted to the new reservation. These processes are
outside the scope of HARC.

12The authors know of no circumstances where canceling a reservation
is not possible.



5.1. Compute Resource RMs

A class of RMs is specified which can be used to cre-
ate and manipulate reservations on high performance com-
puters that are under the control of a batch queue system
supporting advance reservations. The RMs are concerned
with the description of the resource requirements and the
creation of the reservation, but not with the submission of
jobs to the reservations; this is left for the client to arrange
with external mechanisms. '3

These RMs will expect the supplied Work element to
contain a single JobDefinition element as defined in
the JSDL 1.0 Standard [2], which describes the resources
required by the client. It is further mandated that:

e The POSIX WallTimeLimit element [2, Sec.
8.1.9], specifying the length of the reservation in sec-
onds, MUST be present;

e The TotalCPUCount element [2, Sec. 6.4.24], spec-
ifying the number of processors required, MUST be
present and be specified using Exact; and

e The TotalPhysicalMemory element [2, Sec.
6.4.25], specifying the memory required by the job,
MAY be present, and if present should be specified as
a LowerBoundedRange.

e All other elements are optional, and MAY be ignored.

An example is shown in the second Make element in Fig-
ure 6.

5.2. Network Switch Resource Managers

Network Switches are modeled as devices consisting of a
number of Ports, to which devices are attached; the Switch
can then make a number of Connections between the var-
ious Ports. Clients request a set of connections they wish
to be made for a certain length of time (starting from the
Schedule element’s StartAt time). The RM checks
that the request does not interfere with any other timetabled
connections.

The RMs will accept a Work element containing: a
ConnectionSet element, which will contain a list of
Connection elements, specifying the connections; and
a Duration element, which specifies the length of time
that these are required for, in seconds. The Connection
elements are further specified as follows:

e The ports to be connected are named in From and To
elements (a list of the ports is available through the
timetable interface);

131t would be possible to design another class of RMs which took a more
complete specification of the work, and which then submitted the work to
the reservation, in a single atomic step.

e Whether a connection is bi- or uni-directional can be
specified by the bidirectional attribute on the
Connection element, and should be set to a valid
xsd:boolean value; and

e Different implementations may support switch-
specific extensions.

A simple example can be seen in the first Make element in
Figure 6.

6. HARC/1: A First Implementation

The design presented in Sections 3 has been imple-
mented, together with Resource Managers that follow the
designs in Section 5. All parts of the implementation
are open source under a BSD-style license, and are avail-
able for download [15]. Some of the key features of
the implementation—and its current limitations—are de-
scribed, as are the authors’ preliminary experiences using
the software in the field.

6.1. Transfer Layer

Plain XML over HTTP/HTTPS has been opted for,
rather than SOAP-based Web Services. Messages are
sent using HTTP POST, and information is requested with
HTTP GET. This reduces the complexity of the Acceptor
software stack, and is adequate for implementing HARC se-
curely.'* This approach is often characterized as the Repre-
sentational State Transfer (REST) approach to building ser-
vices [20], which evolved from the architectural principals
proposed by Fielding [8, Sec. 5]; however, we do not cur-
rently provide any of the self-description and linking which
are typically part of a REST-ful service. In particular, con-
vention is used to determine the URLs to GET and POST
to, i.e. a schema, rather than have the service provide links
to these URLs which the Acceptors/RMs would follow.

Table 1 shows the URL extensions that the HARC/1
RMs and Acceptors use for communicating; these
extensions should be appended to the component’s
endpoint URL. So, for example, the XML document
in Figure 5 was obtained from an HTTP GET on
http://up.cct.lsu.edu:9292/1su-calient—-rm/
timetable?start=2006-01-12. The result of
co-scheduling a set of Actions can be obtained
by performing an HTTP GET on a URL such as:
http://vizws00.cct.lsu.edu:8080/accl/result
?tid=paxos—-ident-4.

14This decision provided an additional advantage that during develop-
ment, in that specific clients to the services in HARC were rarely required;
Web browsers, curl and wget were usually sufficient.
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Figure 8. The scheduling and re-scheduling of a simple workflow. The creation of an initial schedule is
shown on the left; the center picture shows the first attempt to re-schedule, extending the reservation
on Machine B, and moving the reservation on Machine C; the final picture shows a second attempt to
re-schedule, again extending the reservation on Machine B, but canceling the reservation on Machine
C, and replacing this with a new reservation on Machine X.

| Component | Operation | URL Extension Description
RMs GET /description Fetches the subresource descriptions without
timetables
GET /timetable Fetches the timetable information for the default
range
GET /timetable?start=2006-01-11&end=2006-01-13 | Fetches the timetable from the 11th to 13th of
January 2006
POST /paxosRequest™ “Prepare” some Actions for the user
Acceptors POST /doActions Request the co-scheduling of some Actions
POST /paxos™ Send a Phase X Paxos message
GET /result?tid=paxos-ident-4 Fetch the result of a given TID
GET /result?uid=jons-user-ident Fetch the result of a given UID
GET /getAcceptors Fetch the list of Acceptors

Table 1. Supported URL extensions in HARC/1; asterisked entries (*) are for internal use only by the
HARC components.




6.2. Acceptors

The Acceptors were coded in Java, using Ver-
sion 1.5 in order to get the new timeout facility on
java.net .HttpURLConnection; no other Java 1.5
specific features were used. The Acceptors are packaged
as a servlet, for deployment in Jakarta Tomcat.

The code is clean and extensible. The Protocol-specific
code is kept in the class RESTEndpoint (a subclass
of Endpoint). REST Endpoints are also assumed in
AcceptorServlet, where all the servlet-specific code
resides, and where the URL schema shown in Table 1 is
encoded. It should be very easy to provide other wrappers
for the code, e.g. a SOAP-based Web Service, by defining
a new Endpoint subclass, and providing a new imple-
mentation of the PaxosCommunicator interface (which
AcceptorServlet implements).

6.3. Resource Managers

Two Resource Managers have been written so far, us-
ing Perl 5.8. The first RM is a compute resource Resource
Manager, specialized for PBSPro scheduler. This follows
the design presented in Section 5.1. Due to the issues men-
tioned in Section 4.2, only Make and Cancel are supported.
In addition, the current implementation does not obtain re-
alistic timetable information from the scheduler.

The second RM is for Calient Diamondwave optical net-
work switches and follows the design described in Sec-
tion 5.2. As the switch does not have a native scheduler, a
simple, reusable timetable-based scheduler was written for
resources consisting of a set of Atomic subresources. The
RM should be run on a workstation near to the switch. The
switch is controlled by sending TL1 commands'> from this
machine to a port on an IP address hosted by the switch’s
control plane. The TL1 commands are scheduled on the
machine running the RM using the standard UNIX at com-
mand. Currently only Make and Cancel are supported; the
timetable facility needs to be extended to support Move
and Modify. It should be noted that the timetable-based
scheduler will only function properly if no other clients “go
around it” and interact with the resource directly (all sched-
ulers rely on this). If desired, the scheduler could be run
on a subset or partition of the resource; this might be more
practical.

The two RMs have been written in a modular fashion.
The common core of the RMs use XML::Xerces for pars-
ing and constructing XML messages; POE is used to pro-
vide a HTTPD listener. Creating additional RMs should be

STL1, or Transaction Language 1, is a telecommunications manage-
ment protocol. It is a standard, and is used by multiple vendors. Those
interested in learning more should visit http://www.tl1.com/

a simple process. For example, to create a new RM support-
ing Make/Cancel Actions for batch queue system X (which
supports reservations), and which accepts Work definitions
in JSDL 1.0, should only require that a new module is cre-
ated to replace PBS.Batch.pm; this only contains 100 lines
of code.

6.4. Client APIs

When planning the construction of a portal interface to
the co-scheduler, the authors realized that much of the exist-
ing Java client code used in the iGrid demo would need to be
copied and modified in the portlet. To avoid this, the client
code was completely refactored to create APIs for accessing
the Timetable and Co-scheduling functionality through re-
usable code. The command line interface and portal shown
at Supercomputing ‘05 both used this API. These APIs,
which are available for download [15], are explained here
briefly.

The Timetable API allows the user to:

e discover the resource description and subresources
available from an RM;

e compose resource requirements simply, and query the
timetable to see when these are free;

e overlay the results from multiple RMs to see when all
resource requirements are met.

The timetable API handles all network communications.
Timetables from particular RMs are cached automatically.
The API refreshes its copy after a given (configurable) time,
or when instructed to directly through the APIL.

The co-scheduling API accepts simple descriptions of
work, specified as attribute-value pairs. These are checked
and converted into the appropriate XML form, according to
what the HARC/1 RMs accept. The addresses of the Ac-
ceptors are specified in a properties file, which is loaded
when the API is initialized (not shown). The co-scheduling
process is enacted by a single call, which encapsulates the
complexity of querying the multiple Acceptors. An exam-
ple is shown in Figure 9.

6.5. Early Experiences

HARC/1 was used to co-schedule ten compute jobs, and
two Calient DiamondWave switches as part of iGrid 2005
demonstration US127, entitled “Interactive Visualization
across LONI” [22]. The experiment was repeated during
the Supercomputing‘05 exhibition. During rehearsals and
the demonstrations, the co-scheduling process, involving
twelve simultaneous instances of Paxos, took between 10
and 20 seconds, using a configuration of three Acceptors
deployed on workstations on the same subnet.



6.6. Caveats

There are two main features still to be implemented in
HARC/1 before it can be regarded as a complete implemen-
tation of HARC. First, the Acceptors do not store the state of
the rounds of Paxos in stable storage. Second, the security
model presented in Section 3.5 has not been implemented;
plain HTTP is being used.

7. Related Work

Architecturally, the closest system to HARC described
in the literature is GARA [9, 34], which can interface to a
broad class of Resource Managers, and so can reserve net-
work bandwidth in addition to compute resources. GARA
does not provide a co-scheduling facility, but gives a good
framework for building one; Roy sketches a design for one
in [33, Sec. 7.3.2]. GARA was built for Globus Toolkit 1
and 2 and used RSL to describe the resource requirements.
GARA is no longer being developed.

Generic Universal Remote, or GUR [37] is a system
for co-scheduling compute resources. GUR uses ssh (or
gsissh) to log into the resources being co-scheduled, and
then attempts to make the reservations directly. This ap-
proach requires less up-front deployment of software than
HARGC, and as such will be capable of running in more en-
vironments. However, all configuration details for each re-
source (e.g. the type of batch queue software being used,
etc.) are held on the client; with HARC, these configuration
details are kept in the Resource Managers, and the clients
need make no changes to use new resources. It is hard to
see how GUR can be extended to cover resources that the
user does not directly log into, e.g. network devices.

The Grid Resource Allocation and Agreement Protocol
Working Group (GRAAP-WG) within the Global Grid Fo-
rum are also working on the problem of reservations and
co-allocation in Grids. At the time of writing, they are com-
pleting work on WS-Agreement [1]. WS-Agreement con-
tains several components: a document format, an agreement
template discovery system, a protocol for creating agree-
ments, and a monitoring system, some of which require
the use of the emerging Web-Services Resource Frame-
work. [17] Like its predecessor, SNAP [6], the protocol
component of WS-Agreement is a one-phase protocol. It
has been proposed that such protocols can be applied to
the co-scheduling problem. However, even if the lack of
phased-commit model is accepted, there is still the problem
that the RM cannot tell the difference between a real reser-
vation and a reservation which is being tentatively made as
part of a co-scheduling attempt.

An alternative protocol for co-scheduling with advance
reservations has been proposed in [26]. This protocol is
not a transaction commit protocol, and makes no guaran-

tee about atomicity when co-scheduling; resource providers
are permitted to back out from a booking at any point. This
gives more flexibility to the resource providers, while giv-
ing less assurances to the user. It is not clear how suit-
able this system is for distributed applications requiring co-
scheduling, where components are typically closely cou-
pled; one resource defaulting on a reservation would not
only result in a rebooking, but would possibly also involve
the other co-scheduled jobs being altered to know about the
replaced resource.

WS GRAM in Globus Toolkit 4 [16] contains support
for multi-site jobs (replacing the Globus Toolkit 2 DUROC
component [5]). However, this is not intended to address
co-scheduling as defined here; it simply allows the user to
submit multiple jobs to multiple sites as part of a single
work unit. This separate, but linked process is referred to
as co-allocation in the literature.

8. Conclusions and Future Work

This paper has described HARC, a readily extensible
co-scheduling system which can work with any type of re-
source controlled by a scheduler permitting advance reser-
vations. Unlike existing systems, HARC is fault-tolerant.
HARC supports four Actions for manipulating reservations:
Make, Modify, Move and Cancel. The ability for HARC to
combine arbitrary combinations of the Actions in a single
transaction makes HARC an excellent candidate back-end
system for the iterative (re-)scheduling of large, complex
scientific workflows. An early implementation HARC/1 has
been built, and successfully tested during live experiments
at iGrid 2005 and Supercomputing 2005.

In addition to completing and properly documenting the
HARC/1 implementation, the authors are seeking to estab-
lish and support a number of deployments of the software.
Ideally, the construction of additional Resource Manager
components could be undertaken by the wider community,
thus building a rich set of resources which HARC could co-
schedule. In addition to compute and network resources,
the authors wish to expand HARC’s capability into booking
rooms, and also entries in people’s diaries. The authors are
particularly interested in the development of RMs than can
support the Move and Modify Actions.
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<?xml version="1.0" encoding="UTF-8" ?>
<ActionsSucceeded Acceptor="http://vizws00.cct.lsu
.edu:8080/accl" location="http://vizws00.cct.lsu.e
du:8080/accl/result" method="GET" tid="paxos—ident
-16" uid="mainll36928630068">
<Make actionId="1" filename="net22">
<Resource>
<Name>calient.ocs.lsu.edu</Name>
<Endpoint type="REST">
<RESTEndpoint>http://up.cct.lsu.edu:9292/1
su-calient-rm</RESTEndpoint>
</Endpoint>
</Resource>
<Schedule>
<StartAt>2006-01-10T21:45:002</StartAt>
</Schedule>
<Ident>GRP_1</Ident>
</Make>
<Make actionId="2" filename="input.santaka.igrid
">
<Resource>
<Name>santaka.cct.lsu.edu</Name>
<Endpoint type="REST">
<RESTEndpoint>http://santaka.cct.lsu.edu:9
191/santaka-rm</RESTEndpoint>
</Endpoint>
</Resource>
<Schedule>
<StartAt>2006-01-10T21:45:00Z</StartAt>
</Schedule>
<Ident>R1178</Ident>
</Make>
</ActionsSucceeded>

Figure 7. Example response for a successful
co-scheduling request.



Date start_time=...

Map reservations=new HashMap () ;
Map santaka=new HashMap () ;

santaka.put (AV.
.TYPE, AV.TYPE_COMPUTE) ;

.MACHINE, "santaka.cct.lsu.edu");
santaka.put (AV.

santaka.put
santaka.put

santaka.put (AV.
santaka.put (AV.
santaka.put (AV.

OPERATION, AV.OP_MAKE) ;

START_TIME, XMLUtils.
getDateAsString (start_time));

DURATION, "01:00:00"); // HH:MM:SS
COMP_MEMORY_GB, "5"); // a string
COMP_PROCESSORS, "8"); // a string

reservations.put ("santaka", santaka) ;

Map lsu_calient=new HashMap () ;

lsu_calient.put (AV.OPERATION, AV.OP_MAKE) ;
lsu_calient.put (AV.TYPE, AV.TYPE_NETWORK) ;
lsu_calient.put (AV.MACHINE, "calient.ocs.lsu.edu");
lsu_calient.put (AV.START_TIME, XMLUtils.

getDateAsString (start_time));

lsu_calient.put (AV.DURATION,"01:00:00");

lsu_calient.put

(AV.NETWORK_CONNECTIONS, "santaka:nlr-10gb");
reservations.put ("lsu_calient", lsu_calient);

coscheduler.setInputPairLists (reservations);

try {

boolean succeeded=coscheduler.

coscheduleActions () ;

if (succeeded) {
coscheduler.updatePairLists () ;

String

System.

String

System.

res_id=(String) santaka.get
(AV.RESERVATION_ID) ;
out.println
("Resv. 1id on santaka: "+res_id);
res_id2=(String)lsu_calient.get
(AV.RESERVATION_ID) ;
out.println
("Resv. 1d on lsu_calient: "+res_id2);

Figure 9. Java co-scheduling client code, with
error and exception handling omitted.



