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ABSTRACT

CX, a network-based computational exchange, is preserted.

The system's designintegrates variations of ideasfrom other
researders, such as work stealing, non-blocking tasks, ea-
ger scheduling, and space-basedcoordination. The object-

oriented API is simple, compact, and cleanly separatesap-
plication logic from the logic that supports interpro cesscom-
munication and fault tolerance. Computations, of course,
run to completion in the presenceof computational hosts
that join and leave the ongoing computation. Such hosts,
or producers, use task caching and prefetching to overlap
computation with interprocessorcommunication. To break
a potential task server bottleneck, a network of task servers
is preserted. Even though task servers are envisioned as re-
liable, the self-organizing, scalable network of n servers, de-
scribed as a sibling-connected fat tree, tolerates a sequence
of nj 1 serwer failures. Tasks are distributed throughout

the server network via a simple \di®usion" process.

CX is intended as a test bed for researd on automated
silent auctions, reputation services,authentication services,
and bonding services. CX also provides a test bed for algo-
rithm researd into network-based parallel computation.

Categoriesand Subject Descriptors

C.2.4 [Distributed Systems ]. Distributed applications,
Network operating systems; C.4 [Performance of Sys-
tems ]: design studies, fault tolerance

General Terms
Design, Exp erimentation, Performance

Keywords

network computing, Java, parallel processing,robust, scal-
able
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The ocean contains many tons of gold. But, the gold
atoms are too di®useto extract usefully. Idle cycleson the
Internet, like gold atoms in the ocean, seemtoo di®useto ex-
tract usefully. If we could harnesse®ectiwely the vast quan-
tities of idle cycles, we could greatly accelerate our acqui-
sition of scierti ¢ knowledge, successfully undertake grand
challenge computations, and reap the rewards in physics,
chemistry, bioinformatics, and medicine, among other “elds
of knowledge.

Seweral trends, when combined, point to an opportunit y:

2 The number of networked computing devices is in-
creasing: Computation is getting faster and cheaper:
The number of unused cycles per second is growing
rapidly

2 Bandwidth is increasing and getting cheaper
2 Communication latency is not decreasing
2 Humans are getting neither faster nor cheaper.

Thesetrends and other technological advanceslead to op-
portunities whose surface we have barely scratched. It now
is technically feasibleto undertake \In ternet computations”
that are technically infeasiblefor a network of supercomput-
ersin the sametime frame. The maximum feasible problem
size for \In ternet computations" is growing more rapidly
than that for supercomputer networks. The SETI@home
project disclosesan emerging global computational organ-
ism, bringing \life" to Sun Microsystem's phrase\The net-
work is the computer”. The underlying concept holds the
promise of a huge computational capacity, in which users
pay only for the computational capacity actually used, in-
creasing the utilization of existing computers.

1.1 Project Goals

In the CX project, we are designing an open, extensible
Computation eX change that can be instantiated privately,
within a single organization (e.g., a university, distributed
set of researders, or corporation), or publicly as part of a
market in computation, including charitable computations
(e.g., AIDS or cancer researd, SETI). Application-sp eci ¢
computation services constitute one kind of extension, in
which computational consumersdirectly contact specialized
computational producers, which provide computational sup-
port for particular applications.

The system must enable application programmers to de-
sign, implement, and deploy large computations, using com-
puters on the Internet. It must reduce human administrativ e
costs, such as costs assaiated with:



2 downloading and executing a program on heteroge-
neous sets of machines and operating systems

2 (distributing software component upgrades.

It should reduce application design costs by:

2 giving the application programmer a simple but gen-
eral programming abstraction

2 freeing the application programmer from concerns of
interpro cessorcommunication and fault tolerance.

System performance must scale both up and down, de-
spite communication latency, to a set of computation pro-
ducers whose size varies widely even within the execution
of a single computation. It must serve sewral consumers
concurrently, assaiating di®erert consumerswith di®erert
priorities. It should support computations of widely varying
lifetimes, from a few minutes to seweral months. Producers
must be securefrom the code they execute. Discriminating
among consumersis supported, both for security and pri-
vacy, and for prioritizing the allocation of resources,such as
compute producers.

After initial installation of system software, no human in-
tervention is required to upgrade those components. The
computational model must enable general task decomposi-
tion and composition. The API must be simple but general.
Communication and fault tolerance must be transparent to
the user. Producers' interests must be aligned with their
consumer's interests: computations are completed accord-
ing to how highly they are valued.

1.2 SomeFundamental Issues

It is a challenge to achieve the goals of this system with
respect to performance, correctness, easeof use, incentive
to participate, security, and privacy. Although this paper
does not focus on security and privacy, the Java security
model [13] and, in particular, the Java 2 RMI API for net-
work security [20] (covering authentication, con dentialit y,
and integrity) clearly are intended to support such concerns.
Our choice of the Java programming system re°ects these
benets implicitly .

In this paper, we presernt the Production Network service
subsystem of CX, focusing on its designwith respect to ap-
plication programming complexity, administrativ e complex-
ity, and performance. Application programming complexity
is managed by preserting the programmer with a simple,
compact, general API, brie°y preserted in the next section.
Administrativ e complexity is managed by using the Java
programming system: Its virtual machine provides a homo-
geneousplatform on top of otherwise heterogeneoussets of
machines and operating systems. We use a small set of in-
terrelated Jini clients and servicesto further simplify the
administration of system componernts, such as the distri-
bution of software component upgrades. The Production
Network is a Jini service that interfaces with every other
CX Jini client and service. We however focus in this paper
on the Task Server (a Jini service) and the Producer and
Consumer, which are Jini clients.

Performance issuescan be decomposed into seweral sub-
issues.

Heterogeneit y of machines/OS: The goalisto overcome
the administrativ e complexity assciated with multi-
ple hardware platforms and operating systems, incur-
ring an acceptable loss of execution performance. The

tradeo® is between the ezciency of native machine
code vs. the universality of virtual machine code. For
the applications targeted (not, e.g., real-time appli-
cations) the bene'ts of Java JITs reduce the bene ts
of native machine code: Java wins by reducing ap-
plication programming complexity and administrativ e
complexity, whose costs are not declining as fast as
execution times.

Comm unication latency: There is little reasonto believe
that technological advanceswill signi cantly decrease
communication latency. Hiding latency, to the extent
that it is possible,thus is certral to our design.

Scalabilit y: The architecture must scale to a higher de-
gree than existing multipro cessor architectures, such
as workstation clusters.

Robustness: An architecture that scalesto thousands of
computational producers must tolerate faults, partic-
ularly when participating machines, in addition to fail-
ing, can disengagefrom an ongoing computation.

1.2.1 Easeofuse

The computation consumer distributes code/data to a
heterogeneousset of machines/OSs. This motiv ates using a
virtual machine, in particular, the JVM. Computational pro-
ducersmust download/install/upgrade system software (not
just application code). Use of a screensaer/daemon obvi-
atesthe needfor human administration beyond the one-time
installation of producer software. The screensaer/daemon
is a wrapper for a Jini client, which downloads a \task
server" service proxy every time it starts, automatically dis-
tributing system software upgrades.

1.3 Paper Organization

In the next section, we discussrelated work, particularly
noting those ideas of others that we have incorporated into
CX. In section 3, we introduce the API. In section 4, we
describe CX's architecture. In section 5, we presert results
from preliminary experiments. The Conclusion summarizes
our contributions and somedirections for future work.

2. RELATED WORK

Legion [14] and Condor [9] were early successedn network
computing. They predate Java, hence are not Java-certric,
and indeed do not use a virtual machine to overcome the
portabilit y/in teroperability problem assaiated with hetero-
geneousmachines and OSs. The use of a virtual machine
is a signi cant di®erence between Java-certric and previ-
ous systems. Charlotte [3] wasthe rst researd project, to
our knowledge, that was Java-certric. Charlotte used eager
scheduling, introduced by the Charlotte team, and imple-
mented a full distributed shared memory. Globus [11] is a
metacomputing or umbrella project. It consequenly is not
Java-certric, and indeed must be language-neutral. CX is
intended to t under Globus's umbrella via a portal [21].
Javelin [17, 18, 7] is Java-certric, implements eagerscedul-
ing, and has a host/brok er/client architecture.

Recertly, seweral systemshave emergedfor distributed com-
putations on the Internet. Wendelborn et al. [23] describe
an ongoing project to develop a geographical information
system (PAGIS) for de ning and implementing processing



networks on diversecomputational and data resources. Haw-
ick et al. [15] describe an environment for service-based
meta-computing. Fink et al. [10] describe Amica, a meta-
computing system to support the developmert of coarse
grained location-transparent applications for distributed sys-
tems on the Internet, and includes a memory subsystem.
Bakker et al. [2] take the view of distributed objects as
their unifying paradigm for building large-scale wide area
distributed systems. They appearto intend to do for objects
what the world wide web did for documents. Objects can
di®er on their scheme, if any, for partitioning, replication,

consistency, and fault tolerance, in a way that is opaque to

clients.

Huberman et al. [1] relate anonymity to incentives, in
their application of the \tragedy of the commons" to anony-
mous peer-to-peer networks.

Securing the Jini infrastructure is not the focus of this
project; commercial e®orts are under way to do this.

Recert commercial verntures attest to the perception that
unused cycles can be made available in a computationally
meaningful way. Such ventures, while still in their infancy,
include EnFuzion (targeted at intranets), Applied Metacom-
puting (the commercialization of Legion), Distributed Sci-
ence (aka the ProcessTee), Entropia, Parabon Computa-
tion, Popular Power, and United Devices.

The setting for CX is the Internet (or an intranet). It
comprises a set of interrelated Jini servicesand clients im-
plemented in Java. From a performance point of view, its
goal is somewhat di®erert from both the commercial ven-
tures and the early systems such as Legion and Condor.
These systems are intended primarily to increase system
throughput or utilization of idle cycles. CX is intended to
push the limits of parallel computing in a network setting,
despite long communication latencies. Its architecture in-
corporates ideas from a variety of sources. Briey, it uses
thread programming model ideas from Cilk [4]; scheduling
ideas from Enterprise [16], Spawn [22], and Cilk; classic de-
coupled communication ideas from Linda [6] (and JavaS-
paces[12], its Java incarnation); eagerscheduling ideas for
fault tolerance from Charlotte; and the host/brok er/client
architectural ideasfrom Javelin. To match supply with de-
mand [5] in time and space, the system incorporates the
concept of auctions [8] via a market maker.

This article outlines the rationale for thesechoices,asthey
pertain to the design CX's ProductionNet work subsystem.

3. API

The computational model re°ects the dominating physical
constraint on networked computation among compute pro-
ducers whose availabilit y may be short-liv ed: long commu-
nication latency relative to execution speed. Computation
is modeled with a DAG of nonblocking tasks, analogous to
Cilk threads. Such a DAG is illustrated in Fig. 1. Producer
cycles are too precious and volatile to waste in a blocked
state.

In the programming model, the \task server" is the single
abstraction through which applications communicate with
the system. To minimize communication, the application
programmer chooseswhere [de]Jcomposition occurs: the con-
sumer, the producer, even the task server, or somecombina-
tion thereof. For communication exciency, an application
can batch the communication of tasks and computed argu-
ments.
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Figure 1: Task DAG for computing the 4th Fi-

bonacci number.

The programmer view is that of a single task server, de-
spite its implementation as a network of servers. The con-
sumer stores a computational task into \the" task server,
and receivesa callback (processResult( Object o ) ) when
the result becomesavailable. Producers repeatedly take
tasks from \the" task server and compute them. SeeFig. 2.
Sudch computation results in either the creation of new sub-
tasks and/or arguments that are sert to successortasks.

The application programming methods for communicat-
ing with \the" task server include:

storeT ask ( Task t ): store a task on the task server

storeResult( Task t, int argNo, Ob ject value ): store
an argument of a successortask on the task server
(pseudocode: t.inputs[argNo] = value )

The method processResult ( Object result ) is when
a result is available. In the JavaSpacespeci cation, clients
cannot compute within the space.Thisis to prevent a client
from grabbing the space's computational capacity, which
would reduce its responsivenessto other clients. In CX,
a production network, a particular set of task servers and
their assaiated producers, executes one computation at a
time. Consequerly, the application can execute tasks on a
task server (by setting the Task's boolean executeOnSener
member to true). (This is in the spirit of the original tuple
space design of the Linda system.). Computed arguments
are stored on the server, using storeResult . Tasksare ready
for execution only after receiving all their arguments, if any.
For communication ezxciency, the above methods have a
variant where a set of tasks/arguments is stored.

4. ARCHITECTURE

First, we note someperformance constraints. The schedul-
ing mechanisms must be general, subject to the constraint
that scheduling operations are of low time complexity: O(1)
in the number of tasks and producers. The system must be



Figure 2. Pro cess comm unication abstraction. lllus-
trates the rst few tasks of the Fib(5) computation.

scalable, high-performance, and tolerate any single compo-
nent failure. Failure of compute producers must be trans-
parent to the progressof the computation. Recovering from
a failed server must require no human intervention and com-
plete in a few seconds. After a server failure, restoring the
system's abilit y to tolerate another server failure requires no
human intervention, and completesin lessthan one minute.

The basic entities relevant to the focus of this paper are:

Consumer (C): a processseekingcomputing resources.

Pro ducer(P): a processo®ering or hosting computing re-
sources. It is wrapped in a screensaver or unix dae-
mon, depending on its operating system.

Task Server (S): aprocessthat coordinates task distribu-
tion among a set of producers. Servers decouple com-
munication: consumersand producers do not need to
know ead other or be active at the sametime.

Pro ducer Net work (N): A robust network of task servers
and their assaiated producers, which negotiates as
a single entity with consumers. Networks solve the
dynamic discovery problem between active consumers
and available producers.

Task servers and production networks are Jini services.

Tedhnological trends imply that network computation must
decompose into tasks of suxcient computational complex-
ity to hide communication latency: CX thus is not suitable
for computations with short-latency feedbadk loops. Also,
we must avoid human operations (e.g., a system requiring a
human to restart a crashed server). They are too slow, too
expensive, and unreliable.

Why use Java? Because computation time is becom-
ing less expensive and labor is becoming more expensive,
it makes senseto use a virtual machine (VM). Each com-
putational \cell" in the global computer speaks the same
language. One might argue that increased complexity as-
sociated with generating and distributing binaries for each

machine type and OS is an up-front, one-time cost, whereas
the increasedruntime of a virtual machine is for the entire
computation, every time it executes. JITs tend to negate
this argument. For some applications, machine- and OS-
dependert binaries make sense. The cost derivatives (hu-
man vs. computation) suggestthat the percentage of such
applications is declining with time. Of the possible VMs,
it also makes senseto leveragethe industrial strength Java
VM and its just-in-time (JIT) compiler technology, which
continuesto improve. The increasein programmer produc-
tivit y from Java technology justi es its use. Finally, many
programmers like to program in Java, a feature that should
be elevated to the set of fundamental considerations, given
the economicsof software developmert.

There are a few relevant design principles that we ad-
here to. The “rst principle concerns scalability: Each sys-
tem component consumes resources (e.g., bandwidth and
memory) at a rate that must be independert of the num-
ber of system componerts, consumers,jobs, and tasks. Any
componert that violates this principle will becomea bottle-
ned when the number of components gets sutciently large.
Secondly tasks are pre-fetched in order to hide communi-
cation latency. This implies multi-threaded Producers and
TaskSeners. Finally, we batch objects to be communicated,
when possible.

There alsois a requirement that is neededto achieve high
performance. To focus producers on job completion, pro-
ducer networks must complete their consumer's job before
becoming \free agerts" again.

The design of the computational part of the system is
brie°’y elaborated in two steps: 1) the isolated cluster: a
task server with its assaiated producers, and 2) a producer
network (of clusters). The producer network is usedto make
the design scaleand be fault tolerant.

4.1 The isolatedcluster

An isolated cluster (SeeFig. 3) supports the task graph
model of computation, and tolerates producer failure, both
node and link. A consumer starts a computation by putting
the \ro ot" task of its computation into a task server. When
a producer registers with a server, it downloads the sener's
proxy. The main proxy method repeatedly gets a task, com-
putes it, and, when successfullycompleted, removesthe task
from the serwver. Since the task is not removed from the
server until completion noti cation is given, transactions are
unnecessary: A task is reassigneduntil some producer suc-
cessfully completesit. When a producer computes a task, it
either createssubtasks (or a nal result) and puts them into
the server, and/or computes arguments neededby successor
subtasks. Putting intermediate results into the server forms
a chedpoint that occurs asa natural byproduct of the com-
putation's decomposition into subtasks. Application logic
thus is cleanly separated from fault tolerance logic. Once
the consumer deposits the root task into the serwer, it can
deactivate until it retrievesthe "nal result. Fault tolerance
of a task server derives from their replication provided in
the network, discussedbelow.

We now discusstask caching. It increasesperformance
by hiding communication latency between producers and
their server. Each producer's server proxy has a task cade.
Besidescading tasks, proxies copy forward arguments and
tasks to the server, which maintains a ready task heap: The
ordering of ready tasks within the heap is basedon 2 com-
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Figure 3: A Task server and its associated set of
Pro ducers.

ponents: The dominant componert is how many times a
task has been assigned. If task A has been assigned fewer
times than Task B, then Task A is higher in the heap than
Task B. Within that, tasks are ordered by DAG level (see
[4]). This minor ordering mechanism is exposedto the ap-
plication programmer: DAG level is the default implemen-
tation of the Task's boolean isHigherPriority method. For
example, it makes senseto give a Fib onacci task that com-
putes a bigger Fib onacci number a higher priorit y than a Fi-
bonacci task that computes a smaller number (becausethe
task that computes the smaller number ultimately spawns
fewer tasks). In this case,the application programmer can
implement the Fib onacci decomposition task's isHigherPri-
ority method accordingly.

When the number of tasks in a proxy's task cacdhe falls
below awatermark (see[12]), it pre-fetchesa copy of a task][s]
from the server. For ead task, the server maintains the
names of the producers whose proxies have a copy of the
task. A pre-fetch request returns the task with the lowest
level(i.e., is earliest in the task DAG) among those that have
been assignedthe fewesttimes. After the task is complete,
the proxy noti es the server which removes the task from
its task heap and from all proxy cachescontaining it.

The task server also maintains an unready task collection
(of tasks that have not yet received all their input argu-
ments). When a task in this collection receivesall its argu-
ments, and hencebecomesready, it is inserted into the ready
task heap, and becomesavailable for pre-fetching. The pro-
ducer's task cadche is organized similarly, with a ready task
heap and unready task collection.

Although the task graph can be a DAG, the spawn graph
is a tree. In Fig. 1, the sub-graph of solid edgesis the
spawn tree. Hence, there is a unique path from the root
task to any subtask. This path is the basis of a unique task
identi er. Using this identi er, the server discards duplicate
tasks. Duplicate computed arguments also are discarded.

The server, in concert with its proxies, balancesthe task
load among its producers: A task may be concurrently as-

signedto many producers (particularly at the end of a com-
putation, when there are fewer tasks than producers). This
reducescompletion time, in the presenceof aggressiwe task
pre-fetching: Producers should not be idle while other pos-
sibly slower producers, have tasks in their cache. Via pre-
fetching, when producersdeplete their task cache, they steal
tasks spawned by other producers. Each producer thus is
kept supplied with tasks, regardless of di®erencesin pro-
ducer computation rates. Our design goal: producers ex-
perience no communication delay when they request tasks;
there always is a cached copy of a task waiting for them
(Exception: the producer just completed the last task).

4.2 The production network of clusters

The server can service only a bounded number of produc-
ersbeforebecominga bottleneck. Server networks break this
bottleneck. Each server (and proxy) retains the functional-
ity of the isolated cluster. Additionally , servers balance the
task load (\concentration”) among themselves via a di®u-
sion process: Each server \pings" its immediate neighbors,
conveying its task state. The neighbor server returns tasks
or a task request basedon its own task state relative to the
state of the pinging server. Tasks that are not ready for
execution do not move via this di®usion process. Similarly,
a task that has been downloaded from some server by one
of its producers, no longer movesto other servers. However,
other producers assaiated with that server can download
it. This policy facilitates task removal, upon completion.
Task di®usion among servers is a \background" pre-fetch
process:lt is transparent to their proxies. One design goal:
proxies endure no communication delays from their server
beyond the basic request/receive latency: Each server has
tasks for its proxies, provided there are more tasks in the
server network than servers.

We now impose a special topology, that tolerates a se-
quence of server failures. Servers should have the same
mean time between failure as mission-critical commercial
web servers. However, even these are not available 100%
of the time. We want computation to progresswithout re-
computation in the presenceof a sequenceof single server
failures. To tolerate a server failure, its state (tasks and
shared variables) must be recoverable. This information
could be recovered from atransaction log (i.e., logging trans-
actions against the object store, for example, using a per-
sistent implementation of JavaSpaces). It also could be re-
covered if it is replicated on other servers. The rst case
su®ersfrom a long recovery time, often requiring the hu-
man intervertion. Since humans are getting neither faster
nor cheaper, we omit human-mediated computer/net work
administration. The second option can be fully automatic
and faster at the cost of increased design complexity.

We enhance the design via replication of task state, by
organizing the server network as a sibling-connected fat tree
(seeFig. 4) We can de ne such a tree operationally:

2 gstart with a height-balanced tree;
2 add another \ro ot";
2 add edgesbetween siblings;

2 add edgessothat eadt node is adjacert to its parent's
siblings.

Each server has a mirr or group: its siblings in the fat tree.
(Since the tree doesnot needto be complete, it may be that



Figure 4: A sibling-connected fat tree.

there exists a parent that has only one child. That child
usesits parent asits mirror. This is a boundary condition.)
Every state change to a server is mirrored: A server's task
state is updated if and only if its sibling's task states are
identically updated. When the task state update transaction
fails:

2 The server (or server proxy) that detects the failure
noti es the primary root server (the secondaryroot, if
the primary root is the failed serwer).

2 Each proxy of the failed server, upon receiving Remo-
teExceptions, contacts a randomly selectedmember of
the mirror group of the failed sener.

2 The root directs the most recertly added leaf server to
migrate (with its assaiated Producers) to the failed
sener's position in the network. Its former and new
mirror groups are updated to re°ect this change.

Automatically recon guring the network after a server fail-
ure requires O(B) time, where B is the maximum degree
of any server, and which is O(1) in the size of the network.
When a server joins a network, it becomesthe new right-
most leaf in the network. Insertion thus requires O(B) time,
independert of the network size.

This design scalesin the sensethat ead server is con-
nected to bounded number of servers, independernt of the
total number of servers: Port consumption is bounded. The
diameter of the network of n servers (the maximum distance
between any task and any producer) is O(log n). Most im-
portantly, the network repairs itself: the above properties
hold after the failure of a server. Hence, the network can
recover from a sequence of such failures.

The consumersubmits the \ro ot" task of a computation to
the primary root task server. The computation beginswhen
a producer assciated with this task server executesthis root
task, which undoubtedly spawns other tasks. Di®usion takes
over from there.

4.3 Codedistrib ution via the ClassLoader

Omitted from the discussionthus far is our strategy for
distributing code. If we make no special provision, task
class Tes are downloaded from the Consumer's codebase.
This clearly is a bottleneck, given the degreeof parallelism
we seek from CX. To scale, the code distribution sceme
must have only a bounded number of producersdownloading
code from any one location, independert of the total num-
ber of producers. This implies that the number of download
points must increase linearly with the number of produc-
ers. There is a natural way to provide for this: Each task
server becomesa download location for task class les. The
CX class loader downloads task class les to the primary
root task server via the consumer's classloader. From there
the classesare loaded down through the task server tree.
Each producer loads the class'Tes from its task server. This
scheme achieves our primary objective: code distribution
scalesto an arbitrarily large number of producers without a
bottleneck emerging.

5. PRELIMIN ARY EXPERIMENTS

All experiments wererun on our Departmental Linux clus-
ter. Each machine has 2 Intel EtherExpress Pro 100 Mb/s
Ethernet cards, and is running Red Hat Linux 6.0 and JDK
1.2.2 RC3. These machines are all connectedto a 100 port
Lucent P550 Cajun Gigabit Switch.

We tested a CX TaskSener cluster on a recursive compu-
tation of the nth Fibonacci number, F(n), augmerted with
a synthetic workload. Let T(n) denote the number of tasks
spawned by computing F (n). Clearly,

TMN)=TMi )+ T(nj 2)+ 2

with initial conditions T(0) = T(1) = 1. By inspecting the
dags assciated with Fibonacci computation, we see that
T(n) = 3F(n)j 2. Thus,
A
1 u1+ pgﬂn+l . IJ-

. p—ﬂn+l!
T(n) =3 Pe i S

5 i > i 2

This is the total number of tasks for computing F(n) re-
cursively. The critical path length for F(n) is2nj 1.

Te denotes the time for the application to run with P
Producers. T: denotesthe time to complete the computa-
tion's critical path of tasks. Thus, as has been reported in
the Cilk project:

Te , maxfTy ;T1=Pg

To ensurethat Tp is dominated by the total work and not
the critical path, we thus must have T1=P > T; :

3 - 3 -
H 1 1+Pg n+1 1.p§ n+lﬂ
3 5 T e i 2

P <

2nij 1
For P = 60, this inequality holds for n | 14. Our ex-
periments compute F (n), for n = [13; 18]. values of n, total
workload would more clearly dominate the time to complete
F (n)'s critical path.

Traditionally , speedup is measured on a dedicated multi-
processor,where all processorsare homogeneousn hardware
and software con guration, and varying workloads between

processorsdo not exist. Thus, speedup is well de ned as



T1=Ty, where T is the time a program takeson one proces-
sor and Ty, is the time the sameprogram takeson p proces-
sors.

We now give ade nition of speedup for a heterogeneousset

sortypes. Let T1(i) denotethe time to complete the problem
using 1 processorof type M. Conventional speedup, using
p processorsof type M; can be de'ned as T1(i)=Tp(i). To
compute speedup when we have more than onetype of pro-
cessor,we generalizethis formula. Let a problem be solved
concurrently using k types of processors,where there are
pi processorsof type Mi: The total number of processors

tion time when using this mix of p processors.We de ne a
composite base casethat re°ects this mix of processors:

_ p1T1(1) + ¢¢C+ pe T1(K) |
p1 + ¢CC+ py .

Finally, we de ne the speedup S as

While this de nition doesnot incorporate machine and net-
work load factors, it doesre’ect the heterogeneousnature
of the set of machines.

Now, the virtue of having a formula for T(n) comesinto
play. Clearly, the experiments that take the longest are
those that involve only 1 processor,computing T1(i) for var-
ious machines types,M;. Let T{ (i) denote computing F(n)
(with an augmerted load) on 1 processorof type M. We
model the computation time of F(n) on a machine of type
M; as a portion of time that is independert of n to start
and stop the program, denoted ®, plus an amount of time
that dependson n: ~;T(n). That is,

TI()= @&+ iT(n):

We take actual measuremers of T{ (i), for 2 values of n
chosensud that they result in a system of two independert
linear equations. We then solve for ® and ~. For example,
say TP(i) = 27 secondsand T/ (i) = 66 seconds. Then,

27= ® + 227 )
66= ® + 61 ;: )
Solving, we obtain that ® = 5secondsand | = 1 secondon

machine type Mi. We now estimate T{ (i) = 5+ 1T(n), for
any natural number n. Thus, 2 small experiments minimally

suzxce for producing a good estimate of a very large sequen-
tial execution time. We used this technique to compute
the base casesused in the following speedup calculations.
This technique obviates the needfor extremely large sequen-
tial executions that otherwise would be neededto calculate
speedups. Large multipro cessorruns require large problem
instances. Computing times for the basecasesfor suc runs
(e.g., 1000 processorexperiments) can, in principle, require
many days, even a month of processortime. Thus, using this

technique, we avoid the most computationally extended ex-
periments, which are consequetly quite precarious (e.g., a
momentary power loss requires restarting from the begin-
ning).

Table 1 preserts the number of processorsof eath type
that were usedin our experiments. Table 2 givesthe actual
times for 2 synthetic workloads on the processortypesused
in the experiments. We have 3 task types: Decomposition
(D), boundary (B), and composition (C).

Producers Dual 512 | 34
Dual 1024 | 22
Quad 4
TaskSeners | Quad 2

Table 1: The number and pro cessors typ es for Pro-
ducers and TaskServ ers.

Dual 512 D B | C
Workload 1 | 41 | 1720 | 41
Workload 2 | 41 | 3650 | 41
Quad D B | C
Workload 1 | 32 | 1377 | 32
Workload 2 | 32 | 2925 | 32

Table 2: Task times, for the 2 pro cessor typ es. Each
had 2 workloads. The 3 task types are decomp osi-
tion (D), boundary (B), and comp osition (C). Times
are in milliseconds.

We regard T1=pto be the optimal speedup; T, the actual
speedup. Thus, the ratio of (T:=p)=T, is lessthan or equal
to 1. Figure 5 shows the speedup we measured, calculated
according to the above formula. The "gure shows execu-
tion times for Fibonacci computations varying from F(13)
to F(18). For F(13), the ratio of optimal speedup over ac-
tual speedupis 0:87. For F(18), the ratio of optimal speedup
over actual speedupis 0:99. CX achieves essetially 0.99%
of optimal speedup using 60 processorson a complex DAG-
structured computation with small tasks (averagetask time
is 1:8 secondsfor Workload 1 and 3:7 secondsfor Workload
2). This is encouraging: The tasks do not needto be too
coarsefor respectable speedups.

Figure 6 shows what percertage of idle time was spent
during the transient parts of the computation: The initial
transient is when the computation begins, and most pro-
cessorsare starving for tasks; the termination transient is
when the computation is winding down, and most proces-
sorsagain are starving for tasks. Theseinevitable transients
accourt for 25% of idle cycles, when the system is achieving
0:99 of optimal speedup. In particular, the idlenessdue to
in initial transient in that caseis 0:1% of idle cycles. This
suggeststhat tasks are distributed to the 60 processorswith
extreme rapidit y.

We also performed experiments (on 16 processors)to mea-
sure the e®ectof pre-fetching. For small computations (few
tasks and/or short tasks) and fast communication, perfor-
mance gain via pre-fetching is minimal. As the number of
tasks increase and/or the task time increasesand/or the
communication times increase, pre-fetching helps more and
more. Sinceour cluster has fast communication, we did not
obtain data for the caseof communications with relativ ely
long latencies. Speci cally, for F(11), speedup with pre-
fetching was 0:51 of optimal; whereaswithout pre-fetching,
speedup was 0:54. However, for F(15), speedup with pre-
fetching was 0:93 of optimal; whereaswithout pre-fetching,
speedup was 0:80. We believe that as the number of tasks
increasesand/or the task sizesincreaseand/or communica-
tion latencies increase, the benets of pre-fetching increase
commensurately.

6. CONCLUSION
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F(n)in =

CX is a network-based computational exchange. It can
be usedin a variety of environments, from a small labora-
tory within a single department of a university, to a corpo-
rate producer network, to millions of independert producers
spontaneously organized into a giant producer network.

We have chosenJava for CX becauseJava increasesappli-
cation programmer productivit y (e.g., is object-oriented, yet
serializes objects for communication), reduces application
portabilit y and interoperability problems, enables mobile
code, will support a high level security API (RMI), and does
all this with an acceptable and decreasingpenalty vis a vis
nativ e machine execution. Jini further reducesCX's admin-
istrativ e complexity to distribute system software compo-
nent upgrades, and recover from system componerts whose
availabilit y is intermitten t.

We believe that our contributions to networked-based,
object-oriented parallel computing include:

2 The novel combination of variations on ideas by other
researdiers, including work stealing of non-blocking
tasks, eagertask scheduling, and space-basedcoordi-
nation.

2 A simple, compact API that enablesthe expression of
object-oriented, task-level parallelism. It cleanly sep-
arates application logic from the logic that supports
interpro cesscommunication and fault tolerance.

2 The sibling-connected, fat tree of servers, a recursive,
short-diameter, scalable network of task servers that
self-repairsin the face of a sequenceof faults: The net-
work gracefully degradesfrom n serversto one server,
provided that the failures occur sequertially .

2 A simple di®usion processfor distributing tasks among
the network of task servers. Sincein the diameter of
the network is O(log n), the number of edgesbetween
any task and any producer is no more than 2logn:
Using only local information, task \concentrations"
rapidly di®useinto the network.

2 The use of task cadhing/replication and two levels of
pre-fetching (including inter-server task di®usion) to
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Figure 6: Percentage of idle cycles that are
due to start and stop transien ts, for F(n);n =
13;14;15;16;17;18 under 2 workloads.

hide the large communication latency that is intrinsic
to networks.

2 A load generator, using the F(n) computation, that
strenuously exercisesthe DAG model of computation:
It spavns many tasks that require synchronization of
predecessortasks. This load generator is versatile be-
causeit augmens the F(n) computation with a pa-
rameterized synthetic load. The technique for accu-
rately estimating long sequertial execution times, based
on 2 short executions, obviates the need for the most
time-consuming experiments, saving days of experi-
mental work.

2 Providing a test bed for a variety of researh topics,
such as automated trading, reputation services, au-
thentication services, and bonding services. CX also
provides atest bed for algorithm researd into network-
based parallel computation.

The API can serne as a target for a higher level notation
for the object-oriented expressionof parallel algorithms. As
future work, we are working on an extension to Java, an
object-oriented analog to Cilk's extensionsto C. The exten-
sions (which, when elided, leave a valid single JVM Java pro-
gram) could be preprocessedinto another Java program|
onethat exploits the algorithm's task-level parallelism when
run on CX's network computing system. We would like to
more deeply analyze and experiment with di®usion, mod-
elling task servers and producers as adaptiv e controllers.

We also would like to experiment with various trading
strategies, and program applications for CX that have value
to the sciertic community.
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