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ABSTRACT
Parallel application programming is becoming increasingly impor-
tant to researchers and developers who want to leverage hardware
advances and compute complex calculations quickly and ef�ciently
in competitive domains, such as �nancial services. Prior research
has focused on high-performance computing and grid computing
middleware to support the development of parallel applications.
These technologies, however, are hard to program and managedue
to the need for researchers and developers to use explicit concur-
rency mechanisms and manual lifecycle management techniques.
What is needed therefore, are middleware technologies and tools
that are both easy to useandhighly optimized for the new genera-
tion of parallel computing hardware.

This paper presents the structure and functionality of Zircomp,
which is adaptive distributed computing middleware targeted at
parallel applications on heterogeneous computing environments,
such as laptops, desktops, single-core CPUs, multi-core CPUs, clus-
ters, and clouds. Zircomp allows developers to design software as
if they are programming for a single computer by automatically
distributing and parallelizing task executions scalably,reliably, and
resource-ef�ciently. The result is a straightforward programming
model that can substantially improve the performance of complex
computational �nance applications via distribution and paralleliza-
tion. This paper uses a representative case study from the �nancial
services domain to show how these types of applications can bene-
�t from using Zircomp.

Keywords
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1. INTRODUCTION
Parallel programming is increasingly important to researchers

and developers involved in computational �nance, who must lever-
age the latest distributed and parallel programming technologies
to aid decision making and meet rapidly changing interests,�nan-
cial forecasts, and market standards. Example applications include
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�nancial risk assessment and modeling (such as value-at-risk and
historical simulations) and real-time decision making based on al-
gorithmic feedback (such as market making, electronic strategy ar-
bitrage, and high-frequency trading). With the advent of commod-
ity multi-core processors and cloud computing systems, researchers
and developers also need parallel programming technologies to ex-
ploit more than one processor (or more than one core per processor)
to deliver results quickly and cost-effectively.

Traditional parallel programming techniques, such as message
passing [1] and shared memory grid computing middleware [2],
have been applied by researchers in universities and national labs
to develop and deploy enterprise-scale distributed and parallel ap-
plications. Parallel application development remains a challenging
problem, however, in the domain of large-scale developmentof ap-
plications for computational �nance, where researchers and devel-
opers often cannot leverage traditional grid computing middleware
for their applications due to the following limitations:

� Complex programming models. Traditional grid comput-
ing middleware is cumbersome for many application devel-
opers due to the need for programs to use explicit concur-
rency management,e.g., thread creation and synchroniza-
tion using messages, queues, and locks. These programs
also require manual lifecycle management of all distributed
processes involved in computation, including discovery, load
balancing, and fault-tolerance concerns that are tedious and
error-prone, and which do not scale for mission-critical �-
nancial systems.

� Solutions that are tightly coupled to particular platforms.
When traditional grid computing middleware is applied, ap-
plication developers must often manually modify their source
code whenever they port applications to different operating
systems. Moreover, researchers and developers spend signif-
icant amounts of time and effort on tutorials, webinars, and
other study materials to learn these technologies since they
are hard to program and port.

To address these limitations, we have developed an adaptivedis-
tributed computing middleware calledZircompthat enhances com-
plex computational �nance applications by creating adaptive, real-
time, and distributed computing on demand. By utilizing thecom-
putational resources (e.g., desktops and servers) available within
an organization—or in public or private clouds—Zircomp provides
the following capabilities to researchers and developers:

� Con�gurable middleware whose pluggable services automate
many tedious and error-prone activities related to network
programming, including handling different network proto-
cols, (de)marshaling, fault-tolerance, thread creation and man-



agement, and advanced load balancing across a network of
computation servers.

� A decentralized software architecture that has no single point
of failure.

� A straightforward parallel programming model that allows
developers of computational �nance applications to design
software that runs in a cluster of computers as if they are
programming for a single computer.

Zircomp can be used to develop and/or convert non-parallel appli-
cation code to create ef�cient, scalable, and highly available dis-
tributed computing applications that run computations on aset of
servers in a (potentially heterogeneous) network environment.

Paper organization. The remainder of this paper is organized
as follows: Section 2 describes a case study from the �nancial ser-
vices domain to showcase the challenges of developing distributed
and parallel computational �nance applications; Section 3explores
the capabilities Zircomp provides to simplify the development of
complex distributed and parallel applications; Section 4 describes
how Zircomp provides solutions for the challenges described in the
case study; Section 5 compares Zircomp with related work; and
Section 6 presents concluding remarks.

2. A CASE STUDY IN FINANCIAL ANAL-
YSIS

Computational �nance applications, particularly those involving
massive simulations, are often well suited for parallelization. Un-
fortunately, the effort needed to parallelize these applications using
traditional methods is often prohibitive, which has restricted the �-
nancial industry's movement in this direction. Since markets are
increasing dominated by electronic trading systems, however, real-
time performance becomes an increasingly critical factor in making
timely trading decisions.

A common problem encountered in the �nancial services indus-
try is risk estimation.Monte Carlo methods[3] relying on simula-
tions based on hypothetical market behavior scenarios haveproven
quite useful in risk calculations, especially for portfolios involving
derivatives. The computational intensity of such methods,however,
generally limits the frequency with which they can be used. Hence,
there is a signi�cant bene�t from boosting the performance of such
computations.

The remainder of this section presents a case study in �nancial
analysis based on avalue-at-risk(VaR) [4] calculation using Monte
Carlo simulation to showcase key design challenges of developing
parallel computational �nance applications.

2.1 The De�nition and Applications of VaR Anal-
ysis

In �nancial mathematics and �nancial risk management, Value
at Risk (VaR) is a widely used measure of the risk of loss on a spe-
ci�c portfolio of �nancial assets. For a given portfolio, probability
and time horizon, VaR is de�ned as a threshold value such thatthe
probability that the mark-to-market loss on the portfolio over the
given time horizon exceeds this value (assuming normal markets
and no trading in the portfolio) is the given probability level.

For portfolios involving traditional instruments like stocks, ef-
fective and computationally parsimonious analytical methods (such
as the variance-covariance method [5, 6]) for calculating the value-
at-risk have been devised. Crucially, such methods rely on impor-
tant assumptions about the nature of the loss distribution,including

the stipulation that it is a normal distribution. Hence, such algo-
rithms cannot be applied to portfolios that contain exotic instru-
ments (such as options and other derivatives) and risk managers
must resort to more generalized techniques.

Due to their generality,Monte Carlomethods are often utilized
for VaR calculations for portfolios with options. Instead of mod-
eling future portfolio performance on purely theoretical consider-
ations, such methods simulate a large, representative set of possi-
ble performance scenarios and then base the VaR measurements
on tallies of the results. One variant of such methods—design
for portfolios with options—is to use the historical performance
of the options' underlying securities at different randomly-selected
times to generate plausible scenarios of future underlyingsecuri-
ties' values. Since powerful algorithms (such as the Black-Scholes
model [7] and the binomial tree model [8]) exist to predict option
prices based on underlying prices, such scenarios can be extended
to generate predictions about the performance of all positions in the
portfolio, and thus the portfolio's overall performance.

Although suchMonte Carlo(we useMonte Carlomethods based
on historical simulations) methods are general and versatile, they
are extremely computationally intensive. In particular, the algo-
rithms for deriving options prices from those of their underlying
securities are quite involved, and the computational cost is com-
pounded by the fact that many such predictions must be calculated
to generate a suf�ciently large number of scenarios for reliable sta-
tistical analysis. Indeed, the computational cost of such calcula-
tions is often the factor limiting their broader use in the �nancial
industry.

2.2 A Typical Serial Implementation of VaR
Calculation

VaR calculations are often hosted in applications such asMi-
crosoft Excel spreadsheets, where the input data and results are
collected in a convenient format. Likewise, calculations are of-
ten controlled by aVisual Basic for Applicationsscript. The actual
calculations may be performed either within the Excel process or
delegated to another process in a client/server con�guration.

This paper focuses on a representative VaR calculation where
the computational task is to estimate the 1-day value at riskfor a
portfolio with positions in stocks, an index, and a number ofAmer-
ican options on these securities. Figure 1 shows an architecture
of such a serial VaR calculation, where aVisual Basicclient ap-
plications computes the VaR for a set of portfolios (whose input
data are stored in aMicrosoft Excelspreadsheet) by invoking re-
mote requests on a VaR evaluation library hosted in aLinux server.
The Monte Carlosimulation achieves this VaR calculation by (1)
computing the value of the portfolio at the end of the time horizon
under a large number of market behavior scenarios and (2) quanti-
fying the maximum loss expected with a given probability (i.e., the
simulation's con�dence interval).

In our case study, 381 options, 30 stocks, and one index track-
ing fund qualify for our portfolio. We collect the history ofdaily
stock returns for two years preceding the VaR calculation date in
an Microsoft Excelspreadsheet. The next step is creating 1,000
distinct scenarios by randomly drawing 1,000 sets of returns and
calculating the underlying 1-day VaR value. As shown in Figure 1,
the VaR calculation function is embedded in a library hostedon
a Linux machine. Likewise, the client for this computation is an
Excelspreadsheet and aVisual Basicclient executable assists the
Excelspreadsheet to make remote invocations on the Linux library.

2.3 Design Challenges of Parallelizing the VaR
Calculation



Figure 1: A Serial VaR Calculation Example

In our case study, we have American options with discrete div-
idends on individual stocks, as there is no closed-form solution
available for them and one has to use time-consuming binomial
trees to calculate the price. Hence, the following computational
steps are involved in calculating 1-day VaR:

� Randomly pickingN historical dates.

� Applying the returns for each historical date to the under-
lying prices on the initial date to obtain a scenario for the
underlying prices at the end of the time horizon.

� For each scenario for the prices of the underlying securities,
evaluating the prices of all the options in the portfolio.

� After evaluating all scenarios, forming the simulated distri-
bution of the portfolio values and computing VaR.

From the de�nition of the computational steps, it is clear that com-
puting the options prices for each hypothetical scenario consumes
the majority of the VaR calculation time. Attempts to improve the
calculation's performance should therefore focus on alleviating this
bottleneck, so this part of the computation should be off-loaded to
remote compute server(s).

Since the options price model calculations are logically indepen-
dent and quite numerous within the scope of a single portfolio's
analysis, this VaR calculation has great exploitable concurrency
and is easy to parallelize. Although parallelization provides a re-
alistic and economical way to improve the performance of such
analysis, conventional implementations of this parallel calculation
face a number of common design challenges in of�oading serial
calculation to remote computation servers. The remainder of this
section describes some of these key design challenges.

Challenge 1: Discovery and addressing of remote computa-
tion servers for distributed computation. A realistic parallel im-
plementation of the VaR calculation would run the actual options
price model on one or more processes on a server machine that is
more powerful than the personal computer hosting the spreadsheet.
If application developers write source code manually to perform
parallel programming, they would have to identify the IP addresses
of the source and destinations, determine multicast addresses, and

also handle the variabilities associated with the underlying network
stack to transfer requests and replies across the network. Moreover,
this process would be repeated whenever the underlying platforms
change,e.g., the input data could be moved from theExcelspread-
sheet to a database, or the VaR calculation server could be moved
from theLinux host to aSolarishost.

New servers could also be added and existing servers could be
stopped as part of a broader system administration plan. Irrespec-
tive of the changes in the underlying network, hardware, andplat-
form topologies, the VaR calculation data must be distributed and
distributed computations must be performed. As described above,
manually modifying source code to handle such sophisticated use
cases is hard.

Challenge 2: Management of data distribution for remote
distributed computation. Performing remote distributed compu-
tations involves transforming the internal state of a program (e.g.,
the input for the VaR calculation stored in the Excel spreadsheet)
in an external format that can transferred via the network tore-
mote computation servers. The programming technique needed to
accomplish this transformation is called asmarshalingand the re-
verse process of converting the external data format to internal data
format is calleddemarshaling. Historically, application developers
have manually written (de)marshaling code to meet the distributed
computing requirements of VaR calculations. This (de)marshaling
code is highly dependent on the format of the data being sent and
the platforms hosting the client/server processes, which compli-
cates manual source code development activities.

Challenge 3: Ef�cient distribution of remote computation r e-
quests for effective resource management across the network.
After application developers devise solutions to challenges 1 and
2 above, intelligent request scheduling and distribution algorithms
are needed to disseminate requests across the various computation
servers. Ef�cient request dissemination ensures that (1) all hard-
ware resources are utilized ef�ciently, (2) remote computations are
not impeded by load imbalance across the computation servers, and
(3) clients are shielded from heterogeneous hardware and software
capabilities.

If application developers wrote source code manually to perform
these activities, they would have to track resource usage statistics



at all the processors hosting the computation servers. Moreover,
resource management is dictated by algorithms that could vary de-
pending on application characteristics (i.e., memory-intensive ap-
plications versus CPU-intensive applications). Handlingthese vari-
abilities in the application source code complicates development,
especially for large and complex applications.

Challenge 4: Fault tolerance and application transparent fa-
ult detection and recovery. When remote computation servers ex-
ecute complex application calculations, hardware failures can dis-
rupt the calculations. These types of failures must be handled re-
siliently since both the compute server(s) and communication links
may be rendered unavailable. Developing source code manually
for providing fault tolerance could involve writing code for detect-
ing faults, identifying the requests that were being computed by the
failed server, resending those requests to an alternate server, and
taking rejuvenation actions such as restarting the failed servers.

Not only are these development activities tedious, but sucha
source code development could also make the source code hard
to understand due to tangling concerns between fault tolerance and
the business logic of the application. Application requests in such
dynamic faulty environments should be handled as transparently as
possible. In particular, domain experts should only need tofocus
on the business logic of the application and not on non-functional
concerns, such as fault tolerance.

Challenge 5: Concurrency management. Computational �-
nance applications, such as the VaR calculation in our case study,
are often highly computation intensive. These applications can
therefore bene�t greatly from proper concurrency management wh-
ere all the cores in a multi-core processor are utilized ef�ciently for
optimizing calculations. Programming these concerns requires ap-
plication developers to manage concurrency explicitly by creating
threads and synchronizing those threads with messages, andlocks.
This process must be repeated for every platform since thread pro-
gramming APIs differ from platform to platform,e.g., differences
in the thread API between Windows and Linux. Ideally, applica-
tion developers should develop source code in a platform-agnostic
manner so that application requests could be optimized depending
on the availability of single- vs. multi-core processors.

The remainder of this paper uses the VaR case study to moti-
vate how the Zircomp middleware can address the above described
parallel application development challenges associated with paral-
lelizing computational �nance applications.

3. STRUCTURE AND FUNCTIONALITY OF
ZIRCOMP

This section describes the structure and functionality of Zircomp,
which is adaptive distributed middleware for acceleratingthe per-
formance of complex compute-intensive applications in a networked
environment.

Figure 2 shows the following key elements in the Zircomp mid-
dleware:

� TCE Con�guration Environment , which is a application con-
�guration utility that discovers, validates, and manages all applica-
tions in a deployment. This server manages the compute servers,
clients, and monitors that are part of the network and provides
the appropriate communication con�guration settings (i.e., IP ad-
dresses and multicast addresses) for creating the distributed execu-
tion environment to perform distributed computations.

� zNet Middleware, which is an optimized middleware infras-
tructure linked with the client applications and hence resides in the
client address space. zNet automatically distributes computations
to all the available servers, transparently parallelizes executions in

Figure 2: Overview of the Zircomp Middleware Architecture

a scalable, reliable, and resource-ef�cient fashion, and improves
performance by orders of magnitude compared with conventional
programming techniques.

� zEngine, which is a computational server that is installed and
launched on (potentially heterogeneous) target machines.This is
the Zircomp component that actually executes the parallelized com-
putation. A zEngine uses the underlying operating system schedul-
ing mechanisms (i.e., core-aware thread creation, synchronization,
and management) to maximize processor utilization by executing
an instance of a parallelized function on each core (a commonprac-
tice is to start as manyzEngineinstances on each host as there are
processor cores).

� zAdmin, which is a utility for managing (i.e., monitoring, in-
stalling, starting, and stopping) the resources, and applications in
the system either graphically or via a command-line.

The remainder of this section outlines the types of applications
that can bene�t from Zircomp and describes how the Zircomp com-
ponents in Figure 2 address the parallelization challengesdescribed
in Section 2.3.

3.1 Parallelizable Application Pattern
Many developers of computational �nance applications haveex-

isting serialized algorithm implementations (such as the VaR cal-
culations described in Section 2). The starting point for using Zir-
comp is thus often a serial legacy application that may have any
structure whatsoever, so long as the computation it performs meets
certain prerequisites for parallelization, such as loops of the single
program, multiple dataform.

When human developers consciously design parallel applications
using traditional tools and approaches and provide solutions to the
challenges described in Section 2.3, they often end up with code
that does not resemble that of a functionally-equivalent serial appli-
cation. By contrast, Zircomp shields application developers from
these tedious distributed and parallel computing challenges via the
components described in Section 3. Parallelizing a serial appli-
cation (which we callzEnabling) thus largely involves linking to
Zircomp component libraries and modifying the existing serial ap-
plication in a well-de�ned manner so the Zircomp componentscan
encapsulate the low-level distributed and parallel concerns to appli-
cations transparently.

To explain thezEnablingprocess, we formalize the notions of
parallelizable sectionand parallelizable function. A paralleliz-
able functionis a function that is invoked repeatedly throughout
the scope of an application. The return value of a call to the par-
allelizable function must not depend on that of previous calls. A
parallelizable sectionis a logical section of the code that uses calls
to the parallelizable function to populate a data structure, i.e., the



parallelizable sectionuses the output produced by theparalleliz-
able function.

A parallelizable section is a block of code with the following
three properties:

� When the application enters the parallelizable section allin-
puts needed for all invocations of the parallelizable function
reside in an input data structure,

� When the application exits the parallelizable section, allthe
outputs from all the invocations reside in an output data struc-
ture, and

� These input and output data structures are the only ways that
the non-parallelizable section interacts with the paralleliz-
able function.

Most applications not speci�cally written to use parallelization
do not conform to this template, even if they do have signi�cant
exploitable concurrency. Hence, a certain amount of refactoring is
often needed to convert client applications into the form described
above. The intermediate result is a so-calledservice-oriented se-
rial application that has a well-de�ned parallelizable section (see
Figure 3, left side, invocations to the parallelizable function F()).

Figure 3: zEnabling a Serial Application with Zircomp
The parallelizable section derives the output data from theinput

data by executing the parallelizable function multiple times, and
the parallelizable function is not used in any other way in the code.
In a service-oriented serial application, this parallelizable section
is often afor loop that iterates over the input data structure and
applies the function to each element (i.e., classicSIMD program-
ming). Other forms are also possible, however, involving various
combinations of multiple functions, data structures, and loops.

3.2 Overview of zFunctions and zPluginLibraries
ThezEnablingprocess shields application developers from low-

level distribution concerns, such as discovery, addressing, (de)mar-
shaling requests and replies, and dealing with variabilities in the
underlying network protocol stack(s) so applications can integrate
with any platform and programming language seamlessly. To ac-
complish this, Zircomp hides the low-level distributed computing
concerns from application developers, encapsulate these details,
and provides a so-calledzFunctionz_F for every parallelizable
functionF. Thez_F interface is similar to the original functionF,
and thus client application developers can simply replace calls toF
with calls toz_F . Unlike F itself, however,z_F is asynchronous,
i.e. it returns as soon as it has initiated a request, without waiting
for the results.

The zFunctionz_F is a client-side proxy that transparently dis-
patches asynchronous requests to thezEngines, thereby providing

adaptive, distributed, and high performance computing on demand
for client applications. Since a zFunction callz_F is a drop-in re-
placement for the invocation of its corresponding serial function
call to F, the interface for the zFunctionz_F must be derive di-
rectly from that of functionF. This need necessitates the genera-
tion of custom zFunction code for each application, and Zircomp
provides thezPluginBuildertool for this purpose.

The input to the zPluginBuilder tool is anXML �le describing
the functionF, its input parameters, its output parameters, and the
location of the library that contains the de�nition of the function
F (shown in the middle section of Figure 3). The output is a li-
brary (called thezPluginLibrary) with zFunction implementation
z_F conforming to the same interface as the original functionF.
The generated library also references the original libraryde�ning
the functionF and is auto-loaded byzEngine(based on the location
of the library speci�ed in the XML �le). The generatedzPluginLi-
brary is linked by both the client application as well as thezEngine
(see the right side of Figure 3).

ThezPluginLibrarythat is linked by both the client and the server
applications serve two purposes. On the client, thezPluginLibrary
initiates the Zircomp adaptive distributed computing middleware
zNet to provide scalable, ef�cient, parallel, and highly available
distributed communication between the clients and the servers in an
application transparent manner. On the server, thezPluginLibrary
simply delegates the calls made from the client-sidezPluginLibrary
(on behalf of the client applications) to the functionF de�ned in the
library created by the service developers.

Thus, with a minimal amount of development effort, Zircomp
users obtain a versatile, production-quality parallelized application
that can be deployed in a network of parallel computing nodes.

3.3 Resolving Distributed and Parallel Appli-
cation Design Challenges with Zircomp

We now describe how the Zircomp components shown in Fig-
ure 2 address the key distributed and parallelize application design
challenges summarized in Section 2.3.

Resolving challenge 1: Providing an information service for
discovery and addressing of remote computation servers. Zir-
comp'sTCE con�guration environmentacts as an information ser-
vice and bootstraps all the applications in the network. Allother
components in a Zircomp deployment (including the clients and the
zEnginesthat perform the remote computations) register with the
TCE con�guration environmentwhen they are launched or boot-
strapped. This process allows theTCE con�guration environment
to identify network communication and con�guration settings such
as the host IP addresses, network subnet identi�cation, multicast
addresses.

TheTCE con�guration environmentemploys a handshaking pro-
tocol that informs all the components about the system-widenet-
work settings, so applications can communicate with each other
at runtime without collaborating with theTCE con�guration envi-
ronment. To automate this process—and to allow the underlying
Zircomp middleware to perform all the remote discovery and ad-
dressing requirements—the client and server applicationslink with
the Zircomp libraries. TheTCE con�guration environmentinter-
acts with these client- and server-side Zircomp componentsto per-
form distributed computations. Client applications are written as if
they are performing invocations on a function provided by a server
hosted in the same processor, whereas Zircomp components work
with the TCE con�guration environmentto perform parallel com-
putations transparently.

Resolving challenge 2: Providing transparent management
of data distribution for remote communications. Zircomp al-



lows application developers to optimize the system performance by
providing �exible mechanisms to transfer data between the clients
and the computation servers that utilize the data to performthe
computations. Zircomp does not send data with every request; in-
stead, the data is sent only once, and with every request, Zircomp
sends a reference to each server on where the data could be found.
Moreover, if new data needs to be updated midway through the
computations, Zircomp also provides a mechanism to signal all the
servers and allow them to reach a common snapshot or checkpoint,
receive the new input data from the client, and then resume compu-
tations.

Zircomp provides a utility called thezPluginBuilder to auto-
matically generatezPluginLibrariesthat serve as adapters between
the genericzNetmiddleware and speci�c client/server applications.
These adapters emit ef�cient (de)marshaling code for use with the
zNetmiddleware. The input for thezPluginBuilderis anXML �le
that describes the interface of theparallelizable function(includ-
ing the input and output parameters). The output is azPluginLi-
brary that is linked with a client application and which contains the
automatically generated (de)marshaling code speci�c to each par-
allelizable functionused in the client application. This feature al-
lows Zircomp to transparently provide remote communication that
is portable across heterogeneous hardware platforms and networks.

Resolving challenge 3: Providing effective resource manage-
ment of remote computation servers. Populating the output data
structure in a zEnabled client application can be decomposed into
two tasks. First, initiating the remote computation requests to mul-
tiple processors hosting ZircompzEngines. The assignment of re-
quests tozEnginesis done by a load balancer built into the client-
side zNet middleware, as shown in Figure 4. Second, the results
of all the individual computations across every processor are gath-
ered and used to populate the output data structure initialized by
the client application.

Zircomp's zNetadaptive distributed middleware uses an intelli-
gent load balancer to distribute work evenly amongst existing com-
putation servers in real-time.zNet also provides enhanced and
effective resource management and allocation for compute-inte-
nsive applications. By spreading computations evenly across all the
available servers,zNetmaximizes resource allocation for compute-
intensive applications and also ensures that hardware resources are
utilized to their fullest.

Resolving challenge 4: Providing application-transparent mu-
lti-layer fault tolerance. Zircomp's zNetmiddleware also guar-
antees application execution irrespective of hardware failures, and
transparently provides fault recovery and failover by re-executing
requests at servers that are sill operational. As shown in Figure 4,
zNetkeeps track of the execution history of each request and to
whichzEnginethe request has been sent to. When Zircomp detects
that azEnginehas failed, it automatically resends the request to a
new or a rejuvenatedzEngineand ensures that the computations are
performed irrespective of hardware failures.

By providing such functionality through the high performance
middleware architecture that resides in the client addressspace,
Zircomp employs an architecture that has no single point of failure,
and ensures application execution as long as the client application
is alive. The ability to handle failures, outages, and to recover from
those failures in an application transparent manner allowsZircomp
to work in industrial grade environments, where operationsin such
dynamic environments is usually the norm.

Resolving challenge 5: Providing implicit scalability using
core-aware multi-threading. Zircomp attains parallelization by
executing multiple instances of an application's parallelizable func-
tion simultaneously inzEngineprocesses running on different ma-

chines on a network. Zircomp (zNetmiddleware on the clients and
zEngineson the servers) provides implicit concurrency support and
automatically creates threads for distributing requests to different
servers and also synchronizes those threads using messagesand
locks.

Since the parallelizable function is executed within the main thr-
ead of control in the serial application, its parallelizable section
uses a sequence of synchronous function calls to populate the out-
put data structure. By contrast, in zEnabled applications,simul-
taneous execution of multiple computations requires asynchronous
invocation of requests. This asynchrony is achieved by the replace-
ment of invocations of the parallelizable function with invocations
of a Zircomp-generatedzFunction, which has a type-safe proxy that
dispatches the client's arguments to remotezEngines.

Since computation requests are now asynchronous, a call to the
Zircomp barrier synchronization API (thez_process_all()
call shown in Figure 4) must be made at the end of the new par-
allelizable section. Thez_process_all() barrier ensures that
the output data structure is populated when the client's main thread
exits the section. These two super�cial transformations ofthe ser-
vice-oriented serial application result in a parallel application that
replicates the functionality of the serial application, yet can now
take advantage of multiple remote compute servers to execute its
requests in parallel.

Zircomp zEnginesdecouple I/O computations from CPU com-
putations by employing thread pools that improve application per-
formance in a scalable manner. By implicitly providing concur-
rency for the deployed applications, Zircomp enables application
developers to write correct and scalable parallel code for non-trivial
computations. Moreover, Zircomp delivers these performance im-
provements with little/no learning curve or con�guration effort by
application developers or system operators since (1) client appli-
cations are only modi�ed slightly to replace the original function
calls with zFunction calls and (2) the original functions need not be
modi�ed at all, but are simply loaded automatically and transpar-
ently into the appropriate remotezEngines.

4. APPLYING ZIRCOMP TO THE VAR CASE
STUDY

This section presents an updated VaR application that uses Zir-
comp to parallelize calculations on a portfolio of stocks and options
represented as aMicrosoft Excelspreadsheet. As discussed in Sec-
tion 3, the Zircomp middleware permits the effective decoupling
of the client code and the parallelizable function implementation
so that they can run on different platforms,e.g., Windows for the
client and Linux for the servers. Moreover, different partsof the
VaR application can also be written in different languages,e.g., Vi-
sual Basic for the client and C/C++ for the servers.

The interface between the client and the parallelizable function
is speci�ed concisely in an XML-basedInterface Description File.
The zPluginBuildertool is then used to generate plug-in libraries
appropriate for both the client application and thezEngineserver
implementation. For this case study, the client is aMicrosoft Excel
spreadsheet that uses a COM interface (viaVisual Basic) to inte-
grate with thezNetmiddleware. Conversely, servers are deployed
in a pool ofzEnginesdeploying Linux C/C++ libraries for VaR cal-
culation.

4.1 Zircomp-based Client Implementation
The client code for this application resides in aMicrosoft Excel

workbook that contains data about the market behavior scenarios
(see Figure 1), which is a natural and typical medium for data-



Figure 4: Parallel Application Development with Zircomp

intensive �nancial calculations. As shown in Figure 5, the client
can therefore easily support a legacy serial implementation of the
calculation written inVisual Basicfor applications. As shown in
Figure 5, thezEnabledapplication requires two super�cial trans-
formations of the client-side code embedded in the spreadsheet:

� The calculations are dispatched asynchronously, with a sepa-
rate callback function receiving responses from remotezEng-
inesand using these responses to populate target cells in the
resulting spreadsheet.

� ThezPluginBuildertool is used to generate a client-side COM
interface that allows the invocation of the appropriate func-
tion from within theVisual Basicclient code.

4.2 Zircomp-based Server Implementation
When developing the server-side code of azEnabledapplication,

it is only necessary to (1) create a user library containing the par-
allelizable function and (2) describe the function's interface using
a Zircomp interface description �le (in XML). ThezPluginBuilder
tool is then used to generate a plugin library that can be dynami-
cally loaded intozEnginesrunning on any supported platform, as
shown in Figure 3.

The server implementation consists of aneval_portfolio()func-
tion, whose input parameters include a portfolio de�nitionand a
stock price scenario and uses the binomial options pricing model
to evaluate all the options in the portfolio. The �nal resultof the
computation for a single scenario is a portfolio value. Eachscenar-
ios (which is de�ned by its distinct set of hypothetical stock prices
at the end of the simulation's time horizon) thus yields an inde-
pendent and parallelizable portfolio value calculation. As shown in
Figure 5, thezEnginesdevoted to the calculation can complete all
these independent scenario calculations ef�ciently, withthe client-

side load balancer integrated into the zNet middleware distributing
the work automatically.

4.3 Bene�ts of Applying Zircomp to the VaR
Case Study

The automated zEnabling process addresses all the challenges
from Section 2.3 that are faced by developers of computational �-
nance applications. Resolving challenge 2 and as shown in Fig-
ure 5, thezPluginBuildertool automatically generates application-
speci�c adapter code for (de)marshaling the data, and this code is
plugged into both the client and thezEnginein a type-safe man-
ner. Moreover, the same high-levelInterface Description Filecan
be used to generate this adapter code for any platform supported by
Zircomp, which allows the client/server applications to run on het-
erogeneous hardware, spanning multiple hardware platforms and
operating systems.

Resolving challenges 1, 3, 4, and 5 and as shown in Figure 5,
thezNetmiddleware automatically provides discovery, addressing,
load balancing, fault detection and recovery mechanisms, ensuring
that all client requests handed to it will eventually run, irrespective
of communication or server failures. This fault-toleranceis pro-
vided byzNetcomponents on both sides of the network, requiring
no application developer effort. The application-speci�czFunction
generated by thezPluginBuilderalso encapsulates the concerns re-
lated to robust distributed computing behind an interface similar
to that of the synchronous parallelizable function, thereby raising
the level of programming abstraction experienced by application
developers.

As shown in Figure 5, the use ofVisual Basiccallbacks to re-
act to the delivery of results from remotezEnginesby populating
spreadsheet cells is an example of how responses from the remote
compute servers can be integrated into a client application. This
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result-gathering process shields developers from tediousand error-
prone concerns, such as thread-safety and I/O demultiplexing. Fi-
nally, the resulting solution enables scalable parallelization of the
computations by simply adding new local and/or remotezEngine
processes.

5. RELATED WORK
This section compares and contrasts our work on Zircomp with

related work on parallel application development and deployment.
Aspect-Oriented Programming (AOP). Recent work has fo-

cused on using AOP [9] to separate parallelization concernsfrom
application speci�c source code [10, 11, 12]. Such researchpro-
vide a strong motivation for efforts that aim to make parallel pro-
gramming more intuitive and less error-prone, as there is a strong
decoupling in the roles played by domain experts (who write appli-
cation speci�c code) and parallel programming experts (whowrite
source code that deal with parallel programming concerns).How-
ever, the programmers are unnecessarily exposed to AOP technol-
ogy. Further, if such research is used to provide the range ofca-
pabilities that Zircomp offers (capabilities such as fault-tolerance,
advanced load balancing, direct data transfer), newer technologies
are required that support composition of aspects. In contrast, Zir-
comp provides the bene�ts of parallel programming in a simple
manner (that is easier to code); but is also highly sophisticated in
the capabilities it provides.

Grid computing middleware. Many projects have explored the
idea of utilizing distributed computing architectures to accelerate
complex calculations on top of under-utilized network of proces-
sors or clusters. Some well-known examples include the SETI@-
Home [13] and BOINC [14] projects, which employ under-utilized
networked processors to perform computational tasks. Likewise,
Frontier (www.frontier.com ) provides grid software for uti-
lizing available processors to accelerate parallel applications. In
general, in these approaches the client nodes communicate via a
centralized master node to submit jobs, which can increase latency,
incur contention that causes performance bottlenecks, andyields a
single point of failure. In contrast, Zircomp provides a highly op-
timized middleware infrastructure for communication, as well as a
set of tools for rapid development, generation, and deployment of

parallel software in decentralized networked environments.
Middleware for accelerating �nancial engineering applica-

tions. Prior work has also focused on developing and/or applying
grid architectures and grid applications for �nancial services ap-
plications. For example, [15] discusses practical experiences as-
sociated with data management and performance issues encoun-
tered in developing �nancial services applications in the IBM Blue-
gene supercomputer [16]. Likewise, PicsouGrid [17] is a fault-
tolerant and multi-paradigm grid software architecture for accel-
erating �nancial computations on a large scale grid. Other grid-
based systems include Platform Computing (www.platform.
com), DataSynapse, (www.datasynapse.com ), and Microsoft
HPC (www.microsoft.com/hpc ), which provide distributed
software environments for �nancial computations. Zircompdif-
fers from these technologies in its ease of use and integration, its
real-time performance, its ability to handle both small as well as
large scale computations, its support for portable architectures and
platforms, and its advanced parallel programming featuressuch
as application-transparent fault-tolerance, load balancing, and im-
plicit shared-memory thread programming.

6. CONCLUDING REMARKS
This paper presented novel computation �nance middleware ca-

lled Zircomp that enhances complex compute-intensive applica-
tions by creating adaptive, real-time, and distributed computing on
demand. By utilizing the servers and desktops available within an
organization or in a cloud, Zircomp can substantially improve the
performance of parallel applications at low cost. In particular, it
allows researchers and developers to design software that runs in a
cluster of servers as if they are programming for a single computer.
Zircomp automatically distributes computations to all theavailable
servers, transparently parallelizes executions in a scalable, reliable,
and resource-ef�cient fashion.

This paper focused on applying Zircomp in the context of com-
putational �nance applications. Our experience with Zircomp in
several large-scale computational �nance systems indicates that it
can deliver cost-effective, supercomputing-level power for users
to perform complex calculations on-demand and provides highly
available and scalable performance with the state-of-the-art fea-



tures. Its powerful distributed and parallel capabilities, however,
are applicable to more than a single application domain. In par-
ticular, Zircomp is well-suited for trading desks, banks, insurance
�rms, universities and other organizations and sectors where com-
plex calculations are needed quickly and predictably, and which can
bene�t from distributing workload transparently across multiple
computation processes throughout a (potentially heterogeneous) net-
work.
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