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I n the past, only major Internet
players such as Amazon, eBay, and
Google were interested in deploy-
ing large-scale Web services. How-
ever, this is changing rapidly—all

sorts of companies and governmental
organizations are suddenly looking
toward Web services as a platform
that might support a wide range of
demanding applications. 

Examples of such systems include
big banking and brokerage data cen-
ters, online service centers for compa-
nies that operate on a global scale,
systems that operate critical infra-
structures like electric power and
transportation, and government and
military systems responsible for every-
thing from intelligence gathering to
issuing Social Security checks.

This emerging trend presents devel-
opers with a new challenge: building
Web services solutions that scale.

In a nutshell, a scalable system is
one that can flexibly accommodate
growth in its client base. Such systems
typically run on a clustered computer
or in a large data center and must be
able to handle high loads or sudden
demand bursts and a vast number of
users. They must reliably respond even
in the event of failures or reconfigura-
tion. Ideally, they’re self-managed and
automate as many routine services
such as backups and component up-
grades as possible. Many settings also
require security against attempted

intrusions and distributed denial-of-
service (DDoS) attacks.

At a glance, today’s Web services
standards seem to answer these needs.
However, a more probing analysis
reveals many critical limitations.  

CURRENT LIMITATIONS
Consider, for example, the major

Web services standards dealing with
reliability: WS-Reliability and WS-
Transactions. 

WS-Reliability provides for reliable
handoff between a client system and a
queuing system residing between the
client and some service. However, the
standard isn’t nearly as comprehen-
sive as the name implies; rather, it’s
limited to pipelines that include queu-
ing subsystems. WS-Reliability boils
down to a few options that a client
can use to tell the queuing system
whether or not to reissue a request if
a failure occurs, and a way to time-
stamp requests so that a service can
detect duplicates. 

WS-Transactions actually consists of

two side-by-side standards: One is
aimed at applications that perform
database transactions with the usual
ACID (atomicity, consistency, isola-
tion, durability) properties; the second
builds on the first and supports a way
to build “scripts” of simpler transac-
tions.

Some might argue that all reliabil-
ity needs can be recast in terms of
transactions. However, the past three
decades have seen one failed attempt
after another to build everything over
a database system, and it’s now clear
that many kinds of systems just don’t
match the model. 

These intrinsically distributed sys-
tems make use of direct communica-
tion between programs—via TCP,
publish-subscribe protocols, or RPC—
that can’t tolerate delay. These systems
lack databases’ clean separation of
stored data from code, and any
attempt to force them into that model
results in unacceptable loss of perfor-
mance.

Intrinsically distributed systems are
common, and Web services will need
to support them. However, the exist-
ing reliability options simply don’t
address the requirement.

A LESSON FROM THE PAST
What sorts of scaling and reliability

features are lacking in Web services
standards today? A good example is
data replication: Building a server that
scales to handle load often requires
replicating data on multiple nodes of
a cluster. Given replication, another
example is guaranteed real-time
responsiveness: A company that buys
a cluster probably wants to guarantee
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that some service will be responsive
enough to keep its customers happy
even when demand is high.  

The missing technologies don’t stop
there. What about life-cycle services
that can launch an application on
demand or restart a failed component?
Or load balancers and technology to
automate management of a machine
cluster running Web services applica-
tions? 

There are some 50 working groups
within the World Wide Web Con-
sortium (www.w3.org), the primary
organization developing Web services
standards. However, not one is ad-
dressing these kinds of issues.

A similar dynamic played out in the
early 1980s, when client-server com-
puting was touted as the next big
thing, a silver bullet to solve every
problem related to older mainframe
and batch systems. Companies rushed
to move everything from mainframe
settings to client-server configura-
tions. There were notable successes,
but it quickly became apparent that
the early platforms were strikingly
immature. 

Processes needed to be automated
and standardized, and the early gener-
ations of client-server systems cost a
fortune to build, were unreliable,
required armies of systems adminis-
trators and specialists, and were

extremely insecure. The “total cost of
ownership” proved to be unexpectedly
and unacceptably high.

The lesson of the client-server era is
that incomplete platforms can’t sup-
port major, complex applications. My
concern is that the Web services com-
munity is about to face the same prob-
lem. Platform developers are racing
forward at top speed, jostling for posi-
tion with ever more exaggerated
claims, while closing their eyes to the
dangerous potholes in the road ahead.

ARCHITECTURAL STANDARDS 
FOR SCALABILITY

To properly address scalability in
Web services, we need more than a
long list of reliability and management
standards; we need a new methodol-
ogy suitable for supporting a scalable
data center architecture. 

Jim Gray, the 1994 Turing Award
winner, along with Pat Helland and
Dennis Shasha, recommends that devel-
opers think in terms of a reliable array-
structured partitioned service (RAPS)
implemented as a set of reliable array-
structured clustered servers (RACS). 

This architecture offers scalability
and reliability at two levels. The top
level uses some sort of application-spe-
cific key to partition the service into
subservices. The lower level imple-
ments subservices using groups of pro-
grams that run on multiple machines,
perhaps in a cluster computer. The
groups replicate data so that each can
handle any incoming query for its
range within the keys, enabling
updates to reach all the replicas.

Consider, for example, a RAPS that
an e-tailer such as Amazon might use
to personalize a product recommen-
dation. Depending on the customer’s
profile, the service ranks matching
products differently to maximize the
chance of a purchase. If the product is,
say, a digital camera, as shown in
Figure 1, the service assigns the search
request to the RACS handling all Ds
(other keys, such as the customer’s
name, are equally plausible). The load
balancer then routes the request to the

appropriate program for processing—
in this case, process y.

With support for this basic layout,
it’s possible to tackle a wide range of
secondary issues.  For example, we
could create standards for a self-man-
aged RAPS of RACS, or for one that
guarantees real-time response. Such a
basic architecture is effectively a frame-
work to resolve other related issues.

PROCESS-GROUP REPLICATION
Web services currently lacks support

for building scalable services. The
architecture makes it easy to build a
single-node server that responds to
requests from some set of clients, but
there’s no way to turn that single server
into a RACS or turn a set of RACS into
a RAPS. However, it would be easy to
bridge the gap if vendors and platform
builders wanted to do so.

Old and familiar technologies
The most standard form of system

support for building a RAPS of RACS
would draw on virtual synchrony, a
process-group computing model devel-
oped at Cornell in the 1980s and used
today to run the New York and Swiss
stock exchange systems, the French 
air traffic control system, and the US
Navy’s Aegis-class warship. IBM’s
Websphere platform and the Windows
Vista clustering system also use ver-
sions of the model, although develop-
ers can’t access the internal mechan-
isms directly. 

The other popular standard uses a
state-machine approach to guarantee
stronger durability. Leslie Lamport’s
Paxos algorithm, which is imple-
mented in scalable file systems and
other ultrareliable server designs,
exemplifies this approach.  

One architecture could support both
of these powerful technologies. A nat-
ural option would be to offer them in
the context of WS-Eventing, the pub-
lish-subscribe standard. After all, if
you’re replicating data within some
form of “group,” you can just as eas-
ily imagine that it has a “subject name”
in a publish-subscribe context.

Reliable array-structured
clustered servers

Search for
digital camera

[A-C] [D-F]

x y z …

Reliable array-structured
partitioned service

Figure 1. Example of RAPS of RACS. The
service assigns a digital camera search
request to the clustered server handling 
all Ds, and a load balancer routes it to 
the appropriate process. 
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dard is widely viewed as rigid and lim-
ited. I believe that the Corba commun-
ity erred by embedding a powerful solu-
tion into a tool mismatched to devel-
oper needs. 

The Corba community’s failed effort
to implement virtual synchrony carries
an important lesson to current re-
searchers: Any technology offered to
developers must support the program-
ming styles they prefer.

MANAGEMENT POLICIES
A scalable services architecture for

building RAPS of RACS alone isn’t
enough. Large-scale systems that will
likely soon rely on standardized Web
services—including global banks, the
entire US Air Force, and the supervi-

Advantages
With this type of process-group for-

mation, data can be anything: files,
other kinds of persistent objects, or
even in-memory data structures. The
user simply designs a data structure
and employs multicast technology to
transmit updates to the group mem-
bers, which apply them in the same
order everywhere (a read, in contrast,
can be done on any desired copy).  

Examples of updates include a stock
trade or stock market quote, a new
object detected by radar in an air traf-
fic control system, a communication to
or from an aircraft, or the addition of
a node to a distributed data structure
containing an index of pending orders
in an online warehouse.  

Data replication can be remarkably
cheap: With modern technology and
small updates, a four-node virtual syn-
chrony service can run at rates well in
excess of 200,000 asynchronous (yet
fault-tolerant) ordered updates per sec-
ond. Even if an update requires a large
message, it’s possible to maintain rates
of thousands per second on typical
hardware.

The virtual synchrony and state-
machine models show how a tremen-
dous range of application requirements
can map down to a rigorously precise
execution model, which in turn can be
used to validate a platform. Because
the models have formal specifications,
you can test the correctness of an
implementation, and even use theorem
provers to assist developers in testing
their most critical application compo-
nents.

Concerns 
One reason that we lack this sort of

support today is that vendors and plat-
form developers worry that these
forms of replication haven’t achieved
huge market success. 

As the “Experience with Corba” side-
bar describes, the common object
request broker architecture offers a
fault-tolerant groups mechanism that
was based on the virtual synchrony
model. Unfortunately, the Corba stan-

sory control and data acquisition sys-
tems that operate the US power grid—
will also require policies to manage
security keys, firewalls, service life
cycles, and so on. 

Automated tools for monitoring
large complex systems will be needed
as well. Finally, researchers must think
about how monitoring and manage-
ment policies in different organizations
should “talk” to one another when
Web services interactions cross bound-
aries. 

These are tough problems, but they
can be solved. For example, at Cornell
we recently developed Astrolabe, a scal-
able technology for distributed moni-
toring and control that has attracted
tremendous interest and attention.

Experience with Corba

Even good ideas can be used in ways that developers dislike and ultimately
reject.  A good example of this occurred when the Corba community decided
to tackle replication for fault tolerance but then stumbled by presenting the
technology to developers in a way that was much too limiting for general use.  

Corba’s fault-tolerance mechanism is based on the virtual synchrony model,
but the programming tools built “over” this model prevent developers from
using threads, certain I/O operations, GUIs or other direct end-user interac-
tions, shared memory, debugging tools, logging, interrupts, the clock, or even
prebuilt libraries.  

In the Corba approach, a developer who obeys this long list of constraints
can do lockstep replication of a program for tolerance of hardware faults.
Unfortunately, though, the scheme doesn’t protect against software-related
crashes. 

Not surprisingly, developers regard the standard as rigid and limited. They
need fault tolerance, but not in this very narrow form.

In contrast, systems like the Isis toolkit, popular during the early and mid-
1990s, also used virtual synchrony but had fewer limitations. They supported
many of the mechanisms needed to build and manage a RAPS of RACS, and
their successes have clearly demonstrated the model’s effectiveness. 

Isis is no longer available as a product, yet many critical systems continue
to use Isis-based solutions or other virtual synchrony implementations. The
state-machine approach as used in the Paxos algorithm is also becoming more
popular. 

The key insight is that these successes use similar ideas but in ways very
different from what the Corba fault-tolerance standard requires. What we
need today is a modern revisiting of this technology that draws on group com-
munication but packages it in a way that developers perceive as solving their
most pressing scalability problems and that flexibly matches their preferred
styles and tools.  



Researchers at other institutions are
working on other promising solutions. 

S calability isn’t just a technology;
it’s also a mindset with ramifica-
tions at many levels. To ensure

true scalability, Web services platforms
must begin to standardize application
architectures that promote reliability
and interoperability when developers
build “systems of systems,” work with
intrinsically distributed programs that
don’t fit a transactional model, and
must provide responsiveness guaran-
tees to their users.   

Applications with these sorts of re-
quirements are already in the pipeline
and even more of them are on drawing
boards in government, corporate, and
military settings. The only option for
the Web services community is to take
on the challenge; if they do so, solu-
tions will be readily available.

Web services are going to be the
ubiquitous platform technology for
next-generation critical computing sys-
tems, and we’ve no one but ourselves
to blame if these systems don’t work
properly. Do we really want to create a
world in which minor computer
glitches shut down massive critical
applications and in which hackers can
readily disrupt access to banking
records, air traffic control systems, and
even shut down the power grid?  

Time is running out. Current half-
way solutions will tempt developers to
embark on a path that will soon lead
many of them into real trouble. The
entire industry—clients, developers,
and vendors—as well as the govern-
ment have a shared obligation to make
Web services better. ■

Ken Birman is a professor in the
Department of Computer Science at
Cornell University. Contact him at
ken@cs.cornell.edu.

Editor: Simon S.Y. Shim, Department of
Computer Engineering, San Jose State 
University; sishim@email.sjsu.edu

W e b  T e c h n o l o g i e s

110 Computer

How to Reach 
Computer
Writers
We welcome submissions. For detailed information, visit www.
computer.org/computer/author.htm.

News Ideas
Contact Lee Garber at lgarber@ computer.org with ideas for news
features or news briefs.

Products and Books
Send product announcements to products@computer.org. Contact
computer-ma@computer.org with book announcements.

Letters to the Editor
Please provide an e-mail address with your letter. Send letters to
computer@computer.org.

On the Web
Explore www.computer.org/computer/ for free articles and general
information about Computer magazine.

Magazine Change of Address
Send change-of-address requests for magazine subscriptions to
address.change@ieee.org. Make sure to specify Computer.

Missing or Damaged Copies
If you are missing an issue or received a damaged copy, contact
membership@computer.org.

Reprint Permission
To obtain permission to reprint an article, contact William Hagen,
IEEE Copyrights and Trademarks Manager, at whagen@ieee.org. 
To buy a reprint, send a query to computer@computer.org.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


