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Abstract

This paper describes the design and performance of an
object-oriented communication framework being devel oped
by Kodak Health Imaging Systems and the Electronic Ra-
diology Laboratory at Washington University School of
Medicine. The framework is designed to meet the demands
of Project Spectrum, which is a large-scale distributed el ec-
tronic medical imaging system. A novel aspect of thisframe-
workisits seamlessintegration of flexible high-level CORBA
distributed object computing middleware with efficient low-
level socket networ k programming mechanisms. |nthe paper,
we outline the design goals and software architecture of our
framework, illustratethe performance of the framework over
ATM, and describe how we resolved design challenges we
faced when developing an object-oriented communication
framework for distributed medical imaging.

1 Introduction

The demand for distributed el ectronic medical imaging sys-
tems (EMISs) is driven by technological advances and eco-
nomicnecessity [1]. Recent advancesin high-speed networks
and hierarchical storage management provide the techno-
logical infrastructure needed to build large-scale distributed,
performance-sensitive EMISs. Consolidating independent
hospitalsinto integrated health care delivery systems to con-
trol costs provides the economic incentive for such systems.

Two key requirements for the communication infrastruc-
ture in a distributed EMIS are flexibility and performance.
An EMIS must be flexible in order to transfer many types
of message-oriented and stream-oriented data (such asHL7,
DICOM, and domain-specific objects) across loca and wide
area networks. EMIS requirements for flexibility motivate

1Thisresearch issupportedin part by K odak Health Imaging Systemsand
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the use of distributed object computing middleware such as
CORBA [2] in the communication infrastructure. CORBA
automates common network programming tasks (such as ob-
ject selection, location, and activation, as well as parame-
ter marshalling and framing), thereby enhancing application
flexibility.

However, empirica studies [3] revea that for bulk data
transfer, the performance overhead of widely used CORBA
implementations on high-speed ATM networks is 25% to
40% bel ow that achievable using lower-level transport layer
interfaces such as sockets or TLI. As high-speed networks
like ATM, FDDI, and 100 Mbps Fast-Ethernet become ubig-
uitous, this performance overhead may impede the adoption
of distributed object computing technologies. This is par-
ticularly problematic for performance-sensitive application
domains including medical imaging, where the use of low-
level tools increases devel opment effort and reduces system
reliability and flexibility.

To address this problem, we have developed an object-
oriented communication software framework caled “Blob
Streaming.” Inthiscontext, theterm Blobrefersto a*“binary
largeobject.” Common examples of Blobsinacontemporary
EMISincludeCR, MR, and CT images. Inadditionto medi-
cal images, next-generation EMISs must support multimedia
Blobs such as video streams and audio diagnostic reports.

The Blob Streaming framework provides a uniform inter-
face that enables EMIS devel opersto flexibly and efficiently
operate on multipletypesof Blobslocated throughout alarge-
scale hedth delivery system. This framework combines the
flexibility of high-level distributed object computing mid-
dleware (e.g., CORBA) with the efficiency of lower-level
transport mechanisms (e.g., sockets). Developers of EMIS
communication software have traditionally had to choose
between (1) high-performance, lower-level interfaces pro-
vided by sockets or (2) less efficient, higher-level interfaces
provided by communication frameworks like CORBA. Blob
Streaming represents a midpoint in the solution space. Itim-
proves the correctness, programming simplicity, portability,
and reusability of performance-sensitive EMIS communica
tion software. Blob Streaming leverages the flexibility of
CORBA, while its performance remains competitive with
applications devel oped at the socket level.

This paper is organized as follows: Section 2 outlinesthe



main features and design goals of the the Blob Streaming
framework, Section 3 describes the key design challenges
and how we resolved them, Section 4 illustrates the perfor-
mance of Blob Streaming and compares it with alternative
approaches over a high-speed ATM network, and Section 5
presents concluding remarks.

2 Overview of the Blob Streaming
Framewor k

2.1 Moaotivation

The Blob Streaming framework is designed to meet the re-
quirements of next-generation electronic medical imaging
systems (EMISs). Figure 1 illustrates the genera topology
of adistributed EMIS. In this environment, various types of
modalities (such as CT, MR, and CR) capture patient images
and transfer them to an appropriate Blob Store. Radiolo-
gists use diagnostic workstationsto retrieve these images for
viewing and interpretation.

To support a wide spectrum of radiological workflow ef-
ficiently, the EMIS must be flexible. For example, sup-
porting the “batch” workflow of conventional radiology may
require caching Blobs on local disks of diagnostic worksta:
tions. However, supporting more dynamic types of workflow,
(such as “radiology-on-demand”) requires high-speed net-
work access to centralized Blob Stores. The Blob Streaming
framework provides application developers with a uniform
means of operating on multiple types of Blob data residing
on multipletypes of Blob Stores.

2.2 Blob Streaming design goals and features

The Blob Streaming framework is designed to meet two key
EMIS requirements: flexibility and performance. It is hard
to achieve these goal's simultaneoudly. Software designsthat
improve abstraction (such as encapsul ation and layering) of-
ten reduce performance. For instance, excessive function
cal layering reduces locdity of reference and foils CPU in-
struction and data caching strategies. This can result in high
bus and memory overhead, which is relatively expensive on
modern RISC workstations[4].

This section outlines and evaluates the primary features
and design goalsimplemented in the Blob Streaming frame-
work. Section 3 explores how we resolved key design chal-
lenges that arose during our devel opment.

2.2.1 Enhanceframework abstraction

Developing an enterprise-wide distributed EMIS is difficult.
It requires a deep understanding of networking, databases,
distributed systems, human/computer interfaces, radiologi-
cal workflow, and hospital information systems. There are
many technical challenges related to performance, function-
ality, high availability, information integrity, and security.

Moreover, system requirements and the hardware/software
environment change frequently.

To cope with complexity and inevitable changes, the soft-
ware infrastructure of an EMIS must be flexible. In par-
ticular, devel oping large-scal e distributed EM I S applications
with low-level network programming tools like sockets is
tedious, error-prone, and inflexible. Therefore, we designed
Blob Streaming to elevatethelevel of programming for these
applications. To accomplish this, we abstract away from the
following tasks:

e Abstracting away from Blob location: Consider the
case of presenting an MR image to a radiologist on a diag-
nostic workstation. In a large-scae distributed EMIS, the
image can be located anywhere throughout the system. The
location of the image is typicaly determined using name
servers and locators. Once the image has been located, it
must be transported to the radiologist’s workstation for dis-
play. Beforebeing displayedto theradiol ogist, theimage can
be processed (e.g., magnified, rotated, and edge-enchanced)
for optimal presentation.

The location of the image can vary significantly. Theim-
age may exist on disk of a remote Blob Store; it may exist
in memory of amodality (such as an Ultrasound scanner); it
may also exist on the radiol ogist workstation’slocal disk. To
enhance the usability of the system the image must be pre-
sented to the radiologist quickly. Thus, the Blob Streaming
framework is responsible for selecting the optimal transfer
techniques for each of these cases. For instance, if the data
isstored localy in afile, Blob Streaming memory maps the
file, thereby avoiding excessivemodeswitchesand read/write
buffering.

The primary advantage of decoupling Blob location from
Blob operationsis to reduce software dependencies. Appli-
cation software that operates on Blobs does not depend on
thelocation of the data

¢ Abstracting away from Blob type:  Inadditionto shield-
ing application softwarefrom Blob [ ocation, the Bl ob Stream-
ing framework abstracts away from Blob type. Thus a Blob
Storethat receives and stores MR images uses the same soft-
waretoreceive and store CT and CR images. Thetypeof the
data being transferred is not exposed by the Blob Streaming
interface.

The primary advantage of decoupling Blob typefrom Blob
transfer is to maximize software reuse. In addition, our de-
sign adlows meta-data (such as image identification infor-
mation including patient name and examination data) to be
separated and stored in a database. This allows image data
(pixels) to betransported asfast as possible to the destination
(e.g., using memory-mapped |/O and DMA). If an application
requiresaccessto theimage smeta-data, complex queriescan
be performed onthedatabase. Notethat consi stency manage-
ment between pixel storeand database entries are considered
outside the scope of the Blob Streaming framework.

Certain image formats (e.g., DICOM) place meta-data as
header information of theimage. Since Blob Streaming treats
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Figure 1: Topology of adistributed el ectronic medical imaging system.

all Blobs as untyped streams of data, images with integrated
meta-data can be aso betransferred easily.

Another advantage of the Blob Streaming design isthat it
alowsthe integration of image processing and Blob transfer
operations. Applications need not wait for an entire Blob
to transfer before processing the data (e.g., compressing it
as it is sent on the network and decompressing while be-
ing received). Thistechniqueisaform of Integrated Layer
Processing (ILP) [5], which has been used in high-speed
communication protocol stacks. ILP optimizations signifi-
cantly improve performance by overlapping communication
and computation, as well as reducing memory bus traffic.

e Abstracting away from Blob storage: Blobs residein
“Blob Stores.” To provide adequate reliability, availability,
and performance, alarge-scale EMIS must support a range
of Blob Stores. As shown in Figure 1, these include Cen-
tral Blob Sores (which provide hierarchical storage man-
agement and support long-term archiving of Blobs), Cluster
Blob Stores (which cache Blobswithinacluster of diagnostic
workstationsin alocal area network in order to increase sys-
tem fault tolerance and decrease |oad on Central Blob Stores),
Workstation Blob Store (which cache Blobson the local disk
of adiagnostic (DX) workstation), and Memory Blob Stores
(which caches Blobsin workstation memory).

In the Blob Streaming framework the Blob Storeinterface
supportsoperationsto query for existing Blobsand to reserve
space for creating new Blobs. The current Blob Streaming
framework supportstwo types of Blob Stores. A File Store,
which manages blobs on disk and a Memory Store, which
manages Blobs in memory. New implementations of Blob
Stores can be created for more advanced data storage. For
example, a Database Store might be designed to manage
Blobs in a database (e.g., Oracle, Sybase, or ObjectStore)
and an Archival Store can beimplemented to maintainlegacy

datato comply with legal statutes on image persistence.

The advantage of defining a uniform Blob Store interface
is to reduce software dependencies. The Blob Streaming
framework and its applications are decoupled from various
typesof storage (such asfile, memory, and databases). Thus,
application software can be written to store and retrieve im-
agesfrom Blob Stores, not to files or databases directly. This
shieldsexisting softwarefrom changesin storagetype. A dis-
advantage to this approach is the increased learning curve.
For example, developers who are familiar with a particu-
lar database must learn the Blob Store interface to use Blob
Streaming.

¢ Abstracting away from OS-specific mechanisms.  The
Blob Streaming framework shields applications from non-
portable OS-specific features (such as event demultiplex-
ing, threading, interprocess communication, and dynamic
linking). This, in turn, makes applications using the Blob
Streaming interface portabl e across platformswithout chang-
ing application communication software. The Blob Stream-
ing framework has been ported to a variety of UNIX plat-
forms, as well as Win32 platforms|[6].

The primary advantage of decoupling application software
from OS-specific mechanisms is cross-platform portability.
The primary disadvantage is that performance and function-
ality may be compromised to provideageneric OSinterface.
For example, the current version of Blob Streaming does
not take advantage of native Windows NT mechanisms for
overlapped /O [7].

e Abstracting from concurrency policiess On multi-
threaded operating systems like Solaris 5.x [8] or Windows
NT [6], applicationscan use threadsto simplify programming
and take advantage of paralelism. Often, a multi-threaded
application can use synchronousinterfaces for long-duration
operations (such as large image transfers) since it will not



block other threads. In contrast, single-threaded applications
must be programmed to avoid starving time-critical opera
tions by blocking on long-duration operations.

Tightly coupling an applicationto a particul ar concurrency
policy increases development effort if theconcurrency policy
changes (e.g., if asingle-threaded appli cation becomes multi-
threaded or viseversd). It ishard to avoid thistight coupling
because reusable frameworks and applications may be de-
veloped without knowledge of the end system concurrency
policiesor hardware/software capabilities. The Blob Stream-
ing framework is designed to decoupl e application software
from dependency on concurrency policies. Asdiscussed in
Section 3.2, Blob Streaming accomplishes this by providing
uniform callback-driven interfaces to both synchronous and
asynchronous operations.

The advantage to this abstraction is increased flexibility
and portability with respect to concurrency policies. The
disadvantage to this approach is that the resulting uniform
interface increases the complexity of synchronous calls in
order to provide the needed concurrency independence.

¢ Abstracting away from transport mechanism: Blob
Streaming presently uses a combination of CORBA and
TCP/IP as data transport mechanisms. CORBA isused, pri-
marily, for locationand control operations, whereasTCP/IPis
used for bulk datatransfer. To shield applicationsfrom these
low-level communication details, however, the publicinter-
face of Blob Streaming does not expose itsinternal transport
mechanisms. In particular, CORBA isnot visibleto applica
tion programmers. Thisdesign allowstransport mechanisms
to be changed without affecting application software. For
example, different implementations of CORBA can be used
(such as ORBeline or Expersoft). Moreover, CORBA can
be removed entirely and replaced with another mechanism
(such as Network OLE, DCE RPC, or Sun RPC). We planto
optimize future versions of Blob Streaming to omit TCF/IP
and use a lightwei ght transport protocol directly over ATM.
The primary advantages of decoupling the Blob Streaming
public interface from its interna transport mechanisms are
to improve flexibility and enable transparent performance
tuning. The primary disadvantage is performance overhead
of the extralevel of abstraction. Although the cost of these
abstractions can be reduced through optimizations such as
C++inlining, some overhead remains, as shownin Section 4.

¢ Abstractingfrom multipleevent loops: Complex EMIS
applications must react to events from multiple sources such
as DICOM toolkits, HL7 interface engines, GUI window
events, and Blob Streaming transfers. Furthermore, the Blob
Streaming library must handle socket level descriptor events,
CORBA descriptor events, and timer events.

Frameworks such as X Windowsand CORBA handletheir
respective events from their own event loops. In order for
applications to use these tool s efficiently, the multiple event
loops must be integrated. We solved this problem by us-
ing ACE’s Reactor [9] as the central event demultiplexor.
The Reactor isan object-oriented interfaceto lower-level OS
event demultiplexing operations (such as sel ect, pol |,

and Wai t For Mul ti pl eObj ect s) that react to descrip-
tor events, timer events, and signa events. The Reactor
provides a convenient solution to integrating the event de-
multiplexing and event handler dispatching components of
multipleframeworks.

The advantage of integrating multiple event loops is that
it allows devel opers to use Blob Streaming while continuing
to programwith other frameworks. For instance, an applice-
tion devel oper building X-window applications can perform
Blob Streaming operations without changing how the appli-
cation interfaces with the event-loop. Since Blob Streaming
uses the Reactor, the framework can be integrated with the
necessary event-loop without affecting internal framework
software or external framework interfaces. The disadvan-
tage to this approach is that the Reactor must be integrated
with each new framework. This can be time consuming and
tricky if the framework does not provideadequate hooksinto
itsinterna event demultiplexinglogic.

2.2.2 Improveframework performance

As noted above, an EMIS must be flexible to handle many
types of dataand to adapt quickly to changesin requirements
and in the hardware/software infrastructure. Distributed ob-
ject computing middleware (such as CORBA) providesmuch
of the flexibility required by an EMIS. However, current im-
plementations of CORBA attain only one-haf to two-thirds
of the performance achievable by using lower-level mech-
anisms (like sockets) directly [3]. Achieving EMIS per-
formance requirementsiscrucia because medical imagingis
parti cularly bandwidth-intensiveand del ay-sensitive. Below,
we outline our approach to this problem.

We address the performance problems of CORBA by
integrating it with sockets. Our approach uses CORBA
for control messages and sockets for bulk data transfer.
Thistwo-tiered design leverages CORBA's extensibility and
socket’s efficiency. CORBA is particularly useful for short-
duration, request/response operations that exchange richly
typed data. Modifying or extending the type of information
exchanged between applicationsisal so straightforward since
CORBA automatically generates codeto marshall the param-
eters. Thus, for many types of inter-process communication,
CORBA offers a powerful solution.

A disadvantage of CORBA isthat current implementations
incur significant performance overhead when used to transfer
large amounts of data [3]. To avoid this overhead, Blob
Streaming uses CORBA only as a “signaling mechanism”
to negotiate TCP/IP connections for large transfers. This
negotiation is a short-duration operation that exchanges a
small amount of typed data and is therefore well-suited for
CORBA.

The poor performance of CORBA bulk data transfer is a
result of existing implementationsthat fail to optimize com-
mon sources of overhead. This overhead stems primarily
from inefficient presentation layer conversions, data copy-
ing, memory management, and inefficient receiver-side de-
multiplexing and dispatching operations. To overcome these



inefficiencies, we use sockets to perform the bulk datatrans-
fers. Since Blob Streaming does not interpret the data it
transfers, the untyped nature of socket-level dataexchangeis
acceptable.

However, low-level network programming interfaces like
sockets are hard to program because they have complex in-
terfacesand areerror prone. Our solutionto thisproblemwas
to use C++ wrappers from the ACE toolkit [10] to encapsu-
late the C interfaces. ACE provides arich set of efficient,
reusable C++ wrappers, class categories, and frameworks
that perform common communication software tasks (such
as event demultiplexing, event handler dispatching, connec-
tion establishment, message routing, dynamic configuration
of application services, and concurrency control).

It is important to note that ACE does not offer al the
services of CORBA (such as object selection, location, ac-
tivation, and parameter marshaling). Therefore, CORBA
provides important value as a higher-level distributed object
computing framework.

3 Resolving Design Challenges

This section describes the software design challenges we
faced when developing the Blob Streaming framework for
EMIS applications. Thefollowing explains how we resolved
these chall enges using obj ect-oriented design techniques and
C++ language features.

3.1 Automating common network program-
ming tasks

Many low-level programming tasks (such as object loca
tion and activation, parameter marshalling and framing) per-
formed when building distributed applications are tedious
and error-prone. Blob Streaming uses CORBA to automate
these common low-level network programming tasks. The
use of CORBA enabled us to concentrate on higher-level
Blob Streaming issues (such as performance, reliability, and
interface uniformity), rather than wrestling with low-level
communication details. We used the following CORBA
mechanisms extensively to implement the Blob Streaming
framework:

e Strongly-typed interfaces: InCORBA, all interfacesare
defined usingthe CORBA interfacedefinitionlanguage(IDL)
[2]. A CORBA IDL compiler generates stubs and skeletons
that trandate IDL interface definitionsinto C++ classes. For
instance, the following IDL interface definition describes a
Bl obTransport er that is used internaly by the frame-
work to control Blob transfer from a server to aclient:

interface Bl obTransporter
{ . .
/1 Timeout val ue representation.
struct TinmeValue { long sec; |ong usec; };

/1 Transaction notification options. These
/1 options allow the franework to control blob
/1 transfers acknow edgenents.

enum Noti ficati onSemantics {
SEND_NOTI FI CATI ONS,
QUEUE_NOTI FI CATI ONS,
| GNORE_NQOTI FI CATI ONS

h

/1 A request to the server to send <l ength> bytes
/1 of Blob data starting from <absol uteO fset >.
/1 Since this can potentially be a |ong-duration
/] operation, a <timeout> can al so be specified.

/1l The <semantics> vary depending on the reliability

/1 required.

oneway void send (in long | ength,
in long absol uted fset,
in bool ean useTi neout ,
in TimeVal ue tineout,

in NotificationSemantics semantics);

/1 Inforns the server to receive <length> bytes of Blob

/'l data. This data is copied to the Blob

/] starting at <absol uteO fset>.

/] simlar to send().

oneway void recv (in long I ength,
in long absol uted fset,
i n bool ean useTi neout ,
in TimeVal ue tineout,

in NotificationSemantics semantics);

/!l ... others omtted...

Clientsuse the Bl obTr ansport er to seectively request
certain sections of a Blob. The ability to randomly access
Blobs is useful when only the header information from the
Blob is required or when a disrupted transaction must be
restarted.

Theuseof CORBA IDL interfaces alowsthetransmission
of strongly-typed data across the network. Strong typingim-
proves abstraction and eiminates errors common to socket-
level programming. For instance, if the send and r ecv
operations shown above were implemented over a socket
connection, we would need to convert the typed informa-
tion manually into a stream of untyped bytes. Moreover, the
sender and receiver software for parsing messages must be
tightly coupled to ensure correctness. Since this provides
many opportunities for errors, automating this process via
CORBA significantly improves system robustness.

e Parameter marshalling and framing: CORBA IDL
compilersautomatically generateclient-sidestubsand server-
side skeletons. These stubs and skeletons ensure cor-
rect byte ordering and linearization of al parameters sent
via operation calls on CORBA interfaces over a network.
For instance, the send and r ecv operations in the IDL
Bl obTr ansport er interface shown above pass various
types of binary parameters. The IDL compiler maps these
parameters into C++ data types such as char for the IDL
bool ean type and a C++ struct containing two | ong
fidldsfor the Ti meVal ue parameter.

Marshaling the Bl obTr ansf er parameters manually
using sockets would require copying the parameter values
into a transfer buffer and then doing a send. We would
also have to convert the representation of the longs from
host-byte order to network-byte order. In addition, if the
bytestream-oriented TCP/I Pwas used, wewoul d beresponsi-
blefor framing thedata correctly at thereceiver. Marshalling

O her options are



and framing are two tedious and error-prone aspects of net-
work programming. By using CORBA, we did not need to
implement these low-level operations.

o Object location and object activation: CORBA sup-
ports location transparency, where services can be located
anywhere in a distributed system. Objects accessed may be
remote, loca (on the same host) or co-located (in the same
address space). We used this feature in the Blob Streaming
framework to shield applications from the location of Blob
Storeswhere a Blob of interest resides. The Blob Streaming
framework, however, violates this transparency to transfer
the Blob efficiently. This violation occurs internaly to the
framework, however, and is not exposed to devel opers.

Applications need not know the location of a Blob Store
to perform operations on their Blobs. The framework uses
aBlob Location service to locate the appropriate Blob Store
server, marshalls the request, and sends it to the server. If
the Blob Store server is not running when a client sends the
request, the ORB will automatically start the server.

3.2 Supporting uniform interfaces

The uniformity of featuresin the Blob Streaming framework
was inspired by the System V Release 4 (SVR4) UNIX file
system. SVR4 UNIX adaptsawide variety of disk and com-
munication devices into acommon set of operations (such as
open, cl ose,read, wite, and seek). Unlike UNIX,
however (which is implemented in C and provides C-level
system call interfaces), Blob Streaming is implemented in
C++. The use of C++ enforces encapsulation and leads to a
more modul ar, extensible, and |ess error-prone programming
interface.

In general, uniform interfaces are easier to work with
than those contai ning many inconsi stenciesand special cases.
With Blob Streaming, we found it useful to provide appli-
cation devel opers with a programming interface whose op-
erations behave uniformly irrespective of where the Blob
actualy resides or what type of Blob is being transfered.
Therefore, Blob Store software that receives and stores MR
images to a database remains unchanged whether the MRI
data is in memory, on a locd file, in memory of a remote
client, or on disk of aremote client.

Support for asynchronous and synchronous operations is
another example of uniforminterfacesin the Blob Streaming
framework. Different applications require different types
of operation invocation semantics from a framework. For
instance, a multi-threaded server can simplify application
software by using synchronous interfaces. Conversely, a
single-threaded server that cannot afford to block on any
one transaction needs an asynchronous interface to all long-
duration operations. Similarly, client applications are fre-
quently single-threaded and event-driven (e.g., GUIs), which
cannot block indefinitely on synchronous calls.

Switching between synchronous/return-value and asyn-
chronous/callback interfaces requires changes to application
software. Consider the case where a server that is imple-

mented using multiple threads needs to be ported to a plat-
form that does not support threads. If the software run by
the threads uses synchronous interfaces, many changes are
required to support asynchronous transactionsthrough a sin-
gle thread. To address this problem, the Blob Streaming
framework supports a uniform callback interface for both
synchronous and asynchronous operations. These callbacks
indicatewhen an operation completes. Forinstance, asingle-
threaded application that needs to load a large image from
a remote server performs an asynchronous Blob Streaming
read that does not block the application from handling GUI
events. When the library compl etes the operation, the appli-
cationis notified viaa callback.

Similarly, synchronous Blob Streaming operations also
complete with callback notifications. The difference from
asynchronous cals is that, when the synchronous call re-
turns, the callback has aready been executed. There aretwo
advantages to this approach: (1) increased uniformity and
(2) increased flexibility of concurrency strategies. The same
software that is used asynchronously in a single-threaded
application can be used synchronoudly in a multi-threaded
application. Because both synchronous and asynchronous
operations use callbacks, switching concurrency policiesis
merely toggling a flag. Therefore, no application software
will change. This flexibility is particularly useful for devel-
opers of reuseable components who write software that can
be used with avariety of concurrency strategies.

The disadvantage to this approach isthat some devel opers
may never want to program asynchronous operations. To
address this issue, the Blob Streaming library offers wrap-
pers around the synchronous callback operations to provide
asynchronous/return-value API.

4 Blob Streaming Perfor mance

Sections 2 and 3 outline and motivate the design of the
Blob Streaming framework. Thisdesign abstractsaway from
many low-level communication tasks to achieve the flexibil -
ity requirements of distributed EMISs. In practice, however,
we recognized that the framework will not be widely used
unless applications built using it meet their performance re-
quirements. This section describes performance tests of the
Blob Streaming framework. The test scenario involved the
point-to-pointtransfer of Blobs between aclient and aserver.

4.1 Test platform and benchmarks

The performance results in this section were collected us-
ing a Bay Networks LattisCell 10114 ATM switch connected
to two dua-processor SPARCstation 20 Model 712s run-
ning SunOS 5.4. The LattisCell 10114 is a 16 Port, OC3
155Mbs/port switch. Each SPARCstation 20 contains two
70 Mhz Super SPARC CPUs with a1 Megabyte cache per-
CPU. The SunOS 5.4 TCP/IP protocol stack isimplemented
using an optimized version of the STREAMS communica-
tionframework [11]. Each SPARCstation has 128 M bytes of
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Figure 2: Push and pull modes.

RAM and an ENI-155s-MF ATM adaptor card, which sup-
ports 155 Megabits per-sec (Mbps) SONET multimodefiber.
The Maximum Transmission Unit (MTU) on the ENI ATM
adaptor is 9,180 bytes. Each ENI card has 512 Kbytes of
on-board memory. A maximum of 32 Kbytesis allotted per
ATM virtud circuit connectionfor receiving and transmitting
frames (for atota of 64 K). Thisalowsup to eight switched
virtual connections per card.

Data for the experiment was produced and consumed by
aclient and server test application. The client represents a
diagnostic workstation. The server application represents a
Blob Store server. Various client and server parameters may
be selected at run-time. These parametersincludethe size of
the Blob being transferred and the size of the socket transmit
and receive queues.

Our test environment is similar to the widely available
t t cp benchmarking tool. However, our test application
differs from tt cp since the test applications implement
a “transaction” mode rather than the conventional tt cp
“flooding” model. In our model, the client can reguest the
server to send it data (the “pull” model) or move data to the
server (the “push” model). Thisisdifferent fromtt cp be-
cause the data transmitter does not merely flood the receiver
with a continuous unidirectional stream of bytes.

The push and pull transaction model simplemented by our
test application are describe below:

e The push model: The push modd is representative of
the use case where amodality stores dataon aBlob Store. In
addition, it can be used by aBlob Store to precache datato a
workstation. The push transaction model behavesasfollows:
(2) the client sends control datato the server characterizing
theimage being transferred from the client to the server (size
and name of the image), (2) the client then sends the image
data, and (3) the server sends a confirmation to the client on

receiving all thedata. Thisacknowledgement isnecessary to
insure end-to-end reliability of the transaction.
e Thepull model: The pull modd is representative of the
use casewhereaworkstation retrievesdatafromaBlob Store.
The pull transaction model behaves asfollows: (1) theclient
sends control data to the server characterizing the image the
client wantsfrom the server (size and name of theimage) and
(2) the server then sends the image data. Note that the pull
model does not require an extra acknowledgement. Oncethe
client receives the data that was requested from the server,
the transaction is complete.

Weimplemented and benchmarked thefollowing versions
of the test application for Blob transfers:

e C version — this is implemented completely in C. It
uses C socket calls to transfer and receive the data and
control messages via TCP/IP.

o ACE C++ version —thisversion replaces al C socket
callsintheapplicationswiththe C++ wrappersfor sock-
ets provided by the ACE network programming com-
ponents [10]. ACE encapsul ates sockets with typesafe,
portable, and efficient C++ interfaces.

e CORBA verson — the Orbix implementation of
CORBA was used: version 1.3 of Orbix from IONA
Technologies. Thisversion replaces all socket calsin
the test applicationswith stubs and skeletons generated
from a pair of CORBA interface definition language
(IDL) specifications.

¢ Blob Streaming version —the Orbix implementation of
CORBA was used for exchanging control messages and
C++ wrappers for sockets provided by ACE were used
for bulk data transfer.

All these versions test the push model. Due to space limi-
tations, we have not included performance data for the pull
modedl.

4.2 Results

We ran a series of tests that transferred 1 MB, 8 MB, 16
MB, and 32 MB of user data using TCP/IP over our ATM
network testbed. Previous test have shown that different
versions of tt cp for Ethernet show much less variation,
with the performance for al tests ranging from around 8 to
8.7 Mbps with 64 K socket queues. Therefore, the Ethernet
benchmarks were not included in these tests.

Two different sizes for socket queues were used: 8 K (the
default on SUNOS5.4) and 64 K (the maximum si ze supported
by SunOS 5.4). Each test was run 20 times to account for
performance variation due to transient load on the networks
and hosts. The variance between runswas very low sincethe
tests were conducted on otherwiseidle networks.

Figure 3 summarizes the performance results for al the
benchmarks using 64 K and 8 K socket queues over a 155
Mbps ATM link. The C and ACE C++ wrapper versions of
the tests obtained the highest throughput: 60 Mbps using 64
K socket queue. Thisindicatesthat the performance penalty
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Figure 3: C, ACE C++, Blab Streaming, and Orbix performance over ATM.

for usingthehigher-level ACE C++wrappersisinsignificant,
compared with usinglow-level C socket library callsdirectly.
The Blob Streaming performance was dightly more than
80% of the C and C++ versions, reaching 50 Mbps with 64
K socket queues? However, the Orbix CORBA versions
peaked at around 66% of the C and C++ versions, reaching
40 Mbpswith 64 K socket queues.

In addition to comparing the performance of the various
transport mechanisms, Figure 3 dso illustratesthe generally
low leve of utilization of the ATM network. In particular,
60 Mbps represents only 40 percent of the 155 Mbps ATM
link. This disparity between network channel speed and
end-to-end application throughput is known as the through-
put preservation problem [12]. This problem occurs when
only a portion of the available bandwidth is actualy de-
livered to applications. The throughput preservation prob-
lem stems from operating system and protocol processing
overhead (such as data movement, context switching, and
synchronization [5]). This throughput preservation prob-
lem isexacerbated by contemporary implementationsof dis-
tributed object computing middleware like CORBA, which
copy data multiple times during fragmentation/reassembly,
marshalling, and demarshalling. Furthermore, the latency
associated with the request-response protocol implemented
by t t cp significantly reduced performance. An earlier im-
plementation of t t cp [3] attained 90 Mbps over the same

2Subsequent code profiling revealed that the Blob Streaming receiver
was performing an unnecessary data copy. With this copy removed, the
performance of Blob Streaming should be comparable to the C and ACE
C++ wrapper versions.

ATM testbed by using a “flooding” traffic generation model
that did not use an end-to-end acknowledgment scheme.
Finally, Figure 3illustratesthe impact of socket queuesize
on throughput. Larger socket queues increase the TCP win-
dow size[13], which allowsthetransmission of multiple TCP
segments back-to-back. Increasing the socket queue from 8
K to 64 K doubled performance from 28 Mbps to 60 Mbps.
These results demonstrate the importance of having hooks
to manipul ate underlying OS mechanisms (such as transport
layer and socket layer options). Communication frameworks
that do not offer these hooks to application developers are
destined to perform poorly over high-speed networks.

5 Concluding Remarks

We are currently deploying the Blob Streaming framework in
a production distributed el ectronic medical imaging system
being devel oped as part of Project Spectrum at the Electronic
Radiology Lab (ERL) at the Washington University School
of Medicineand BJC Health System, in collaborationwithin-
dustrial partnersKodak Health Imaging Systems, IBM/ISSC,
and Southwestern Bell Corporation. BJC is one of the na-
tion’slargest integrated health delivery systems, representing
an alliance of health care partnersin Missouri and southern
[llinois.

The primary objective of Project Spectrum is to link the
stand-a one heterogeneous computer systemsof 15 acutecare
facilities, aswell asover 5,500 physicians, inthe BJC system
into a single integrated network. Key system requirements



are to support seamless electronic access to clinical exper-
tise from any point in the system. Other requirements call
for immediate, on-line access to information via advanced
clinical workstations attached to high-speed networks, tel-
eradiology and remote consultation capabilities, and practice
management support tools.

Digtributed electronic medical imaging systems like
Project Spectrum require high-performance bulk data com-
munication. Existing implementations of higher-level dis-
tributed object computing middleware like CORBA do not
provide adequate performance for bulk data transfer due
to data copying, demultiplexing, and memory management
overhead. Thisoverhead is often masked on low-speed net-
works like Ethernet and Token Ring. On high-speed net-
workslike ATM or FDDI, however, thisoverhead becomes a
significant factor limiting communication performance [14].

The Blob Streaming framework described in this paper
provides more efficient data transfer than using CORBA as
the sole bulk data transport mechanism. Blob Streaming
uses CORBA as a control mechanism to negotiate endpoints
of TCP/IP communication in alocation-independent manner.
The lower-level C++ wrappers for sockets are then used to
establish point-to-point TCP connections and transmit bulk
data efficiently across the connections. This strategy builds
on the strengths of both CORBA and sockets. It shields
application developers from lower-level details of sockets
without incurring the performance overhead associated with
using a CORBA-only solution.

Blob Streaming uses sockets to achieve the performance
of lower-level networking tools and uses CORBA to pro-
vide the flexibility needed for distributed el ectronic medica
imaging systems. Blob Streaming alows application code
to be developed independent of Blob location, Blob type,
and Blob Storage. These abstractions allow image process-
ing agorithms to be reused for many types and locations
of Blobs. In addition, Blob Streaming is designed to alow
flexibility across platforms by abstracting from concurrency
OS-specific mechanisms, concurrency policies, and event
loops.

Thanksto Chris Tarr of ObjectSpace for his contributions
to the design of Blob Streaming.
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