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ABSTRACT

Siemens and Loral Western Development Labs have
designed a Picture Archiving and Communication
System capable of supporting a large, fully digital
hospital. Its functions include the management, storage
and retrieval of medical images. The system may be
modeled as a heterogeneous network of processing
elements, transfer devices and storage units.

A series of discrete event simulation models have been
developed to investigate different levels of the design.
These models include the Workstation Models, focusing
on the internal processing in the different types of
workstations, the Communication Network Model,
focusing on the control communication and host
computer processing, and the System Model, focusing
on the flow of image traffic throughout the system.

This paper describes some of the issues addressed with
the models, the modeling techniques used and the
performance results from the simulations. Important
parameters of interest include: time (o retrieve images
from different possible storage locations and the
utilization levels of the transfer devices and other key
hardware components. The models were an important
part of the Loral/Siemens proposal for the Medical
Diagnostic Imaging Support System (MDIS), helping to
understand system performance under fully loaded
conditions while the architecture was still in the design
stage. With the first MDIS systems now online, the
models continue to be useful in refining the design.

1 INTRODUCTION

The Medical Diagnostic Imaging Support System
(MDIS) contract, awarded to Loral Western
Development Labs and Siemens Gammasonics in
September 1991, involves the implcmentation of statc of
the art Picture Archiving and Communication Systems
(PACS) in several U.S. Military hospitals. A PACS is a
computer based system for the storage, retrieval and
viewing of radiological images. In the past, thesc
images have primarily been handled with film, or some
combination of film and digital imaging on a small scale.
The Loral/Siemens PACS architecture introduces a new
level of performance which is capable of supporting a
large, fully digital hospital. The MDIS Request For
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Proposal (RFP), from the U.S. Army Engineering
Division (1990), specifies a number of performance
requirements to assure that the fully digital hospital will
operate efficiently. Using computer-based modeling and
simulation techniques, a performance analysis project for
the Loral/Siemens PACS was undertaken to prove that
the proposed design meets these performance
requirements.

In addition to addressing the RFP requirements, the
modeling and simulation efforts were an integral part of
the design process, helping to explore design tradeoffs
and identify key system tuning parameters. Within the
basic system architecture, there are many design and
operational issues which can benefit from a detailed
performance analysis. The system performance is a
multi-faceted issue due to the wide variety of hardware
components and functional modes of operation involved.
Because of the size of the PACS, building prototypes of
the entire system to investigate design decisions is
impractical. Thus, during the design stage modeling
takes on a significant role in investigating the system
performance under fully loaded conditions.

In describing their work in PACS performance
analysis, Martinez et al. (1990) classify the nodes on a
PACS network as image acquisition equipment, viewing
workstations and database archive systems. While these
components are common to all PACS, from one
architecture to another there can be significant
differences in the network configurations and the
structure of the database archive system. In the
Loral/Siemens PACS architecture, the network consists
of a number of separate network segments, which can be
grouped into two major classifications: a LAN handling
the command traffic at 10 Mbps and a fiber optic
distribution system handling the image traffic at 100
Mbps.

The Loral/Siemens PACS is based on a shared file
system architecture, as described by Glicksman, Wilson,
Perry and Prior (1992). Such an architecture has the
advantage of giving all workstations equal access to the
complete file system. A key challenge in this approach
is to minimize the contention delays at the storage
system. The Working Storage Unit (WSU) is a RAID 2
disk array that serves as short term and local storage for
all image data in the system. The WSU has 28 I/O ports
that are connected to a fiber distribution system. The
WSU backplane is capable of supporting three
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simultaneous 100 Mbps transfers through the fiber
distribution system. Long term storage is provided by
two optical disk jukeboxes connected to the WSU. New
image data is fed into the WSU from the image
acquisition equipment, involving a number of different
modalities, Computed Radiography (CR) being the most
significant.

PACS workstations are classified as two basic types:
the Optimized workstation (OWS) and the Standardized
workstation (SWS). An SWS provides Radiologists with
primary diagnosis and reporting capability via two to
eight portrait mode displays. These displays may be "A"
type and support 1535 pixels x 2048 lines or "B" type at
1024 pixels x 1280 lines. Special dual channel display
cards for the Macintosh NuBus permit up to eight such
monitors to be driven by a modified Macintosh IIFX
computer.

An Optimized workstation provides lower cost
softcopy viewing capability for all other clinicians
within the Medical Treatment Facility. Up to four
displays are provided with a resolution of 1152 pixels by
882 lines. Like the SWS, the OWS is based on an
enhanced Macintosh IIFX computer.

In addition to the dual channel display cards, the
Macintosh IIFX-based workstations are enhanced with
specialized hardware and software. The Siemens' OPUS
image processing card provides up to 65 MBytes of high
speed buffer storage with specialized image processing
hardware. The OPUS moves data on the Macintosh 11
NuBus at block transfer speeds up to 33 MBytes/second.

The Loral Fiber Optic Interface provides the
workstation connection to the Shared File Server over
fiber optic links at rates up to 100 Mbits/second. The
card provides reversible image compression which
effectively doubles both image cache storage capacity
and data rate while preserving full image fidelity.

In the larger MDIS facilities there will be over 100
workstations all of which have the ability to retrieve
image data from the WSU. A Host computer is also
used for the database transactions in the system.

While the MDIS contract involves scveral specific
hospitals, the performance analysis focuses on the
Madigan Army Medical Center, as it is one of the largest
systems in the contract and the carlicst to be
implemented. Three phases of the Madigan system are
defined to represent the hardware configuration and
expected loads at different stages of the implemcentation.
While the modeling project investigated each of these
three phases in detail, the results in this paper pertain to
the Madigan Phase III configuration.

2 MODELING TECHNIQUES

To more efficiently represent the various aspects of the
system, the modeling effort followed a hierarchical
approach, involving analytic models and several discr_e[e
event simulation models. At the highest level, extensive
analytic models were implemented in Microsoft Excel

spreadsheets. These provided a rough analysis of the
architecture-specific system requirements relative to the
general requirements provided in the RFP. These
spreadsheets also provided some mean value
performance estimates using Markov queuing models.

The discrete event simulation effort involved three
distinct modeling areas, each focusing on a different
aspect of the PACS performance. The Workstation
Models address the performance internal to the various
viewing workstation configurations. The
Communication Network Model focuses on the control
communication and host computer processing. The
System Model focuses on the flow of image data
throughout the system, with a particular emphasis on the
storage systems. The Workstation Models and the
System Model were implemented using NETWORK
IL.5, while the Communication Network Model used
LANNET IL.5, both of these tools being from the CACI
Products Company.

NETWORK II.5 and LANNET ILS are both discrete
event simulation tools aimed at modeling computer,
communication and information systems. The two are
closely related, with LANNET II.5 being a slightly
higher level tool, as it provides certain predefined
constructs and protocols which are more specific to
modeling LANs. The code produced by LANNET II.5
is downward compatible with NETWORK II.5's
simulation engine. Both tools allow a system to be
modeled in terms of hardware and software at various
levels of abstraction. Most of the following descriptions
relate to NETWORK 1.5, although the techniques in
LANNET IL.5 are very similar.

As the three simulation models do overlap in their
view of the system, some cross-referencing is done to
represent the performance results from one model in
another. These relationships are shown in Figure 1.
Because the sequences in the actual system have some
distinct breaking points between different actions, some
of the delays measured in one model can be aggregated
in another model without loss of accuracy.
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Figure 1: MDIS Simulation Model Relationships
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2.1 Hardware Representation

In modeling a PACS with NETWORK I1.5, each
hardware component is represented as a "processing
element”, a "storage device" or a "transfer device".
Thus, the Ethernet and fiber optic segments are all
modeled as transfer devices, and the WSU disks and
optical disks are modeled as storage devices. The
processing element construct allows a little more
abstraction than the others. A node such as a viewing
workstation could be modcled as a single processing
element, or as a CPU, an internal bus, some memory,
etc., depending on the focus of the model and the detail
required. The more detailed approach is taken in the
Workstation Models, representing the internals of a
single workstation by a number of hardware
components. The System Model is primarily concerned
with image traffic into and out of the WSU, and as such
has a relatively detailed representation of the WSU,
while most of the other nodes in the system are modeled
with single processing elements.

2.2 Software Representation

Within the hardware configuration, NETWORK II.5
or LANNET II.5 allows a detailed software
representation. The PACS activities which must be
modeled in terms of software processes can be broken
down into the following basic tasks:

« send a new image from imaging equipment to WSU,

« retrieve an image from WSU to a viewing workstation,
« send an image from WSU to archive storage,

* retrieve an image from archive storage to WSU.
Within each of the three simulation models, different
aspects of these basic tasks are modeled in more detail,
depending on the focus of that model. For example, in
the Communication Network Model, the task of a
viewing workstation retrieving image data from the
WSU will have a detailed scenario of database queries
and other command messages passed back and forth
between the workstation and the host before getting to
the actual image transfer. In this case the image transfer
is not modeled in as much detail as it is in the System
Model, because the focus is on measuring performance
of the LAN and the host.

The basic tasks are represented in the models in many
different instances, referenced to specific hardware
components. In terms of Network IL.5, this involves
"modules" which will execute on specific processing
elements, and "instructions” which are referenced within
the module specifications and defined in the processing
element specifications. The instructions are of several
basic types: message, processing, semaphore, read or
write instructions. The modeling of any one specific
task involves the execution of a series of modules and
their associated instructions.

2.3  Model Loading

The occurrences of these tasks originate with the
execution of specific initiating modules, modeled as
Poisson arrivals with exponential interarrival times. The
exponential interarrival time distributions for each type
of task are derived from the estimated number of new
images per year, of several different types, and the
number of nodes involved in executing each task. The
yearly input rates are translated into daily rates in terms
of CR equivalent images (10 MB of data per image in
uncompressed form), and then, using the 5 Busy Hour
Day concept, into rates in CR equivalent images per
minute. The 5 Busy Hour Day concept is an approach
that derives a worst case scenario for system loading by
using the assumption that the peak hour's loading
represents 20% of the entire day's loading. The system
is continuously operated at this peak rate, compressing
the whole day's loading into a "S Busy Hour Day."

The retrieval rates for each type of viewing
workstation are based on these new image input rates.
This is done with the assumptions that every new exam
will be reviewed an average of one time on an SWS, and
an average of three times on an OWS. It is assumed that
two historical exams are retrieved with each new exam.
Each exam is assumed to consist of 3 CR equivalent
images.

Each task, once initiated, involves a long series of
steps including communication, queuing of requests,
processing delays, data transfer, etc. The "message"
instruction type is being used to represent the requests,
as well as the data transfers. Thus, the size of these
messages varies significantly. One query to the database
might only be 12 KB while one CR image in the WSU
will be 5 MB when compressed 2:1.

24 Objectives

In a PACS with over a hundred nodes, there is a
significant potential for contention in several areas.
Multiple nodes may simultaneously be attempting to
send new image data into the WSU, or to retrieve stored
image data from the WSU. Multiple database queries
may competing for time on the host. A single Fiber
Optic Distributor node may be requested by several of
the workstations which share it for access to a WSU
port. A major issue in the performance analysis of any
PACS is the speed with which images can be retrieved
from storage and brought up on the screen of a
workstation. There are two sides to such response times.
First, there is the peak performance in which the task
occurs in the absolute minimum time that is allowed by
the actual hardware and software implementation, given
that there is no contention. These times can be measured
with prototypes. On the other hand, there is the response
time which includes some stochastic amount of queuing
delay due to contention in the system. Much of the
purpose of the simulation-based performance analysis
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involves investigating the dynamics of the system under
these stochastic influences and determining the statistical
properties of such responses times.

An accurate contention model requires reasonable
representations of both the image transfers and the
control logic for processing those transfers. These issues
are fully addressed in the simulation models by
implementing the same basic control logic that is used in
the actual system.

2.5  Output Analysis

The standard output listings provided by Network I1.5
include extensive statistics on all hardware elements and
software elements defined in the model. Often, we are
interested in specific response times which span a long
series of module executions. In such cases the
semaphore instruction construct is used to measure these
response times. By "setting” and "resetting” the
semaphores at specific points in the simulation, the
response times can be read directly from the "semaphore
statistics” section of the output listing, providing
average, standard deviation, minimum and maximum
values. To get a more detailed picture of these response
times, the semaphore "set" and "reset” instructions are
added to the trace report. A program has been written in
C that parses the trace report, picking out the instructions
corresponding to a specific semaphore, calculating the
response time and writing each such response time to an
output file. In this way, complete data sets are generated
for each of the response times of interest. Further
analysis of the distributions for each response time is
done using these data sets in Microsoft Excel and/or
Unifit, from Averill M. Law & Associates.

2.6 Simulation Validation

The validation of the three models, the workstation,
the network and communication, and the system model
imply comparing the simulation results with
measurements taken on the real system. It is easier to
perform measurements on the workstations, the networks
and the WSU. The high complexity of the database
sequences, the variety of configurations in which the
database can be configured, and the necessity 10
accommodate a growing demand of new database
requirements, call for additional detailed modeling of the
database activities. These modeling activities are well
under way at Siemens Gammasonics and will be made
available soon in future publications

3 THE WORKSTATION MODELS

A series of Workstation Models were developed, each
representing the details of a particular viewing
workstation's internal architecture. The performance
analysis done with the Workstation Models not only
provided data for use in the other models, but was a

significant investigation of design tradeoffs in its own
right. Different workstation configurations were
analyzed, using different monitors (A, B, or C type) and
different OPUS memory sizes for storing images
retrieved from the Working Storage Unit. All
workstation configurations are based on the Macintosh
[Ifx and use an additional Fiber Optic Interface (SIC)
buffer to enhance the system performance when small
images have to be displayed. The final workstation
configurations, which represent optimum performance
and lowest cost solutions to the MDIS requirements, are
as follows:

+ Standardized Workstation (SWS) - Macintosh IIfx
based workstation with up to 8 A and/or B type
monitors, 64 MB OPUS memory , S MB SIC buffer,
and Loral NDDC display cards.

« Optimized Workstation (OWS) - Macintosh IIfx
based workstation with up to 2 C monitors, 32 MB
OPUS memory, 5 MB SIC buffer, and Radius
display cards.

« Software Only Optimized Workstation (OWS-L) -
Based on the hardware of the OWS without the
OPUS memory, with up to 2 C monitors, 5 MB SIC
buffer, and Radius display cards.

A block diagram of the Standardized Workstation's
hardware components, as represented in the Network I1.5
animation developed along with the simulation model, is
shown in Figure 2. Here the NuBus is the main transfer
device internal to the workstation, providing connections
between the main Mac IIfx CPU, the OPUS board, the
displays and the interface cards. The diagram also
shows the workstation's Ethernet connections to the host
and the WSU, and the fiber link to the WSU. The other
workstation models follow a similar approach.

ETHERNET NE TWORX MSG/FILE

B )

Figure 2: Workstation Model Animation Screen

To come to the final workstation configurations
described above, an extensive engineering study was
performed. Many paramelers were considered:
workstation configurations, monitor types, OPUS
memory sizes, SIC buffer sizes, image sizes and types,
and combinations of these parameters. Thus, much



1360 Wirsz et al.

research was done and many simulation models were
employed before the final decisions were made.

A major concern was to find the optimum SIC buffer
size without sacrificing performance and still keeping
costs to a minimum. Although physically present on the
Fiber Optic Interface, the SIC buffer is activated by the
workstation software only for small images, such as CT,
MR, or NM images. This particular software behavior,
as well as all the other software processes and activities
which determine the functionality of the workstations,
are explicit constructs of the simulation models. These
software representations consider all the interactions
between the workstation hardware components and their
environment. The engineering study led to finally
considering 5 MB to be the optimal size of the SIC
buffer.

The primary performance measures provided by the
Workstation Models are the response times measured
from the time when an image enters the workstation until
the screen is completely painted. These times, referred
to as the "paint times", are used in the System Model and
in the Communication Network Model, where a
workstation is represented as a single processing element
with an aggregate "paint time" delay. The average paint
times for a CR image, as measured from the simulations,
are as follows:

* SWS, A monitors: 803.8 msec

* SWS, B monitors: 366.4 msec

*« OWS, C monitors: 176.4 msec
« OWS-L, C monitors: 1019.1 msec

4 THE COMMUNICATION NETWORK MODEL

The Communication Network Model, as is described
in greater detail by Anderson et al. (1992), focuses on
the control communication between the system nodes
and the host computer, and the associated processing
delays on the host. Before any transfer of image data
into or out of the WSU can occur, the user at an
acquisition or viewing workstation will go through a
series of steps interacting with the host to set up the
transfer. Because there are multiple workstations
sharing a particular LAN scgment and because all nodes
in the system share the samec host computer, there are
significant possibilities for contention. To fully capture
these interactions, the model includes a detailed
hardware description including all of the individual LAN
segments and bridges. Within this hardware definition
the model executes a number of communication and host
processing scenarios, in order to represent the demands
on the LAN and the host under fully loaded conditions.

Figure 3 is a simplificd view of the hardware
configuration in the MDIS Communication Network
Model. It contains five bridges connecting five
backbone LAN segments. Each bridge also connects to
one or mor¢ 10 Mbps Ethernet LAN tributaries. These
tributaries connect to the various acquisition, viewing
and storage nodes as described above. In addition there

is the Comprehensive Health Care System (CHCS)
which represents a hospital information system with
which the PACS must interface for such things as patient
scheduling.

CHCS

BRIDGE3
BRIDGE2

BRIDGE4 BRIDGES

BRIDGE1
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LAN1

TMAGE GEN - sTD ||OPTIMIZE
I SRouP IHOST DBPROC | stu vaz | [ 810 N star
] FOD_L2 o [
FOD_L4 FOD_L3

IMAGE FLOW TO WSU IMAGE FLOW FROM WSU

Figure 3: MDIS Communication Network Model

Any particular message going from a node to the host
will pass over a LAN to a bridge connected to a
backbone segment. The message could possibly have to
go through another bridge and another backbone
segment before reaching the bridge which connects to
the LAN that the host is on. As there are protocols and
possible contention involved in each leg, one such
transfer of a command message can be an involved
process. LANNET IL.5 facilitates this type of model by
having predefined constructs for the LANs, the bridges
and the protocols.

The two major processing tasks of the host computer
involve the shared file system and the database
(implemented in Sybase). The processing delays which
are defined in the model represent aggregate delays that
a given database operation could be expected to
encounter in a multitasking environment with competing
processes. These times were arrived at through
experimental measurements with the actual database.

The communication scenarios which model all of the
traffic to and from the host, and the host processing
delays, correspond to variations of the basic operational
tasks described above in section 2. For example, Table 1
shows part of a workstation viewing scenario. Each
communication from the workstation to the host is
followed by some processing delay at the host and a
response sent back to the workstation. In addition to the
more deterministic delays included in the scenario, there
will possibly be queuing delays associated with
accessing the LAN segments and accessing the required
host or database processing clement.
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Table 1: Workstation Viewing Scenario

« values in brackets are message size in bits
+ values in parentheses are processing delays in ms

ACTION SOURCE  DESTINATION

connect [48K] STD WS DPROCI (50)

connect ack [48K] DPROCI1 STD WS

login [96K] STD WS DPROCT (200)

config [288K] DPROCI1 STD WS

wrklist query [96K] STD WS DPROCI1 (500)

wirklist resp [96K] DPROC1 STD WS

open query [96K] STD WS DPROC1 (2000)

open resp [96K] DPROC1 STD WS

open file [48K] STD WS HOST1 (10)

open ack [144K] HOST1 STD WS

read file [96K] STD WS WSU (10) +
(Fetch Delay)

images [40M] WSU STD WS

wrklist update STD WS DPROC1 (50)

update resp DPROC1 STD WS

close file STD WS HOST1 (2)

close ack HOSTI1 STD WS

In initiating scenarios such as that shown in Table 1,
the model aggregates the nodes of a certain type into one
or two processing elements. The generation rate of the
appropriate scenario for a certain node type is then
defined so as to simulate the complete load from all of
the individual nodes of that type.

The major objectives of the Communication Network
Model are to predict the level of congestion at the LANs
and the host. Results show that the maximum number of
messages in any queue awaiting LAN transfer during a 5
hour simulation is 2, indicating that the LANs and
bridges are not congested. This is also shown by the
average utilization levels in Table 2. LAN2, which is the
LAN segment connecting to the host, shows the highest
utilization, but in the 7 to 10% range this is still quite
low. The two experiments shown in Table 2 all
correspond to the Madigan Phase III configuration. The
"4 Busy Hr" experiment has the same total load as in the
5 Busy Hour Day case, but it has been compressed into 4
hours by increasing the image generation and retrieval
rates.

Table 2: Network and Host Utilizations (%)

S Busy Hr 4 Busy Hr
HOST 29.0 38.5
DBPROC 1.3 1.7
LAN2 7.2 9.7
LAN3 1.2 1.6
FOD_L1 11.6
FOD_L2 4.7
FOD_L3 23.0
FOD_L4 41.0

5 THE SYSTEM MODEL

The System Model, as is described in greater detz
Meredith et al. (1992), focuses on the flow of image
throughout the system, with a detailed representatic
the WSU and the archive storage system.

Figure 4 shows the animation screen for the Mac
Phase III configuration of the System Model.
WSU's 14 1/O cards (C1-C14), each with two ports
shown connected to the disks (DC1) over the back]
(BP1). Many of the WSU I/O ports are connect
Fiber Optic Distributors (FOD) which allow a s
channel to be switched to one of several fibers. B
some of the FOD switches there are two or 1
workstations each modeled by individual proce:
elements connected to the FOD by dedicated fi
Thus, at any one fiber there is no contention, but the
a possibility for contention at the switch, as mul
workstations below the FOD may simultaneously re:
the same FOD and WSU port.

Figure 4: System Model Animation Screen

Since there is a fair amount of repetition in the sy
configuration, with multiple FODs which are
shared by some number of nodes of a certain type, :
abstractions are introduced to simplify the model.
WSU port is shared by 12 optimized worksta
(OW1-12) or 2 standardized workstations (SW1-2)
CR acquisition workstations (CW1-8). Among
nodes sharing one port, the possibility of contel
among them to gain access to the port is an i
However, the behavior of any one of these Ft
connecting to a certain node type, can be consider
be characteristic of any other FOD which is share
the same number of nodes of that type. So, for
node type, it is sufficient to model only one
channel in complete detail with individual f
connected to each individual node, in order to stud
FOD contention. The other FODs which connect
type of node are still important individually, since
do connect to individual WSU ports which may eac
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competing for access to the backplane. However they
can more simply be modeled as aggregate FOD nodes
defined with certain aggregate traffic rates.

In addition to the above described imaging equipment
and viewing workstations, the other major hardware
components which are connected to the WSU relate to
the long term archive storage. The system includes two
optical disk jukeboxes (ODJ), each modeled with two
disk drives (A1A and A1B, or A2A and A2B) and one
robot (R1 or R2) which services those two drives. The
two drives in one ODJ are both connected to one
Archive Controller (AC, or CE in Figure 4) by a SCSI
bus. Each AC is connected to one WSU input port and
one WSU output port.

The level of abstraction in the System Model is aimed
at accurately representing the image transfers throughout
the system. The major delays which make up the overall
response times experienced by the user are the image
transfer time and the queuing delays waiting for the
transfers to be initiated. There are some CPU intensive
operations associated with the database queries before a
particular image is requested, these operations being
modeled in greater detail in the Communications
Network Model. However, once a particular transfer is
requested, there are no significant CPU processing
delays. Thus, the System Model focuses more on the
transfer devices and the blocks of image data, and goes
into less detail in modeling the actual processors. For
the processors other than the host, the important factors
are not so much the processing delays, but rather the
queuing logic which the actual processors implement.

In general, the requests for a particular hardware
element are handled on a first-in-first-out basis.
However, the model often involves a series of queues
through which requests must pass before some particular
action is taken, assuring that competing processes have
equal access. Relative to the WSU, exam requests are
broken down into image requests and into block requests
where the complete image can not be transmitted
continuously because of buffering limits. Thus, once an
image request gets past the queue at the workstation,
each block of image data must essentially queue up for
the required WSU port and then for the WSU backplane
assignment. The objective of the queuing logic is to
equitably balance the delays experienced by any one
process with those of any competing processes. This
implies maximizing the utilization of the WSU
backplane which is the most central transfer device over
which all image data transfers must flow.

Another aspect of the model relating to transfers into
or out of the WSU is that, although it is a discrete-event
simulation model, the continuous pipeline nature of the
data transfers is accounted for. When a block of image
data is being transferred from the WSU disks to a
workstation, different parts of that data will
simultaneously be moving over the WSU backplane,
through the port buffer, over the copper connection to
the FOD and over the fiber optic link to the workstation.

The timing aspects of the transfer are specifically
modeled using short dummy messages that activate the
various legs of the transfer. In this way, the model
captures the fact that the backplane will be released
significantly before the port buffer has finished sending
out the data block.

Regarding the queuing for the Archive Controller units
and for the optical disk drives, these are essentially FIFO
queues, although priority is given to reads over writes.
Another priority scheme distinguishes between the two
drives in one ODJ, with the A drive being given priority
for reads and the B drive being given priority for writes.

With the basic System Model a number of experiments
were performed to investigate different operating
scenarios. Three phases of the Madigan PACS were
modeled in detail, with each phase having a different
hardware configuration and different loading parameters.
The results presented in Table 3 are all based on the
Madigan Phase III model, under the 5 Busy Hour Day
and 4 Busy Hour Day assumptions. The third
experiment in Table 3, labeled "diskfail”, also using the
5 BHD assumption, simulates the system performance
after one of the WSU disks has failed and been replaced
with a new disk. To restore the data that was on the
failed disk, the WSU runs a restoration process which
results in a significant increase in traffic on the
backplane.

Table 3: Average Response Times and Utilization Levels

SBHD 4 BHD diskfail
response times (milliseconds)
OWS, 1st image WSU fetch 748 746 840
SWS, 1st image WSU fetch 1401 1371 1467
OWS, 1st image archive fetch 24437 29330 22461
SWS, 1st image archive fetch 25055 28154 21842

request for drive in ODJ1 2559 6487 1795
request for AC1 for decompr. 8703 11406 7689
request for AC for compr. 11688 51974 14424
CRAW wait for FOD channel 15 16 40
OWS wait for FOD channel 12 9 6
OWS wait for WSU backplane 53 76 121
hardw ilization (%

WSU backplane 17.3 20.2 48.6
FOD channel to 12 OWS 39 4.5 3.6
FOD channel to 2 SWS 1.6 20 1.6
FOD channel to 8 CRAW 3.1 35 3.1
Archive Controller 1 72.6 849 719
Archive Controller 2 72.7 82.9 69.1
ODJ 1 drive A 370 489 37.0
ODJ 1 drive B 483 624 446
ODJ 2 drive A 360 435 329
ODJ 2 drive B 46.1 573 437

While the response times presented in Table 3 are all
average values, at times there will be significant
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deviations from these times due to the stochastic nature
of the system loading and the queucs that will build up.
Thus, it is important to investigate further the statistical
distribution of the complete data sets which these
averages represent. Figure 5 is a cumulative probability
chart for the OWS first image fetch response time. The
chart shows that the mean value is not too much higher
than the minimum value, although there are some longer
response times which occur with very low probability.
The peak performance, with no contention in the system,
is indicated to be about 0.6 seconds. As the
corresponding mean is about 0.7 seconds, we can say
that on average the response time for this first image
retrieval, directly from the WSU, will include roughly
0.1 second of contention delay. In the case where the
response time is 4.3 seconds, occurring with a
probability of about 0.05%, the greater part of that time
will be contention delay, most likely because of a
number of requests arriving at the WSU closely together.

Optimized WS, 1st Image Direct WSU Fetch

response time (sec) - 1st image READ start to 1st image PAINT finish

0.6 1.8 2.5 3.4 43 5.2
10 + + ' + 4
mean = 0.7

i 0.1
A
o AN
£
F ~
- —
5 ~
2 0014 \
3 ~.
3 N
° ~
a \

0.0014 \\
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0.0001d

Figure 5: OWS 1st Image WSU Fetch Response Time

In addition to the above experiments, there were other
experiments performed with the System Model at earlier
stages in the modeling process, which helped to guide
some of the decisions in the design of the actual system.
An example of such experiments is in the issue of the
number of workstations which can efficiently share one
WSU port. After a series of experiments considering
several alternatives, the conclusion was that 12 OWS, 2
SWS or 8 CRAW could share a single port.

6 CONCLUSIONS

The analytic and simulation models developed for the
MDIS project have helped to evaluate the system
performance under fully loaded conditions, while still in
the design stage. The models indicate that the
Loral/Siemens PACS design will meet the MDIS
performance requirements. For the complete retrieval of
the first image of an exam from short term storage, the

requirement is 5 seconds. For the Madigan Phase III
simulation, the mean response times of 0.748 seconds
and 1.401 seconds, for the Optimized and Standardized
Workstations respectively, are well within the
requirements. In addition to the means being at low
levels, the simulation results show that the random
occurrences of significantly higher response times have
very low probabilities. The probability of exceeding the
S second limit for this first image response time in any
specific request less than 0.05% for the Optimized
Workstations and about 0.2% for the Standardized
Workstations.

In addition to these overall response times that are
experienced by the user, the simulation models offer
detailed insight into every aspect of the system operation
which contributes to these overall times. The average
host utilization has been shown to be less than 30%. The
WSU backplane, which is the central conduit for all
image transfers in the system, has been shown to have a
very acceptable average utilization of 17%. The LAN
segments have been shown to have very low average
utilization levels, many below 2%, with the highest
being in the 7 to 12% range. The Workstation Models
have analyzed the tradeoffs of performance between
different internal workstation architectures, providing
direct input to the higher level models. The expected
queuing delays have been investigated at many different
points in the system. Some of these queues have been
shown to have fairly minor delays, such as the queues
for an individual FOD channel. In other areas, such as
the long term archive storage, the utilization levels have
been shown to be fairly high and correspondingly there
are some longer queuing delays associated with those
components. In this case, the model results have led to
further refinement of the design since the prototype
stage.

The MDIS modeling project has proven to be a
valuable part of the design process for a large
heterogeneous PACS system. As the models were
developed in close collaboration with the system
architects and designers, it was assured that the models
would accurately reflect the actual system and that
immediate feedback could be offered to assist in design
decisions. At the final stage of the MDIS proposal
process a fully functional prototype, the System Test
Bed, was developed for the benchmark test. With the
System Test Bed, some initial model validation
measurements were obtained. Since the contract award
the system design and the models have continued to
evolve in an effort to optimize the system performance.
The hierarchical decomposition of the PACS into
focused submodels has helped assure that the models
accurately represent the real system while remaining
flexible enough that new issues can be investigated as
they arise in the design and implementation process.
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