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ABSTRACT 

In recent years, a growing number of diagnostic 

examinations in a hospital are being generated by digitally 

formatted imaging modalities. The evolution of these 

systems has lead to the development of a totally digitized 

imaging system, which is called Picture Archiving and 

COIIIl1lunication System (PACS). 

A high speed computer network plays a very ilnportant 

role in the design of a Picture Archiving and 

Communication System. The computer network must not only 

offer a high data rate, but also it must be structured to 

satisfy the PACS requirements efficien~ly. In this 

dissertation, a computer network, called PACnet, is 

proposed for PACS. The PACnet is designed to carry image, 

voice, image pOinting overlay, and intermittent data over a 

200 Mbps dual fiber optic ring network . The PACnet 

provides a data packet channel and image and voice 

channels based on Time Division Kultiple Access (TDMA) 

Ltrt.:l1uLy'u~. Th~ LuL~.LJIILLL~uL uctLct LI:i L..t:Cl.ul:illlJ.LLl::!u UVl::!l: d UdLc:t 

packet channel using a modified token p.assing scheme. The 

voice and image pointing overlay are transferred between 

two stations in real-time to support the consultive nature 
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of a radiology department using circuit switching 

techniques. Typical 50 mega-bit images are is transmitted 

over the image channel in less than a second using circuit 

switching techniques. 

A technique, called adaptive variable frame size, is 

developed for PACnet to achieve high network utilization 

and short response time. This technique allows the data 

packet traffic to use any residual voice or image traffic 

momentarily available due to variation in voice traffic or 

absence of images. To achieve optimal design parameters for 

network and interfaces, the PACnet is also simulated under 

different conditions. 
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CHAPTER 1 

INTRODUCTION 

In recent years, advances in digital technology and 

decreasing cost of digital imaging have promoted to 

replace analog imaging with digital imaging in radiology. A 

growing number of diagnostic examinations in haspi tals are 

being generated via digitally formatted imaging modalities 

such as Computed-Tomography (CT) Scanner, Nuclear Medicine, 

Ultrasound, Digital Subtraction Angiography, X-ray CT, and 

Magnetic Resonance Imaging (MRI). Nearly 80 percent of 

examinations in a typical diagnostic radiology department 

of a major hospital will be digitally formatted by the 

middle of the year 1990 (LEHS3). The evolution of these 

systems has been challenging the computer networking and 

medical imaging community for new technology and 

techniques to acquire, record, process, store, transmit 

and retrieve the images. 

A high speed net't-lork plays an important role for 

efficient management of the digitally formatted image data 

in the system. It links together all units and allows 

exchange of images and associated data among them in a 
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short time. The network also provides more interact! ve 

clinical consultations because images are retrieved 

quickly. 

Many computer networks have been developed in this 

decade, but none of them have been designed to fit a 

distributed imaging hospital environment. The choice for a 

imaging hospital network is not easy. This section includes 

operational issues of Picture Archiving and Connnunication 

Systems (PACS) • 

.L..l ~ Archiving i. Communication ~ 

The primary goal of a radiology department is to 

provide advice regarding the care of patients. This advice 

is based on not only the review of the patient's history, 

medical finding, and result of laboratory tests which are 

summarized by. the patient's doctor, but also on special 

examinations performed by or under supervision of the 

radiologist. The examinations generally involve the 

production of images by a variety of techniques, and the 

radiologist's advice is based on reviewing and diagnosing 

of these images. In a good size department of radiology t 

about 150,000 examinations are performed a year. This data 

is based on 250 working days a year and about 600 

examinations a day. Having ten full time radiologists, each 

radiologi.st should diagnose 60 different examinations a 

day. In average, each examination might consists of 3 to 40 
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images and sometimes more. The radiologists usually review 

the images from one or more previous examinations to 

interpret the current images. Furthermore, the images are 

often reviewed by the patient' 5 primary physicians 3nd also 

by residents ( in a teaching hospital). This can be easily 

accumulated to tens of thousands of images to be reviewed 

each day (LEH85). 

Most departments currently operate in a totally 

manual model in which radiologists and technicians process 

the X-ray films or convert the digital images to film 

format and store them in a film library. These films are 

then distributed from the film library within and outside 

the hospital manually. The image interpretation is done by 

reading the films placed on light box. Figure 1.1 presents 

this manual process. This manual handling of images does 

not fully meet the expectations of the physicians served, 

is expensive, and is unreliable. More than 30 percent of 

images are lost or misplaced (DRY82). 

The problems confronting the image transfer and 

management were discussed for the first time in 1982, at a 

international workshop (DUE82). The workshop explored the 

technical and clinical issues associated with these 

systems. The system was later called Picture Archiving and 

Communication Systems (PACS). A typical PACS architecture 

is shown in Figure 1.2. The PACS has several common 

components which make up the entire system The major 
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FILMS 

Figure 1.1 Manual Process of Image Flow in a Radiology 
Department 
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components are: 

a. Imaging Equipment (IE) for image generation. 

b. Workstation for reviewing images. 

c. High speed network for image and related data 

transfer. 

d. Database archive for storage and retrieval of 

images and related data. 

In a PACS environment, all of the images are in digital 

format and images that are in film format are converted to 

digital format using a digitizer. 

Each digitally formatted imaging equipment is 

interfaced to the network through network interface units 

(NIU). These NIUs capture the digital data from each 

imaging modality and transmit it through the network. The 

workstations provide the radiologist, or referring 

physician, the means for displaying digitally formatted 

images. Three kinds of workstations have been proposed in 

the PACS: 

1) Extended Workstation (EW): It is very high 

resolution with special purpose hardware for 

image processing and is placed in radiologist 

department. 

2) Simple Workstation (SW): This kind of workstation 

is not as powerful and as complex as EW and 

typically has a lower resolution is acceptable. 

The SW is usually placed at the referring 
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physician's offices in the hospitals. 

3) Review Workstation (RW): The RW only provides 

the output image with a moderate resolution. A 

large number of the RWs are expected. to be 

installed around the hospital like lightboxes 

(BIJ86) • 

The image equipment and workstation send images and 

associated data to database archive system (OBAS) to be 

stored and retrieve them later. There are two type of 

database archive systems , a) On-line archive node which 

provide the storage capacity needed for maintaining patient 

image and associated. data during periods re~iring rapid 

access and retrieval. b) Long-term archive nodes which 

provide for storage and retrieval of digital data for 

periods up to several years. 

The direct connection of the digital diagnostic 

imaging system,s and database archive systems via a fast 

network provides the following advantages over the 

procedures currently used in many hospitals (MAR86). 

1) Image data will remain accessible to many users. 

2) Rapid access to image data, diagnostic reports and 

associated data. 

3) Allow Interactive consultation among radiologists 

and referring physicians. 

4) Images from different diagnostic modalities may be 
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reviewed side by side on the same workstation. 

S) The WS, DBAS, and IE may be located wherever they 

are needed in the hospital. 

6) The original images always stay in the DBAS and 

never misplaced or lost. 

7) Improving administrative control ability to track 

the handling of a patient' 5 study . 

.!..:..Z Design Parameters Q! PACS Network 

Two different organizations have assumed the 

responsibility of defining a common set of rules for design 

and operation of networks_ The first one is the 

International Standard Organization t 5 Open System 

Interconnection (ISO-OSI) model. The ISO-OS! defines a 

layered architecture for the design and operation of 

computer communication networks (DAYS3). A seven layered 

architecture is proposed in this model namely, physical 

layer, data link layer, network layer, transport layer, 

session layer, and application layer. This model allows a 

uniform architecture for most of the networks that need to 

be designed. Second, IEEE 802 committee [STA 85] is 

proposing the physical and data link layers in the context 

of the OSI Reference Model. This standard defines a family 

of protocols I each relating to a particular type of medium 

access control method. The various IEEE 802 standards and 

their relationship to aS! Reference Model are shown in 
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Figure 1.3. 

The PACS network will be designed to provide the 

communications at the physical, media access ,logical link, 

and network/transport layers of the OSI Reference Model. 

Figure 1.4 shows how the PACS network fits in the overall 

ISO model. There are several parameters that characterize 

the PACS network: topology, transmission media, and medium 

access protocol. These parameters will be briefly discussed 

in subsequent sections. To deSign an optimal PACS network, 

these parameters should be carefully defined to satisfy 

the system requirements and evaluated for the best 

perfonnance. 

1. 2 . 1 Topology 

Local area networks are usually characterized in 

terms of their topology. The topology determines the 

logical and physical structure of interconnection among 

nodes in a network. Figure 1.5 shows three common local 

area networks topologies, namely, star, ring, bus and tree. 

In a star topology, a central switching element is used to 

link all of the nodes in the network. The central switching 

establishes a dedicated path between two stations wishing 

to communicate using circuit switching techniques. In 

packet switching technique, the incoming data packet to the 

central switching element is routed to its destination 

station (TANS3). 
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With a ring topology, the network cable passes from 

one node to another until all the nodes are linked in a 

ring or loop form. In a ring topology, every node is linked 

point-to-point with its adjacent neighbors. The link. is 

usually unidirectional in operation. Data packets 

circulate around the ring between nodes. Each data packet 

contains source and destination address as well as data. 

The packet circulates, the destination station copies the 

data into a local buffer. The nodes are responsible for 

identifying and accepting packets addressed to themselves, 

and repeating the packets to other nodes. A station wishing 

to send data to other nodes waits for its next turn and 

then transmits data onto' the ring in form of packets 

(FREE8l). Several techniques have been developed to access 

the ring such as token ring and time division multiplexing. 

These techniques will be discussed briefly later. 

The bus topology is characterized by a shared single 

network cable that runs through each node on the network. 

Because all nodes share a common communication path, only 

one node can transmit data at a time. Appropriate medium 

access control circuitry and algorithms are then used to 

share the available bandwidth on the cable. 

~ Transmission ~ 

The most appropriate media for local area network are. 

twisted pair, coaxial cable and fiber optics. Twisted pair 

is one of the most common communication media. It has been 
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used for local area networks with low speed transmission 

rate up to 1 mega-bits per second (Mbps). The transmission 

data rate is limited by the the twisted pair skin effect 

in which the transmission signal attenuates more as bit 

rate increases. The twisted pair is relatively very cost 

effective and is usually pre-installed in office buildings 

because of telephone communication networks. It is very 

susceptible to any inferences and causes relatively high 

bit error rates (STA8S). 

Coaxial cable is one the best candidate for local 

area network media. It provides wide bandwidth and can 

support a large number of devices. There are two 

transmission methods used for coaxial cable, namely 

baseband and broadband . The baseband systems transmit the 

digital signals and are typically from 1 to 10 Mbps. It is 

possible :to reach 50 Mbps data rate by limiting the 

distance covered and number of devices attached. Broadband 

systems transmit modulated data in analog form and its data 

rate is also in the rang of 1 to 10 Mbps. Broadband systems 

use the CATV cable with 300-400 MHZ banwitdth which can 

support multiple data paths using frequency division 

multiplexing (FDM) technique (STABS). 

Fiber optics differs from twisted pair and coaxial 

cable. It carries the information in the form of beam of 

light in a glass fiber. The light waves have much wider 
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bandwidth than electrical wave and hence higher data rate 

up to 1 giga-bits per second (Gbps) can be achieved. Fiber 

Optics has been emerging in last few years and is a very 

promising candidate for local area networks. Optical fiber 

is well suited for pOint-to- point configurations which 

subsequently can he used for ring or star topologies. The 

use of light beam in fiber optics make it totally immune to 

electromagnetic interference and crosstalk effects I and 

provides low attenuation (FEL85). The properties of fiber 

optics make it the best candidate for our PACS network. 

More details about the currently available technology and 

protocols for local area networks will be discussed in 

Chapter 2. 

1.2 . 3 Media Access Control 

Media access control provides the means for devices 

on a network to control access to transmission media when 

two particular devices wish to exchange data. Media 

access control can be roughly classified into three main 

categories namely Time Division Multiple Access (TDMA), 

Frequency Division Multiplexing (FDM), and Wavelength 

Division Multiplexing (WOA) (STABS). FDM is mainly used in 

broadband networks using coaxial cables, while WDM can only 

be applied to local area networks using fiber optics. TDMA 

can be used for both coaxial and fiber optics based 

networks. 
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The time division multiple access method is divided 

into two types; fixed assignment and variable assignment. 

Fixed assignment divides the media's transmission time into 

fixed length time slots and makes fixed assignment of the 

time to the nodes on the -network. The variable assignment 

method dynamically varies the time slot assignment 

according to network traffic load. The Variable assignment 

method is further divided into two types ~ random channel 

assignment and controlled assignment. Control assignment is 

further divided into distributed control and centralized 

control. Token passing method is a typical example of 

distributed control assignment. 

Token passing protocol allows a more orderly. transfer 

of data and an upper bound on waiting time between network 

access by each station. The network remains efficient under 

heavy loading due to their collision free operation. Token 

networks are useful for applications requiring guaranteed 

network access time. Examples of such requirements are 

real-time processing, process control, and packet voice 

transmission (ROSS7). A token ring is not without 

penalties. Token passing techniques are sensitive to number 

of nodes in the network. Excessive bandwidth overhead due 

to passing token to idle nodes causes this condition, 

especially when network loads are light. The token passing 

protocol operates by passing a control (permission) token 

from one node to another according to a defined set of 
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rules understood by all nodes on the network. A node may 

transmit data only when it has captured the free token and, 

after it has transmitted the frame, it passes the token on 

to allow another node to access the transmission medium. 

A rather popular form of media access control 

protocol is carrier sense multiple access with collision 

detection, CSMA/CD. The basic concept of the CSMA/CD 

protocol is quite simple. All stations listen for 

transmission on the line. A station that wishes to transmit 

does so only if it detects the channel is idle. This 

procedure is called carrier sensing and the access strategy 

using- it is termed a CSIIA scheme. It is apparent that the 

collision may still occur since stations are physically 

displaced from each other , and two or more station may 

sense that. the channel is idle and start transmitting, 

causing a collision. Once a station detects a collision, it 

transmi t a special j am signal notifying all other stations 

to that effect and abort their transmissions. Several 

techniques have been proposed and analyzed to realize how 

to handle transmission once the line is busy such as: p

persistent and I-persistent. The access to the media using 

CSMAjCD is probabilistic and clearly depends to the network 

loading (SCH87). 

A slotted ring approach to media access is solely used 

in a ring topology. In this approach, the ring is 
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initialized to a number of slots. These slots continuously 

circulate around the ring from one node to another. If a 

node wishes to transmit data, it waits for an empty slot, 

then marks the slot as full, and proceeds to insert the 

data frame into the slot with both the source and 

destination address (HEYSl). 

The slot containing this frame then circulates around 

the physical ring and each node examine its destination 

address. If the destination address is the same as node's 

address, it copies the contents into the local memory while 

at the same time repeating the unmodified slot content to 

other nodes. The source node waits until its slot is 

circulated in the ring and then mark the slot as empty once 

again. A monitor node is placed in the ring to control and 

manage the system operation if any of the nodes should fail 

or the slots are lost. It should be noted that each node 

has only one slot in transit at a time, and it must release 

it before using it again to transmit data. In this 

approach, access to the ring is fair and shared among all 

nodes. 

~ Objective 21 Dissertation 

The main objective of this dissertation is to 

design a fiber optic network which interconnects imaging 

equipments, workstations, and database archive systems in a 

PACS system. The network must integrate i.mage, data, and 
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voice traffics in a PACS. The design objectives for the 

PACS network are based on the system requirements which are 

as follows: 

1. The length of messages to be transmitted can vary 

enormously from few bytes, such as control or 

text to several megabytes for image data. 

2. High speed image and related data transfer 

response time must be less than 2 seconds. 

3. User-to-user real time communication of image, 

text, voice and overlay pointing image should be 

supported to serve the consultive nature of 

radiology. 

4. Error-free protocol for non-image data is very 

essential, however, error in image data is 

tolerable to some extend. 

5. Image g.eneration is not network dependent. A 

failure on the network should not halt the 

process of image generation. 

6. The network should be able to support new imaging 

technology as they are introduced. 

The network design developed in this dissertation, 

called PACnet, is enriched by the current fiber optics 

technology, ISO protocol, FDOI network, the previous PACS 

network that has been developed by our group for Toshiba 

Corporation, and PACS data traffic collected at the 
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University of Arizona Medical Center. Figure 1.6 shows how 

these sources of knowledge have contributed to design our 

PACnet. It also shows the systematic des ign procedures we 

have used to develop an optimal network that suits PACS 

requirements. A brief detail of each phase in described as 

follows. 

1. System requirements: During this stage, the system 

problems and requirements such as user needs, traffic 

generated by each station, maximum nwnber of stations, 

response time, and error rate are described in 

detail. 

2. Network Functional Specification: A functional 

specification based on the system requirements is 

developed. This specification defines the elements 

and their functions to be used in the system . It is 

intended to be independent of what the current 

technology ot ters . 

3. Network Design Specification: The very detailed 

system design specification is developed at this 

phase including proper medium, topology and 

protocols. 

4. Performance Evaluation: The proposed system design is 

evaluated before it is actually implemented. In this 

phase the system is simulated via a digital computer 

to observe the system behavior under different 
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conditions and consequently suggest the optimal 

design. 

5. Implementation: After finalizing the system design, 

the system is implemented according to system 

design specification. This step was not conducted as 

part of this dissertation. 

A discrete event simulation tool called SimscriPt 11.5 

is used to simulate the network protocol and configuration 

for performance evaluations [RUSS3]. The result will 

yield optimal design parameters for the network and 

interface. The following parameters are measured to derive 

the optimal network architecture: 

a. Networks throughput 

b. Channel utilization 

c. Buffer size at NIU 

d. Network Packet size 

e. Response time 

b . Bottleneck points 

.L.! Organization.Q1 This Dissertation 

The organization of this dissertation is presented 

by the road map block diagram in Figure 1.7. Chapter 1 

contains an overview of PACS, parameters of PACS network, 

and research objectives. In the second chapter, a detailed 
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description of earlier works on PACS networks are given and 

the characteristics of fiber optics, including the current 

technology, its limitation, and brief survey of fiber 

optics computer network architectures that can be applied 

to PACS network are also discussed. 

Chapter 3 describes with how database archive 

systems, image equipments, and workstations operate in the 

PACS. These behaviors determine the required data types , 

data traffic loads I and functional partitioning in PACS 

network. In this chapter, the topology and protocol 

considerations to transmit image, voice and text data also 

will be discussed. 

Chapter 4 describes the protocol specification of 

the PACS network. This includes detailed descriptions of 

frame formats and protocol operation of the proposed 

network. In this chapter, the PACS network protocol 

specification is described in a way to be compatible with 

ISO-OSI format. In order to design an optimal PACS network 

architecture, Chapter 5 presents the system simulatiom 

model, simulation program data structure, and the results 

of the simulation under different conditions. At the end of 

this chapter, the proposed PACS network performance results 

are compared with other approaches in may aspects. 

In chapter 6, the standard interface between 

workstation and NIU called ACR-NEMA is briefly discussed. 
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An interface protocol is proposed to substitute ACR-NEMA 

interface for the PACS NIU. Some design considerations 

concerning NIU such as encoding scheme, synchronization, 

power budget are presented. Finally I the conclusion, system 

constrains, and future directions in the design of PACS 

network are g1 ven in Chapter 7. 
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As described earlier I incorporating a local area 

network in a imaging departments is very essential for 

efficient data management I more interactive clinical 

consultation, quick image retrieval and storing, and 

control of image flow. Consequently, some effort has been 

devoted to employ general purpose computer networks in a 

PACS environment. Several PACS systems have used general 

purpose computer networks, such as Ethernet and Starnet, 

but the results are not acceptable or very promising. 

Hence, the need for developing computer networks 

specifically for imaging environment is becoming very clear 

and several research efforts have been initiated. 

In this chapter I the earlier efforts in PACS 

networks will be described from two different perspectives. 

The first is to present computer network architectures and 

their performance evaluation results using general purpose 

commercially available networks in a PACS enviroD..-nent. This 

is described in Section 2.1. Secondly, a survey of computer 
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networks that are being designed and developed specifically 

for PACS requirements by several R&D groups around the 

world is described in Section 2.2. 

The new technology and concepts contributing to 

develop a computer network that well suits the PACS 

requirements are very important . One of the recent 

emerging technology that is going to revolutionize the 

computer networK.S ~s tlber optlCS l~t;Hl!J). tieC1:.l.0n I.. j W.l.ll 

give a brief description of fiber optic characteristics and 

its state-af-art components. Also a survey of several 

,excellent papers that describe fiber optic based computer 

network architecture and its commercially available 

implementations will be given in this section. 

1..J. Conventional LANs .in ~ 

There are many different local area networks 

conunercially available now. Recently, several researches 

have been investigating the perfonnance of the currently 

available local area networks in an imaging system 

environment such as PACS. Simulation has been used for 

such performance evaluation studies. These efforts have 

been mainly on Ethernet (CSMA/CD), Token ring, and star 

networks. Some of the results reported by different 

research groups are presented as follows. 
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IBM Work: This work illustrates a queuing model approach to 

analyzing PACS performance uSing a simulation package 

called IBM Research Queuing Package (IRQP) for two 

different network types, Ethernet and Token ring (LAW16). 

The PACS architecture used in this work includes radiology 

imaging equipment, distributed, and central archiving

facilities, and significant numbers of user workstations 

and graphic display nodes. The devices are interconnected 

by a Ethernet or Token ring local area network. All the 

information, ranging from simple control messages to large 

image files of several megabytes I are transferred through 

the local area network. 

Figure 2.1 shows the simplified PACS architecture used 

for simulation. The devices on the left represent typical 

radiological sources: Cat Scan, X-ray, Magnetic resonance 

(MR), and digitizer. The host on the right acts as the 

archiving file server. The workstations provide access for 

doctors to request and observe patient's images. The 

assumptions made for the PACS model and simulation are give 

below. 

a. The network transmission rate is based on 

connnercially available networks I 

ring and 10 MB/s for Ethernet. 

Mb / s for token 

b. Typical I/O software delays were included to 

accomplish protocol processing up to the Transport 

level. 
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c. Acknowledgments and windowing were not modeled. 

d. Workstations were approximated with IBM PC/ AT 

capability, and the host was IBM 4300 capability. 

e. Data transferred by the host was in 64 kbyte units. 

f. The transfers were memory to memory; no disk delay 

were included. 

g. No priority was included. 

h. 60 active workstations on the network. 

i. Each workstation sends 1500 byte packet 50% of time, 

1/6 Mbyte 45% of time, and 1/2 Mbyte .5% of time. 

Three scenarios have been simulated for different 

conditions. The simulation results are given when no image 

generation modalities are included. Requests originated 

from each of the 60 workstations are generated twice a 

minute with a Poisson distribution. These requests were 

sent to the host archive file server, and the responses 

were returned with sizes of 1500 byte, 1/6 Mbyte, or 1/2 

Mbyte. The responses are with probabilities of 0.5 for 1500 

byte, 0.45 for 1/6 Mbyte, and 0.05 for 1/2 Mbyte. The 

images are assumed to have two sizes, 1/2 Mbyte and 1/6 

Mbyte. Figure 2.2 shows the response time for each request 

using the Ethernet and Token ring networks. The response 

time was defined to be from the time the request from the 

workstation was initiated to the time the message or image 

arrived at the workstation. 
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Davis work: The simulation results produced at University 

of Albert, Canada, are also very interesting (DAV86). This 

paper presents a simulation of a one segment Ethernet local 

area network in the PACS as a communication system. This 

segment connects three image equipments, an image 

processor, an on-line database archive, an off-line 

database archive, and one or more workstations as shown in 

Figure 2.3. The system workload co:asists of mixed users 

activities at the workstations, such as image request I 

edit, and manipulation and image generation from image 

equipments. 

The model was run using different parameters. The 

system performance is explored for 1 to 24 users, channel 

capacities of I, 10, and 100 MB/s, image sizes from 1024 X 

1024 X 8 to 4096 X 4096 X 8, and 12 images generation by 

the image equipment per hour. In order to load the channel 

with image transmissions, relatively short think and 

processing times are used. The devices on the network 

corrununicate with each other via a single 500 meter bus with 

the propagation delay of 3 microseconds. The channels are 

assumed to be error free. 

The Ethernet protocol specifies a maximum packet 

size with a data field of 1500 bits. This requires images 

to be fragmented for transmission into series of packets. 

Hence, the l024XI024, 2048x204B, and 4096X4096 sized images 
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consist of sequences with 700, 2797, and 11165 packet 

respectively. It appears that if two such long sequences 

of packets, generated by two images, want to use the bus at 

the same time, then the collisions is inevitable. 

Therefore, the exponential binary back-off algorithm 

dealing with these collisions induces wait times for all 

image ready to be transmitted. Figure 2.4 shows the channel 

busy percentage versus for different image sizes and 

network data rates. The simulation results shows that 

more than 24 users with image size of l024XI024X8 can be 

supported by 10 Mb/s or higher rates and with 204BX204BXB 

images a speed of 100 Mbps is needed. However, for 

4096x4096XS images a 100 Mbps bus will not support more 

than 24 users. In fact for response time of 5 seconds r 

which is not acceptable r the channel busy ratio is 10%. 

With that cut-off, only 3 users with 4096X4096X8 image 

could be supported on 100 Mb/s channel and about 18 users 

if the image size is 2048X2048X8. 

Obayashi Work: This paper also shows very interesting 

results using Ethernet as the communication media to 

transfer all the data in a PACS environment (OBA18). The 

assumptions used for the network are as follows. 

a) Data transmission is 10 Mbps. 

b) The round trip delay, twice the time required for 

a signal to travel between two furthermost 
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stations I is assumed to be 50 micro-seconds. 

3) A truncated binary exponential back-off algorithm 

is used. 

4) The capacity of packet transmission buffer was 

assumed to be 1. 

5) The transmitting packet interval time was assumed 

10 micro-seconds. 

6) The transmission line was assumed to be error-

free. 

7) No acknowledgment is sent for every packet. 

S} The packet size was assumed to be 1200 bytes which 

1024 bytes of it is image data. 

The PACS model was constructed to include the 

Ethernet with the specifications mentioned above. The 

following preconditions are assumed for PACS model. 

1) The frequency of requests for image transmission 

was the same for every image generation source 

(SP) • 

2) When the source receives a new image transmission 

request during image transmission, the request 

joins the queue on first-in first-out basis. 

3) Each source has a buffer for image transmission. 

4) The receiving unit is assumed to be ideal, i.e. 

that it does not have to queue to receive image. 

Figure 2. Sa shows the relationship between the 

throughput and the number of the stations expressed in 
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terms of the packet arrival rate. With the packet arrival 

of 100 packets per seconds, the throughput is 0.76 (7.6 

Mbps). It also shows the greater the packet arrival rate, 

the more likelihood that more than one station will 

simultaneously transmit packet to the transmission line, 

and causes the packet collisions to increase. This means 

that throughput peak varies according to packet arrival 

rate and the throughput increases in proportion to the 

number of the stations before reaching its peak, after 

passing its peak, it tends to decrease slowly. 

Figure 2. Sb shows the effect of image size on the 

response time. As it is shown, the mean response time 

increases in accordance with" the number of stations. The 

mean response time is not only proportional to the traffic 

volume, but also it increases remarkably when image size 

becomes larger. In this simulation case, the' mean image 

transmission request interval was assumed 50 seconds. The 

mean response time is about 12 seconds. 

Ramakrishnan Work: This simulation work was performed by 

Architecture Performance Division, Dig1 tal Equipment 

Corporation (RAM85 ). In this paper r several local area 

networks are interconnected to form an extended LAN which 

consists of several 10 Mbps Ethernet and a 100 Mbps token 

ring backbone network. Figure 2.6 shows the extended 

network architecture. The system is able to store 
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digitized images at the image archive, retrieve and 

manipulate them, store them back into the image archive, 

and sending the images to printer. The assumptions made for 

the system under simulation are as follows: 

a) Image size is assumed to be 4 Mbits. 

b) There are 100 image workstations over the 

entire extended LAN. 

C) 25% of users would use high performance 

workstations, and generate about 0.2 image trans fer 

per second on the average (one image every 5 

seconds) • 

d) The remaining users generate image transfer 

2 image per minute ( 0.075 image per second). 

e) There are about 6 to 8 control messages transferred 

for every image. 

database queries. 

This includes acknowledgment, 

f) The archive can support the aggregate image 

request rate from all workstations on the extended 

LAN. 

g) The token ring LAN is based on token passing and 

the token holding time at the archive is large. 

h) The propagation delay time on each Ethernet was 

assumed to be 5 micI;o seconds and each Ethernet 

covers a short span (500 meters). 

The primary goal of this simulation was to see if a 

system such as this was feasible, with substantial speed 
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differences between the backbone and the Ethernets I and to 

study its sensitivity to parameter variations. Figure 2. 7a 

shows the delay on the Ethernet per packet with two 

different classes of workstations. It also shows that when 

the packet size is changed from 1500 bytes to 4000 bytes, 

no significant change of delay is noticed. However, the 

number of the workstations that the Ethernet can support in 

the stable region is slightly more with a 4 kbyte packet 

than with a 1.5 kbyte packet size. As shown in Figure 2.7b, 

the transfer delay per image is around 5 seconds I with 15 

workstations per Ethernet. The improvement in the delay for 

transfer of an image using 4k packet and 1.5 packet is 

about 37% at the knee of the curve. 

u .ru,gn Performance LAMs for PACS 

The idea of developing new computer network 

architecture in an imaging system, and specially in PACS 

environment, is getting very popular at the present time. 

Hence, very little research efforts ,concerning new 

archi tecture or protocols t have been reported in the 

literature. In this section, some of these research efforts 

that has led to new computer network architecture for 

imaging systems are discussed. Each of these proposed 

architectures is claimed to be well suited for imaging 

systems ( but no performance evaluation results have been 



,. 

.. 
:f---;{ 

Jf----X 
4KPU 
1.5 PET 

~ 10 1~ ~o 

NO. OF WORl:STATION 
(a) 

Jf--;{ 

If----X 
4EPU 

1.5 PU 

.. 
NO. OF WORJ:STATlOK 

(b) 

,. 

53 

Figure 2.7 (a) Ethernet delay VS. Number of Workstations 
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reported to the claims. The proposed high performance 

architectures are as follows. 

Bizais Work: This work was done at University of Nante, 

France (BIZ86), and has been implemented jointly by two 

private companies. Figure 2. Sa shows the architecture of 

the system which consists of several islands which are 

interconnected by a high speed global network. Each island 

includes several imaging equipments, workstations, and one 

relatively small database archive which are linked in a 

star configuration as shown in Figure 2.8b. The global 

LAN is actually a double network. The first one is an 

Ethernet-like network which is used for remote login, 

remote interprocessing conutlunication, and mailing. It is 

also used to drive and control the second network. The 

second network is a fast fiber optic star network which is 

used only for image transfer. 

In this paper, it is claimed that a workstation in 

each island is able to acquire and transmit images wi thin 

its own island. Also it can exchange images with other 

workstations or databases in the other islands. as well 

with an acceptable response time. 

Fasel Work: This research was done at Aachen University of 

Technology, Germany (MEY21), which introduces a novel 

network approach which is based on separation of image 

data from non-image data. In this approach, a new type of 
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local area network has been proposed which is an add-on to 

conventional LANs. The network has the following 

characteristics: 

1) Fiber optic transmission channels which offer high 

transmission bandwidth. 

2) Hyper-star topology with line-switChing which yield.$ 

optimal adaptation to traffic requirements in a given 

PACS environment. 

3) Autonomy of image network layer is achieved by an 

inherent collision free control mechanism which 

handles parallel transmission requests without any 

deadlock. 

4) DMA-like operation is used for image transfer. 

The network topology is shown in Figure 2. 9a. It is 

constructed to be modular in a way that it is easy to adapt 

the network to a given geographical distribution DTE (data 

tenninal equipment) and their requirements. It consists of 

two major modules: 

a) Terminal module which connects the double line fiber 

optic cable with workstation 

b) The switch module which autonomously establishes 

individual asynchronous image data. paths for the 

the duration of image dwnp between two DTEs. 
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Two types of information are assumed to be 

transmitted in the network~ namely image and control 

commands. The network operates in different modes for those 

types of data. For control conunands, it behaves like a 

broadcast network, distributing every command over the 

whole network. For image data! in contrast, it vlorks as a 

line switching. Figure 2.9b depicts this concept by showing 

temporarily established image links connecting pairs of 

DTEs using line switching. Control commands data at all 

remaining DTEs are permanently connected in a broadcast 

mode. The terminal modules and switch modules have full

duplex capability. The image data work half-duplex to 

achieve asynchronous operation at the highest possible 

throughput rate. 

The control commands are responsible for routing 

information and deliver the complete information to 

establish or release the requested image link. The network 

control mechanism is absolutely collision free. Therefore, 

it is not necessary for collision detection and retry 

mechanisms. Multiple connections are possible at the same 

time if they don't use the same network branch. 

Nishihara Work; In this research effort, a local area 

network, according to PACS requirements, was designed and 

implemented jointly by Toshiba co., Japan, and the 

University of Arizona (NIS87). The network consists of an 
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image-net, for high speed image transfer, and a control-net 

for controlling the flow of data transfers. The two network 

are mutiplexed over the same physical fiber optic by using 

wavelength multiplexing technique through a star topology 

with a passive star coupler. The configuration is shown in 

Figure 2.10. Both networks are connected to imaging 

equipments via the Network Interface Unit (NIU). The image

net (I-net) is capable of high speed and large capacity 

data transmission with a 140 Mbps data rate. The control

net (C-net) transfers all non-image data with 10 Mbps data 

rate using a CSMA/CD technique. 

In this network, collision over I-net is avoided by 

making the transmitting node request the right to use I-net 

through C-net, before it actually transmits any image data. 

Using this technique, the arbitration for I-net is 

performed through C-net. Subsequently a circuit" switching 

techn~que is employed for I-net. The I-net session 

establishment commands are also transmitted through C-net. 

The authors of this paper have claimed that this 

architecture approach is considered to be useful to PACS 

environment because of the following reasons: 

a) Passive star LAN is very reliable because there is 

no active components in its transmission path. 

b) Dividing the network into I-net and C-net has 

provided an efficient data exchange protocol and 

simpler to implement. 
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However, it has been mentioned that because of using 

passive star, the number of nodes and transmission distance 

are limited to 32 nodes and 1 Km respectively. 

U Fiber Optic Technology 

The invention of laser in 1968 brought interest in 

optical communications. In 1966, researchers in England 

predicted that glass fibers, if made highly pure, might be 

used for telecommunications. Consequently the first fiber 

having enough purity for communication was reported in 1972 

by Corning Gl~ss work. In 1973, the first semiconductor 

laser to operate at room temperature was reported by AT&T 

Bell Laboratory. Since then much progress has been 

accomplished in fiber optics based communication. In last 

few years, fiber optics has been characterized in 

technology and vast applications to computer networks 

(BAL23). 

2.3.1 Fundamental Qf Fiber Optics 

An optic fiber consists of a cylinder of glass core 

surrounded by a concentrated layer of glass which is called 

cladding. The glass in the cladding has lower refractive 

index than the glass in the core. When a light ray passes 

from a medium with higher refractive index to a medium with 

lower refractive index, the ray is reflected toward its 



original medium. Similarly, if a ray of light is launched 

into a fiber optic core with a proper angle, it is 

reflected back into the core by cladding. This process is 

repeated as the ray travels down the core. Thus, the ray 

is guided from one end to the other end of fiber optic. 

There are two types of fiber optic cable: mul timode 

and single mode. The first practical implementation of 

fiber optic was mul timode fibers, shown schematically in 

Figure 2.1la. Multimode fibers were attractive for early 

systems because their core diameters were large enough to 

easily couple light into fiber from available sources. The 

disadvantage of multimode design, especially when data 

rates are increased , is that the narrow pulses launched 

by transmitters tend to spread and overlap 'because of 

differing propagation times for various rays. Those rays 

with small reflection angle tend to arrive at receiver, 

while those with larger reflection angle arrive late. 

A powerful approach was developed to solve this 

problem by improving technology to make a very small core 

in fibers. This is called single mode fiber, shown in 

Figure 2.11b. With this design, only the central ray can 

propagate in the core. Therefore, the pulse spreading in 

multimode fiber no longer exists. Single mode fibers 

continue to be used in most advanced lightwave systems. 

These systems are more likely to operate in an environment 

with higher data rates and longer distance;. 
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Fiber optics enjoy a number of properties that make 

them the best candidates for high capacity transmission 

over other existing transmission mediums. The most 

important of these properties are the large bandwidth, low 

attenuation, extremely small physical dimension, and noise 

immunity. Each of these properties are explained in a 

Ii ttle more detail as follows. 

Noise Immunity: Because glass is a dielectric medium, 

fiber optic is immune to electromagnetic inference and free 

from all king of sparking. Therefore, fiber optic is useful 

in a hostile electromagnetic environment . 

Lml attenuation: Attenuation in fiber optic refers to the 

loss of light energy as a pulse of light propagates down 

the fiber. Fiber optic provide low attenuation which 

results in efficient communication over several kilometers 

without using repeaters. The attenuation in fiber optic is 

decreased with increasing wavelength until molecular 

absorption bond occurs (MIE83). 

Physical Dimension: The diameter of a fiber optic may 

vary from as little as 5-10 micro-meters for high 

performance single mode fibers to between 50 to several 

hundred micro-meters for rnul timode fibers. As the core 

diameter increases, it is easier to couple or splice the 

fiber optics. 

Bandwidth: An extremely high data rate becomes possible 
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with optimized single mode fiber optic transmission system. 

Transmission rate over single mode fiber of 8000 Mb/s at a 

distance of 1 KM have been experimented and the data rate 

as high as 200 Mb/S at the same distance have already been 

produced in laboratory . Early this year, an announced 

single, long-haul fiber optics system was operated at 

approximately 400 Mbps in service with repeater in every 26 

Krn intervals (HEC8 8 ) . 

On the other hand, fiber optics have some 

disadvantages which are the main reasons it is not heavily 

used at the present time. These include lack of 

technological expertise, expense, and failure recove:ry. A 

new system that going to employ custom fiber optics cabling 

will be confronted with lack of knowledge of technical 

issues , support, services, and the experience needed for 

successful installation. Since fiber optic is relatively 

new, the cost of technical expertise is expensive compared 

to other well established mediums. 

2.3.2 System Consideration for Fiber Qet..j,g, LANs 

Most of the LANs that being designed at the present 

time, are making use of the excellent features of fiber 

optics to acconunodate a large number of tenninals and high 

speed data rates over a wide geographical area. However, 

several problems must be overcome in order to construct a 

fiber optic based LAN. The problems include as follows: 
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1) Optical couplers are only in unilateral operation, 

and their excess loss is much larger than the 

devices used to tap the metallic cable LANs. 

2) Reliability of electro-optical (E/O) and optical

electro conversion devices are not always 

sufficient. 

3) The optical components as E/o, olE, and coupler 

devices are still expensive. 

4) The electronic hardware is slow compare to fiber 

optic data rate. 

To overcome these problems, the design should be 

considered from two different pe~spectives: network 

configuration and optical transmission devices used in the 

network. A detailed description of both perspectives are 

discussed in next sections. 

~ ~ Transmission ~ 

The optical transmission section consists mainly of 

optical fiber as transmission path, electrical-to-optical 

(E/O) conversion devices (E/O), optical-to-electrical (O/E) 

devices , optical connectors, and optical coupler devices. 

Figure 2.12 shows a typical fiber optic based communication 

system. A typical transmitter consists of electronic 

circuitry that drives an optical source such as a light

emitting diode or laser diode. The source output is 

modulated according to electrical input signal and injected 
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Figure 2.12 A Simple Optical Fiber Communication System 

into the fiber. At the other end of the fiber, light is 

detected on the surface of an optical detector such as p-i

n or avalanche photo diode. The light energy is reconverted 

into an electrical signal, and the electronic detecting 

circuitry of optical receiver reconstructs the signal to 

the transmitter. The characteristics of each device in a 

fiber optic LAN are discussed as follows. 

a. Fiber Optic: Single mode and multimode fibers are both 

available. However. current fiber optic LANs exclusively 

employ multimode fibers because of their better signal 

coupling capability. There are two types of multimode 

fibers: Silica fibers made of quartz and plastic fiber made 

of polymer materials. Some small scale LANs with 

transmission rate about 10 Mbps employ plastic fibers I 

which have high transmission loss but are provided at low 
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price. The large scale LANs which operate at higher data 

rates use silica fibers with high bandwidth and low loss. 

Several different core diameters are available for fiber 

optics. LAN designers should select the fiber optics that 

has large core diameter and high banwidth. The larger the 

core diameter, easier to couple E/a devices with fiber 

optics and higher coupling efficiency. 

b. E/a devices: Laser diodes (LDs) and light emitting 

diodes (LEDs) are both available as EjO devices. Comparing 

LOs wi th LED~ I the LD' s provide higher output power at a 

smaller emission angle. Their coupling efficie~cy with 

fiber optics is about 10 dB higher (STE85). LDs can operate 

at high speed modulation resulting in several hundred 

megabits per second. The modulation speed of LEDs can 

provide only up to tens of megabits per second. On the 

other hand, LOs suffer from high cost, slightly low 

reliability, and more complicated 

construction (BAR8S). 

driving circuit 

The selection of LED or LO for a fiber optics based 

local area network depends on the type of the LAN. 

Generally speaking f LOs are suitable for application to 

large scale and high speed LANs, and LEOs are appropriate 

for small scale LANs with low data rates. Recently, an LED 

providing high speed modulation of about 500 Mb/s has been 

developed {HEeS8}. 
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c. OlE devices: Photodiodes (FDs) and avalanche diodes 

(APDs) with amplifier function are both available as OlE 

devices. Comparing PDs with ADPs l ADPs provide higher 

receiving sensitivity and higher response speed. On the 

other hand, FDs are less expensive and require lower bias 

voltage. The LANs requiring the data rate up to several 

tens of megabits per second may use PDs while APDs can 

support the data rate up to several hundred megabits per 

seconds. 

d. Optical coupler devices: The purpose of an optical 

coupler is to allow a fraction of light to propagate 

through an fiber optic to be removed (tapped out) or to 

allow optical power from an external source to be added at 

an intermediate point along a fiber link. The couplers 

that tap out light from fiber optic is called an accessor 

and the one that adds in the light into the fiber is called 

an inserter. The optical couplers used for LANs can be 

classified into two types: active and passive. The active 

couplers convert incoming light signal into electrical 

Signal before tapping in or tapping out a light signal and 

then it reconverts the tapped electrical signal to light 

signal. A typical active optical coupler is shown in Figure 

2.13a. In contrast, the passive optical couplers tap in or 

tap out the actual light ray signals without any 

conversion. 
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A tYPical passive optical coupler implementation is 

shown in Figure 3.13b. The light propagating in a fiber is 

magnified by a lens and directed toward a partially 

reflecting mirror. Part of the light passes through the 

mirror and is focused by a second lens into an outgoing 

fiber. At the same time part of the light is reflected 

toward a third lens which focuses that light into another 

outgoing fiber. Also in the same figure, a fourth lens is 

shown. that allows light from a second incoming fiber to be 

added to the first outgoing fiber. Thus we can tap out some 

light and add in other light. Another popular passive 

optical coupler used for LANs is shown in Figure 2.13C. In 

this method two fibers are twisted and the four ends are 

placed under tension. The twisted region is then heated so 

that the fibers taper and fuse together. For example, the 

light entering port 1 passes through the fused tapered 

region and then it is captured by the cores of the two 

outgoing fibers (2 and 3 in this case) with very little 

light scattered out of the coupler. The amount of light 

that is coupled between fiber 1-2 and fiber 3-4 depends 

upon the details of the fused region and upon the 

distribution of the power among the modes of incoming 

fiber. 

2 • .3.2.2 Network Configuration considerations 

The LAN configuration is very important in designing a 
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fiber optic local area network. The fiber optic LAN 

configuration includes physical topology and media access 

control methods. The topologies are classified as ring, 

star I or bus-type. The media access control methods are 

classified as Time Division Multiple Access (TOMA), Carries 

Sense Multiple Access with collision Detection (CSMAjCD), 

Token Passing, Polling and their variations. 

The choices of the topology, media access control, and 

optical coupler devices are tightly inter-related and have 

influence on each other in designing a fiber optic LAN. For 

instance, TDMA and Token pa.ssing methods .is more su.ita.ble 

for ring-type topology with active optical coupler, or 

CSMA/CD access control method can be used for bus topology 

with passive optical couplers and star topology with both 

passive or active couplers. Figure 2.14 shows ring shaped. 

topology using active coupler I bus topology with passive 

couplers, and star topolo9Y with both active and passive 

couplers. 

The number of node stations on the network also 

determines the fiber optic LANs configuration. The major 

factor limiting the number of node stations connected to a 

network is coupling loss in pa-ssive coupling devices which 

are found to be more than several decibels (PER85). 
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2.3.3 Survey M Fiber Optic LANs 

In this section, some of the most popular fiber optic 

LANs that have been reported in literature as a final 

product or laboratory test are briefly discussed. Here, the 

networks are not compared I but rather to show different 

approaches and designs. 

Net-One 

This was probably the only fiber optic network 

available as a complete system until early 1985, built by 

Ungerman-Bass Inc. I based on the Ethernet network design. 

The configuration of Net-One is a star-shaped bus which 

uses CSMA/CD media access control method with passive 

optical coupler (BASB5). 

Pro-Net 

The Pro-Net local area network interconnects 

information processing equipment within and between 

facilities, such as office, industrial and campus 

environments. Pro-Net is based on a token passing, star 

shaped ring topology. It operates at 80 Mb/s using fiber 

optics as a media over 2 kilometers (PROSS). 

Bxpressnet 

Expressnet is a fiber optic bus network with uni

directional transmission capability. The difficulties of 

Expressnet include a high complex algorithm which implies 
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that implementation costs would be high. The advantages of 

Expressnet are that the efficiency is very near to ansi and 

when the number of stations is limited, voice communicate 

quality is guaranteed (FIN84). 

D-Net 

D-Net is a fiber optic open-ring structure with uni

directional bus structure. The name "open" means that the 

packets do not go around the loop endlessly. The open-ring 

structure does not have the propagation delay that a closed 

ring structure would have. D-Net combines the advantages of 

high efficiency, low network delay, and simplicity in 

protocol which were found in Expressnet and other similar 

networks. D-Net can be implemented in different 

configurations which include star coupled, open-ring, 

close-ring, and active or passive versions of each of the 

configurations (TSE83). 

Halo 

A fiber-optic ring which is closed and consists of 

active repeaters circulating light in one direction. Halo 

is similar to the two-fiber optical Ethernet that is 

performed under the most favorable point-to-point 

conditions using low data rate transmission cable and 

inexpensive components. While the routing of a closed ring 

fiber is less convenient than a linear network, the 

efficiency of bandwidth sharing among nodes is higher. The 
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disadvantages of Halo are that active regeneration at each 

node is less reliable than passive tapping, as in Ethernet, 

and the central power distribution is avoided (TSE82). 

OPALnet-II 

The main features of the OPALnet include large 

capacity of 100 Mbps, which is efficiently capable of 

accommodating both circuit switching and packet switching 

services; highly reliable double loop topology using 

optical accessor for perpetual bypassing, and accessing 

other networks via leased circuit. The OPALnet is now 

operating at Atsugi Laboratory, Japan (TOKaS). 

Philan 

This LAN is a 20 Mbps fiber optic multichannel ring 

configuration which can be extended to several kilometers. 

The Philan supports mixed voice and data traffics within a 

building complex, campus, or metropolitan area. It is 

intended to provide high bandwidth interconnection to 

mainframe computers to share resources such as file servers 

(BRA86) • 

FOOl Standard 

'l'ne American National Standards Institute {A1II~1 J is 

specifying and developing network standards for data rates 

around 100 Mbps. This proposed new standard (currently in 

ANSI committee X3t9.5) specifies a token-passing ring 

architecture for local area networks using two independent 
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counter rotating fiber optic ring, each running at 100 

Mbps. The standard is named Fiber Distributed Data 

Interface (FOOl) and was proposed based on current 

technology of fiber optics. 

The FOOl standard includes the specification of 

physical layer, data link layer, and station management of 

ISO-OS! reference model. The physical layer specifies 

connectors, optical bypassing, driver/receiver 

requirements, encoder/decoder. The data link layer is 

divided into two sublayers: MAC and LLC. The station 

management provides the control necessary at the station 

level to manage the processes underweight in the FOOl 

layers such as station initialization, configuration 

management, and fault isolation and recovery. 

In FODI net~rk, nodes or stations are classified in two 

categories: class A and B. Class A nodes are connected to 

both the inner and outer rings while class B nodes are 

connected only to the outer ring. The class B nodes are 

connected· to only one ring so they can be implemented for 

lower cost and they are isolated if that ring fails. Class 

A nodes behave as wiring concentrator to which several 

stations can be connected and maintain the physical ring if 

the fiber optic cable is broken (BUR86). 
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CHAPTER 3 

NETWORI< DESIGN REQUIREMENTS 

A computer network is the kernel of the Picture 

Archiving and communication System. It must provide the 

facilities for users to communicate with each other and to 

share the system resources. The network specification 

should exactly meet the user's requirements instead of 

preSSing the users into a template of a currently existing 

computer networks. 

In order to define the computer network user' 5 

requirements, it is necessary to exploit the data types to 

be transmitted via the network and the functional 

description of the equipments connected into the network. 

In this chapter, Section 3.1, the functional description 

and data traffic load of each class of node on the network 

are explored. Section 3.2 describes the translation of user 

requirements into more network technical requirements and 

discusses alternative approaches to meet the network 

technical requirements. 

1.J.. Data Traffic Characteristics Qi the network nodes 

There are three types of nodes on the computer network 
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in a PACS system, namely, image equipment, review 

workstation, and data base archive. The nodes are designed 

to perform one or more management functions and produce 

different data traffic loads. The functions and data 

traffic characteristics of each class of node are 

individually discussed in the following sections. 

3.1.1 Imaging Equipment 

The function of an imaging equipment node is to 

collect digital images and text data from various imaging 

modalities, structure them in the defined data base format, 

and send them to data base archive systems. These type of 

nodes are also required to retrieve patient information 

from the data base archive, add more patient information 

to it, and store it back in the same data base archive 

system. Each node has a small local data base that can 

store several images before sending them to data base 

archive system. 

When a patient goes to the radiology department for 

examination, the technician retrieves the patient 

information to find out what kind of examination procedure 

and modality the patient I s doctor has ordered. The 

technician prepares the image equipment and the patient for 

examination. The imaging equipment starts image grabbing 

and produces digital images. In each examination, several 

images are generated. The images produced in one 

examination are stored "in the imaging equipment's small but 
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fast local storage and are prepared to be sent out to 

data base archive system along with the revised or added 

patient information. The image equipment modality 

determines the size and the number of images to be produced 

per each examination. After one patient examination is 

finished, the technician again has to prepare the imaging 

equipment for another examination procedure. Figure 3.1 

shows the functional description of a typical imaging 

equipment. Each patient usually has two or more examination 

for each visit. 

The above mentioned functional operation of imaging 

equipments implies that the data traffic load on the 

network by each class of imaging equipment is determined 

by the following factors: 

a) The arrival rate of patients 

b) The number of images per examination 

c) The bit size of each image 

d) The number of imaging equipments in each class 

e) The time interval between producing the first 

images of two consecutive examinations. 

Figure 3.2 shows the image traffic load generated by 

each class of imaging equipment modality in a moderately 

big hospital. As you may have noticed in this figure, the 

X-ray modality generates relatively small number of images 

per examination but the number of X-ray imaging equipments 
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Figure 3.1 Functional Description of Imaging Equipments 
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DEVICES NO. OF DAM NO. OF SERVICE 
IMAGE TDIE(JIIlI) DEVICES 

CT 20-40 35 3-10 

ULTRA-
30 4-3 SOUND 30-42 

NUCLEAR 4-15 40 4-10 
MEDICINE 

MRl 20-50 30-60 1-2 

DSA 12-16 45-60 , 2-3 

X-UK 2-5 10-15 MANY 

Figure 3.2 Image Traffic Load Generated in PACS 
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is large and the examination duration time is short. 

Therefore, the dominating image traffic load is mainly 

from X-ray imaging equipments. 

3.1.2 Review Workstation 

Review workstations provide the radiologists and 

referring physicians the means for displaying digitally 

formatted images. The user at a review workstation performs 

several mixed activities for each patient's diagnosing 

study session. The activities are divided into five 

categories: searching patient's information, image 

retrieval, diagnosing and editing, consulting, and storing 

the edited informations. These mixed interaction activities 

performed by a user are realized by a probability 

distribution that determines the percentage of time each 

activity is performed per session. 

Figure 3.3 shows the functional operation at a review 

workstation. The function of searching the patient' s 

information includes retrieving the patient's history, 

previous diagnosing reports on the same or related 

illnesses to the current illness, and a list of all images 

available for this patient. This function is called 

browsing. The time spent on this activity varies and is 

depended on the type of illness , diagnosing process, and 

radiologist's style. After retrieving the patient's 

information and deciding which images to retrieve, the 
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Figure 3.3 Functional Description of Review WOrkstations 
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radiologist send a request to database to retrieve images. 

The duration time for one image to be retrieved and 

displayed on the workstation should be less than 2 seconds. 

The user reviews, diagnoses, and edits each of the 

retrieved image, and he may send a diagnosing report along 

with each edited image or a set of images. The user may 

also want to consultor discuss the diagnoses results with 

another user such as patient· s referring physician or 

another radiologist which is located on a remote sight. 

This function is carried out like teleconferencing such 

that users can draw or point on a image and talk about it, 

and the other users in the conference can hear the voices 

and 599 the drawn lines at the same time. The duration time 

of this activity varies and it is not always performed by 

each user at the review workstation. The data traffic load 

on the network by review workstations is determined by: 

a) Number of images required for each diagnoses 

b) Bit size of each image retrieved 

c) Fraction of time spent on each of acti vi ties 

Each review workstation has a local database which 

can store one or several images. The size of the local 

database depends on the type of the workstation and its 

functional operations. There are three types of review 

stations connecting to the network, namely Extended 

Workstation (EW), Simple workstation (SW), and Lightbox 
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Workstation (LW). 

The extended workstation has a special purpose 

hardware for image processing and manipulation. It offers 

a very high display resolution and a relatively large local 

data base. These workstations are used by the radiologists 

to make a careful first diagnosis using image processing 

and enhancement. Most of the activities on this kind of 

workstation are image retrieval and diagnosing. There is a 

few number of these workstations in a hospital and they are 

scheduled to be used (BAK87). 

The simple workstations are placed at the office of 

radiologist's and referring physicians. This type of 

workstation has some image processing capabilities, a local 

database to store images for one examination, and 

relatively medium display resolution. With this 

workstation, the referring physician can review images 

himself in his office to verify the diagnoses made by 

radiologist. He may also call the radiologists for 

teleconferencing to consult and discuss the images and 

diagnosis results. The simple workstation performs all 

mixed activities. 

The lightbox workstations are installed allover the 

hospital. A large number of light workstations are 

available to different users. This kind of workstation has 

very simple hardware with no image processing capability. 
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It provides relatively a low display resolution and has 

enough memory to store only one image at a time. On the 

other hand, it provides the capabilities to browse through 

a patient's file to read or add data. The users of 

lightbox workstations are also able to retrieve as many 

images as they need one at the time and to teleconference 

with remote sights. 

b..L.l Database ~ ~ 

The data base archive system is responsible for 

storing the acquired patient' 5 images and information in a 

mass storage system, retrieving , and sending them to the 

review workstations, if requested. The database archive 

system I as a whole, is structured in a 3 level 

hierarchical architecture (DAL87). Levell maintains images 

that have been generated up to last 7 days and are 

requested. to be delivered to the workstations within a 

short time. Level 2 and 3 maintain the images from 8 days 

to 1 month and beyond 1 month up to 3 years respectively. 

The levelland level 2 are considered to be on-line 

archive system, and level 3 is called off-line archive 

system. The level-l and level-2 of data base archive 

system are structured in a distributed organization while 

the level. 3 is centralized. The on-line data base archive 

system is distributed by the type of images that each on

line data base maintains. For instance, one on-line data 
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base node may maintain every patient's chest images I or it 

may maintain all images generated by one kind of modality. 

Therefore f there are several on-line and one centralized 

off-line data base nodes on the network. Since the on-line 

data base nodes contain image data and patient's textual 

data, most of the network data traffic load is around the 

on-line data base nodes. 

1.4 ~ Functional Partitioning 

In the previous section, we explored that network 

users expect the network to provide teleconferencing 

facility between t~ or more users, and to transfer images 

and patient data between data base nodes, review 

workstations, and imaging equipments. The images and 

patient information that are transferred from data base 

nodes to review stations are time critical and must be less 

than 2 seconds. 

In order to design a computer network that fulfill the 

abovementioned requirements, these requirements should be 

converted to a more technical network oriented 

requirements. For instance, in order to transmit voice data 

in a real-time, the digitized voice data must not be 

delayed more than 250 mill i-seconds (LIB83) . These 

network technical oriented requirements are discussed in 

more details in the follOWing sectiQns. 
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3.2.1 Data ~ Categories in Network 

The data that is transferred via the network can be 

categorized into 5 different types, namely control data, 

knowledge data, image , voice, and image pointing overlay 

data. Each of these data types have different 

characteristics and are generated for different purposes. 

The meaning of each data type is described as follows. 

a) Control data type: This type of data is generated 

by the network components to provide a proper 

operation of the network such as data flow or 

acknowledgment messages. 

b) Knowledge data type: This type of data is 

generated by users as a user command 

which is characterized by alternating question 

and answer sequences such as send or find 

command. 

c) Image data type: This data type represents the 

formatted image data that is transferred as a 

large packet data from one node to another. 

dl Voice Data Type: The voice data is generated by 

the users during teleconferencing and is 

expected to be stream, interactive, and real

time. 



e) Image pointing overlay: This type of data 

represents image overlay data such as line, 

circle, or pOints that is marked on an image 

by users using some kind of light-pen during 

teleconferencing. 

3.2.2 Voice and Image Pointing Overlay Data 

Characteristics 
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Voice signals are generated with considerable 

redundancies and constraints that are inherented in human 

language and human vocal tract. The bandwidth required to 

transmit human voice signal is about 20 KHZ but because of 

the ear's ability, only the KHZ of voice bandwidth which 

has the highest power can be perceived by human ears. 

The voice signal is converted to digital form before 

transmitting it via the network. There are various methods 

to digitize or encode speech signals and are classified 

into three types, namely waveform coding, source modeling, 

and hybrid schemes (MAS83). The waveform coding scheme 

takes samples from the speech signal and encodes the sample 

data before transmitting them via the network. The receiver 

on the network receives the encoded data and attempts to 

reconstruct the original speech signal. The waveform coding 

is implemented by three different approaches: PCM (Pulse 

Code Modulation), ADPCM (Adaptive Predictive Coding) 1 and 

ADM (Adaptive Delta Modulation) [HAI84]. The source modeling 
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method constructs the model of speech source and computes 

the parameters of this model from the generated speech 

signals and periodically sends it to the receiver. 

Comparing source modeling with waveform coding, the source 

modeling method provides lower bits rate of. an speech 

signal but voice quality is reduced. The hybrid coding is 

a combination of source modeling and waveform coding to 

utilize the advantages of both methods. 

All of the speech signal coding methods are presumed 

to treat the speech signal as a continuous traffic source. 

Therefore the encoders must periodically digitize the 

speech signal and generate a fixed length of packet every 

20-40 milli-seconds [LIM83]. For instance, the PCM coding 

scheme samples the speech signal with 8 KHZ frequency and 

each sample is represented by 8 bits. Hence 1 the voice 

signal is generated with 64 Kbps ( 8000 samples/sec. X 8 

bits) . 

The image pointing overlay data is generated by 

writing on the top of an image, on a review workstation 

display, using a special pen or a pad. Since the image 

pointing overlay data should be transmitted along with the 

voice data, the image pointing overlay is also required to 

be sampled. One of the corrunon sampling method for image 

overlay data is to sample the coordinates of two points 

that make a line on an image. In order to get an accurate 

image overlay, such as curves or circles, t;:he sampling rate 
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should be high. It means that the sample pOints must be 

close to each other. As the sampling of the overlay data 

increases, the points that represent the overlay data 

increases and and subsequently the bit rate of the 

generated image overly increases (KUE83). 

3.2.3 Image Data Characteristics 

Images are generated by the imaging equipments and are 

stored in the on-line data base nodes for several days 

before transferring them to the off-line data base node. 

One image is considered to be one unit of data. It means 

that the image data does not represent any meaning, to the 

user until one complete image is displayed on the review 

workstation. Therefore the image response time is defined 

as the time the first hit of image is ready to be 

transmitted via the network to the time that the last bit 

of the image is transmitted. 

The response time required to trans fer one image from 

one node to another node depends on the image route. The 

images that are transmitted from on-line data base nodes to 

the review workstation nodes must have the highest .priority 

and the transmission time must not take more than 2 

seconds. This duration time does not consider queue delay 

time. On the other hand, the expected response time of the 

images that are generated by imaging equipments to be 

trans ferred to on-line data base nodes can be up to 
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several minutes. It is because the generated images are not 

usually requested to be reviewed by anybody once generated 

and can wait in the local data base of the imaging 

equipments. 

Since an i~age size is quite large, up to 8 Mbyte, and 

several distorted or erroneous hi ts do not change the 

meaning of an image, therefore it is not required to 

transmit image data error fr~e. This means that some amount 

of hit errors in image transmission is tolerable without 

changing the image data meanings. The amount of tolerable 

bits error for image data transmission are to be 

investigated and defined by radiologists and psycho

physiologist. 

3.2.4 Control and Knowledge ~ characteristics 

These two types of data are generated by all nodes 

connected to the network. The knowledge data is generated 

by users in a question and answer sequence to browse 

through the on-line patient's in£onnation data base nodes. 

The control data is generated by network components to 

respond to a network component requests for proper network 

operation such as flow control data. These two types of 

data are very small in size compared to image da'Ca and are 

bursty in nature. It means that they are not generated as 

stream of data like voice data, but rather they are small 

blocks of data that have some interarrival delay time. 
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This is because these data types are usually generated to 

respond to a user commands or network component control 

requests. The size of each data packet that represents 

knowledge or control data usually is from few bytes to 

several thousands bytes. 

The response time to transmit each block of knowledge 

or control data must be less than one second. it means that 

after one block of data is generated by user or network 

component, the delay time must be quite short. This short 

response time provides the users to browse through the 

pati.ent' 5 data base i.nteracti.ve~y. The knowl.edge and 

control data must also be error free. Hence if any error 

occurs, the erroneous block of data must either be 

retransmitted or be recovered from any error. 

L.l ~ Fungtional Arehi tecture 

As we noticed from the previous sections that the 

requirements for a computer network in a PACS environment 

are far beyond the capability of conventional computer 

networks. The length of messages to be transmitted can 

vary from a few bytes to several mega-bytes. On the other 

hand, the image, voice, and image pointing overlay data can 

tolerate some amount of data error while the knowledge and 

control data must be error free. Furthermore, each data 

type requires different response time at different 

situations. 
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These contradictory requirements for a computer 

network in a PACS system suggests that a single network 

protocol should not be adopted but rather the network must 

have multi-dimensional protocols. Each protocol in a multi

dimensional network should serve a set of da~a type that is 

transmitted via the network. The network can be decomposed 

into three functional categories which can be designed by 

the nature of information, the type of processing, and the 

typical size of data packets. 

Figure 3.4 shows the three categories of functions as 

a model of separated networks. The control network is a 

low density network and is responsible to transfer all 

control and knowledge data. The network protocol which is 

used to transfer these types of data, fits nicely into the 

domain of an existing local area network such as Ethernet 

or token ring. The real time network provides facilities 

to transfer voice and image pointing overlay data in real 

,time. Again this type of network, by itself, can utilize 

some of the existing local area networks but it may have 

different protocol as control network. Finally the image 

network is a high speed network that transfers images from 

one node to a.nother node .in ohort ti.me. Th.io protocol muot 

avoid any collisions when different nodes want to transmit 

on a shared image network. This is because the images are 

quite large in size and when they are transmitted in 
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Figure 3.4 Functional Oecomposit"ion of a Network in PACS 
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blocks, the chance of collision is very high and 

subsequently the performance of the protocol collapses in 

the case of high traffic density. 

These three networks with three different protocols 

can be implemented in three separate channels on one media 

or on three different media. In next chapter we propose a 

new protocol based on a time division multiple access 

scheme that divides a single fiber optic channel into 

multiple channels to satisfies all of the PACS 

requirements. 
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CHAPTER 4 

PROTOCOL DESCRIPTION OF PACS NETWORK 

As described in the previous chapter, the local area 

network in the PACS environment needs to have special 

characteristics which most of the existing LANs do not 

fully acconunodate. A local area network, called PACnet, 

that satisfies all of the PACS requirements is proposed in 

this chapter. The organization of this chapter is as 

follows. The architecture and components of the proposed 

LAN is described in Section 4.1. The format and size of 

the frames used in PACnet is described in details in 

Section 4.2. In Section 4.3, the network protocol and its 

finite state machine representation is discussed. 

~ PACnet System Architecture 

The system configuration of PACnet is shown in Figure 

4.1. The PACnet consists of three major components: fiber 

optic dual ring, NIU, and Control Station (CS). The dual 

fiber optic ring uses two separate fiber optic rings to 

carry signals in opposite directions between NIUs. The 

signals usually flow in one direction until a failure 

occurs. The NIUs on both sides of failed link loop back the 

data from one ring to the second one so as to maintain a 
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complete ring. 

The control station is responsible for introducing a 

ring frame every 125 ~icro-seconds based on either some 

internal 8 KHZ clock, or an external clock such as the 

public telephone network. The· control station also has an 

elastic buffer to store incoming data so as to keep the 

total transit time around the ring to 125 micro-seconds or 

an exact multiple of that. The circumference of the ring 

plus the per station delay detennines how long it take a 

frame to complete a revolution. 

The PACnet is designed to provide a data packet 

channel, an image channel, and many voice channels based on 

Time Division multiple Access (TDMA) technique to carry 

intermittent, image, voice, and overlay pointing data 

traffic respectively. The nature of data type to be 

transmitted over each channel imposes the switching 

techniques. For intermittent data, packet switching 

technique is employed using token passing scheme over its 

channel. The voice and image data require connection 

oriented environments, therefore, the circuit switching is 

used over image and voi.ce channels. The voice and image 

channels transfer only voice and image data and the control 

data associated with voice and image data are transferred 

via packet switching channel. The image channel is 

dedicated to one image transfer at a time. It means that 

other images to be transmitted should wait until the image 
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channel become available. On the other hand, the voice 

There are two types of TDMA channel assignments: the 

pre-assigned (PA) method and demand assigned (DA) method. 

In PA, the fraction of bandwidth assigned to each of the 

three services are decided before hand and it does not 

change according to network traffic. On the other hand, in 

DAr the using areas are changed dynamically according to 

the network traffic requirement. From the viewpoint of 

effective usage of the network transmission line, we chose 

a OA method (KUE83). 

In operation, a ring is initialized in a packet 

switching mode and the whole network bandwidth is dedicated 

to the token passing data transmission. When a station has 

image or voice. data to transmit to another station, it 

sends an image or voice channel request to the control 

station via data packet channel including the address of 

the image or voice receiving station. The control station 

divides the network bandwidth to voice, image, and data 

packet channel using TDMA technique and then it switches 

the network operation to the hybrid mode which provides a 

combination of circuit and packet switching techniques. The 

control station then grants the requested channel, if 

available, by sending a message to both transmitting and 

receiving stations via data packet channel. At this time, 
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the transmitter starts sending image or voice data using 

circuit switching technique via the granted channel. Once 

the image or voice transmission is terminated, the 

transmitter station notifies the control station that the 

channel is not needed and can b~ granted to the other 

stations. 

To achieve a high transmission utilization, data 

packet traffic is allowed to use any residual voice or 

image traffic momentarily available due to variation in 

voice traffic or absence of image traffic. For example, if 

the image ch9.nne1 is not used by any station for image 

transmission, then the image channel can momentarily be 

used for data packet transmission. It means that the image 

frame size has shrinked to zero and data packet size has 

increased. We call this technique adaptive variable frame 

size . 

.u Frame Format 

Figure 4.2 illustrates the basic frame fonnat used in 

PACnet. This frame is called a ring frame and is generated 

into the ring every 125 micro-seconds by the control 

station. The ring frame has a fixed duration of 125 micro

seconds which provides 25 Kbits frame size on a 200 Mbps 

ring. Each frame is partitioned and allocated into four 

regions: header, data packet, image and voice. Each region 

is distinguished from the adjacent regions by start and end 



UNIT ATTRIBUTE INDICATION 
~ 

SIB: Start Image Boundry 
EIB : End Image Boundry 
ITR: Imoge Tr~nsmission Req. 
lUI: Image Unit Indication 
HEO: He.der Error Oetector 

YUI: Yoice Unit IndIcation 
YTR: Voice Transmission req. 
SPB: Sart packet Boundry 
EPB: End pocket Boundry 
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Figure 4.2 Image and Header Fields Format of Ring Frame 
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boundry symbols (58, EB). 

The header region is basically used to carry control 

information. It is divided into 3 fields, namely preamble, 

ring control, Gnd unit .:::.tt.ributc indioo.t.ion. Tho .imQgo 

region is used to transfer image data using circuit 

switching technique. It contains image data and FCS fields 

as shown in Figure 4.2. The detailed description of each 

field is presented later in this chapter. 

Figure 4.3 shows the format of data packet region 

and voice region. The data packet region transfers data , 
packets using the ring token passing technique. There are 

two basic formats used in data packet region: token and 

data frame. The data frame format shall be used for 

transmitting messages generated by token ring, image 

passing , voice passing and their logical link controls 

(LLC) to destination stations. The Voice region is used to 

transfer voice data using circuit switching technique .. The 

voice region is divided into several voice units .. Each unit 

is further subdivided into slots. Each slot carries voice 

and image overlay data between two stations that has 

already been established. The slots can be varying in 

numbers depending on the number of users and conversation 

duration. 

Before starting to describe the frames format in 
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EIB : End Image Soundry 
ITR: Image Transmission Req. 
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Figure 4.3 Data Packet and Voice Field format of Ring Frame 
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detail, it is important to understand the concept of a 

symbol set. In each NIU , the media access control (MAC) 

sub-layer and physical layer exchange data with each other 

by a sequence of symbols. Therefore, the data that are 

going to be transmitted from MAC to physical layer should 

be converted to symbols I prior to transmission into the 

ring, using a to 5 coding (4B/5B) scheme (FDI85). This 

means that each 4 bits of data is converted to as-bits 

symbol. The 5-bits symbols corresponding to each of 16 

possible four bit data are shown in Figure 4.4. Each of the 

converted code has a maximum of two consecutive zero bits. 

The symbols are shifted out through a NRZI encoder which 

produce a signal transition whenever a "I" bit is being 

transmitted and no transition when "0" bit is transmitted. 

Using this technique, there is a guaranteed signal 

transition at least every two bits. This technique will be 

more explored in more detail in Chapter 6. 

The use of five bits to represent each of the 16 

possible four bit data provides 16 unused combinations of 

five bits. Thus, some of these unused combinations are used 

for other functions such as frame boundary or frame 

delimiter. All the symbols that convey information between 

MAC and physical layer are classified into three types, 

namel.y l.l.nc GLate, cont-rol and dat-a ::>ylubol. 



OATA SYMBOLS 

4-bit Data 

0000 
0001 
0010 
0011 
0100 
0101 
0110 
0111 
1000 
1001 
1010 
1011 
1100 
1101 
1110 
1111 

CONTROL SYMBOLS 

QUIET 
HALT 
IDLE 

J 
K 
R 
S 
o 
P 
M 
N 

5-bit Symbol 

11110 
01001 
10100 
10101 
01010 
01011 
01110 
01111 
10010 
10011 
10110 
10111 
11010 
11011 
11100 
11101 

00000 
00100 
11111 
11000 
10001 
00111 
11001 
00101 
00110 
00011 
01100 

Figure 4.4 4B/5B Symbol Coding Conversion 
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L.L.L..l Line States 

Line states indicate the condition of medium between 

transmission~ The line states include Qulet(Q), Halt(H), 

and Idle (I) symbols. The Quiet symbol indicates the absence 

of activity on the medium. The Halt symbol indicates a 

forced logical break in activity on the medium and finally 

the Idle symbol indicates the normal condition of the 

medium between transmissions. It provides a continuous fill 

pattern to establish and maintain clock synchronization. 

4.2.l.2~~ 

Control symbols are used to indicate the start or end 

of a data transmission and to establish data boundaries of 

regions. There are four symbols which a sequence of the 

them determines the control part of a frame. The symbols 

are J, K, M, N, a, P, P, R, 5, and T; and their 

corresponding 48/5B codes are shown in Figure 4.4. 

L.b..L..3. DUA ~ 

A data symbol conveys four consecutive arbitrary 

binary data within a transmission sequence. The elements of 

sixteen data symbols are denoted by set of hexadecimal 

digits based on the 4B/5B encoder . 

.L..L1. Frame Field Descriptions 

In the previous section, the overall frames field 

were discussed. The following is the detailed description 
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of individual fields in the ring, token, data , voice and 

image frames. 

L.bb.! Preamble 

The preamble of a ring frame shall be transmitted by 

the control station as a minimum of 16 symbols of Idle(I). 

This is thus used for establishing and maintaining clock 

synchronization at the receiver . The Physical layer of 

each station may change the length of Idle pattern 

consistent with its clocking requirements. If a station 

does not repeat a frame with preamble then it shall be 

stripped from the ring. 

~ !!.iJlg Control 

When there is more than one frame ring on the ring, 

the ring frames are distincted from each other by ring 

control field. This field is one byte long and therefore up 

to 256 different ring frames can be in transit 

simultaneously. However, the chance of requiring more than 

one ring frame in transit at the same time is very slim. 

~ J.lI!ll Attribute Indication 

The attribute indication field shall indicate 

attributes of image region and the voice units . The 

attribute indication field is divided into one image 

indication field and several voice indication fields 0 The 

image indication field is consists of two bits: image 
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transmitting request (ITR) and image unit indication (lUI). 

If the image region is idle and there is no request 

for image transfer I then the control station sets ITR and 

lUI to zero and allows the data packets to be transmitted 

the data packets are not allowed to be transmitted through 

image region any more because one or more images are 

waiting to be transmitted through the image region. In this 

case, the control station allows the receiving nodes to 

remove the data packets in the image region before granting , 
the image region to transmit images. The indication fields 

can be interpreted as follows. 

ITR, lUI: 00 Image region used for data transmission 
01 Unused 
10 Only read data in the image 

region 
11 Image region used for image transmission 

ITR, lUI: 00 Voice unit used for data transmission 
01 Unused 
10 Only read data in the voice region 
11 Voice unit used for voi.ce transmission 

4.2.2.4 Header Error Detection ~ 

The unit indication and ring control are the most 

important control information. Thus I they must be protected 

from transmission error. Therefore, an error detection 

field is also set up in the frame header called header 

error detection (HED). The error detection algorithm is 

based on the CCITT-16 generator polynomial of degree 16 

[TAN88]. 
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The image region starts and ends with special unique 

symbols which indicate the image region boundaries. The 

start and end of image boundary are denoted by a pair of 00 

and PP symbols respectively. If the image region is not 

used by any nodes, the token passing algorithm may be 

activated again in order to make use of extra available 

ban~width momentarily. The token passing algorithm shall be 

inactivated on the arrival of EI symbol. 

~ Image Data 

The image data field contains a fixed length of an 

image segment. Each image is fragmented into segments by 

the transport layer and passed to image passing MAC to be 

transmitted in to the network. An error detection field is 

also set up for each image segment, called image frame 

check sequence. The image field always carries image data 

as long as there is an image to be transferred. 

~ Image Frame check sequence ~ 

The FCS field is based on the CCITT-16 generator 

polynomial of degree 16 [TAN88]. The FCS is two bytes and 

covers the priority, the source and destination address, 

the image data, and Fes fields only. 

~ Data Packet region 

There are two basic frames format used in the data 



112 

packet region: token and data frame. The description of 

these formats are discussed distinctively in Section 4.2.3. 

~ Start and End Data Packet ~ 

The data packet region starts and ends with a special 

unique sequence of symbols. The start and end symbols are 

denoted by pairs of MM and NN symbols respectively. The 

token passing algorithm is not activated unless the data 

packet region starts with SOP (M symbol) explicitly . The 

token passing algorithm is inactivated when EDP (N symbol) 

is received. 

~ Start and End Voice Unit .(.SL. ro 
Each voice unit starts and ends with special unique 

sequence of symbols in a ring frame OJ The start and end 

of a voice unit are denoted by a pair of RR and 55 symbols 

respectively. If any of the voice unit is not used to 

transfer voice data, the token passing algorithm shall be 

activated. When the end of the voice unit arrives (EV), the 

token algorithm is inactivated. This technique is to use 

extra available bandwidth momentarily. Any of the voice 

units, used by data packet, shall be used again for voice 

transfer upon request by any node. 

unit. A node which communicate with other nodes shall 
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receive or transmit voice data via a slot which has been 

granted by the control station. Each slot is characterized 

by a voice unl t address and a slot number in that voice 

unit. 

Every voice unit consists of 24 slots • Each slot 

contains a a-bit -long voice data and a-bit long image 

overlay data. Figure shows the format of a voice data 

unit. The voice is sampled and transferred byte by byte via 

one slot in the voice unit. The image overlay data is also 

sampled and transferred byte by byte along with the voice 

data. This operation guarantees that the image overlay data 

and voice data do, not lead or lag each other when they 

arrive at the receiving station. A slot is continued to be 

used by a node as long as there is a dialog between two 

nodes. 

The ring token passing technique transmits data in the 

data packet region. There are two basic formats generated 

by token passing technique: token and data frames. The 

token is the means by which the right to transmit data from 

one station to another in the data packet region. The data 

frame shall be used for transmitting messages generated by 

token ring, image passing and voice passing and their 

logical link controls (LLCs) to destination station. Figure 
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4.5 shows the token and data frame format. 

The data frame transmitted in data packet region 

consists of start delimiter (SD), access field (AF) I source 

and destination address (SA, DA), the information field 

(I), the frame check sequence field (FCS), and end 

delimiter (ED). The structure of the data frame and token 

used for our PACS network is much simpler and shorter than 

the one proposed by the IEEE 802.5 and modified. This is 

because some of the features of the IEEE 802.5 are not 

needed and some modifications are required for our 

application. The frame control and frame statues field in 

the IEEE 802.5 are not used in the PACS network because 

they are not required for network's proper operation. In 

the following sections, a detailed description of the 

individual fields are explained . 

.Lb.3....1 Start Delimiter .LS!ll 

A data frame or token shall start with a symbol that 

is unique in a ring frame. The start delimiter symbol of 

token and data frame is denoted as a pair of JJ symbols. 

No frame or token is considered valid unless it starts with 

this explicit symbol. 

~ Access Control lAC..l-

The Access control field defines the type of the frame 

and associated control functions. It consists of Tk, MI, 
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SD AC ED 

(a) 

16 16 0- 16 II 

1.0 lAC I INFO. 

(b) 

INFO: Information so: Start Delimi ter 
AC. Access Control 
SA: Source Address 

FCS . Frame Check Sequence 

ED. End Delimiter 
DA: Destination Address 

Figure 4.5 (a) Token Frame Format (b) data Frame Format 
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FTY fields as shown in Figure 4.6. The token indicator (TK) 

distinguishes a token from a data frame. The monitor field 

(MI) is used for token management and to detect a permanent 

circulating busy token. The frame type field (FTY) is used 

to classify frame type into token passing MAC or its LLC. 

A brief description of AC field is given below 

a) Token (TK): TK=O free, TK=l busy. 

b) Monitor Indication (ML); used for token management 

and recovery. 

c) Frame "Type (FTY): FTY=O MAC, FTY=l LLC. 

4.2.3.3 Destination and Source Address 

Each data frame shall contain two address fields: the 

destination address and source address, ~n that order. Each 

address field may be 16 bits in length. As shown in Figure 

4.7 , the most significant bit of the address field, called 

the IIG bit, is used to distinguish individual from group 

address. Individual address (I/G=O) specify a particular 

node on the network. A group address (I/G=l) is used to 

address a data frame to multiple destination nodes. The 

group address of 16 l's constitute a global broadcast 

address. A group address is an address associated by 

convention with a group of logically related stations. 

The source and Destination addresses are generated at 

the network layer and passed to the token passing MAC along 

with the data packet. Each station is assumed to have a 
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o 

MI FTY UNUSED 
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TK: Token bit 
MI: Monitor Indicator 
FTY Frame Type 

7 

Figure 4.6 Access Control CAe) Field Format in Token 
and Data Frame 
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ADDRESS 

I/G=O Individual address 

I /G= I Group address 

15 

Figure 4.7 Source and Destination Address Field Format 
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unique address in the network. 

~ Information.u.J. 

The information field contains zero, one or more bits 

whose meaning is determined by the AC field and its 

interpretation is made by the token ring MAC and the LLC. 

This field may contain the control conunands associated 

with MAC, or it may contain the user data or higher layer 

control commands. A brief description of associated 

information with each data type is given below: 

Type 1 

Type 2 

Interpreted by Token MAC 
Go Bypass = 00 
Claim Token = 10 
Loop Back = 01 
Release Loop = 11 

Interpreted by token LLC 

The Loop_Back and Release_loop command~ are used when the 

ring is broken and the primary ring is looping back to 

secondary ring or releasing it. The Go-Bypass control 

command orders a station to not use the network because the 

station is not functioning properly. The Claim_Token is 

used when token is lost or damaged and a new token is going 

to be created. This control command orders every node on 

the network to stop sending data packet and to wait for new 

token. 

This field is used to detect erroneous data bi ts 

within a data frame. The fields covered by the FCS field 
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include the AC, DA,SA, INFO, and Fes fields. The FeS is two 

bytes long and is generated according to CelTT generator 

polynomial of degree 16 (IEEE 802.5 uses 4 bytes) [TAN88) • 

.L..L.J.,.§. End Delimiter UlU 

The transmitter shall transmit the End Delimiter at 

the end of each data frame. The receiving station shall 

consider the end of a data frame on ED arrival and shall 

wait for the Start Delimiter of a new frame. The end 

delimiter field is denoted as a pair of KK symbols in the 

token or data frame . 

.L..l ~ Operation 

This section provides a description of protocol 

operation of the Media Access Control :(MAC) in the NIU. 

Figure 4.8 shows four major elements of data link layer in 

the NIU: a MUX, a token passing block , an image passing 

block, and a voice passing block. The token passing block 

transmits or receives data using packet switching 

technique. The image passing block accesses the image 

channel when one complete image is ready in the NIU local 

memory to be transmitted using circuit switching technique. 

The voice passing block acquires a voice channel once there 

is voice data to be transmitted using circuit switching 

technique. The detailed functional description of these 

components including their Finite State Machine are 
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JTM :inactlvate token MAC 
A TM: Acllvate toten MAC 
ICC: Inactivate chllnnel 

Ace: Activate channel controller 
AFC: Activllte frame controller 
IF C: Inactivate frame controller 

controller 

Figure 4.8 PACnet NIU Block Diagram 
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described in the following sections. 

L.hl Multiolexer .L!!!!lU. 

Upon arrival of each ring frame in a NIU I the MUX must 

be able to recognize the boundary symbol of the regions in 

each ring frame and allow token passing, image and voice 

MACs to transmit or receive data in their own regions. It 

also applies the unit indicator template and the boundry 

symbols against the regions and route the data to 

corresponding channel as indicated. This function is 

implemented by enabling each MAC when the beginning of the 

corresponding region arrives and disabling at the end of 

the corresponding region boundary. 

The finite state machine of the MUX operation is shown 

in Figure 4.9. There are some control : signals which are 

used to interface the MUX's FSM to token, voice, and image 

passing FSMs in the same NIU. These control signals 

include: 

a) Control signals between image passing MAC and MUX. 

.. activate image MAC (AIM)" 

.. inactivate image MAC (11M)" 

b) Control signals between voice passing MAC and MUX. 

" activate voice MAC (AW)" 
" inactivate voice MAC (lVM)" 

C) Control signals between token passing MAC and MUX. 

activate token MAC (ATM)" 
" inactivate token MAC (ITM)" 

read only data (ROD)" 
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Figure 4.9 MUX Finite State Machine 

Figure 4.10 Image passing MAC Finite State Machine 
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All of the control Signals are sent from the MUX. The 

control command "read only data" is activated by MUX only 

when the image and voice regions are transferring packet 

data but a node has requested the control station to switch 

these regions for transferring image and voice data. These 

control signal indicate to the token passing MAC to prevent 

transmi tting packet data in image and voice regions and 

only allowing to read packet data before the switching. 

Each state of the finite state machine for the MUX is 

described below: 

REPEAT 

Rl: Always repeat incoming bit stream to downstream node 

and store unit indication bits. 

R2: If image boundary symbol arrives aI1:d IUI=1, "activate 

image MAC" and enter IMAGE ROUTE. 

R3: If voice boundary symbol arrives and VUI=1," activate 

voice MAC" and enter VOICE ROUTE. 

R4; If image or voice boundary symbols arrive and 

IUI,ITR=O,O or VUI,VTR=O,O , "activate token MAC". and 

enter TOKEN ROUTE. 

RS: If image or voice boundary symbols arrive and 

lUI, ITR=O, 1 or VUI,VTR=O,1 , "activate token MAC" 

and enable "read only data" signal and then enter TOKEN 

ROUTE. 
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IMAGE ROUTE 

Rl: Transmit the incoming image data from image MAC into 

the network. 

R2: If end of image boundary symbol arrives, enter REPEAT. 

VOICE ROUTE 

Rl: Transmit the incoming voice data from voice MAC into 

the network. 

R2; If end of voice boundary symbol arrives, enter REPEAT. 

TOKEN ROUTE 

Rl: Transmit the incoming packet data from token passing 

MAC into the network. 

R2: If end of data packet boundary symbol arrives, enter 

REPEAT. 

4.3.2 Image Passing Function 

The image channel is a slave channel in the network. 

The control station constitutes which node is allowed to 

use this channel to transmit image data or packet data. 

All of the control messages to manage the image channel are 

transferred via the data packet network. 

'l'Jlere dre fOUL" (;unt..rol me:::J:::JClyf:l!:::J whIch Cl£f:l! yf:l!Ilf:l!L"ClLf:l!ti by 

image passing and transmitted through data packet channel: 

a) image transmission request 

b) image transmission granted 

C) end of image 

d) ack or nak 
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When a workstation wants to transmit an image through 

the network, it sends segments of one image to the NIU 

based on the protocol between workstation and the HIU. The 

image passing receives segments of an image and stores them 

in a buffer. When one complete image is received and is 

ready to be transmitted into the network,. an II image 

transmission request fI message is sent to control station 

through data packet channel. The control station sends 

"image transmission granted" to the requesting node as well 

as the node that going to receive the image 

Upon receiving the permission one image is 

transmitted through image channel. Once the whole image is 

transmitted, an "end of image" message is sent to control 

station through data packet channel ~o that the image 

channel can be granted to another image transmission. The 

finite state machine presentation of the image passing 

protocol is shown in Figure 4.10. The detailed functional 

description of each state is given as follows: 

Rl: always repeat the incoming stream of bits back to MUX. 

R2: If one complete image is stored in the buffer and is 

ready to be transmitted, send .. image transmis s ion 

request" to the control station using token passing 

MAC and enter GRANT REQUEST. 

R3: If " image transmission granted" arrives and the 

destination address is the same as the node address, 

--------~-.- ----
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enter RECEIVE. 

GRANT REOUEST 

Rl: If "image transmission granted" message is received 

and the source address is the same as node address, 

then enter TRANSMIT, else stay in this state. 

TRIL'ISMIT 

Rl: Transmit one image. Send "end of image" to the control 

node using token passing MAC at the end of one image 

transmission and then enter REPEAT. 

RECEIVE 

Rl: Receive the incoming stream bits of image data and send 

it to higher layer. 

R2: If "end of image" received, enter REPEAT. 

~ VOICE ~ FUNCTION 

The voice channel is also a slave channel. The control 

station dedicates a free voice channel when a node issues a 

request for voice data transmission. The control messages 

that manage the voice channel are transferred via data 

packet channel. There are three control message generated 

by voice passing which are as follows: 

a) "voice transmission req." 

b) "voice transmission granted" 

c) "end of voice .. 

When a workstation wants to communicate with another 
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workstation by using interactive voice and image pointing 

dialog, it sends the voice and image pointing data to voice 

passing. The voice passing sends "voice transmission req." 

message to the control station through data packet channel 

for a free slot. Upon receiving "voice transmission 

granted" message from the control station, the transmitting 

node starts to transmit voice and image overlay pointing 

data. The "voice transmission granted" message shall 

contain the voice unit and free slot numbers. 

When the communication is terminated between two 

nodes, "end of voice" message is sent to the control 

station. The finite state machine description of the voice 

passing is shown in Figure 4 .11. The detailed functional 

description of each state is given below. 

REPEAT 

RI: Always repeat the incoming bit steam back to the 

MUX. 

R2: If there is voice data to be transmitted, send "voice 

transmission REQ." using token passing MAC and enter 

GRANT REQUEST. 

R3: If " grant voice" arrives and destination address is 

the same as the node address, enter RECEIVE. 

GRANT REOUEST 

RI: If "voice transmission granted" arrives and source 

address is the same as node address, enter TRANSMIT. 
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Figure 4.11 Voice Passing MAC Finite State Machine 
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Figure 4.12 Token Passing MAC finite State Mac~ine 
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Rl: Transmit voice and pointing data in the dedicated 

slots. 

R2: If the communication is teminated, send "end of voice" 

using token passing MAC and enter REPEAT. 

Rl: If "end of voice" is received and destination address 

is the same as node address, enter REPEAT. 

L..l...L. TOKEN ~ ~ 

The data packet channel employs token passing 

tochniquo to transfer pocket data. A~1 of the control 

messages, which manage image and voice channel, and packet 

data are transferred via data packet channeL Access to the 

medium is controlled by passing a token around the ring in 

the data packet channel. A free token traveling in the data 

packet channel gives the opportunity to a node to transmit 

a frame or sequence of frames. If a station has data to 

transmit, it checks for a free token before the Access 

field (Ae) of the token is repeatede After the captured 

token is completely received, the node shall begin 

transmitting its queued frames e After transmission, the 

node issues a new free token which provides other nodes the 

opportunity to gain access to the data packet channel. 

The nodes that are not transmitting any frames shall 

repeat incoming frames to other nodes. While repeating the 
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incoming frames, the node determines if the frames are 

intended for this station. 'l'his is done by matching the 

destination address to its own address. If the match 

occurs, then the frame is copied into a local buffer and 

the connected workstation is notified of frame arrival. The 

repeated frames propagate over the data packet channel 

around the ring to the nodes that originally placed them on 

the ring. The transmitting node is responsible for removing 

all of the frames that it has placed on the ring ( 

stripping) over data packet channel. The node recognizes , 
these by the fact that the source address (SA) contained in 

them is its own address. FILL symbols are placed on the 

medium during stripping. 

The token passing algorithm is active when "activate token 

MAC" is received from the MUX. It is inactivated when 

"inactivate token MAC" is received from the MUX regardless 

of which state the token passing algorithm has been. The 

algorithm is again resumed from where it was halted upon 

receiving "activate token MAC". This is to assure that the 

data packets are transmitted in data packet region or in 

the unused regions. 

As mentioned before, the token passing technique we 

use here is much simpler and faster than IEEE 802.5 . It 

has been modified to comply to our application. The finite 

state machine of the purposed token passing algorithm is 

shown in Figure 4.12. The detailed description of each 
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state is given below. 

REPEAT 

Rl: Always repeat the incoming bit stream back to the MUX 

while matching the DA of each frame with its own 

address. 

R2: If the OA of a frame matches with its own address, save 

the frame and stay in this state. 

R3: If the SA of the frame matched with its own address, 

remove the frame from the ring (stripping) and enter 

TRANSMIT FILL. 

R4: I f a free token is received and there is packet in 

queue r enter TRANSMIT FRAME. 

R5: If bypass frame is received from control station, enter 

BYPASS. 

TRANSMIT FRAME 

Rl: Initiate transmission by changing TK to L 

R2: Transmit one or more frames in the queue until token 

holding time is expired or there is no more frames in 

the queue, then send a free token and enter TRANSMIT FILL. 

R3: If Go-Bypass frame is received from control station, 

enter BYPASS. 

R4: If Claim_Token is received, then enter REPEAT. 

R5: If Loop_back frame is received, send a conunand to 

physical layer to loop back using secondary ring and 
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transmit a dummy frame to the control station. 

R6: If Release_ Loop frame is received, send a command to 

undo loop back and disconnect the secondary ring from 

primary ring, then enter REPEAT. 

R7: If invalid token is received, enter REPEAT. 

Rl: transmit fill signal. 

R2: if SD of new frame is received, enter REPEAT. 

Rl: If "insert connnand" arrives from higher layer, enter 

REPEAT. 

The control station has supervisory function for the 

whole network. Figure 4 .13 shows the five elements of the 

controller station which are MUX, token passing block, 

token passing monitor, ring channel controller, and ring 

frame controller. The control station is responsible of 

three major functions : 1) generating ring frame every 125 

micro-seconds, 2) changing and allocating the user area 

(region) to packet switching or circuit switching, and 2) 

monitoring the token passing function to recover from 

various error situations such as persistently circulating 

busy token. 

Since the control station does not transmit or receive 

image or voice data, the MUX in the control station is not 
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I FC: Inoctivate frame controller 

Figure 4.13 control Station Block Diagram 
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required to have the voice and image control signals. 

III~l.t:!'au, Lh~ NUX .1.uuLt::: LIlt:: .Liuy {Lawe:: Lu Lht::' .1.111Y 

controller, the header of the ring frame to the ring frame 

controller I and data packet region to token MAC. In the 

following sections the functional description of Control 

Station (CS) components are described • 

.L..3.....5.... Control Station !M[ 

The MUX in control station provides three sets of 

control signals. The control signals to token passing MAC 

is the same r as before and control signals to the channel 

controller and the ring frame controller are as follows: 

a) "activate channel controller (ACe)" 

b) "inactivate channel controller (ICC)" 

C) "activate frame controller (AFe)" 

d) "inactivate frame controller (IFe)" 

Upon arrival of the ring frame in the control station, 

the MUX routes the ring frame to the ring controller and 

then asserts the AFC signal. When the end of the ring frame 

is detected by the MUX, it asserts the IFC signal. The ring 

controller contains a elastic buffer to keep the total 

transit time of the ring frame around the ring to 125 

micro-seconds or an exact multiple of that. When the ring 

frame is released from the ring controller and sent back to 

the MUX, it routes the header of the ring frame to the 

channel controller and asserts "activate controller". At 
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the end of the header, "inactivate controllertr is asserted. 

~ Token Passing Monitor 

The token passing monitor is responsible for 

supervising the proper token passing operation and fast 

recovery in case of errors. The monitor is incorporated 

into the token passing MAC in the control station.. .The 

token passing monitor functions can be classified in the 

following categories: 

a) Lost! token: this s1 tuation occurs when the time 

interval between subsequent observation of a free 

or busy token is elapsed (token observation 

time) . 

b) Circulating busy token: this occurs when the same 

token persistently circulates around the ring.. Any 

NIU transmitting a frame sets MI bit of the 

captured token to zero.. When the frame passes 

through the control station, it changes HI to one. 

The control station is able to detect a busy token 

circulating more than once by checking HI bit. 

e) Hugging a free token: This situation occurs when NIU 

captures a free token to transmit frames but never 

releases it. This error is detected when the free 

token expected (FTE) interval time is elapsed. 

d) Continuous hugging of a free token: This situation 
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occurs if a NIU hugs a free token more than once and 

prevents proper operation of the network any 

longer. 

To recover the token passing operation from any of the 

above error situations, the control station clears the ring 

and initiates a new free token. The finite state machine of 

the monitor is shown in Figure 4.14 • The detailed 

description of each state is given below. 

~ 

Rl. If the. token is lost ami token observation time 

elapsed, then enter CLEAR RING. 

R2: If busy token circulates, MI=O I then enter CLEAR RING. 

R3: If hugging free token, free token expected time 

elapsed, enter CLEAR RING. 

R4: If continuous hugging free token, enter BYPASS. 

Rl: Remove all of the incoming data p~cket frames from the 

ring, and send "claim. token" message to every node. 

R21 If SA of any received frame is the same as its own 

address, generate a new token and enter REPEAT. 

Jm>A&S. 

Ri. Read the incomi.ng SA of the hugging nOde and send 

"bypass" message to it, and then enter CLEAR RING. 
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Figure 4.14 Finite State Machine of Token Passing Monitor 

Figure 4.15 Finite State Machine of Ring Frame Controller 
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~ l!.I.ng ~ COntroller 

The ring frame controller is responsible to introduce 

a ring frame into the ring every 125 micro-seconds and to 

provide an elastic buffer to keep the total transit time 

around the ring to 125 micro-seconds. It also should 

recover the broken ring and initialize the ring frame if it 

is lost or damaged. Figure 4.15 illustrates the ring frame 

controller finite state machine and each state is 

described below. 

Ini1;ializatiGn . 

Rl: Generate a new ring frame and transmit it into the 

network and then enter REPEAT. 

R2: If the maximum circumference around the ring is more 

than 125 micro-seconds, generate as many ring frames 

needed so that the total number of frame rings in 

transit simultaneously exceeds the ring circumference •. 

R3: If ring frames are not received after transmitting them. 

several times, it is assumed that the ring is broken, 

and than enter RING RECOVERING. 

IWI!i RBC!lYERIRG 

Rl. Send Loop .... Back frame to each node at ".time. 

R2. If a dWIIIIIY frame is received from the node, send 

Release_Loop to the same node. 

R3: If a dununy frame is not received from the node, it 

means that the ring between this node and the very 
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last looped back node is broken, then send Loop_Back 

trame "to the very las"t loopeo .back: node 

enter REPEAT. 

REPEAT 

agaln and 

Rl: If transit time is less than 125 micro-seconds, then 

store the incoming frame in the elastic buf fer I and 

repeat when the time is elapsed. 

R2: If the transit time is elapsed and the ring frame is 

not arrived yet, then enter INITIALIZATION. 

~ R!ng Channel Controller 

The ring channel controller initializes the operation 

of the network by allocating all three channels to packet 

switching mode. It reallocates the image channel or voice 

channel to circuit switching mode for transferring image 

and voice data when they are requested by the other nodes .. 

This switching (movable boundary) technique provides full 

utilization of the network bandwidth. 

The ring channel controller manages the switching 

function by changing unit attribute indicator bits in the 

ring frame header and keeping track of the channel's 

assignments in a local data base. The finite state machine 

of the ring channel controller consists of only two states: 

repeat i'~tj channel management. Each state is described as 

follows. 
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Rl: Always repeat the incoming data. 

Rl: If" image-reg. It or "voice reg. " arrives, enter CHANNEL 

MANAGEMENT. 

~ MANAGEMENT 

R1: Always queue all of the "image reg." messages and set 

ITR bit to one. 

R2: If "image end" arrives, send "image granted" to the 

node that has its "image reg." in the queue with the . 
highest priority, then enter REPEAT. 

R3: If "voice reg." arrives, select a free slot from one 

of the available voice unit and send "voice granted", 

then enter REPEAT. 

R4: If "voice reg." arrives and there is no free slot in 

one of the available voice unit, request a voice unit 

by setting VTR=1. 

RS: If VTR=l' I then set VUI=l and repeat rule R3. 

R6: If ITR=l set IUI=! and repeat R2. 

The timers are used to regulate the operation of the 

ring and p~events any violation of the applicable ring 

limits. The timers required in the control station and each 

NIU are described as follows. 
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~ l!2l!Ung Timer ~ 

Each NIU shall have a Token Holding timer to control 

how long a NIU may transmit asynchronous frames. A NIU may 

initiate a transmission of a frame if the timer has not 

expired and the time to transmit the frame is less than 

the elapsed time. Timer THT is initialized every time a 

free token is captured by the NIU. 

The ring controller shall have a Transit timer to keep 

the total transit time arouncl the ring to 125 micro· 

seconds. Timer TT is initialized every time a ring frame 

starts to be transmitted by the control station into the 

ring. 

~ Observation timR ~ 

The control station shall have a Token Observation 

timer to indicate the time interval between subsequent of a 

token. This timer is initialized when the token monitor of 

control station observes a token passes. 

The control station shall bave a Free "l"oken Expected timer 

to detect: if a NIU is hugging ,a token and does not 

release a free token after its THT is expired. This timer 

is initialized by the monitor when a free token arrives in 

the control station~ 
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CHAPTER 5 

NETWORK PERFORMANCE EVALUATION 

A computer network is inherently a complex system that 

brings together the rapid advances in integrated circuits, 

computer protocols, communication media and concurrent 

processing technologies. Therefore its level of performance 

is dictated by a number of factors, some of which are 

network topology, processor throughput, communication 

bandwidth, task allocation, degree of hardware and software 

redundancy and application scenarios, to name only a few. 

These factors interact and influence each other, thereby 

making the design of a computer network extremely difficul-t 

and challenging. Performance evaluation is one of the key 

factor that need to be taken into account in the successful 

design, development, configuration, and tuning of a 

computer network (FER7S, HEISS). 

One of the principal benefits of performance 

evaluation, in addition to predicting who well a system 

that does not yet exist will work, is the insight into the 

structure and behavior of the system that is obtained by 

developing a model. This can be very valuable throughout 
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the life cycle of system design and can' result in early 

discovery and correction of design faults as well as design 

enhancement. 

The evaluation of a computer network can involve such 

factors as function, response time, throughput, 

utilization, availability, reliability, serviceability, 

ease of use, cost and many other factors that are driven 

from the system designer's objectives. A broad spectrum of 

skills is needed in computer network performance 

evaluation. These range from development of the required , 
performance evaluation methods to that of analyzing the 

results of the methods applied. Computer performance 

evaluation is of great practical importance to computer 

network manufacturers and is therefore an area of 

considerable research activity in universities. 

computer performance evaluation techniques can be 

divided into two main areas; analytic performance modeling 

and simulation performance modeling. The structure of 

analytic performance models is based on queuing theory and 

mathematical equations. This type of model has become 

widely accepted, as being a cost effective evaluation 

technique for estimating the performance of computer 

network systems. However, in order to have these 

mathematical equations a tractable solution, certain 

simplifying assumptions must be made. As a consequence, 

analytic models cannot capture all the details of a system. 
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On the other hand, simulation models are extremely 

versatile and can be structured at almost any selected 

level of detail, making it possible to model extremely 

complex systems. Furthermore, a simulation model can 

predict the dynamic behavior of a system, whereas 

analytical models usually can be used only for obtaining 

mean values and steady state behavior (TSU86). 

In this research, simulation modeling is used to 

evaluate the performance of the proposed computer network 

architecture in a PACS environment. A discrete event 

simulation has been performed using Simscript 11.5, which 

briefly will be described in this chapter. The 

organization of this chapter is as follows. The simulation 

model of the computer network is discussed in Section 1. 

In Section 2, the data structure of the simulation program 

is briefly described. Finally, Section 3 presents the 

simulation results and analysis to obtain optimal design 

factors for the proposed computer network • 

.L.l Simulation Model 

The main challenge to be faced in performance 

evaluation is the development of a model that truly 

represents the real system, can be easily modified and 

improved or interfaced with another model. Several 

methodologies are available for developing simulation 

models (ZEI84). In this research, the model of the 
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proposed computer network, PACnet, was structured using a 

top-down technique. In this approach, a conceptual model 

that is independent of the simulation program is first 

developed. The conceptual model starts with an informal 

description of the model and proceeds into more formal 

specification. 

Structuring the conceptual model of the PACnet began 

with development of the model of each component of PACnet 

and then lumping them together. By using this method, the 

PACnet moded is represented in very modular form and 

consists of the following components: 

a. Imaging Equipment (IE) 

b. Work Station (WS) 

c. Data Base Archive Systems (OBAS) 

d. Image Network (INet) 

e. Command Network (CNet) 

f. Network Interface Unit (NIU) 

The first two models are active and the last four are 

assumed to be passive. The active models generate data 

traffic load by means of sending or receiving image, voice, 

or data packets. The passive models are activated by the 

ClCL.Lv~ !ltuut::!l:s. F.Lyu.l:t~ 5.1 ::;huw::; Lilt::! (;Ull(;t:!1JLuca1 llIullt:!l uf Lilt:! 

PACnet system using a queuing model. In this 

representation, the passive models are denoted as servers 

and the active models as producers. Each producer 
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generates entities and puts them in queues to be served by 

the corresponding servers. In the next few sections I the 

model of each of the PACnet components is described in more 

detail. 

bL..! 1l!IAg1ng Equipment Model 

As presented in Chapter 3: there are six di f ferent 

types of imaging equipments that generate images and 

patient data. Figure 5.2a shows the behavior of the 

imaging equipment. When the patient arrives at the 

radiology department, the technician retrieves the patient , 
information from the DBAS to find out what kind of 

procedure and modality the referring physician ordered. 

The technician then prepares the patient and imaging 

equipment for the requested procedure. The imaging 

equipment captures the images one after another and saves 

them in the imaging equipment's local data base. At the 

same time, the image equipment sends a request to DBAS 

through the Command Network as each image is ready to be 

stored in the DBAS ~ Once the DBAS is ready to accept an 

image, it sends an acknowledgment to the image equipment. 

As a result, the image equipment sends one complete image 

to the HIU to be transmitted to the DBAS~ This procedure 

continues as long as the image equipment is capturing 

images from the patient and storing them in local data 

DBAS. If the image eguipment1s local data base is full and 

more images are going to be generated, the image equipment 

,---------,- '-- -----
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I 

MODALITY INTERARRIVAL NUMBER OF IMAGE 
TIME (Min.) PER PROCEDURE 

CT 1 30 
ULTRA- 0.8 30 
SOUND 
NUCLEAR 40 
MEDICINE 
MRI 12 45 
DSA 4 60 
X-RAY 3 15 

(b) 

(a) 

Figure 5.2 (a) Imaging Equipment Operational Model (b) Mean interarrival 
Time of Image Generation by Imaging Equlpments ,.. ... 

CD 

~ 
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sends to the data base a request with the highest priority 

to which the DBAS is required to give immediate response. 

The mean inter-arrival time of the images generated by 

the imaging equipment for each procedure varies according 

to type of modality and procedure. In this research, we 

used empirical data collected from the University of 

Arizona Medical Center. This data is shown in Figure S.2b 

(OZE86a) • 

s...J.....1. ~ lforkstation IIQ!!§l 

The theee types of review workstations that were 

described in Chapter 3 are structured according to the 

same model. Each workstation may be in one of three 

states; browsing, diagnosing images, or consulting states 

(MAY8S). Figure 5.3a shows the o~rational states of a 

review workstation model. In the browsing state, the 

workstation user is looking at patient data by issuing 

some kind of query language conunands through Command 

Network (Cnet).. This process may take place several times 

before images actually are requested. The user may pause 

for a few seconds (thinking time) between sending commands 

that pexmit reading the received data. Once the images 

are selected to be reviewed by the user I a request is sent 

to the DBAS through Cnet again. The DBAS schedules the 

requested images and retrieves them from the DBAS disk-bank 

and transmits them to the requesting workstation. When the 

-----------------



MEAN NUMBER DIAGNOSING 

MODALITY OF IMAGES MEAN THINKING 

l>ER REQUEST TIME PER IMAGE(Min) 

CT 14 0.1 

ULTRA 19 0.25 

SOUND 
NUCLEAR 23 0.22 

MEDICINE 
MRI 5 2 

DSA 10 0.4 

X-RAY 3 1 

(b) 

(a) 

Figure 5.3 (a) Review WOrkstation Operational Model (b) Mean Thinking 
Time of diagnosing one image and Mean number of Images 
per Each Request 

~ 

'" o 



151 

first image arrives at the workstation, the workstation 

enters the diagnosing state. If the requesting review 

workstation is an extended workstation (EWS) I the DBAS 

continues transmitting the requested images to the review 

workstation until the local data base of the workstation is 

full. The DBAS resumes transmitting an image after an 

image has been reviewed by the user. 

After the diagnosing state, the workstation may enter 

into the consulting state if the workstation user wants to 

communicate with another user. In this case, the 
r 

workstation user dials the remote. user and begins sending 

voice and image pOinting over lay data once the remote user 

answers. A workstation may stay in this state for several 

minutes before returninq to browsing state or diagnosing 

state. 

The inter-arrival time of imaqe requests, number of 

images per each request, thinking time and diagn:osing time 

for each review workstation vary according to the type of 

workstation and modality. Figure S.3b shows the number of 

images per request (OZE86b). The thinking time in the 

browsing state is assumed' to be based on poisson 

distribution with the mean value of 20 seconds (SEL88). 

The Data Base Archive System is model.ed based on 

distributed system architecture, which means that there 



152 

are several data base archive systems in the overall system 

modeL The data base archive system models are modeled the 

same and are structured as servers. The DBAS model 

represents only the tirst .level ot the DBAS. It is assumed 

that the images which are more likely to be retrieved by 

workstation users have already been transferred to the 

first level using artificial intelligence concepts 

(MARS7 ,MARSS). 

Each DBAS model consists of three servers, namely, a 

management server, an image server, and a controller , 
server, as shown in Figure 5.4. The management server is 

used to serve only requests corresponding to patient data. 

The image server is responsible for the requests that 

demand either image retrieval or image storing. The 

controller determines which server should process incoming 

requests into the DBAS. 

Figure 5.5 shows the DBAS model operation. Upon 

arrival of a request into the DBAS through Cnet, the 

controller server routes the incoming request to the image 

server or management server. I f the request is sent to the 

management server, it processes the request and retrieves 

the corresponding data to be transmitted to the requesting 

station through the Cnet. On the other hand, if the 

request is sent to the image server I the image server 

schedules the request based on a priority algori thIn. The 

image server processes each request and responds to the 
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Figure 5.4 Queuing Model of Data Base Archive System 

figure 5.5 Operational Model of DBAS Control Server 
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requesting station through the Cnet. 

Figure 5.6 shows the priority algorithm used by the 

image server. The priority algorithm is formulated 

according to the PACS user's requirements and is described 

as follows. There are four levels of priorities. The 

highest priority is given to requests that are issued by 

image equipment when one image equipments local data base 

is full and the current procedure is still in process. In 

this case the DBAS and the Image Network (lnet) pre-empt 

their current activities and start to employ all resources 
f 

according to this process. 

The second highest priority is given to the request~ 

that are issued by the review workstation to retrieve and 

transfer the first image to the requesting workstation. 

Images that are requested by a workstation to be retrieved 

and transmitted, are given the third highest priority. 

Finally, the lowest priority is given to image requests 

that are waiting in the image equipment local data base. 

These four priorities are applied only for external 

requests to the DBAS. However, other requests generated by 

the DBAS components remain to be investigated after a 

detailed DBAS·architecture has been designed (MARSS) . 

.5...L..i ~ Interface ~ .uwu. 
As described in Chapter 4. the NIll is responsible for 

transferring a mixture of image, voice, or packet data from 

the workstation, image equipment, or DBAS to Inet or Cnet, 
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Figure 5.6 Operational Model of Priority Image Server 
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or vice versa, accordingly. The mixture ratio of data 

depends on the state of each review workstation or image 

equipment. The NIU model is represented by a server which 

consists of several sub-servers, namely, an image block 

server, a voice block server I and a data packet server. 

Each sub-server is divided into receiver and transmitter 

servers. Figure 5.7 shows the NIU queuing model. 

The processing time of each server depends on the 

functions required to be performed on each request. The 

processing time for the data packet transmitter server 

consists of two parts. One is to perform the protocol 

function on each request. This is assumed to be a few 

milliseconds. The second function is to wait for a free 

token. The waiting time for a free token varies and it 

depends on the number of active nodes. The processing time 

for a data packet receiving server is also asswned to be a 

few milliseconds. 

The processing time required for the image 

transmitting server also has two components. The server 

first performs the protocol function which is asswned to be 

a few milliseconds and then waits until the control station 

(CS) grants permission to transmit one complete image. 

This processing time depends on image traffic loads 

generated by other nodes over Inet. The image receiving 

server processing time is assumed to be several 

milliseconds. 
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The assumption made for each server' 5 service time 

varies according to. implementation. However, because the 

system model is structured in modular modular fashion, the 

service time can easily be changed. 

The Inet , Cnet, and Vnet models are structured as 

three servers, namely Inet server, Cnet server, and Vnet. 

The processing time of any of these is defined as the time 

required to. propagate an image, or a request from the . 
source node to. the destination node. The data pI:opagates 

with the speed of light. 

~ Simul.ation ~ and Data Structure 

As in top-down system simulation design, developing 

of conceptual model prior to program writing is very 

essential and should be independent of the simulation 

program (ZEISS). Once the conceptual model of the system 

under study is developed and verified to faithfully 

represent the real system, the conceptual model should be 

mapped to a simulation program. In this research we use 

the Simscript 11.5 as the simulation language. In the 

following sections, Simscript 1I.5 is briefly described, 

and then the data structure ·of the simulation program that 

represents the conceptual model is presented. 
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.5...b.! Simscript l1d 

Simscript 11.5 is a language used in discrete system 

simulations. It has many features that help to reduce the 

programming time required for simulation. Simscript 11.5 

contains many automatic features such as timing routine, 

statistics-gathering mechanism, dynamic storage management, 

and flexible report generation (RUSS3). 

A system model to be simulated by Simscript I 1.5 should be 

structured in terms of the following concepts; event, 

entity, attribute, and set. An event is any process that 

causes a change in the state of system. It is represented 

as a routine to be executed when the event occurs. An 

entity is used to model objects that move through system. 

These objects are characterized. by their attributes and may 

be permanent or temporary. A collection of entities which 

are ordered by various disciplines (e.g. FIFO) is called a 

set. A set can be owned. by an entity or the system. 

Figure 5. 8a illustrates the execution cycle of a 

Simscript 11 .. 5 program. Every time an event is scheduled, 

Simscript makes notice of the event, including the type of 

event and the time at which the event will occur, and 

places the notice in an event notice list according to the 

time at which it is to be executed. Figure 5.8b illustrates 

how the timing routine selects one event from the event 

notice list and starts execution. 
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~ Simulation Program Data Structure 

Simscript 11.5, like other computer languages, has 

limitations and constraints. Hence, a conceptual model 

cannot be transferred to Simscript simulation language 

based on a one-to-one relationship. The Simscript 11.5 

simulation program that represents the PACnet model 

consists of five processes, namely, token, DBAS, review 

workstation, image equipment, and NIU. It also consists of 

a preamble, main, output report and initialization 

routines. 'lIhe data structure of the processes are briefly 

discussed in this section. 

Figure 5.9 gives the flow chart of the review 

workstation event routing process, starting with the 

generation of a new request. The review workstation routine 

sends the generated request to its NIU and waits until the 

request is responded to. Then the workstation takes mean 

time of 20 seconds to read the data received in response 

and generates another request (think time). This process 

is repeated several times before the routine issues a 

request for one or several images. After issuing the 

request for image retrieval, the workstation process 

routine waits until the first image arrives. Meanwhile, if 

other requested images arrive at the workstation, they are 

saved in the workstation's local database. The diagnosing 

procedure for each image continues until all requested 
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Figure 5.9 Review Workstation Process Routine Flow chart 
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images are reviewed and diagnosed. If the workstation user 

then wants to consult with the referral doctor or another 

user on remote, a request is sent to NIU for voice channel. 

When the consulting session is finished, an end-o£-

consul tatioD request is sent to the NIU. 

In Figure 5.10, the flow chart of image equipment (IE) 

is shown. A request is scheduled and entered into the NIU 

queue to be sent to the DBAS. The IE waits until the 

request is responded to. After receiving the response, the 

IE -waits for 20 seconds to read the responded data and , 
start scheduling to generate an image. The generated image 

is stored in the IE local database and, at the same time, a 

low priority request is sent to DBAS to notify the DSAS 

that an image is ready to be stored. This procedure 

continues until the IE local database is full or no more 

images are to be generated. If the IE local database is 

full, the IE sends a request with highest priority to DBAS 

and transfers the first image already in the IE local 

database to the NIU. If the NIU buffer is full, the IE 

stops generating images until the NIU buffer is again 

available. 

The DBAS process routine flowchart is shown in Fiqure 

5.11. The DBAS processes two kinds of requests, patient 

data requests and image requests. If the request is for 

patient data and the disk that contains the patient data is 

busy, the request enters into a queue. At the same time, a 
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Figure 5.10 Image Equipment Process Routine Flow Chart 
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Figure 5.11 DBAS Process Routine Flow Chart 



Figure 5.11 (Continued) DBAS Process Routine Flow Chart .... 
'" '" 
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request is retrieved from the top of the queue and the 

patient data sought is retrieved and sent to NIU. This 

procedure continues until there are no more requests 

waiting in the queue. If, however, the request refers to an 

image request and the disk-bank that contains images is 

busy I the request enters in a queue. The queue is 

reordered according to request priority every time an image 

request joins the queue. 

The DBAS continuously retrieves images with the 

highest priority from the queue and start processing it. If 

the request is to store an image in DBAS I the DBAS sends 

permission to the requesting station. Meanwhile, as it 

waits for the permitted image to arrive in the DBAS NIU, 

DBAS starts processing a request that is demanding to 

retrieve an image. After retrieving one image , the OBAS 

checks whether the image to be stored has arrived in the 

NIU buffer. If the image is ready in the NIU buffer, the 

OBAS stores the image and then starts to serve the requests 

waiting in queue based on the priority algorithm . 

The NIU process routine flowchart is shown in 

Figure 5.12. Upon receiving a data packet request from IE, 

WS, or DBAS, the NIU checks whether the data packet 

request queue is full. If the queue is not full, the 

request enters into the queue and increments the queue 

size. Otherwise, it suspends itself until the token 
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Figure 5.12 RIU Process Routine Flow Chart 
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process routine takes one or more requests from the queue 

and sends them to their destinations. While the NIU is in 

suspended state, it does not allow any of its client 

stations to transmit a data packet. 

When an NIU receives voice or image data from its 

client station, it creates a control request and puts it in 

the data packet queue to be sent to the Control Station 

(CS). After receiving permission from CS to send image 

and/or voice data, the NIU transmits one image and voice 

datum. The voice data continue to be transmitted until the 

client station terminates it. 

The flowchart of the token process routine is shown in 

Figure 5.13. The token process routine assures that a 

chance is given to every. NIU to transmit data over Cnet. 

In this process routine, a token is implemented as an 

entity that checks every NIU buffer. If there is no data 

to be transmitted in the selected buffer, the token waits 

in the NIU only for NIU delay time (100 micro-seconds). 

Otherwise it waits in the NIU for the amount of time that 

is required to transmit all the data in the NIU queue over 

Cnet, or until the token holding time has expired. The 

token entity continues to perform this function until the 

simulation stops ~ 
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Figure 5.13 Token Process Routine Flow Chart 
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~ Simulation Results ~ Analysis 

This section contains the results of performance 

evaluation using simulation. During the simulation, a 

number of performance indices, including throughput I 

utilization, transfer time, and response time were 

measured. Some of these performance indicfiOls, such as, 

channel utilization and throughput, can be viewed as 

measures of the system's efficiency. Others, like response 

time, can only be considered a measure of user , 
satisfaction. A brief definition of performance measures 

is presented here. 

1) Throughput: The rate of the actual amount of user 

data which are successfully transmitted over a 

channel wi thin a specific unit of time. 

2) Channel utilization: The ratio of total time used 

to transmit user data to the simulation run time. 

3) Queuing delay: The period of time between a 

request r S arri val in a server queue and the 

beginning of service of that request. 

4) Transmission time: The time required to transmit 

an image or request via Inet , Cnet, or Vnet. 

5) Response time: The period of time in which an 

image or a request is ready in the NIU to be 

transmitted and the time it is completely 
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transmitted. 

The parameters of the simulation model are briefly 

described as follows. 

1) Image arrival time: The number of images which 

arrive at a station within a unit of time. 

2) Buffer size: The size of buffer for transmitting 

and receiving data at each NIU. 

3) Number of nodes: The nwnber of nodes that are 

connected to the network. 

4) Number of active nodes: The number of nodes that 

are currently using the networks to transmit data. 

5) Image packet size: The maximum size of packets 

that carry image data via lnet. 

6) Data packet size: The maximum size of packets 

that carry data packet via Cnet. 

'l'he pr1mary goal of 'the simula't1.on .in 'this research 

was to verify and validate the protocol we ·proposed for the 

PACS, and to obtain optimal values of the network 

parameters. Achieving optimal values of the parameters may 

reduce the complexity of the system and prevents 

unnecessary redundancy, making implementation of the 

system more efficient and less costly. 

~ ~ performance 2f. ~ 

Image 

The primary goal of this section is to evaluate 

net (lnet) and voice net (Vnet) performance. 



173 

However, since these two networks are slave networks 

controlled by Cnet I their performances are affected by the 

Cnet. Cnet, Inet, and Vnet models therefore should be 

combined as one integrated network for purpose of 

evaluation. The integrated network, which we call PACnet, 

consisted of review workstations, imaging equipment and 

DBAS. The OBAS was divided into several sub-OBAS such that 

each was connected to the net\\..)rk as a stand-alone node. 

The number of distributed DBAS plays an important role 

in system pe.r:formance and is a variable of the simulation. 

The assumptions that were made for our simulation were as 

follows: 

1. Number of nodes connected to the PACnet was 120. 

2. There were 43 active review workstations with a 

browsing mean think-time of 20 seconds on the 

network. The number of review workstatio~ 

modalities f number of requested images per request 

and diagnosing time per procedure was shown in 

Figure 5.3. 

3. There were 34 active imaging equipment on the 

network at the same time. The number of imaging 

equipment modalities and the generated image 

arrival rate is shown in Figure 5.2. 

4. The maximum token holding size was 520 bytes. 

5. The transfer rate and access time Disk-bank 
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containing images were 64 Mbps and 30 milliseconds, 

respectively. 

6. The access time and trans fer rate of disks 

containing patient information were 30 

milliseconds and 20 Mbps, respectively. 

7. The number of sub-DBAS was changed as the 

simulation variable. 

8. Each NIU contained one input buffer and one output 

buffer with the size of 6 Mbytes. 

9. Control station processing time was assumed to be , 
10 milliseconds. 

10. The network circumference size was 5 km. 

The above-mentioned assumptions were made to simulate 

the PACnet and were not changed throughout the simulation. 

On the other hand, two parameters were changed during 

simulation to make it possible to observe the performanc~ 

of the PACnet. These were the number of DBAS and the' Inet 

data rate. The results we sought to obtain in this 

simulation in order to evaluate the PACnet performance are 

listed below: 

1) Network response time to transmit one image 

already in the NIU buffer. 

2) Network response time to transmit the first image 

requested by a review workstation from DBAS. 

3) Total response time for the first image requested 
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from the DBAS to be received by review 

workstation. 

4) The total response time for all images requested 

from DBAS to be received by a review workstation. 

S) The maximum size of the imaging equipment's local 

data base. 

6) Utilization of lnet. 

7) Utilization of DBAS. 

8) Number of DBAB operatable as the result of 

distributed DBAS. 

Figure 5. 14 illustrates the relationship between the 

network maximum response time for an image and the network 

.elate transmission rate. The response time represents the 

period from when an image is ready in the NIU bu.ffer to 

when the image has been completely received at destination 

station. In order to investigate the effects of having a 

number of distributed DBAS subsystems on image response 

time, We performed many simulation runs assuming that the 

number of distributed DBAS subsystems was 3, 5 or 7. 

Figure 5.14 shows that the network response time to 

transmit one image was shorter when the DBAS system was 

divided into 3 DBAS. This is because the number of images 

generated by DBAS to be transmitted via network was 

reduced, thereby making more of the network bandwidth 

available to transfer images and diminishing image delay 
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time. When the DBAS was distributed to 3 subsystems, the 

network response time of any image decreased exponentially 

as the network data rate increased. At the point where the 

network rate reached 180 Mbps, the response time is about 1 

second and that decreased gradually as the network data 

rate increased. 

The image response time for the network increased when 

the nwnber of OBAS subsystem increased. As shown in Figure 

5.14, the response time of an image with 5 OBAS was the 

same as the response time of an image with DBAS when the . 
network data rate was less than 120 Mbps. The image 

response time for the network remained almost the same when 

the network data rate was 350 Mbps, regardless of number of 

DBAS. 

Figure 5.15 illustrates the total response time from 

the time an image was requested from DBAS by a review 

workstation to the time the image arrived in the review 

station as a function of network data rate and number of 

distributed DBAS. This response time included request 

transmission time, DBAS processing time, DBAS image 

retrieval time and network response time to transfer an 

image. As shown in Figure 5.15, the total response time of 

an image decreased exponentially as the network data rate 

increased. When there were 3 DBAS r the total response time 

of an image remained almost constant (about 22 seconds) 

after the network data rate passed 120 Mbps. 
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The total response times for images when there were 5 

or DBAs also decreased exponentially as the network data 

rate increased, but were much slower than the total image 

response time when the number of DBAS was 3. In addition, 

the total image response times with 5 and 7 DBAS were very 

similar until before the network data rate reached 240 

Mbps, and their differences started to increase as the 

network data rate passed 240 Mbps. 

The results illustrated in Figure 5.15 suggest that when 

the number of distributed DBAs is 3, the total response , 
time cannot be less than 22 seconds which is unacceptable 

to the users. On the other hand, total bnage response time 

can be reduced to 6 seconds when the number of DBAS is 7 

an.d the network data rate is about 300 Mbps. 

As we discussed in previ.ous secti.ons, the fi.rst .image 

of each requesting workstation to DBAs has been given the 

highest priority. This means that the review workstation 

users can expect to receive at least the first requested 

image in less than 2 seconds. For that reason, a 

simulation run was performed to observe the maximum 

response time for the first image of all requests to be 

transmitted by the network. As before, we assumed. that the 

image was in the NIU buffer. Figure 5.16 illustrates the 

maximum first image response. time for the network, assuming 

3, 5 and 7 distributed DBASs. It is shown that the response 

time decreased exponentially as the network data rate 
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increased. The maximum first image response time assuming 

3, 5, and distributed DBASs were almost the same at a 

data rate of 90 Mbps and again became equal just after the 

data rate passed 240 Mbps. 

Figure 5.17 shows the first image maximum total 

response time for 3, 5 and 7 distributed DBASs. The first 

image total response time included of request transmission 

time, DBAS processing time, DBAS image retrieval (including 

delay time) I and network time to transmit the image from 

DBASa NIU to the review workstation. The response time 
I 

decreased exponentially as the network data rate increased .... 

When there were 3 distributed DBASs, the maximum total 

response time of the first image decreased. gradually as the 

network data rate passes 120 Mbps. 

In the case of having 5 distributed DBAs, the first 

image maximum total time was less than first image maximum 

total time with 7 distributed DBAS as long as the network 

data rate was less than 150 Mbps. However, as the network 

data rate increased beyond 150 Mbps, the first image total 

response time with 7 DBAS became less than the first image. 

total response time with 5 distributed DBAs .. The maximum 

total response time of the first image with 5 and 7 

distributed DBAS were increasing similar when the network 

data rate passed 300 Mbps. The optimal values that 

indicated according to Figure 5.16 were re-evaluated for 
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maximum total response time for the first image and the 

result was shown in Figure 5 .. 17 .. It appeared that the 

maximum total first image response. time was less than 

seconds, which is acceptable to the review station user .. 

Up to now we have seen that the optimal maximum 

network response time and maximwn total response time can 

be obtained when the network data rate is 240 mbps and the 

number of distributed DBAS is 5 .. Now we may look at 

network and DBAS utilization to observe system efficiency. 

Figure 5.18 shows network utilization as a function of , 
network data rate. The network utilization decreases 

exponentially as the network data rate increases and the 

network is almost utilized 100% when the network data rate 

is 90 mbps.. It is important to notice that network 

utilization does not change as the number of distributed 

DBAS changes. This is because the amount of data to be 

transmitted over the network does not change but, rather, 

is delayed. The network utilization at the optimal network 

data rate of 240 mbps (concluded from previous simulation 

results) is about 35% meaning that the Inet is busy only 35 

percent of the time transmitting image data. The adaptive 

frame variable algorithm therefore can be applied to 

transmit data packet over lnet when it is not being 

utilized to transmit image data. 

--~--~---'-'-'---~-
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CHAPTER 6 

NETWORK INTERFACE UNIT 

In Chapter 4, we proposed a protocol to transmit 

image, voice, and data packet via a fiber optic dual ring 

network. The simulation results showed that the proposed 

protocol cane successfully support the user' 5 requirements 

as well as fully utilize the high capacity of the network. 

Based on simulation results, we proposed the optimal values 

of some important parameters for design of the PACs 

network. In this chapter we present some important issues 

associated with designing the PACnet· 5 NIU. 

Figure 6.1 depicts the block diagram of NIU for 

PACnet. Basically, the NIU receives the ring frame from 

its upstream station and writes or reads data into/from the 

ring frame, and then repeats it to its down stream station. 

Since there is no optical computation and optical-to

optical repeater available in the current state of 

technology, the incoming optical bit stream is required to 

be converted to electrical bit stream. In the following 

sections, the functional description of the NIU components 

and their state-of-the-art constraints are presented. 
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TRANSMITTER RECEIVER 

Figure 6.1 Network Interface Unit Block diagram 
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L..! ~ ~ And Transmitter 

The incoming optical data stream is first detected 

by optical receiver, converted to electrical data stream, 

and then amplified. In the transmitting side of the NIU, 

the data is received from the higher layer of NIU and then 

it is converted to optical signal. The optical signal is 

fed into the fiber optic. 

As discussed in Chapter 2, Laser Diodes (LOs) and 

Avalanche Photo Diodes (A'PPs) have more desirable 

characteristics than LEDs and PIN diode pairs; including . 
more power, and higher senSitivity, respectively. Single 

mode fiber is also more adequate for our application due to 

high data rate, low attenuation, and long dl.stance 

coverage. Therefore, APDs and laser diodes are proposed to 

be used for optical receiver and transmitter in the 

PACnet's NIU However, we do not propose the 

specification of the optical receiver and transmitter in 

this dissertation due to rapid development of technology in 

fiber optic conununication. The optical transmitter and 

receiver which operate at the data rate of 1.5 Gbps has 

been developed this year and expected to be increased to 2 a 

Gbps in the near futUre (TABSS). These data rates are 

beyond the data rate required for our application and do 

not limit the implementation of the NIU. 
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.6.....2. Elastipity ~ 

PACnet employs an interesting solution to ring 

clocking problem. The total ring, including all of its 

stations and all of its links, must remain the same 

apparent bit length during data transmission. Otherwise, 

some bits would be lost or gained as a ring frame was 

repeated around the ring. In the face of jitter, voltage, 

temperature, and aging effects, such stability can only be 

realized through special provisions. 

The elasticity buffer is always inserted between a 
t 

receiver and a transmitter. The receiver in a HIU employs a 

variable frequency clock to track the clock of the previous 

transmitting station and its own NIU transmitter. The 

transmitter of each HIU runs on a fixed frequency clock. 

The elasticity buffer in· each station is reinitialized 

during the preamble arrival which precedes each ring frame. 

This has the effect of increasing, or decreasing, the 

length of the preamble. 

Encoding scheme is one of the most important 

factors of designing a high speed network. The desirable 

characteristics of a coding scheme for high speed network 

must include guaranteed clock transitions, zero DC power 

for transformer coupling, encoding data and clock, and low 

intersymbol interference. Data recovery of the serially 
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encoded bit stream requires the recovery of synchronizing 

clock information inherent in the encoded bit stream. 

Several of the low-speed standards, including 

IEEE's use Manchester encoding for baseband transmission. 

Manchester coding scheme has many of the characteristics of 

an encoding scheme suitable for a high speed network. 

However, Manchester encoding is only 50 percent efficient. 

Had it been used with PACnet at 240 Mbps, the encoding 

scheme would have required 480 Mbps bandwidth. 

Accordingly, the LD transmitters and APD receivers would 
I 

have had to operate at 480 MHz which was deemed to be more 

expensive. 

As a result, a more efficient encoding scheme to 

keep the baud rate down was developed. This encoding 

scheme is called 4B/58 and was used in FDDL In 48/58, the 

encoding is done on four bits at a time to create a five

celt symbol on the medium. The symbols are transmitted in a 

Non-Return to Zero Inverted (NUl) format. The efficiency 

of the 48/58 coding technique is 80% percent, therefore, to 

transmit 240 Mbps requires a bandwidth of 300 11Hz. The 

clock transition of 4B/58 encoding scheme is not 

necessarily presented in each bit-cell, like Manchester 

encoding scheme, but rather it may occur as infrequently as 

every 3 bits. This makes the clock recovery a little more 

complex, but keeps the band rate and cost of the 

transceivers low. 
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~ Boundary Detector ~ Inserter 

Boundary detector and inserter provide facilities 

to mark start and end of the ring frame as well as its 

images I data packet, and voice regions. The boundary 

detection is performed before the incoming bit stream is 

converted by the decoder. This is because the boundaries 

are ~etermined by the symbols and are not sent up to a 

higher layer as part of data. Upon arrival of boundary 

symbols in the NIU, the boundary detector translates the 

symbol' 5 and notifies the MUX controller which region the 

frame and start of new ring incoming data stream belongs 

to. The boundary inserter, on the other hand, inserts the 

boundary symbols at the start and end of ring frame, image, 

data packet and voice regions. The size and types of the 

boundaries were presented in Chapter 4. 

~ !!l\,!; Controller 

When frame ring passes through the MAC controller, 

it has already been informed by the boundary detector which 

region this data belongs to. The MAC controller reads the 

image data if it is waiting for image arrival. Otherwise, 

it simply repeats the incoming data. When there is an 

image ready in the NIU to be transmitted and the station 

(CS) has granted the permission to the requesting NIU to 

transmit its image, the MAC controller write the image data 

in the image region of the ring frame and then repeats the 
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ring frame. 

On the other hand, when the MAC controller notifies 

the arrival of data pack region, SA, DA, AC and FCS are 

stripped off of the received packet. If the DA of received 

frame is equal to NIU'a own address, the received frame is 

copied into data packet buffer and .MAC controller notifies 

the higher layer of arrival of the frame. At the same time 

the incoming frame is transmitted to down stream link. When 

the HAC controller transmits the data, it notifies the 

boundary inserter the start and end of each region. As a 

reaul t, the boundary inserter adds the boundary symbols to 

the outgoing ring frame. 

The process Ing that the NIU hardware must perform on 

the data, while passing through the NIU, can be looked upon 

as how the data is operated on. For example, in a 200 Hbps 

network, if the data is operated on a Parallel while it is 

16 or 32 bits wide, the processor will have to supply data 

at about 6.7 mega-word per second. These speeds are within 

the range of the present bit-slice processors and not far 

from the range of some conventional HOS microprocessors. 

On the other hand, if the operations are close to the 

medium, then EeL and GaAs hardware technology would 

certainly be required. The advances· in GaAs MESFET device 

performance and LSI (75000 gates) fabrication technology 

over the past few years I)ave demonstrated clock speed above 
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1 Gbps and therefore, the implementation of the proposed 

NIU is possible with the current technology .. 
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CHAPTER 7 

SUMMARY AND FUTURE WORK 

In this dissertation, a high speed network for PACs 

environment was designed. This chapter contains a summary 

and conclusion of this dissertation and suggests some , 
future directions in the design of high speed network 

specifically for PACs environment. 

A growing number of diagnostic examinations in a 

hospi.tal are being generated via digitally formatted 

imaging modalities. A high speed network is becoming 

essential when the digital images and patient information 

must be transferred from one location to another location. 

The network must be structured to meet exactly the PACs 

user's requirements instead of pressing the user's into a 

template of the currently existing computer networks. The 

basic requirements of the network in a PACS environment are 

to allow exchange of images and associated data among the 

units in a short time, and transmitting voice and image 

pointing overlay data in a real-time for the purpose of 
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consultation among radiologists and referral physicians. 

There are four types of data generation stations on the 

network: image equipment, review work-station, data base 

archive and gateways or bridge. Each station performs one 

or more management functions and produce different data 

traffic loads. The amount of traffic produced by each type 

of node depends on node's modality type. There are five 

different types of data that are transferred via the 

network: knowledge data, control data, image, voice and 

image pointing overlay data. Each of these data types have , 
different characteristics and are generated for different 

purposes. The meaning of each data type has been 

presented. The PACnet consists of three major components: 

fiber optics dual ring, NIU, and control station. Fiber 

optics were selected as the PACnet media due to the 

characteristic of fiber optics including high bandwidth, 

low attenuation, -and large geographical coverage. The dual 

fiber optic ring uses two separate fiber optics rings to 

carry signals in opposite directions between NIU' s. The 

signals usually flow in one direction until a failure 

occurs. The MIU's on both sides of the broken link will 

try to loop back data from the first ring to the second 

ring to maintain a complete ring. In operation, a ring 

is initialized in a packet switching mode and the whole 

network bandwidth is dedicated to the token passing data 

transmission. When a station has image or voice data to 



195 

transmit to another station, it sends an image or voice 

channel request to the control station via data packet 

channel including the address of the image or voice 

receiving station. The control station divides the network 

bandwidth to voice, image, and data packet channel using 

TDMA technique and then it switches the network operation 

to tho hybrid modo wh.i.ch pzoov.i.d.c,.:::: a comb;i.nati.on of c.1.rc:u.i.t 

and packe:t switching techniques. The control station then 

grants the requested channel, if available, by sending a 

message to both transmitting and receiving stations via 

data packet channel. At this time, the transmitter starts 

sending image or voice data using circuit switching 

technique via the granted channel. Once the image or voice 

transmission is terminated, the transmitter station 

notifies the .control station that the channel is not needed 

and can be granted to the other stations. 

The PACnet provides a data channel, an image 

channel, and many voice channels based on Time Divisio~ 

Multiple Access (TDMA) techniques to carry image, real-time 

voice and intermittent data. The control station is 

responsible to introduce a frame every 125 micro-seconds 

into the ring. The frame consists of three cysts which are 

separated by boundary symbols. These three slots represent 

image, data packet, and voice channels. The voice and 

image data require connection oriented environment. Thus 

---~~~ -------.---
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image and voice data are transmitted using cireui t 

switching technique. For intermittent data, a packet 

switching technique is employed using a new ring token 

passing scheme. The proposed ring token passing protocol 

is based on IEEE 802.5 standard but It has eliminated many 

complicated miscellany of IEEE 802.5 to provide a fast and 

compact token ring protocol for our applications. 

PACnet provides four level of priorities to 

transmit an image. The highest priority is given t.o the 

~irst image of procedures that are requested from the DBAs , 
by the review workstation. The second highest priority is 

given to the images that are generated by an image 

equipment when the image equipment local data base is full. 

The images that are requested by review station from 

the DSAs and are the first image of a procedure, have the 

third highest priority. Finally. all images produced by- a 

imaging equipment while its local data base is not full has 

the lowest priority. The performance of the proposed 

protocol is evaluated using simulation modeling. The 

simulation objectives is t~ determine the optimal values of 

the variables image transmission response time, network 

data rate, throughput, utilization, number of distributed. 

DBAS, and image equipment local data base size. The 

simulation model is structured using top-down approach. 

The input variable values of the simulation were taken from 

the conventional systems used in University of Arizona. 

_ .. ------------.-_._--_.-
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The model of the nodes and NIUa were developed separately 

and then were lumped together for the purpose of 

modularity. The network simulation model was implemented 

in a discrete event simulation language using Simscript 

11.5. The simulation results have shown that the proposed. 

network provides satisfactory performance to transfer 

image, voice, and data as well as utilizing the high 

capacity of the network. 

'l'he simulation results suggest that the optimal 

network datar rate and number of distributed DBAB is 240 

Mbps and 5, respectively. It also shows that the imaging 

equipment local data base does not have profound effect on 

the image response time. On the other hand, the review 

workstation local data base and number of distributed DBAS 

decreases the image response time exponentially as the 

network data rate increases. 

Finally, the functional design of Network Interface 

Uni t (HIll) bas been proposed to support the PACnet 

protocol. A single mode fiber optic, laser did and 

avalanche photo diode have been proposed for the PACnet as 

its medium, light source, and. light detector, respectively. 

L..2. llll:lIIm ~ 

A network protocol that satisfies the PACS user's 

requirements was developed and the functional design of the 

HIU was proposed in this dissertation. There is still more 
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to be done before the PACnet can be completely implemented. 

The next task to be performed in the future would be to 

specify the functional requirements of the NIU-HOST 

interface. This interface should be compatible with ACR

NEMA protocol standard. 

The data base archive system is also another dimension 

to be explored. The functional and design requirements of 

a distributed data base archive system architecture over 

the network and its database management should be defined. 

The distribTlted data base archive system also should be 

evaluated versus the centralized data base archive system. 

Another aspect of the future direction would be to define 

the requirements for a global PACs (GPACS). The GPACS will 

allow the exchange of image, patient information, and it 

provides real-time consulting facilities among radiologist 

and physicians throughout the world. 

Finally, the PACnet should be implemented using the 

des ign parameters suggested in this dissertation. The 

··state-of-art technology for fiber optiC, laser diodes, 

photo diodes, and electrical hardware must be carefully 

reviewed at the time of implementation. 
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