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Digital radiographic images are created by a variety of diagnostic imaging 

modalities. A multi-modality workstation, known as the Arizona Viewing Console 

(AVC), was designed and built by the University of Arizona Radiology Department to 

support research in radiographic image processing and image display. Two specially 

designed VMEbus components, the base image memory and the video display memory, 

were integrated into the AVC and are the subject of this thesis. The base image 

memory is a multi-ported, 8 megabyte memory array based on random access memory 

used for raw image storage. It supports a 10 megapixel per second image processor 

and can interface to a 320 megabit per second network. The video display memory 

utilizes video memories and is capable of displaying two independent high resolution 

images, each 1024 pixels by 1536 lines, on separate video monitors. In part, these 

two memory designs have allowed the AVC to excel as a radiographic image 

workstation. 
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INTRODUCTION 

Radiology Today 

In a radiology department the flow of patients, radiologic images and text 

information each has an unique path. These paths can be complex routing processes 

since many radiology departments have developed different schemes to coordinate 

these processes [1-3]. 

Typically, a patient is imaged by a radiology technician. The images are either 

captured directly on film, as in a chest x-ray, or they are acquired digitally and 

transferred to film, as in the case of the digital imaging modalities. The film serves 

several important purposes. The radiologist reads the film to make his or her 

diagnostic report even though the original images may have been produced by a digital 

imaging modality such as computed tomography. The radiologist reviews a series of 

images known as a patient study in the radiology department's reading room. The 

images are presented to the radiologist on a film alternator or light box panel that is 

loaded with several patient studies by the film librarian. When the images are 

displayed on a film alternator, the reader can step through the patient cases in rapid 

succession. The number of images a radiologist views for each case depends on the 

individual radiologist and the type of imaging modality used for the patient study. In 

the case of chest films the radiologist may view four, fourteen inch by seventeen inch 

images. Two of the four images will be the recently acquired anterior-posterior and 

lateral images with an older set of anterior-posterior and lateral films for comparison. 



For a computerized tomography study, the radiologist may view upwards of forty-eight 

images on four fourteen inch by seventeen inch films. A common practice in most 

radiology departments is for the radiologist to make the diagnostic report from the 

film images. The diagnostic report is then transcribed as a written document. Both 

the film and a copy of the diagnostic report are stored for up to ten years in a film 

library for latter reference. 

Images are acquired by two different classes of imaging techniques. One imaging 

technique uses a sheet of film as the image sensor and is exposed directly to x-ray 

photons. Chest films and skeletal radiographs fall into this category. The other 

technique encompasses all the other imaging modalities where film is not used as the 

image sensor. This is a broad class of devices including imaging modalities that may 

or may not use ionizing x-rays. Computerized tomography (CT), digital subtraction 

angiography (DSA) use x-rays as a light source. While imaging modalities that do not 

use any x-ray emissions include ultrasound, nuclear medicine imaging and magnetic 

resonance imaging (MRI). 

There are several common features among the imaging devices in the filmless 

image class. These features are digitized image data, digital image processing and the 

use of video monitors to display the images. Somewhere in the process of producing 

an picture, the image exists as a collection of digitized data points that are processed 

in a unique manner depending on the imaging modality. After processing, the 

resulting image is displayed on a video monitor. While the image resides in the 

imaging device, the user can interactively adjust some of the image processing 

parameters in order to display an image that enhances the features of interest. This 

is what the radiology technician does after a patient study. The technician will select 

a group of images, process them to enhance the anatomical features of interest and 



transfer the processed image to film. The technician may or may not consult with 

the radiologist when he selects and processes the images. In fact, the radiologist may 

see the patient study for the first time when the images on film are being displayed 

on the light box. 

At this stage the radiologist can not interact with the raw image data. Should 

the radiologist wish to do so he or she would have to leave the reading room, go to 

the imaging modality site where the image was acquired and recall the patient study. 

Since most imaging modalities have evolved independently of one another, the data 

format, imaging processing algorithms and display requirements are not only unique to 

that modality but are unique with respect to the different imaging modality 

manufacturers. Thus, it is unlikely that the physicians console on a CT machine will 

be able to display a MRI image even if both devices were from the same 

manufacturer. In some radiology departments, the imaging equipment may not even be 

in the same building as the department's reading room. These constraints make it 

almost impossible for the radiologist to compare images of the same anatomy acquired 

on two different imaging modalities. 

It is not difficult to see why the radiologist today works from images on film 

being illuminated on a light box even if these images where obtained digitally. Light 

boxes have the ability to display many images on several sheets of film at the same 

time. A radiologist can scan these images rapidly and make comparisons between 

images easily and quickly. During the time the radiologist is reading the films he will 

dictate the diagnostic. This is an important point in the process to observe the 

radiologist's actions. The radiologist is holding dictaphone in one hand while 

speaking. The other hand may have a grease pencil to outline an area of interest or 

hold a magnifying glass to enlarge a portion of the image. He is totally involved in 



scanning the images while mentally processing them. 

After the reading process has been completed, a transcriptionist types the 

diagnostic report which the radiologist will review and sign. Copies of the diagnostic 

report go to the referring physician, a copy for the radiology department and a copy 

is placed in a folder with the film. The film folder is then stored with the patients 

other films, if any, in a film library with a multitude of other film folders. The film 

library becomes a very large film archive both in numbers of film folders and physical 

space to store them. In this country each state governs how long the film has to be 

legally stored, typically seven to ten years. This is a formidable task and it is not 

uncommon for films to be lost and misfiled in this kind of setting. When the films 

are checked out of the library, the borrower receives the original films, not copies. 

While the films are checked out they are subject to damage and being lost or not 

returned. 

Imaging Modalities 

While each imaging modality has unique characteristics with respect to image 

data, graphics fields and display requirements, the digital imaging modalities have two 

common characteristics. The first characteristic is that the image is made up of a 

two dimensional array of discrete picture elements known as pixels. The second 

characteristic is that each pixel is a digital number representing the intensity or gray 

scale value at that point in the image. These characteristics are fundamentally 

important to the design of a radiologic workstation. To develop the functional 

requirements for a workstation the different imaging modalities need to be analyzed. 



Nuclear medicine images have the smallest matrix size, typically in the range of 

64 by 64 pixels to 128 by 128 pixels. They are digitized with 6 to 8 bits of gray 

scale resolution. Temporal display of the images in a movie loop allows the 

radiologist to observe where and how much of the isotope is absorbed over time [4]. 

Ultrasound images range from 340 by 256 pixels to 640 by 480 pixels with 8 to 

10 bits of gray scale. Ultrasound imaging can be either still frame images or time 

sequence frames. Still frames are common for both organ and fetal imaging. 

Temporal imaging of cardiac functions, especially heart valves and ventricular wall 

motion studies, are displayed as movie loops. 

Magnetic resonance imaging (MRI) is one of the newer imaging modalities being 

used clinically today. MRI images are typically in the range of 512 by 512 pixels with 

10 bits of gray scale. Since the data set from a MRI study is a three dimensional 

array, an image slice can be reconstructed at any angle with respect to x, y and z 

coordinates. Once the image has been reconstructed it is displayed as a two 

dimensional slice through the body. A radiologist will sometimes view the slices in 

rapid order and in doing so build a three dimension mental image of the patients 

anatomy. 

Computerized tomography (CT) has evolved over several generations of scanners. 

CT images are in the range of 256 by 256 pixels to 640 by 480 pixels with 12 bits of 

gray scale. CT images tend to be axial slices through the body and, like the MRI 

images, can be displayed in rapid succession to build a three dimensional image in the 

radiologist mind. 

Digital Subtraction Angiography (DSA) images the blood flow in vessels through 

out the body. During acquisition, a radio-opaque contrast medium is injected into the 

blood stream while the images are being presented to a video camera. The video 
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output from the camera is digitized, processed and displayed on a monitor. During 

the study a reference image without contrast is digitally subtracted from the 

subsequent images. The resulting images show the path the blood traveled over time. 

To achieve subtracted images with sufficient contrast resolution the video images are 

digitized to 10 bits of gray scale. DSA images have a broad range of 256 by 256 

pixels to 1024 by 1024 pixels and require temporal display in a movie loop. 

Cardiac studies of the blood flow in the heart and in the coronary arteries are 

performed in the catheterization lab. Here the images are first obtained as 

radiographic cine films. Film is used to directly capture the image because the frame 

rate varies from 30 frames per second to 90 frames per second in order to capture 

images in rapid sequence. Acquisition rates above 30 frames per second are too fast 

for currently available video cameras, thus making film the sensor of choice. After 

the film has been developed, each frame is digitized and stored. Typical images are 

256 by 256 pixels with 8 to 10 bits of gray scale resolution. The cine films are then 

played back on special projectors that allow the radiologist to vary the frame rate. 

Computerized Radiography is a new imaging modality that produces digital 

fourteen inch by seventeen inch chest images without film. A special photo-

stimulable phosphorus coated imaging plate is used in place of film. The exposed 

imaging plate is then scanned with a laser to produce a digital image. The images 

can be as large as 1760 by 2140 pixels with 12 bits of gray scale. 

Film digitizers are being used to generate high resolution digital images by using 

a scanning laser beam to sample the image on the film. A beam with a 200 micron 

spot can produce 2048 by 2048 pixels images with 10 to 12 bits of gray scale [1]. 
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RADIOLOGY IN THE FUTURE 

Several characteristics of how a radiologist will work in the future are evident 

today. He or she is becoming accustomed to viewing and manipulating digital images 

displayed on the video monitors integrated into of the digital imaging modalities. 

Presently these imaging modalities are stand alone systems and as such do not allow 

the interchange of image data between different imaging modalities. 

It is anticipated that research in radiology will not only address and solve the 

problems with a film based radiology department but will continue to evolve and 

develop new imaging modalities and image management systems for a totally digital 

radiology department. It is important to consider theses three points in developing a 

scheme for radiology in the future. First, the scheme must retain the current 

positive aspects of film reading such as the radiologist through put and efficacy. 

Second, it should apply technology where appropriate to solve the problems of a 

totally digital radiology department. Third, it should offer new diagnostic imaging 

techniques and image processing aids for the radiologist. 

The positive features that must be preserved are related to how the radiologist 

practices medicine today. From the brief description of how a radiology department 

works, several key aspects are borne out. One is, the radiologist views several 

images at a time and can quickly compare the newly acquired images with the older 

images. Second, he is accustomed to viewing large format fourteen inch by seventeen 

inch images on film. If we perceive the radiologist as a highly trained pattern 

recognition processor, the images he is presented with in the future must meet the 
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quality of the images on film today. Third, the radiologist is accustomed to working 

quickly and efficiently. Throughput is an important requirement that must be 

preserved without degrading the radiologist efficacy. 

There is a whole host of problems to be solved. Image storage and retrieval to 

and from the image archive is a subject that is currently being investigated. The 

radiologic industry is continually improving the imaging devices. Technology has 

allowed images to increase in spatial and contrast resolution. Advances in sensor 

technology has reduced the x-ray dose a patient receives. It is apparent that multi-

modality workstations have to be developed to allow the radiologist to access all the 

images in the archive, process them and view the resultant images on high resolution 

displays. 

Several diagnostic aids can be made available to the radiologist using a 

workstation in the future. Powerful image processing algorithms will enhance feature 

extraction, pattern recognition and texture analysis. A workstation supplemented with 

an expert system could be powerful diagnostic tool for the radiologist. A library of 

reference images can be quickly accessed from the local storage or image archive to 

aid in a diagnosis. 

It is envisioned that in the future the entire radiology department will be 

networked together. Several schemes show the radiologist performing his reading and 

giving the diagnostic report on radiological workstations. These workstations are 

nodes on the network and as such have access to image acquisition sites and the 

entire image archive. Such as scheme calls for multi-modality workstations to be 

developed for use on the network. This scheme is known as a Picture Archiving and 

Communication System, PACS. 
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Picture Archiving and Communication System 

Since the 1970's development in diagnostic radiographic imaging modalities have 

been primarily digital imaging devices. Presently, all of these imaging devices are 

stand alone. They acquire the image in digital form, locally process the digital data 

and then display the resulting image on a video monitor at the image acquisition site. 

A Picture Archiving and Communication System (PACS) has been proposed as way 

to implement a filmless, totally digital radiology department [5,6]. The PACS is 

comprised of acquisition sites, workstations, an image archive, a connection to the 

radiology information system (RIS) [7] and an external communication site all 

networked together [8], as shown in Figure 1. The imaging equipment will become 

the image acquisition nodes on the network. This will include all of the diagnostic 

imaging modalities and the film digitizers for older images that exist only on film. 

The workstations will be both a sink and source for images and text on the network. 

The radiologist will be able to access the patient's most recent images from the 

acquisition site and recall older images from the image archive for comparison on the 

workstation. The radiologist will then dictate their diagnostic reports at the 

workstation and file the report along with the electronic images in the archive. 

Images will be stored and recalled from a large data base archive comprised of images 

and diagnostic reports. This data base will be accessible from any workstation on the 

network. 
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Figure 1 

Preliminary studies have shown that a 300 bed hospital will generate about one 

and one half gigabytes (l.S x 10^ bytes) of image data each day [9]. This translates 

to approximately one half of a terabyte (0.5 x 10^ bytes) of data per year. Given 

the size and amount of data to be transferred over the network, a transmission rate 

of at least 100 megabits per second will be required. The ability to store and recall 

images from the different modalities over the network calls for the development of a 

multi-modality workstations. 
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AN IDEAL RADIOLOGIC WORKSTATION 

Observation of radiologists at work and discussions with them about their work 

have established several common characteristics. Although radiologists are accustomed 

to viewing and manipulating images in a well established way, there is significant 

variation among them [12]. The quality of the images is extremely important in all 

cases. Radiologists also work at a fast pace so throughput is an important 

consideration in designing a workstation. The variation in techniques among 

radiologists and between imaging modalities make it difficult to specify an ideal 

workstation which will fit all the requirements. However, it is necessary that a 

multi-modality workstation duplicate the functions on the imaging acquisition device 

for each imaging modality [2,10,11,16]. 

Workstation Attributes 

From discussions with the radiologists at the University of Arizona Health 

Sciences Center, the following six important attributes of a radiologic workstation 

became evident. It is difficult to rank these attributes as to their importance since 

their order varies between radiologists. 
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Workstation Attributes 

Images with High Spatial Resolution 

Images with High Contrast Resolution 

Fast Response Time 

Ease of Use 

Ease of Learning to use 

Reasonable Cost for Perceived Benefits 

The spatial resolution of an image gives an indication of how much detail can be 

seen in an image and is typically expressed by a two dimensional array of pixels 

and/or the number of line pairs per millimeter. Higher spatial resolution results in 

more structure and details that can be seen in the image. The spatial resolution must 

be at least 1024 by 1024 pixels, 1.25 line pairs per millimeter, in order to support 

research on chest, images [13,14,20]. 

Contrast resolution is a measure of the dynamic range of the gray scale values 

in an image. Higher contrast resolution allows the human observer to distinguish 

subtle differences in gray scale values and is typically specified as the number of gray 

scale values and/or the number of bits used to represent a pixel. The contrast 

resolution of the display must be on the order of 256 shades of gray or at least 8 

bits per pixel, otherwise an artifact known as gray scale contouring will result. 

Images exhibiting gray scale contouring will not be acceptable to radiologists. 

Additionally, if the workstation is to deal with images from the digital imaging 

modalities such as CT, the it needs to have the capability to handle images with 12 

bits of gray scale resolution. 

There are two types of considerations regarding the responsiveness of the 
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system. First, it is important that images can be quickly recalled and displayed from 

the local storage disk once they have been selected by the radiologist. Retrieval 

times of more than 2 seconds will not be acceptable to a radiologist. Second, is 

image processing time. Interactive image processing on the workstation should be less 

than one second. Processing times greater than several seconds will test the patience 

of radiologists [IS]. This can be mitigated by preprocessing images which do not 

require interactive processing. 

The workstation must be easy to use. The radiologist is concerned with 

throughput and does not have time to read manuals on how to use the workstation. 

The workstation's user interface must be not only be 'user friendly* but also intuitive. 

Similarly, the system must be easy to learn to use. 

While cost appears last on the list above it is still important to the radiologist, 

though perhaps not to the same degree as the administrators. The perceived benefits 

of the system play an important factor in determining the acceptable level of cost. 

Radiological imaging does not utilize color except in a few limited cases. 

Therefore, a workstation supporting research in this area does not really require 

color, unless is it desirable to use color overlays to indicate regions of interest or 

textual additions to the image data. Color may also be required if the system is to 

be used to support research in nuclear medicine or some types of ultrasound imaging. 

Color will be necessary if research is to be conducted on new methods of presenting 

information to the radiologist, particularly if the images require the representation of 

multi-dimensional parameters for each pixel. However, in discussions with radiologists 

they stated that the use of color in radiographic images is usually an unwanted 

distraction. 
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Spatial Manipulation Capabilities 

The workstation must be able to perform spatial manipulations on an image and 

display it adjacent to other images so that anatomical features can be compared. 

Below is a list of required image manipulation capabilities which should be done 

interactively. 

Spatial Manipulation Capabilities 

Zoom, Minify and Enlarge the Image 

Roam and Pan a Viewport within an Image 

Move the Image on the Display Monitor 

90 Degree Image Rotation 

Flip Image (Horizontal and/or Vertical) 

Movie Loop Display of Temporal Sequences 

Information Displayed on the Monitor 

When the images are viewed it is desireable to have additional information about 

the image processing parameters and patient information such as the date the image 

was acquired, the patient's name, age, etc. This information should be displayed 

outside the image area so that no part of the image is obscured. Information fields 

should be under software control and allow the user to enable specific fields. As an 

example the radiologist may not be interested in the parameter settings for image 

processing and therefore elect not to display them but would need to see the patient 
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demographics. In contrast, a researcher using the workstation probably would like to 

display the settings of the image processor parameters and not be interested in the 

patient demographics. Below are some examples of possible non-image information 

which may need to be displayed. 

Information Displayed on the Monitor 

Graphical Representation of Window and Level 

Image Processing Parameters 

Image Histogram 

Frame Number 

Text - Patient Information 

User Input Devices 

The user interface to the workstation is also important. The user interface is a 

blend of software and hardware working together allowing the actual internal 

processes of the workstation to be transparent to the user. The user will first 

interact with a piece of hardware known as an input device. We have an advantage 

today since many input devices have been developed. Below is a list of the available 

input devices which can be used in various combinations to support the user interface. 
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User Input Devices 

Trackball / Mouse 

Touch Screens 

Linear Controls - Shaft Encoders 

Digitizer Tablets 

Hard / Soft Function Keys 

Keyboard 

Lightpens 

Voice Recognition Modules 

Local Mass Storage 

A workstation requires large local storage devices for the digitized images. Two 

critical considerations for the storage devices are access speed and storage capacity. 

A user should be able to retrieve the largest image from the local storage device and 

display it in less than two seconds [17], The storage capacity must be sufficient to 

hold all the images required for a single experiment. As an example, an experiment 

consisting of fifty sets of ten 1024 by 1024 pixel images will need more than 0.5 

gigabytes of local storage. Storage requirements can be met with magnetic hard disk 

drives. In addition, the local storage can be further supplemented with optical disk 

drives [18] that offer up to 4 gigabytes of on line storage per drive. 
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Network Communications 

As radiology departments implement a totally digital department it will be vital 

to connect the workstation to their Picture Archiving and Communication System 

(PACS). This connection requires the workstation to have the appropriate network 

interface hardware for the type of network being used by the department. The 

workstation's network interface needs to be a high speed port in order to maximize 

the performance of the PACS. 

Network communications are a firm requirement in order for a radiologic 

workstation to provide a source of image information and access to the hospital 

information system (HIS) or radiology information system (RIS) patient databases. 

These databases may be accessed to retrieve the patient's demographic and clinical 

information. Network communications also provide access to high capacity data 

processing systems for intensive processing which cannot be accomplished in 

reasonable time on the workstation. The network communications should be 

compatible with the information interchange standard used by the HIS and RIS. 

Software Environment 

The user environment for the host computer system of a radiologic workstation 

serves two primary functions. The function of any operating system is to manage the 

computing and I/O resources associated with the system. Thus the host systems user 

environment must provide a high level interface to the image processing and display 

resources of the system. Additionally, the user environment in a research oriented 

workstation must provide facilities for the development of user applications for 
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invocation by the standard workstation radiologic application software. The host 

system software must allow the application to configure and manage the input and 

display devices in a manner that is as flexible as possible. This will allow the 

workstation to be configured differently for each radiologist. It should also provide 

resources for other related tasks. These resources might include database management 

software, statistical analysis packages, word processing and network communications 

facilities. 

Image Processing Capabilities 

Image processing can be implemented in either software or hardware. Software 

has the advantage of being flexible by allowing fast changes in the image processing 

algorithm. The disadvantage is that the time it takes the software to process the 

image can be unacceptably long. In contrast, image processing algorithms implemented 

in hardware are very fast, allowing the user to interact with the workstation in real 

time. Its disadvantage is the loss of flexibility and ease in making changes in the 

image processing algorithm. Ideally the workstation should be a complementary blend 

of both software and hardware image processing where both system flexibility and 

response speed are maximized. As an example, the window and level adjustments are 

necessary image processing functions used to adjust the range of raw image data to 

be acceptable to the display monitor. A Look Up Table (LUT) is used to perform 

these functions and embodies both software and hardware elements to achieve the 

final resulting image to be displayed to the user. The software has great freedom in 

calculating the window and level table thus allowing flexibility for many different 
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types of maps to be generated. The hardware portion of the LUT can map the 

original image data at the video rates required to keep image displayed on the 

cathode ray tube (CRT) monitor refreshed and flicker free. Below is a list of image 

processing capabilities that should be available on a workstation, implemented by 

either software or hardware. 

Image Processing Capabilities 

Window - Contrast Setting 

Level - Brightness Setting 

Point Operations - Subtraction, Integration, Averaging 

Array Operations - Two Dimensional Filtering 

Image Histogram - Profile of Gray Scale Values 

Region-of-Interest Processing 

Window and level parameters adjust the gray scale range of the raw image to a 

range acceptable to the CRT monitor. The action of these two controls are analogous 

to the contrast and brightness controls on a home television. Point operations, such 

as image subtraction, integration and averaging, are a class of image processing 

techniques that processes the same spatial point in the image array for all the images 

in the study. Array operations are another class of image processing techniques. 

They are used for spatial filtering, edge detection, bilinearly interpolated zooms, etc. 

A histogram is a profile of the total number of times each gray scale value occurs in 

an image. Histogram equalization algorithms use the image's histogram to preset 

values for the window and level settings. When a region-of-interest in an image is 

defined by the user, the workstation can be instructed to only process the image data 
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contained in the region-of-interest. 

Spatial Resolution 

The image display format ideally would be identical in size to the image the 

radiologist now uses to make a diagnosis. For chest films, the display would have to 

be at least 14 inches by 17 inches and have a spatial resolution of S line pairs per 

millimeter or better. This translates to a display matrix of 3374 by 4096 pixels which, 

given today's state of the art in displays, is very difficult to achieve. Should this 

much spatial resolution seem excessive there is a laser film digitizer manufactured by 

Matrix Instruments * producing 4000 by 4000 pixels by 12 bits deep digitized images. 

Whether or not this much resolution is needed to make a diagnosis is an area of great 

concern since it directly impacts the image archive storage requirements and 

performance of the Picture Archiving and Communication System. Several researchers 

are investigating the actual spatial resolution required by the radiologist at this time 

[9,20]. 

* Matrix Instruments; One Ramland Road; Orangeburg, New York 10962 
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Image Display 

Depending on the imaging modality, the radiologist may need to compare only 

two images, as in chest films, or as many as 48 images as in a CT series. For a CRT 

based workstation there would be several video monitors, each capable of displaying 

individual images with independent control for each image on the monitor. The 

images need to be displayed with 8 bits of gray scale so that the viewer will see a 

smooth gray scale presentation. Below is a list of display requirements [19]. 

Image Display Considerations 

8 Bit Gray Scale Output to Monitor 

Memory Mapped into System Address Space 

Two Independent Display CRTs 

High Spatial Resolution (4096 by 4096 Pixels) 

High Contrast Resolution - Monochrome Monitors 

60 Hertz Non-interlaced or Better 

Graphics and Text Display 

The workstation should have two types of graphics planes for the associated and 

non-associated graphics data. Each graphics plane can be individually enabled for 

display by the user. The associated graphics are those that relate directly to the 

image data. This kind of data would be a region of interest or a graphic line 

measuring distance between two points. The associated graphics plane allows an 
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image to be annotated by the user. If the image is manipulated, such as zooming 

and/or moving, the graphics data associated with the image data needs to zoom and/or 

move together. In contrast, the non-associated graphics data is not related to the 

image data. This type of graphical data would be the text information such as patient 

demographics. The non-associated graphics data should remain static on the display 

and not be influenced by image manipulations. 
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WORKSTATION DESIGN 

Design Goals 

From the description of an ideal workstation several themes are emphasized 

about the use and design of a radiologic workstation. Below are the hardware design 

goals on a system level. 

System Design Goals 

Fast Response Time 

Modular Construction 

Flexible System Architecture 

Large Image Format - Storage, Processing and Display 

High Resolution Display 

Multi-Modality Image Data 

Able to make Direct Image Comparison 

To meet these design goals several hardware components where selected as the 

basis from which the Arizona Viewing Console (AVC) was built. First of all, a 

VMEbus based single board computer using the Motorola 68000 CPU ^ was selected as 

the host system for the AVC. The VMEbus was selected for several reasons. One 

was the availability of 68000 based CPU boards, backplanes and card cages. Also, the 

^ Motorola Semiconductor Products Incorporated; 3501 Ed Bluestein Blvd.; Austin, 
Texas 78721 
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VMEbus specification [21] allows data transfers in excess of 5 megatransfers per 

second which, when coupled with 32 bit data words, provides for a high performance 

system capable of data transfers exceeding 20 megabytes per second. In addition, 9U 

by 280 millimeter prototyping, 4-VME3/280-VHF, cards were available from Hybricon 

Incorporated 3. These wire-wrap boards can be loaded with as many as 308 sixteen 

pin integrated circuits on one board. 

These prototyping cards have three 96 pin DIN connectors conforming to the 

Eurocard specification of which the VMEbus card is a subset. Thus we could 

interface to the VMEbus on connectors PI and P2 which provided for either 24 bit or 

32 bit addressing with 32 bit data paths. The remaining 64 pins on P2 and the 96 

pins on P3 were available for use by the designer. 

To meet the system speed requirement, the fastest logic components from 

Advanced Micro Devices Motorola, Signetics ^ and Texas Instruments were used 

in the design. The recently introduced 'FAST' TTL logic devices from Fairchild7 

were used extensively through out the design. 

A twenty slot VMEbus backplane for both PI and P2 was selected in order to 

allow as many boards as possible to be installed in the system. This was a very 

important consideration due to the fact that the wire-wrap boards occupy two slot 

3 Hybricon Incorporated; 410 Great Road; Littelton, Massachusetts 01460 

4 Advanced Micro Devices; 901 Thompson Place; P.O. Box 3453; Sunnyvale, 
California 94088 

5 Signetics Corporation; 811 East Arques Avenue; P.O.Box 3409; Sunnyvale 
California 94088 

Texas Instruments; P.O.Box 225012; Dallas, Texas 75256 

7 Fairchild Camera and Instrument Corporation; 333 Western Avenue; South 
Portland, Maine 04106 
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positions on the backplane. 

To meet the high resolution and high contrast resolution display requirements, 

two monochrome high resolution CRT monitor, PX19V651LHV80P104-CAB, from U.S. 

Pixel ** were selected as the display monitors. These monitors are oriented in the 

'portrait1 or 'page mode* format to approximate the aspect ratio of the fourteen inch 

by seventeen inch radiographic films the radiologist is accustomed to viewing. The 

two independently controlled monitors used by the AVC, meet the requirements for 

image comparison as shown in the photograph in Figure 2. 

The subject of this thesis is the design of two different types of image memories 

used in the Arizona Viewing Console. One memory design is a more conventional 

random access memory similar to the memory arrays used to store data in computers. 

The other memory design uses memory components especially intended for video frame 

buffers and is capable of continually refreshing a CRT monitor at video rates. Figure 

3 shows architecture of the AVC with the base image memory and the two display 

image memories. 

® U.S. Pixel Corporation; 59 Fountain Street; Framingham, Massachusetts 01701 
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BASE IMAGE MEMORY 

Purpose 

The base image memory's role in the Arizona Viewing Console is to hold the raw 

image data and provide a high speed data path to both the image processor and to 

the Network Interface Module (NIM). Images recalled from the local storage disk are 

written to the base image memory to be accessed by the image processor and/or to be 

sent out over the network via the NIM port. It is able to store any combination of 

raw image data from the different imaging modalities simultaneously up to a single 

2048 by 2048 pixel image. The triple ported base image memory can store variable 

length image data and assign a variable number of graphics bit planes on an image by 

image basis. 

Data is loaded into the base image memory from the NIM port or by the VMEbus 

port. The base image memory provides 16 bits per pixel with a variable number of 8 

to 12 bits allocated for image data and the remaining 4 to 8 bits reserved for the 

independent graphics bit planes. When the data is loaded from the NIM port or the 

VMEbus port, a read/write control register assigned to each port governs which bits 

are image data fields and which bits are graphics fields and whether or not they can 

be written to. 
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Design Goals 

In reviewing the system design goals and the role the base image memory plays 

in the AVC a more detailed specification of the design goals for the base image 

memory becomes evident. Both the base image memory's architecture and the 

electronic components used must minimize the system's response time. Speed will be 

an overall design goal reflected through out the design of the base image memory. In 

addition, the circuitry necessary to realize the base image memory must fit on the 

prototyping wire-wrap boards used through out the system as seen in Figure 4. The 

base image memory must store the raw image data for images up to a 2048 by 2048 

pixel image with sixteen bits of storage reserved for each pixel. The image data and 

graphics bits will be combined in the sixteen bit pixel field. The size of the image 

data field and the number of graphics bits will vary according to the type of imaging 

modality. In addition, the image data will be signed and unsigned variable length 

data. 



Photograph of Base Image Memory Board 

Figure 4 
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Access Ports 

Three access ports, each with a unique set of performance requirements, are 

required to interface the network interface module, image processor and the VMEbus 

to the base image memory. These three access ports make the base image memory 

the focal point for all the image data being used by the AVC. Figure 5 is a 

simplified block diagram of the base image memory showing the three access ports and 

the memory request arbiter. 

The first access port is interfaced to the VMEbus and allows the VMEbus to 

directly access the entire memory array. The base image memory's VMEbus port will 

conform to the VMEbus specification and act as a slave device on the bus. To 

increase the speed of the system, the base image memory needs to support the 32 bit 

data path available on the extended version of the VMEbus specification. Another 

enhancement to the system requires that the interface have a read/write control 

register that will selectively allow the variable length image data and graphics bits to 

be independently accessed. In addition, a control bit will be used to sign extend the 

variable length image data during a VMEbus read operation. 
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The second access port is dedicated to the network interface module (NIM). 

This port's main requirement is that it must be able to support data to and from the 

network at speeds of 100 megabits per second. The NIM port will also have a 

read/write control register to allow the variable length image data and graphics bits 

to be independently written to the base image memory. Such a design allows the 

network to update the graphics information for an existing image in memory without 

disturbing its image data. This scheme directly improves the efficiency of the PACS 

system by allowing only the data needed for the update to be transmitted on the 

Picture Archiving and Communication System network. The NIM port must address 

the entire memory array. 

The third access port is a read only port dedicated to the image processor and 

as such must be able to provide the image and graphics data at a sustained rate of 10 

megapixels per second. All sixteen bits of each pixel are transferred to a dual port 

random access memory ( RAM ) at the image processor port. The dual port RAM 

allows simultaneous data transfer from the base image memory to the image processor 

where the image and graphics bits are separated by the image processor on a image 

by image basis. The image processor will also have to be able to address the entire 

base image memory array. Figure 6 is a detailed block diagram of the base image 

memory showing the internal address bus, data bus and control signals. 
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Variable Length Image and Graphics Data 

By analyzing the different types of data to be stored in the base image memory 

we can add very powerful features to enhance the base image memory's performance 

and there by boosting the system's performance. Table 1 shows the types of image 

formats for the different imaging modalities. 

TABLE 1 

Comparison of Image and Graphics Data Fields 

Largest Image Pixel Graphics 
Imagine Modality Matrix Format Resolution Bits 

Nuclear Medicine 128 x 128 6 to 8 bits 1 to 8 

Ultrasound 512x512 8 bits 1 to 2 

Digital Subtraction 1024 x 1024 8 to 10 bits 1 to 4 
Angiography 

Computerized Tomography 512 x 512 12 bits 1 to 4 

Magnetic Resonance 512x512 10 to 12 bits 1 to 4 
Imaging 

Computed Radiography 1760 x 2140 10 to 12 bits 1 to 4 

Digitized Cine Films 512 x 512 8 to 10 bits 1 to 4 

Digitized X-ray Films 2048 x 2048 8 to 12 bits 1 to 4 

The base image memory will have to handle various types of image data with 

different pixel resolutions. In addition, some of the image data may be in two's 

complement form which aids image processing performed by the CPU. Thus, the task 
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was to design a multi-ported base image memory with enough memory to store the 

largest image and to store variable length data words with a mixture of image data 

and graphics data. 

The image data ranges from 6 bits to 12 bits with the number of graphics bits 

ranging from 1 to 8. Note that the sum of image bits and graphics bits for an 

imaging modality does not exceed 16 bits. Thus, the base image memory can reserve 

16 bits for each image and graphics pixel. 

The source which produces the largest image formats are the digitized x-ray 

films in a 2048 by 2048 pixel array. Thus, 4 million pixels with 16 bits per pixel 

defines the 8 megabyte storage requirement for the base image memory. 

Memory Chip Selection 

To store a 2048 pixel by 2048 line by 12 bit image with 4 bits of graphics 

requires 8 megabytes of storage. To build this memory array in the base image 

memory we have two classes of memory devices to chose from, namely static random 

access memories (SRAM) or dynamic random access memories (DRAM). 

The static RAMs have positive and negative features which were compared 

against the dynamic RAMs. The three positive features for static RAMs are: 1) they 

are static devices as their name implies and retain their data as long as power is 

applied, 2) the address lines are non-multiplexed which makes the design simpler and 

shortens the access time from a stable address to valid data out and 3) they have fast 

access times in the range of 100 to 120 nanoseconds which also turns out to be their 

back to back access time. 
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Their two main disadvantages are physical size and cost. The 32 kilobyte by 8 

bit static rams are packaged in 28 pin dual-in-line packages (DIP) that are 0.6 inches 

wide. Allowing 0.1 inch spacing between memory chips on both side to side and top 

to bottom clearance works out to 1.05 square inches of board space per memory 

device. To provide the 8 megabytes of storage on the base image memory we need 

256 memory chips requiring 269 square inches of board space! At the time the base 

image memory was designed the 32K by 8 bit parts were only available in DIP 

packages. Newer packaging using several surface mount packages on a single-in-line 

(SIP) substrate would substantially reduce the board space requirements. Also they 

were expensive, costing approximately $65.00 each. This translates to $2080.00 per 

megabyte or $16,640.00 just for the 8 megabytes of memory. 

Likewise, the DRAMs have their own set of advantages and disadvantages. The 

advantages are as follows. 1) the 256K by,l bit DRAMs are package both in a 16 pin, 

0.3 inch wide DIPs and in a leadless chip carriers mounted on a single-in-line package 

(SIP) substrate. The 16 pin packages with 0.1 inch clearance require 0.36 square 

inches per memory device. This works out to be 92.2 square inches of board space. 

The SIP packages are 2.2 inches long and 0.2 inches wide and have four 256 kilobit 

DRAMs on them. With the same 0.1 inch clearance the 8 megabyte memory can be 

built with 64 SIPs requiring only 44.2 square inches of board space. 2) At the time 

of the design the 256 kilobit DRAMs were $13.50 each and the 256K by 4 bit SIPs 

were $110.00 each. This translates to $432.00 per megabyte or $3,456.00 for 8 

megabytes using the DIP DRAMs. The SIPs cost $880.00 per megabyte or $7,040.00 for 

8 megabytes. 3) The access time from the first address strobe to stable data out is 

150 nanoseconds which makes them comparable to the SRAMs. 

There are three main disadvantages in using DRAMs are: 1) Since they are 
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packaged in 16 pin packages the 18 bit address is multiplexed into the device in two 9 

bit segments using the row address strobe (RAS) and the column address strobe (CAS). 

This results in a more complex addressing and address strobe design. 2) The data in 

the DRAMs has to be continually refreshed to retain data, otherwise data will be lost. 

Typically all 256 row addresses have to be accessed within a 4 millisecond period or 

one refresh cycle every 15.6 microseconds on the average. This results in a 1.7 

percent overhead cost in available access time for 260 nanosecond DRAMs. 3) The 

back to back access times for DRAMs are longer than the data access times. The 

device needs additional time, called the precharge time, in order to be ready for the 

next memory cycle. For DRAMs with 150 nanosecond access times the precharge time 

can be an additional 100 nanoseconds resulting in a back to back access time of 250 

nanoseconds. 

As a compromise between board area, cost and design flexibility the base image 

memory was designed with both the SIP DRAM modules, EDH44256N-12, made by 

Electronic Design Incorporated ^ and the DIP DRAM devices, HM50257P-12, made by 

Hitachi America 10. The two SIP devices, each with four 256K by 1 bit DRAMs 

organized as 256K by 4 bits, are used for the least significant byte in the 16 bit 

field. Eight 256K by 1 bit DRAMs in DIP packages make up the most significant byte 

in the 16 bit field. 

^ Electronic Designs Incorporated; 35 South Street; Hopkins, Massachusetts 01748 

Hitachi America, Limited; Semiconductor and IC Division; 2210 O'Toole Avenue; 
San Jose, California 95131 
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Capacitive Loading 

The input pins on DRAMs are essentially inputs to one side of a capacitor and 

are specified with several picofarads of capacitance. When the memory array is 

connected with several DRAM inputs connected together such as the address lines, the 

total capacitance can be 100 picofarads or larger. The wiring from the TTL device 

driving the address lines to the memory array is essentially inductive. The result is a 

signal that rings on every transition of the input signal. This ringing is a function of 

the wiring inductance and the memory capacitance and has two negative aspects. One 

is the ringing lengthens the settling time for a stable signal level thereby slowing the 

system down. Second, the undershoot at a low logic level can go negative in voltage 

and forward bias isolation junctions in the memory chip and change the data in 

random memory locations. 

We can circumvent this ringing by series terminating the TTL driver with a 

resistor in the range from 22 ohms to 47 ohms. The AM2966 DRAM driver made by 

Advanced Micro Devices has a series terminating resistor for each output driver. In 

fact they use two resistors for each output driver, one for each of the two 

transistors in the output totem pole to match the rise and fall times of the driver's 

output waveform. 

The AM2966 DRAM driver's propagation delay is a function of the capacitive 

load it has to drive. To ensure that both the address and control signals arrive at 

the memory chip correctly aligned in time, the capacitive loading on each of the 

DRAM driver outputs were equated. 

The entries in Table 2 are taken from the HM50257P-12 DRAM's data sheet and 

shows the capacitive loading for the different DRAM inputs. 
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TABLE 2 

Pin Capacitance of HM50257P-12 DRAM 

Sienal Name Capacitance 

Address Lines (A0:8) 5 pF 

Data Input (D) 5 pF 

Row Address Strobe (RAS) 7 pF 

Column Address Strobe (CAS) 7 pF 

Write Enable (WE) 7 pF 

Data Output (Q) 5 pF 

The address lines for all 32 memory chips in each bank of memory are connected 

together. This results in a total of 160 picofarads for each address line. The RAS 

and WE control lines are higher in capacitance and therefore the control signals are 

split to allow two DRAM driver outputs to drive the memory bank. Each control 

signal output drives 16 memory chips for a 112 picofarad load. 

The CAS lines are divided into two groups. The CAS lines for the DRAM SIP 

modules are also driven by the DRAM drivers. There are 4 DRAMs on each SIP 

module. The two SIP modules have a total of 56 picofarads of capacitance on the CAS 

line. The CAS line to the individual 256K x 1 DRAM s are driven directly by the 

TTL devices. 
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Memory Refresh 

Dynamic random access memories need to be accessed periodically in order to 

preserve the data stored in their memory array. The 256 kilobit parts used in the 

base image memory require that all of the first 256 row addresses be accessed in a 

maximum of 4 milliseconds. It is interesting to note that the refresh addresses do 

not have to be in any order nor do the refresh cycles have to be equally spaced. 

This freedom can be used more effectively in the display memory design than in the 

base image memory. 

Since the base image memory will not be accessed in any given order on a 

timely basis, a memory refresh timer and address generator will be used to guarantee 

that the entire memory array will be refreshed every 4 milliseconds. This translates 

to refreshing one memory row address every 15.625 microseconds. Note that 

performing the 256 refresh cycles for DRAMs with a memory cycle time of 260 

nanoseconds require at least 1.7 percent of the 4 milliseconds available be dedicated 

to refreshing the memory array. 

Address Mapping 

The base image memory's organization appears differently to each of the three 

independent access ports. Both the network interface module (NIM) port and the 

image processor port accesses to the base image memory are serviced with nibble 

mode memory operations supported by the DRAMs. The VMEbus accesses the base 

image memory in a more conventional random access mode. A detailed timing diagram 
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showing the nibble mode and normal memory cycle is shown in Figure 7. 

Each access by the NIM port will either read or write eight sequential pixels. 

The base image memory appears as 524,288 eight pixel groups to the NIM port. To 

address all the pixels, nineteen address bits, NA1:19, are required. It becomes the 

responsibility of the NIM to pack and unpack the eight pixel group into individual 

pixels. 

The image processor only reads data from the base image memory and needs to 

access individual pixels even though it too access the base image memory in eight 

pixel groups. The addressing scheme for the image processor port is slightly different 

from the NIM port. It requires twenty-two address lines to access the 4,194,304 

pixels in the base image memory. The upper nineteen address bits, IPA4:22, access 

the 524,288 eight pixel groups like the NIM port. The least significant three address 

bits, IPA1:3, then access the individual pixels within the eight pixel group. 

The VMEbus can read or write one or two pixels for each access. To the 

VMEbus the base image memory appears a 8,388,608 byte random access memory. 

Twenty-three address bits, AD0:22, are required to address the base image memory 

from the VMEbus. Each pixel is represented by 16 bits or two bytes of address 

space. Since the VMEbus can access two pixels at a time the base image memory can 

be viewed as being organized as 2,097,152 two pixel groups. Only the most significant 

twenty-one address bits, AD2:22, are actually presented to the memory array as seen 

in Figure 8. 
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VMEbus Port 

The 8 megabyte base image memory is mapped into the top of the 68000's 16 

megabyte address space starting at 800000 hex to FFFFFF hex. Note that this one 

board occupies one half of the 68000's address space. Provisions have been designed 

in to allow base image memory to be placed in the full 32 bit address space of the 

68020 CPU in the future. A single jumper on a programable array logic device (PAL) 

allows address bits A24:31 to be decoded along with the address modifiers for 

extended addressing as defined by the VMEbus specification. 

In keeping with the high speed design goal the data bus on the base image 

memory is a full 32 bits wide as specified by the VMEbus specification. All though 

the 68000 based CPU board can only perform 16 data transfers on VMEbus a disk 

controller was built to interface an Enhanced SMD disk drive to the VMEbus which 

could utilize the 32 bit data path. The system design has the disk controller reading 

image data off of the disk and storing the data in the base image memory under 

direct memory access (DMA) control. 

Data read from the base image memory via the VMEbus can be reformatted for 

the CPU. Two's complement image data can be sign extended to the most significant 

bit in the 16 bit data word. This is accomplished by programable array logic (PAL) 

devices that allow the variable length data to be sign extended during a VMEbus read 

operation. This feature saves a significant amount of software time by performing the 

sign extension in hardware. Otherwise, the software would have to do the sign 

extension for each pixel involved in an image processing algorithm before any 

computations could be performed. 

The PALs can also mask the data being read from the base image memory. If 
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the software only needs image data and/or a particular group of group of graphics 

bits the PALs mask off the data not being accessed and substitute zeros for the 

masked data placed on the VME data bus. This hardware masking saves CPU time by 

relieving the software of the masking operation for each pixel that is accessed. Table 

3 shows the valid data formats that can be stored in the base image memory: 

Table 3 

Image and Graphics Data Fields 

Grayscale MD15:12 MD11:8 MD7:4 MD3:0 
Image Depth MD31:28 MD27:24 MD23:20 MP 19:16 

8 Bit G G G G G G G G I I I I  I  1 1 1  

9 Bit G G G G G G G I  I  1 1 1  I  1 1 1  

10 BiT G G G G G G I I  I I I I  I  11 I 

11 Bit G G G G G I I I  I I I I  I  11 I 

12 Bit G G G G I I I I  I I I I  I  11 I 

G = Reserved for Graphics Bit 

I = Reserved for Image Data 

Image processor Port 

One of the three ports to the base image memory is dedicated to the image 

processor. This port is a read only port allowing unidirectional data flow from the 

base image memory to the image processor. This port has its own dedicated address, 
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data and control signals on P2. . There are 22 address lines, 16 data lines and 3 

control lines provided at the port. 

In order to improve the data transfer rate of the base image memory each image 

processor request to the base image memory will access eight contiguous pixels. This 

is accomplished by using the nibble mode feature on the DRAMs used for the memory 

array. Our goal was to allow the base image memory to provide image and graphics 

data to the image processor at a 10 megapixel rate which translates to 100 

nanoseconds per pixel. Analyzing the arbitrator and image processor service routine 

times we see that if no other memory requests from the VMEbus or the network port 

are being generated we will amply meet the desired data transfer rate. Even with the 

1.7 percent overhead required to keep the memory refreshed we can meet the target 

data transfer rate to the image processor. 

The use of the DRAM's nibble mode feature allows the base image memory to 

provide data continuously at a very high data transfer rate. However, this does force 

an 8 pixel granularity on any image placed in the base image memory. That is, the 

number of pixels in the image in the horizontal dimension has to be modulo 8. Since 

many of the images currently meet this requirement and the smallest nuclear medicine 

image is 64 pixels by 64 lines, there should be no problem with this restriction. 

The memory controller strobes the DRAM's CAS line every 75 nanoseconds during 

a nibble mode operation. A buffer is needed to capture the data from the DRAMs at 

this rate. On the image processor side of the buffer, the image processor needs to 

access the 8 pixels in any random order. This is especially needed for the bilinearly 

interpolated zoom and sub-sampled image processing. A dual port random access 

memory ( RAM ) was used to interface the DRAMs to the image processor port. 

The dual port RAM, AM29705A made by Advanced Micro Devices, is actually a 
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register file with independent address and data paths for the input and the output 

ports. This feature allows the base image memory to simultaneously write new data 

into the dual port RAMs at the same time the image processor is reading data from 

the dual port RAMs. 

Such a design improves the system performance by allowing the image processor 

to read 8 pixels in any order at the same time it is requesting the next group of 8 

pixels. The image processor's target design speed is to generate a new output pixel 

every 100 nanoseconds; the 10 megapixel rate. Thus with a times one zoom the image 

processor can read all eight pixels in 800 nanoseconds. The base image memory can 

respond and load the next 8 pixels into the dual port RAMs in 650 nanoseconds thus 

ensuring that data is always available to the image processor. 

Memory Request Arbiter 

One of the more difficult design aspects of a multi ported memory is the 

implementation of the arbitration controller to service simultaneous memory requests. 

There are several strategies one can use to determined which requestor is granted 

access to the memory. These strategies include a time-division multiplexed type 

controller, a prioritized service controller and a hybrid service controller combining 

strategies from both the time-division multiplexed controller and the prioritized 

controller. 

The time-division multiplexed controller tends to be the simplest to implement 

and debug requiring the fewest number of TTL logic devices. Since time-division 

multiplexing always reserves a time slot to service a requestor we are guaranteed that 
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every requestor will be serviced in a timely and orderly fashion. In addition, the 

control signals in each time slot can be customized for that particular requestor's 

requirements. As an example the control signals generated to service a VMEbus 

request will be different than the control signals to refresh dynamic memory devices. 

However, time-division multiplexing has two draw backs. One is that the 

controller always reserves a time slot for a requestor even though that requestor is 

not currently requesting access to the memory. This reserved time increases the 

latency time for the other requestors in the system there by reducing the response 

time of the overall system. Second, as a consequence of this strategy the more 

requestors in the system the slower the response time for a random memory request. 

Figure 9 is a state diagram showing the controller's strategy to service requestors. 

Note that each time slot reserves a finite amount of time typically at least as long as 

the back-to-back cycle time of the particular memory chips being used in the system. 

Service Service 
Device A Device B 

Service 
Device n 

State Diagram of Time Division Multiplexing 

Figure 9 
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A prioritized controller utilizes is the basic strategy implemented in a 

hierarchical interrupt controller designed to service peripheral device interrupts 

intended for the CPU. The system designer will assign each requestor an interrupt 

priority level. Devices that must be serviced immediately have the highest priority 

and those devices that can wait to be serviced are assigned a lower priority. This 

controller typically uses more TTL logic chips to implement than the time-division 

multiplexed design and is more difficult to debug. 

Such a strategy guarantees the highest priority requestors access at the expense 

of the lower priority requestors. The prioritized controller usually waits for a request 

and immediately responds by granting access to that requestor with very little 

overhead time being spent by the controller to start generating the appropriate 

control signals. In the case of simultaneous requests the requestor with the highest 

priority will be granted access while the lower priority requestor(s) wait for all the 

higher priority requestors to be serviced. 

The designer has to be careful in assessing the frequency of requests generated 

by all the requestors. The draw back to the prioritized controller is a very fast 

requestor with a high priority can totally dominate the system locking out all the 

lower priority requestors. 

The hybrid controller implements parts of both the time-division multiplexed 

controller and prioritized controller strategies. Where both fast system response times 

and the requirement to service all requestors in a timely fashion are necessary for 

high speed system operation the hybrid controller is the best strategy. In accordance 

with having these features the only draw back is a more complex design with more 

TTL logic devices than the prioritized controller and likewise more difficult to debug. 

Based on performance requirements this is the controller of choice for the base image 
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memory. Figure 10 is a state diagram of the arbitration scheme used in the base 

image memory's controller. 
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DISPLAY MEMORY 

Design Goals 

The design goals of the display memory include the overall system goals for fast 

response times, modular functional units, flexible user environment and large image 

format. In addition, the subsystem components such as the image processor and the 

CRT monitors have their own requirements which directly affect the design goals for 

the display memory. 

To be fast the display must be able to accept data at the 10 megapixel rate 

defined by the image processor. The image processor needs to be able to write image 

and graphics data randomly in the display memory to allow the user flexibility in 

where images are placed on the display screen. 

Displayed Image Matrix Size 

A study of the number and types of images produced in the University of 

Arizona's radiology department showed that 80 percent of the images were fourteen 

inch by seventeen inch chest films. In order to make the workstation more familiar 

to the radiologist the display monitor should approximate this image format. To this 

end a nineteen inch portrait mode monitor was selected. A 1024 pixel by 1536 line 

image is displayed on the monitor as a nine inch by thirteen and one half inch image 
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as seen in Figure 11. To display a fourteen inch by seventeen inch image would 

require a twenty-five inch CRT monitor. 

The output pixel from the image processor is eight bits deep. This gives the 

displayed image up to 256 shades of gray. We have found that seven bits of gray 

scale produced unacceptable gray scale contouring in the image. 

Memory Organization 

A 1024 pixel by 1536 line gray scale image is displayed on the CRT monitor in a 

portrait mode format. The first pixel to be displayed is in the upper left hand corner 

of the image. The remaining pixels on the line are displayed in order from left to 

right. The video lines are then ordered from top to bottom in a raster scan format. 

The VMEbus can read or write data to or from the display memory. The 

memory is addressed as a 1024 by 1536 pixel memory array. Each pixel is represented 

by a 16 bit word on the VMEbus. The addressing starts at the upper left hand 

corner of the image and proceeds from left to right as the addresses increase until 

the 1024th pixel is accessed. The 1025th pixel then becomes the first pixel on the 

second display line. Thus the 1,572,864 pixels in the displayed image occupy 3,145,728 

bytes of memory space on the VMEbus. The least significant byte contains 8 bits of 

unsigned image data. The most significant byte uses D8 for the graphics bit while D9 

through D15 are not used. 
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Figure 11 
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The image processor loads four pixels for each image processor request. 

Therefore, to the image processor, the addressing looks like 256 four pixel groups on 

each line with a total of 1536 lines in the image. The image processor port has 

nineteen address lines which allow the image to be written in the display memory in 

any location. The data output of the image processor has a total of nine bits. Eight 

bits are for the gray scale image data and the ninth bit is for graphics information. 

Video Memory Considerations 

The display memory is a frame buffer that accepts image data from either the 

image processor or from the VMEbus interface and displays the image on a CRT 

monitor. The heart of the display memory is a newly developed video DRAM, 

TMS4161N-15, from Texas Instruments While the video DRAM solves the problem 

of providing the video data at the 92 megapixel per second rate, the DRAMs need to 

be periodically accessed to keep the data refreshed. 

The video DRAM contains two different functional parts in one package. The 

first part is a 64K by 1 bit random access memory array. The second part is a 256 

bit shift register capable of shifting data at 25 megahertz clock rates. The shift 

register's 256 bit wide parallel port has 256 connections to the memory array. This 

organization allows 256 different rows, with each row containing 256 bits of image 

data, to be written to or read from the shift register in one DRAM cycle time. 

Both the image processor port and the VMEbus port use the random access port 

H Texas Instruments; P.O. Box 655012, MS 308; Dallas, Texas 75265 
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on the video DRAM. In this way they randomly access the entire display memory 

array. The video shift register port is dedicated to providing the video data to the 

CRT display monitors. During the horizontal blanking period the next video line to 

be displayed is transferred from the memory array to the video shift registers in one 

memory cycle. After the cycle has be completed the random access port and the 

video shift register port act independently of each other. Thus the image processor 

can update the display memory without interrupting the video data flow to the display 

monitors. 

A pixel displayed on the CRT monitor is made up of nine video DRAM devices, 

eight for the image data and the ninth for the graphics bit. By clocking out four 

pixels in parallel at a 23 megahertz rate we can meet the 92 megapixel per second 

data rate needed for a stable image to be presented on the video monitor. 

DRAMs need to be accessed periodically to keep the data stored in them 

refreshed. The TMS4161N-15 needs to have all 256 row addresses accessed over a 4 

millisecond period. Since the DRAMs are being access periodically to keep the image 

on the CRT monitor refreshed another cycle can be added to refresh the DRAMs. 

Two refresh cycles takes place during the horizontal blanking period on every 

horizontal line. By performing two memory refresh cycles during every horizontal 

blanking period, we can ensure that the DRAM array will be refreshed in under 4 

milliseconds. 

The display memory occupies three prototype boards as seen in the photographs 

in Figures 12, 13 and 14. One board contains the circuitry to control the memories, 

sync generator, VMEbus interface and the ECL section for the video DACS as shown 
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in Figure IS. The two memory boards are essentially identical in function. Each 

board has the double buffered video DRAM array to support one CRT monitor as 

shown in Figure 16. 



Photograph of Display Memory Controller Board 

Figure 12 
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Photograph of Display Memory Board Number I 

Figure 13 

68 



Photograph of Display Memory Board Number 2 

Figure 14 
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Temporal Image Display 

The AVC needs to display temporal images as a movie loop. The frame rate of 

the movie loop must be variable and will be controlled by the user turning a knob. 

The display memory is designed to display 256 by 256 pixel images at frame rates up 

to the video frame rate of 40 frames per second. 

To display a movie loop a series of up to ninety-six 256 by 256 pixel time 

sequenced images are loaded into the display memory buffers. When the movie 

function on the AVC is invoked a 256 by 256 pixel image is zoomed up by a factor of 

four by the display memory controller hardware. The image is zoomed by pixel 

replication. The zoomed image now occupies a 1024 by 1024 pixel space on the 

display monitor. A CPU loadable pointer register selects which 256 by 256 pixel 

image is to be enlarged and displayed. Under the direction of the user the CPU 

dynamically changes which image is to be displayed from a static display to a movie 

loop running a 40 frames per second. This design allows the AVC to display a movie 

loop of one image to ninety-six different images or any portion of the movie loop in 

any order; even in reverse order. Since each of the two display CRT monitors are 

independently controlled, one monitor can be displaying a movie loop while the other 

monitor is displaying a static radiographic image. 

Graphics Overlay 

A graphics overlay plane has been designed into the display memory. This 

graphics plane is used to display all the graphics information, both associated and 
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non-associated graphics, on the display monitor. Like the image display format the 

one bit deep graphics plane is displayed as a 1024 by 1536 matrix on the CRT 

monitor. Each display monitor has its own independent graphics overlay plane. A 

control bit, which is accessed by the CPU, is used to enable or disable the graphics 

information to be displayed on each monitor. 

The graphics plane can be loaded by both the image processor and the VMEbus 

interface. The graphics information from the image processor is written to the 

graphics plane synchronously with the image data at a 10 megapixel per second rate. 

The VMEbus can either read graphics data from or write it to the graphics planes. 

Thus the CPU can overlay information graphics, such as patient demographics or 

window and level settings, and/or text, such as annotations, on the image currently 

being displayed. After the user has the graphical data in a particular format he can 

save it to the local storage disk or to the image archive over the VMEbus. 

Video Sync Generator 

A CRT based display monitor requires that the image be continuously refreshed 

at rate fast enough that the image appears to be flicker free to the user. It is 

generally accepted that an interlaced image be refreshed at 30 frames per second or 

more to reduce flicker. To design a video sync generator several parameters must be 

considered. These parameters are the video frame rate, interlaced or non-interlaced 

video, the video bandwidth of the monitor, the pixel clock rate for the video shift 

registers on the DRAMs and the number of pixels on a line and the number of video 

lines. A spread sheet program was used to compare different parameter sets in order 
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to maximize the performance of the system. Table 4 shows the final video 

specification for the AVC and Table 5 details the sync signal specification. From the 

performance specifications on the CRT monitor, several key parameters have been set 

as goals for the sync generator. First, the images are displayed as 1024 pixels by 

1536 lines at a 40 hertz interlaced frame rate. A 32 pixel wide continuous tone gray 

scale is constantly displayed outside the image area as seen in Figure 11. 



Table 4 

Video Specification for High Resolution Video 

Display Format 

[ 1024 Image Pixels + 32 Gray Scale Pixels ] x 1536 Lines 
2x3 Aspect Ratio - Portrait or Page Format 

Video Specifications 

Video is RS-170 Levels with video and blanking 
Reference White Level 
Reference Black Level 
Blanking Level 
Setup (Ref Black - Blanking) 
Video Bandwidth 

-71 mVolts / +100 IRE 
-714 mVolts / + 10 IRE 
-785 mVolts / 0 IRE 

71 mVolts / 10 IRE 
100 MHz minimum 

Vertical Spec - 2:1 Interlaced 

Frames per Second 
Frame Time 
Total TV Lines per Frame 
Total TV lines per Field 
Displayed Lines per Frame 
Displayed Lines per Field 
Vertical Blanking, 1st Field 
Vertical Blanking, 2nd Field 

40 Frames 
25 mSec 

1627 Lines 
813.5 Lines 
1536 Lines 
768 Lines 
45 Lines / 690 uSec 
46 Lines / 700 uSec 

Horizontal Spec 

Horizontal Scan Frequency 
Total Horizontal Line Time 
Horizontal Active Time 
Horizontal Blanking Time 

65.08 KHz 
15.366 uSec / 1416 Pixels 
11.459 uSec / 1056 Pixels 
3.906 uSec / 360 Pixels 

Pixel Spec 

Pixel Time 10.85 nSec 
Pixel Clock Frequency 92.153 MHz 
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Table 5 

Sync Specification for High Resolution Video 

Svnc Format - Sync Signals are TTL Output Levels 
Separate vertical and horizontal syncs are provided 

Vertical Svnc 
Negative going TTL Vertical Sync Pulse 
Vertical Front Porch 0 Lines 
Vertical Sync Width 0.5 Lines / 7.7 uSec 

Horizontal Svnc 
Positive going TTL Horizontal Sync Pulse 
Horizontal Front Porch 0 Pixels 
Horizontal Sync Width 96 Pixels / 1.0 uSec 
Horizontal Back Porch 264 Pixels / 2.9 uSec 

Display Memory Controller 

The display memory controller generates the timing signals for both the display 

memory array and the interface port timing. This controller is a time. division 

multiplex type where every requestor has a memory access time slot reserved for it. 

This controller is synchronized to the video sync generator by sensing the horizontal 

sync pulse as shown in the state diagram, Figure 17. Since the horizontal sync pulse 

occurs during the horizontal blanking period we can update the video shift registers 

on the DRAMs with the next video line to be displayed without any interruption of 

the image being displayed on the monitors. Figure 18 shows the timing of the four 

different type of memory cycles. Each cycle is eight prom addresses long. The 

controller state machine is clocked at a 44 nanosecond rate which defines each 

memory cycle as 352 nanoseconds long. Note that during the horizontal blanking 
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period the VMEbus/image processor service routine occurs every other memory cycle 

to decrease the latency time. 
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Video Digital-to-Analog Converters 

There is a special class of digital-to-analog converters (DAC) specifically 

designed for use in video applications. Where as a regular DAC has data inputs and a 

strobe input to clock in the data, the video DAC has several additional inputs that 

are used to generate the composite analog video output. These include composite 

sync, composite blanking and reference white. This type of DAC is simply known as 

a video DAC whose purpose is to generate a composite video signal that is compatible 

with the CRT monitor. 

The data inputs generate the video signal during the unblanked portion of the 

image. The composite blanking signal inserts the video blanking level during both the 

vertical and horizontal blanking periods. Similarly, the composite sync signal places 

both the vertical and horizontal sync pulses in the composite video. The reference 

white input is used to display the graphical information on the display. When the 

reference white input is asserted the output of the DAC will be forced to the white 

video level during the unblanked portion of the displayed image. 

From the video specification for the AVC we see that the pixel clock required 

for the display is 92.153 megahertz. Once the clock rate exceeds 60 megahertz we 

can no longer use TTL logic devices and TTL video DACs. Emitter coupled logic 

(ECL) now becomes the technology of choice to support the 92 megahertz pixel rate. 

This will narrow the selection of possible video DACs to choose from. An ECL video 

DAC from Analog Devices, HDG-0805, was selected to be used. This is an eight bit 

video DAC that can support a 100 megahertz clock rate. 
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Emitter Coupled Logic Considerations 

To support the 92 megapixels per second data rate for the video, part of the 

display memory will have to be designed with emitter coupled logic devices. This will 

require TTL-to-ECL translators, emitter pull-down resistors on all signal lines and 

careful power supply bypassing and wiring in the ECL section. 

TTL-to-ECL translation needs to be designed in since TTL devices operate in the 

zero volt to plus 5 volt range. ECL on the other hand operated in the minus 5.2 volt 

to zero volt range. The TTL-to-ECL translators are incorporated in a video shift 

register device, AM8177, made by Advanced Micro Devices. This part turned out to 

be very valuable both in performance and in the board spaced it saved by not having 

to have separate TTL-to-ECL translator devices and video shift register devices. The 

AMD part is capable of being clocked at rates up to 200 megahertz. 

ECL logic devices have open emitter transistors for the output driver. As such, 

each ECL signal requires an emitter pull down resistor at the input to the device 

receiving the signal. A 220 ohm and 330 ohm termination network was selected for 

use to improve the signal since the prototype design was being built using wire-wrap 

boards. 

Special attention was paid to the power supply decoupling capacitors and to the 

wiring techniques used in wire-wrapping the ECL section. Each ECL device had a 0.1 

microfarad bypass capacitor connected directly to its power and ground pins. 

Unmodified wire-wrapping was used to connect all the signal wires to the wire-wrap 

pins. The wire was then routed directly to the next wire-wrap pin, keeping the wire 

as close to the ground plane as possible. 
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DISCUSSIONS 

Both the base image memory and the display image memory boards were 

designed, assembled and integrated into the Arizona Viewing Console. The base image 

memory supports three interface ports. A network interface port, an image processor 

port and an interface to the extended VMEbus. The network interface port is capable 

of supporting a 320 megabit per second network. The image processor port allows the 

AVC to process images at a sustained rate of 10 megapixels per second. The VMEbus 

interface has been designed for speed and has the ability for bit mask read/write 

operations and sign extension on two's complement image data during VMEbus 

transactions. All three port have independent address and data paths into the 8 

megabyte memory array. The base image memory is capable of storing variable length 

image data and graphics bits associated with the different imaging modalities. In fact, 

it can store any number of different sized images of varying gray scaie depth 

simultaneously up to a maximum of 4 millon pixels. Similarly, a fast request arbiter 

prioritizes simultaneous memory requests and grants access to one requestor in SO 

nanoseconds, thus allowing all three interface ports to randomly access any pixel in 

the memory array concurrently. The only restriction resulting from the design is that 

the network interface port reads and writes data in groups of eight pixels, thus 

forcing an eight pixel granularity for image and graphics data. Given that the 

smallest image to be displayed on the AVC is 64 by 64 pixels, this restriction will not 

be a problem. 

The video display memories generate the video and sync signals to display two 
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independent 1024 pixel by 1536 line images on two video monitors at a forty frame 

per second refresh rate. The image display memory has three independent interface 

ports. An image processor port, a video port to the display monitors and an interface 

to the extended VMEbus. The image processor port accepts data at a sustained rate 

of 10 megapixels per second and is stored in the memory array. The VMEbus 

interface allows devices on the VMEbus to access the processed image data stored in 

the display memory. In addition, the CPU can read and write the graphics overlay in 

the image display memory in order to display text and graphics on the display 

monitor. The video port generates the high resolution video information to keep the 

display monitors refreshed at forty frames per second. The video section is 

implemented in ECL logic which, like the rest of the design, is wire wrapped and its 

92 megahertz pixel clock places a new pixel on the display monitor every 11 

nanoseconds. The display memory controller is also capable of displaying up to 

ninety-six 256 by 256 pixel temporal images in a movie loop. The AVC can 

continuously vary the movie loop's frame rate from zero to forty frames per second 

either forwards or backwards. Both image display memories and display controller 

occupy three of the prototyping boards. The only consequence of the image display 

memory is that the 12 megabyte array is accessed by the VMEbus in 3 megabyte 

pages. This is due to the fact that when the 8 megabyte base image memory's 

address space is combined with the 12 megabyte address space for the display memory, 

a 20 megabyte address space is required. This exceeds the addressing capabilities of 

the 68000 host processor. 

In summary, each memory design was successfully implemented in hardware and 

has either met or exceeded the design goals for that particular memory application. 

In part, the base image memory and the image display memories have allowed the AVC 
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to developed into a fully functional radiological workstation capable of storing, 

processing and displaying multi-modality radiographic images. 

The fully functional Arizona Viewing Console has become a test bed for research 

in image processing software, video monitor evaluation, physical and psychophysical 

experiments. The flexibility in its hardware and software design has allowed these 

experiments to be implemented quickly. The rapid response speed of the system, 

which was a paramount goal in the design, allows the user to interact with the images 

in virtually real time. Careful selection of the video frame rates and the CRT 

phosphor for the video monitors allows a flicker free, high contrast image to be 

displayed. 

The AVC has been so successful, its system architecture, video display 

specifications and video display memories have been transferred to a commercially 

available radiographic workstation, the TDF-500 by Toshiba Medical Corporation 

Toshiba Corporation; Medical Systems Division; Nasu Works; 1385-1. 
Shimoishigami, Otawara-Shi; Tochigi-Ken; 329-26 Japan 
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FUTURE IMPROVEMENTS 

There have been several advances in DRAMs, video DRAMs and CRT monitor 

technology that could further enhance the speed and capabilities of the Arizona 

Viewing Console. 

The new 1 megabit DRAMs from Toshiba ^ would allow the base image memory 

to expand into a 32 megabyte memory array. The 1 megabit parts are not only four 

times denser than the 256 kilobit parts currently being used, but they have faster 

access times, 100 nanoseconds in contrast to 150 nanoseconds, and shorter cycle 

times, 140 nanosecond as opposed to 260 nanoseconds. A 32 megabyte base image 

memory could store the 4096 by 4096 pixel images being generated by the laser film 

digitizers. The speed improvements to be gained would directly impact the AVC's 

response time provided that the image processor increase it's rate to 40 megapixels 

per second. The existing network interface is currently faster than any network 

available today and thus would not benefit as much as the image processor port. 

The 256 kilobit video DRAMs from Texas Instruments, Toshiba and Mitsubishi^ 

would allow the display image memories to store larger images for display on the 

monitor. These parts are capable of displaying a 2048 by 1536 pixel image on a video 

monitor at pixel clock rates exceeding 350 megahertz. 

Since the design of the image display memory is greatly influence by the video 

Toshiba America, Incorporated; 2692 Dow Avenue; Tustin, California 92680 

*3 Mitsubishi Electronics America; 1050 East Arques Avenue; Sunnyvale, 
California 94086 
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monitor it will drive, a high resolution monochrome CRT monitor capable of displaying 

a 2048 pixel by 1536 line image is available from Tektronix ^ thereby doubling the 

amount of information currently being displayed on the AVC. 

*4 Tektronix, Incorporated; P.O. Box 1700; Beaverton, Oregon 97075 
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