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20. Abst ract ( continued)

‘%riented functional organization of the optimal system is then delineated.
From these and other user requirements, a clear statement of the evaluation
criteria and performance constrains for the optimal system is

Major design approaches are considered, and first-order analysis singles
out a distributed organization, which entails a network of small, inexpensive
processing stations, is investigated in detail and the hardware/software con-
figuration of the proposed system is discussed. Notable features of the
proposed organization are the ease of maintenance via module replacement,
the ease of custom-tailoring the system size by adding local processing
stations assembled from standard hardware modules, the resilience of the
system to local failures, and the incorporation of powerful but inexpensive
LSI technology and highly economicaL.f]oppy disk secondard stora

Finally, a summary of a detailed cost study is included which appraised
the cost of developing a prototype by itemizing the hardware and software
development costs for each local station in the system. To this summary of
direct costs are affixed the additional costs incurred in developing and
operating the prototype.
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Forw.a r d

This analysis was made in 1974, before Refractor III

had been developed. In light of this fact , the following

remarks apply:

The Refractor III software system implementation

d i f f e r s  g rea t ly  from the R e f r a c t o r  II system descr ibed

briefly in Section 1.0.

The sharp drop in the cost of LSI logic in the past

three years makes development cost estimates all the

more decisive .

This f a c t , along with the product offering from Digital

Equipment Corporation of the CLASSIC system (in extensive

32K PIW—8/A with dual floppy disk , console CRT , and hard

copy unit) suggest that the distributed implementation of

the clinic could be served by such stand-alone systems at

each station communicating with the removable floppy disk

med ium as opposed to ele ctronic interc onnection to a central

file.

_ 
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ABSTRACT

This paper studies the projected organization and cost

of a prototype com puter ass iste d ey e cl inic des igned to sup-

p ly one optometr ist w ith an optimal flow of pat ients by

freeing him/her from all tasks which do not require the pro-

fessional skills of the optometrist. Such a system is a

logical exten sion of the current com puter refract ion pro-

ject , wh ich has demonstrate d the feasi bil ity of admin ister-

ing many routine optometric tests under computer control.

The organ i zat ion and operat ion of the current system

are presente d as backgroun d for the d es ign questions

involved in the clinical prototype , and a user—oriented

funct ional or ganizat ion of the optimal sys tem is then del-

ineated. From these and other user requirements , a clear

statement of the evaluat ion criteria and performance con-

straints for the optimal system is derived .

Major des ign approaches are cons idered , and first—order

analysis singles out a distributed—function system architec—

ture over a central ized scheme upon comparison of the design

implications of each with the user—generated criteria. The

distributed organization , which entails a network of small ,

inexpensive processing stations , is investigated in detail

and the hardware/software configuration of the proposed sys—

tern Is discussed. Notable features of the proposed organi-

zation are the ease of maintenance via module replacement ,

the ease of custom—ta iloring the system size by adding local
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processing stations assembled from standard hardware

modules , the resil ience of the system to loca l fa i lures , and

the incor porat ion of powerful but inex pens ive LSI technolo gy

and highly economical floppy disk secondary storage.

Finally, a summar y of a deta i led cost study is inc luded

which appraised the cost of developing a prototype by item-

iz ing the hardware and software develo pment costs for each

local station in the system . To this summary of direct

costs are aff ixe d the addi t ional costs incurre d in develo p-

ing and operating the prototype.

Generally, it is felt that thi s app licat ion of new

technology offers cons iderab le future sav ings and operat ing

econom ies in the administration of optometr ic exam inations

and in other areas which will no doubt reap second genera-

tion benefits from the development of efficient distributed

computin g techniques and modularized systems.
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1.0  C U R R E N T  SYSTEM O R G A N I Z A T I O N  AND P E R F O R M A N C E

The current computer—assisted eye examination project

has been performing reliable and accurate subjective refrac—

tions and visual acuity tests in addition to maintaining and

displaying patient files. The system has satisfactorily

administered a wide range of refractor—based tests and soon

will be capable of performing nearly all the standard

optometr ic tests , the exceptions being those tests which

require a high level of professional skill and human judge—

ment. The computer also can generate a case history by ask-

ing the patient questions with a tape recorder and monitor-

ing the answers with a response box , although this program

has not been in frequent use. This demonstrated ability of

a com puter i zed sys tem to correct ly di agnose refract ive error

is a significant accomplishment in that it justifies any

attempt to improve upon the overall performance of such a

system whose underlying premise has been thus tested and

proven .

Such improvements of the Refractor II system perfo r-

mance certa inly can be made by ref ining test accuracy and

increas ing system reliability, but the most dramatic

improvements are to be made by r e — o r g a n i z i n g  the system for

greater work—loads while maintaining the quality of the

results at their current hi ghly satisfactory level. It

should be mentioned in passing that such a re—organization

for improved pat ient  f low should In no way impose undesir—

_ _ _ _ _ _ _ _ _  ~~—.-—-. -. 
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able inconveniences on patients or users. Tn the remaind~ r

of this section we will summarize the organization and mode

of operation of the current system in order to suggest ways

to improve system performance.

Figure 1 illustrates the simplified hardware/softw~re

relationships of the system which is in operation at the

time of this writing. A system wit’i the same basic organi-

zation , but with internal modifications and an improved

refractor , will be instal.Ted in San Francisco in June , 1976.

At present the system is designed to perform the following

major functions:

A dmit new patients ;
(system creates new patient file and
request preliminary patient data from
operator , such as name , address , etc .)

Administer a case history ;
(not currently performed)

Perform a subjective refraction ;

Print out case history ;
(not currently performed)

Print out test results and final diagnosis;

Add a case history or refraction to a
past patient’ s file ;

(performs the desired test and then
+ inserts the results into patient’ s

permanent file)

Perform various file operations;
(FIND a patient’ s file in the file
di rec t or y ,  LIST the entire directory
for the current data tape ; DELETE a
patient’ s file from the file directory,
MOVE the temporary file onto the

( permanent file space allocated for the
p atient under test and TN IT IAL IZ F
a new t ape  to be used for anot he r

— 

~~~ 
- ----

~ 
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pat ient fi le data ta pe)

In add ition to the above functions performe d in the

course of normal system operat ion , the system is equipped

w ith var ious sof tware develo pment too ls (Fortr an compilers ,

absolute and linking loaders , assem b lers , a hard disk , etc.)

which are not involved in the execution of the dedicated

system functions.

The var iety of ma jor system funct ions liste d above is

accommodated in the following manner: the “ma in pro gram ” is

actually a central comman d decoder and relate d ta pe an d

input/output routines which are loaded into field 2 of main

memory at system start—up and which reside there for the

duration of system operation . These nucleus routines look

to the user input keyboard for commands specifying which

major funct ion to act ivate and , upon reco gnition of a legal

comman d , supervise bringing the softwar e rout ines neces sary

for perform ing that major funct ion from secondary stora ge

(DEC Ta pe) into ma in memory as a b lock , where it occupies

field zero or one.

Once the required set of routines has been loaded , the

cen t ra l  program passes control  to the start of the block and

the major  func t ion  is ac t iva ted . This  procedure  is known as

“o v e r l a y i n g ” and is done because the to ta l  sof tware  needed

to perform the entire set of possible system functions is

much too large to fit in main memory at one time . When a

given job is requested , only the code needed to run that

_ _ _ _  _ _ _  _ _ _ _  _ _ _  

~~~~~~~~~~~~~~~~~~~ 

.
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parti cul ar job must be in core , and it is “ ove r l a i d ”  on t h e

+ space w h e r e  the p r e v i o u s  job t e m p o r a r i l y  r es idr . s , f i e l d s

zero or o n e .  E x a m i n a t i o n  of F i g u r e  1 w i l l  r e v e a l  t h a t  the

o v e r l a y s  o n t h e  s y s t e m  t ape  c o r r e s p o n d  w i t h  t he  p r i m a r y  jo bs
+ previously listed which the system is designed to accom-

plish . All routines for performing operations on the

patient files data tape (not shown in Figure 1) are found in

overlay 1. A patient files data tape must also he correctly

mounted for the system to operate.

A typical examination of a new patient involves typing

the command RUN. The central program will then ask for the

patient’ s name and other prelimin ary data for the patient’ s

file head , which is kept In the temporary file buffer along

with the other results which accumulate in the temporary

file in the course of an examination . The central program

also sees to it that an entry is male in the file directory

for the new patient and that permanent file space is

reserved for the patient’ s file. Wh en all tests that are

scheduled to be run on the patient are successfully com-

pleted , the temporary file which contains the complete data

for the patient will be written onto the patient’ s reserved
0

permanent file space.

After the computer has set up the file and taken care

of the prelim inar ies , it will ask if a case history is

desired (yes or no) and if a subjective refraction Is

desired (yes or no). The central program then will bring In

4
~1~ 
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+ the necessar y over l a ys to ac com pl ish t~ e s pecif ied tasks one

at a t ime , and upon completion of all the jobs requested

the temporar y f i le w ill then be tr ansferre d to the pat ient’ s

pe rmanen t  f i l e .

After this has been done , control will again be passed

to the central program which will monitor the input keyboard

for any further system commands. Typically, the ope ra to r

w ill ty pe “PRINT” and the overlays to print out a pat.i. nt’ s

file will be brought into main memory and executed , o’itput—

ting the contents of the file. Another command has been

recently added , “LDEV” , which allows the operator to specify

either the CRT display or the Teletype (for a hard copy) as

the o u t p u t  dev ice  p r io r  to t y p i n g  “ P R I N T ” . When the  o u t p u t

job has been completed the system returns to keyboard moni-

tor status , an d another pat ient can be proce sse d .

In the event that a previously admitted patient is to

be tested , the operator can ty pe “ADD” . This will serve to

bypass the initial file creation and preliminary data

ac quisit ion necessary for new pat ients , and will instead

simply ask for the patient’ s name and whether or not a case

history or subjective refraction is to be performed and the

results added to the patient’ s file.

The follow ing summary of the major feètures of system

organ ization is based on the above brief description of the

current system operation.

+ 

— . — 
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1 . Only one ma jor funct ional job can be act ive at a t ime

and it must run to conclusion before another major task

can be initiated .

2. Only one patient can be processed at a time. This fol-

lows from the prev ious point , an d a lso f rom the f act

that all test rout ines re port to a sing le tempo rary

file buffer.

+ 3. The previous two constraints are both software—

oriented. With a re—organization of the software only,

it would seem possible to overlap the file creation of

one pat ient w ith the subject ive refract ion of another ,

the case histor y of a third , and the pr int out of a

+ 
fourth.

In v iew of the-last point it should be stated that such

a mode of operation is not , in fact , totally hardware—

independent. All the external devices certainly are capable

of simul taneous operation , but the speed of the processor

places an upper limit on the real—time multiprogramming

power of the system. This problem is greatly reduced in the
+ 

present hardware configuration since the random logic inter-

faces perform most of the real—t ime control of the devices

upon simple command from the device handler programs in the

central computer . Nevertheless , such a software re—

• + 
. 

. 

organization should not be undertaken until an adequate

measurement of the current degree of processor utilization

is mad e and ex t r apo l a t ed  to account  for demands  on the

+ I 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ________ — —
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processor in the re—organized system .

A further constraint would be caused by overlay swap-

ping in and out of main memory, an essent ial feature of a

mu lti—programmed configuration using the current amount of

ma in memory (12K). This will cause time delays much larger

than speeds of program execution account for since the

secon dary stor age dev ice involve d in the transfer is a Dec

tape drive , a un it with long access times .

In short , improvements in system performance can be ma de

by doing more jobs in parallel , yet such a step is not abso—

lutely straight—forward. An analysis of the type of patient

flow which would be optimal to an optometrist using such a

system must be made , and based upon that , a consideration of

the computer system most ap pro pr iate to the task can be

undertaken.

- - - -.-- -———-—--— 
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2 . 0  C H A R A C T E R I S T I C S  OF AN OPTIMAL COMPUTER-ASSISTED EYE
+ C L I N I C

In the prev ious sect ion we descri bed the operat ion of

the Refractor II’s experimental system which has shown the

feasibility of greatly reducing the human work—load involved

in the process ing of pat ients in an eye cl inic by perform ing

most of the repetitive procedures with the assistance or

under the control of a digital computer system . In consid—

er ing improvements in the Refractor II system it would be

w ise to project a target system wh ich woul d furn ish an

optometr ist us ing suc h a system an opt imal flow of patients

whom the optometrist would examine and finally diagnose on

the basis of the automated tests and his/her own observa-

tions. The objective of this target system would be to most

effectively utilize the professional skills of the

optometrist in terms of the number of patients he/she could

exam ine in a period of t ime (e.g. in the course of a day).

Should such an arrangement become desirable or necessary, as

the projected shortages of optometrists suggests , improve-

ments made on the Refractor II system with this target sys—

tern in mind would be a prudent investment of research and

development ene rg ies .

The most efficient use of an optometrist’s time is made
• 

if:

+ a) the optometrist performs only those aspects of an exam—

ination which can be done only by an optometrist;

~: ~ .

,__-~~~~~_- —.—_ -__ _ _  
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b )  t he  r e s t  of t h e  c l i n i c  is su p p l y i n g  the  o p t o m e t r i s t

w i t h  p a t i e n t s  to e x a m i n e  a t  an o p t i m u m  r a t e .

In o rde r  to get  a p r e c i s e  a s se s s men t  of t he  t i m e s

i n v o l v e d  in the  d i v i s i o n  of l a b o r  d e s c r i b e d  her e , a s t a t i s t -

ical stud y was made of 1~ optometrists engaged in private

practice. The time spent on various phases of the entir e

proc edure of examining a patient was re- -~orded . This con-

sists of such things as admitt ing, a patient , obtaining a

case history, testing for pathologi es , testing visual acui—

ties , performing an objective and a subjective refraction ,

consulting with the patient about his symptoms , recording

- + the diagnosis , specifying the prescription , choosing frames ,

and discharging the patient. Based upon this empirical

study (which Is available separately) and the performance of

the existing computer system , an optimal computer—assisted

eye clinic has been projected. In this clinic , the organi-

zation of the target system frees the doctor from most of

the mundane , time— consuming aspects of the examination and

enables him to quickly but accurately diagnose each patient.

As projected , the number of patients processed by up to six

+ optometrists in the course of a day could be seen by one

optometrist with human and computer assistance.

Figure 1 depicts a possible floor plan for such a

clinic , whose mode of operation will now be described from

the user point of view. Upon entering the clinic , patients

see a r ecep t ion i s t  to be admi t ted . The r ecep t ion i s t

_______________ ____- ~~~~~~~~~~~~~~~ — -~~~~~ -~~~~--~ ~~~~ - ~~—

~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

,+ - .
.

— +c ~-~ ’ -~~~~~~~~
- -

4 +.4._— - _ -.,+,~~ ,~~ -.+ -~~~
- 

- - 
,-, -



— 11$ —

o p e r a t e s  a t e r m i n a l  w h i c h  c r e a t e s  and  m a n a g e s  p a t i e n t  f i l e s

for him and accepts preliminary data ; he also has access to

the secondary storage medium employed so that h~ can insert

back patient files , not all of which will be on— line. The

patient is issued a magnetic card which identif ies him to

all the local stations , and directed to the case history

booths. The patient is actually free td go to the automated

test stations (case history, visual acuity, objective VEP

-.~~~ +
;~~~

- ~~~~~~~~~~~
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refraction , subjective refraction) and the pathology station

(technician equipped with termin al for reporting results ) in

whatever order is most conveni ent as long as all these sta-

tions have seen the patient before he/sh~ sees the doctor .

The doctor is also equipped with a terminal for printing the

case history and test results and for entering his diagnosis

and prescription after examin in~ the patient. The patient .

then goes to the optician to choose frames and be fitted ,

and finally to the business office . -

This floor plan represents the configuration believed

to optimize the patient flow through the system and most

effectively utilize the doctor ’s professional skills , and

the replication of various test stations in Figure 1

reflects the examination times at each station and the need

to balance the flow of patients through the system with the

doctor ’s examination time. A more detailed user— oriented

functional organization than described above has been

planned out which analyzes the user commands , system func-

+ tions , and data transfers projected for each station ; this

structural diagram is available on request.

As a final step in describing the characteristics of an

opt imal computer—assisted eye clinic , Table 1 states the

+ . 
evaluation criteria and performance constraints which apply

to any specific computer system Implementin g the projected

system functions pursuant to additional user—oriented per—

formance requirements.

-

• 
+ 

- - -  
. 
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~ .O D E B T G N  A L T E R N A T T V E S  A N D  T H E I R  T M P L I C A T I O N ~

In designin g a system to handle the scalp of operations

Implied by the clinic just describ ed , a number of approaches

are possible. The chief organizati onal differenc es in the

various alternativ es li e primarily in the degree of central-

ized and distributed functions that these altern atives pos-

sess. Table 2 presents a rour~h sketch of the spectrum of

conceivable system organizations ranging from totally cen-

tralized to totally distrib ut ’~d. The purpose of this sec-

tion is to arrive at the most appropriate overall system

organization suitable for expansion of the present system up
‘I

to and  i n c l u d i n g  the  o p t i m a l  c l i n i c . A de t a i l e d  s t u d y  is

then  made  of the  poss ib le  i m p l e m e n t a t i o n s  of t h i s  o v e r a l l

organization in the next section.

The design approach which Immediately comes to mind as

a possibility is simply to take the current organization and

expand it so that it can handle the heavier service requests

and data transfers to be expected In the enlarged system.

Instead of one user ter.minal for entering commands and

receiving information from the computer , there would be six:

one receptionist , two technicians (pathology) , one doctor ,

one optician , and one business office. There Is also the

possibility of needing a separate terminal for software

development which could function concurrently with normal

system operation . Likewise , instead of controlling one set

of tape r eco rde r s , s l i d e  p r o j e c t ut - , and r e f r a c t o r , the  sys—

+ 9 
+

_ _ _  
_______________
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tem would control up to four refractors , 10 tape cartridges ,

six tape cassettes , five slide projectors , and eight answer

boxes . With one receptionist , th ree case history stat ions ,

one v isual acuity stat ion , two objective refraction sta-

t ions , two subject ive refract ion st ations , two pathology

detect ion stations , one doctor , one opt ic ian , and one busi-

ness off ice , there are 15 different jobs that need to be

service d concurrently. It also should be mentioned that all

these jobs are tied very st.rongly with I/O and file opera-

tions and are only nominally involved in internal computa—

tion.

It certa inly is poss ib le for a di g ital com puter to

accomplish all the above tasks with reasonable response time

if the computer is powerful enough. Even with re—entrant

code (code which can be used simultaneously by two or more

running job s w ith se par ate data f ields) it would not be

econom ical to keep all the necessary software in core , and a

high speed secon dary storage ca pab ility, such as har d di sks

or drums would be necessary for swa ppi ng jobs in and out of

ma in memory. Double—buffering (operating on one part of a

b u f f e r  whi le  another  par t  is involved  in a da ta  t r a n s f e r)

and a Direct  Memory .  Access channe l  also would be essen t ia l

so that  jobs could be loaded whi le  the Centra l  Processor was

execu t ing  other  jobs.  In add i t ion  to these r equ i r emen t s , a

[ . sizeable operating system is required for scheduling task-s +

in this time—sharing/multi programming environment and for

p e r m i t t i n g  easy r e — c o n f i g u r a t i o n  of the system by the user .

________ ________________________________________________ - 
—
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More s o f t w a re  o v er h e a d  is e n c o u n t e r e d  in t h e  need for  a f i l e

s y s t e m  w i t h  a d e q u a t e  l eve l s  of f i l e  p r o t e c t i o n .  F i n a l l y ,

~ ~~
- the  processor  power ( a p p r a i s e d  in t e r m s  of the  c y c l e  t i m e

and the  i n s t r u c t i o n  s e t)  w o u l d  h a v e  to be c o n s i d e r a b l e  to

h a n d l e  the  above  w o r k  l o a d , and the  I / O a r c h i t e c t u r e  of the

system must permit the processor to easily address and con-

trol a large number of external devices . A conventional

m i n i  would  be h a r d — p r e s s e d  to meet  t he se  r e q u i r e m e n t s  t a k e n

t o g e t h e r  and a m e d i u m — s c a l e  c o m p u t e r , a t l e a s t , w o u l d  be

needed h e r e .  F i g u r e  2 dep i c t s  the  g e n e r a l  o r g a n i z a t i o n  we

h a v e  j u s t  d e s c r i b e d , w i t h  the  p o w e r f u l c o m p u t e r  a t  I t s

c e n t e r .  - -

I n s t e a d  of a s i n g l e , l a r g e  compu te r  p e r f o r m i n g  a l l  the

system functions , various jobs could be broken  I n t o  c l a s ses ,

w i t h  a less p o w e r f u l  processor  a s s i g n e d  to each c lass  of

job. For example , a processor cou ld  m a n a g e  f i l e s  and secon-

dary storage , a second could execute programs , and a third

could handle all I/O . The complexity of the processor exe--

cuting programs is still considerable , however , and this

manner of distributing system functions introduces addi-

tional intricacies in communications between processors

which are strongly dependent on each other and are in con-

stant interaction .

A more n a t u r a l  g r o u p i n g  of sys tem job s m i g h t  a r i s e  f rom

a s s i g n i n g  a processor to m a n a g e  a r e s t r i c t e d  c lass  of test

funct ions associated with each test station . By virtue of

— 
-~~p .  I 
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t h i s  a r r a n g e m e n t , demands  on any  one processor are m i n i m a l

compared to the one—computer—all—jobs configuration , and it

no doubt would be possible to use microproc essors as the

basic processor unit. The extensive data transfers neces—

sary for swapping jobs in a time— sharing environment or

merely for overlaying in a large software/small memory

situation would not be necessary in a configuration with a

small process or dedi cate d to ea ch test st at ion (or “job”),

since the software related to ea ch spec i f ic st at ion is sma ll

enough to be manageab le  in a l imi ted  amount of memory for

each processor. Such a scheme for distributing the func—

t ions of the system to independent processor stat ions would ,

furthermore , very conven iently solve the multi—programming

pro b lem , s ince each job wh ich woul d prev iously have vied

with 10 to 15 others for the. attention of a central computer

now has its own processor to execute its own code. One new

implicat ion of thi s mode of or gan izat ion is that the typical

stat ion has no secondary stora ge under its immediate control

( i n  a few cases t h i s  is not t r ue ) , and all  pa t i en t  f i l e

operations must be transacted with a central file system

which all stations report to in some fashion . Thus ,

al though the sof tware  overhead at local s tat ions would be at

a m i n i m u m , a f a i r l y  i n t e l l i gen t  ne twork  h a n d l e r  and f i l e

cont ro l le r  must  be implemented at a central file station in

addition to the simpler file handlers at each local station

which relate to the network handler. However , the data

rates involved in this communication network are low in corn—
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p a r i s o n  to the  r a t e s  needed  to s u s ta i n  p r o g r am  t r a n s f e r s  as

w e l l  as d a t a  t r a n s f e r s  in the  c e n t r a l i z e d , m u l t i — p r o g r a m m e d

a l t e r n a t i v e .

On t h e  h a r d w a r e  s ide  of the  p i c t u r e , i t  shou ld  h e

f a i r l y  o b v i o u s  t h a t  the  local  p r o c e s s i n g  s tat i o n s  a re  actu-

a l l y  r e d u c t i o n s  and  s i m pl i f i c a t i o n s  of t h e  s y s t e m  c u r r e n t l y

o p e r a t i n g ,  e l i m i n a t i n g  s e c o n d a r y  s to rage , u n r e l a t e d

s o f t w a r e , and  u n n e c e s s a r y  h a r d w a r e  i n t e r f a c e s  where  app l i ca -

b l e .  As for  the  n e t w o r k  l i n k i n g  the l oca l  s tat i o n s  w i t h  t he

c e n t r a l  f i l e , two p o s s i b i l i t i e s  s t a n d  o u t :  a bus w h i c h

add re s se s  a l l  s t a t i o n s  s i m u l t a n e o u s l y  b u t  w i t h  o n l y  one  p a i r

a c t i v e l y  c o m m u n i c a t i n g  at a n y  momen t , and  s e c o n d l y  a r i n g

s t r u c t u r e  In w h i c h  messages  a re  passed  c o n s e c u t i v e l y  a r o u n d

t h e  r i n g  u n t i l  t h e y  r each  t h e i r  d e s t i n a t i o n  and  a re  removed

from c i r c u l a t i o n . The o v e r a l l  o r g a n i z a t i o n  of t h i s  a l t e rna -

tive Is presented in Figure 3 which shows the local process-

ing  s t a t i o n s  for  the  a u t o m a t i c  test  s t a t i o n s  and the  user

interactive stations tied toge ther  in a n e t w o r k  w h i c h  con-

tains the central file as one of its modes.

These two a lternat iv es , as described above , both meet

the ov erall system performance requirements in their capa—

+ bllities for digital control and information processing.

The norm al user i n t e r f a c e  and system development  user I n t e r —

face  r e q u i r e m e n t s  both are primarily matters of having the

so f tware  to support  these r e q u i r e m e n t s , and the g e n e r a l

s o f t w a r e  d i f f e r e n c e s  in the two a l t e r n a t i v e s  h a v e  been men—

~ ~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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tioned . The software responsible for the implementation of

the user—oriented high level command language is judged to

be roughly com pat ib le in terms of develo pment and memory

costs , although it is wort h not ing tha t the har dware in the

centra li zed alternat iv e must be ca pab le of serv ic ing user

requests from seven term ina ls and e igh t test sta tions in

less than two seconds.

However , with regard to the other criteria and con-

stra ints , there is a marked difference in the two configura—

t i ons .  If f a u l t s  deve lop  in local stations which generate

bad input to the centralized computer , the probability that

e r ro r s  would be propagated through the system and even cause

it to crash can not be disregarded . Naturally, an y minor

faul t in the central computer would have very undes i ra b le

effects on the ent ire system. In the distributed configura-

tion , a fault in one of the stat ions woul d have v irtually no

e f f e c t  on the rest of the system . If fau l ts developed in

the cent ra l  f i l e  system , t-he local stations would be

empo wered to t empora r i l y  b u f f e r  f i l e  messages u n t i l  the

back—up  f i l e  system was o p e r a t i o n a l .  R e d u n d a n c y  in a cen-

tral file processoi is a much simpler matter than providing

a back—up capability for a large , general—purpose computer.

When faults do bring the large computer in the central-

ized alternative down , the whole system is down until the

• fault is located and corrected . Maintenance in the distri-

buted system is more convenient ; the hardware module compa—

• - - -•‘ --.- . - - :_ _ -,. ‘—~ ,— . - -
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tibility among test stations permits replacing a standard

module with a back—up module while the defective module is

being repaired , regardless of the local station involved .

Furthermore , a loca l processor coul d fa ir l y  eas ily add som e

degree of error diagnosis and reporting to its limited

duties , whereas requiring a central computer to monitor

er rors  in the e n t i r e  sys tem in a d d i t i o n  to i t s  normal  work

load might add noticeably to the performance required of

such a computer.

Anothe r  se r ious  sho r t coming  of the  c e n t r a l i z e d  scheme

is the fact that unless a tremendously powerful c~ ~puter

were used at the outse t , e x p a n d i n g  the c a p a c i t y  of the ~~~~~~r _

tern from one stage of develo pment to another woul d at some

point re quire gett ing a com pletely new mach ine to re pl ace

+ the computer which was initially installed and whose capa—

‘ -- - city had been saturated . To begin expanding the current

system ’s powers b y acqu iring a computer capa b le of handling

the p rocess ing  load env i s ioned  at the f i n a l  stage of the
• system ’s development would be the only way to avoid this

difficulty , but this is risky for a number of reasons:

1. The course of development would be too rigidly deter—

mined . Should i n t e rven ing  events  suggest or d i c t a t e  a

different final system than envisioned , the initial

system may be mismatched with ultimate objectives .

2. Planning that far into the future with conventional

technology locked into the system would prevent future

/ 11
___-- _ _ _  
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stages of d e v e l o p m e n t  f rom b e n e f i t t i n g  f rom f u t u r e

developments of the electronics industry.

3. Such an i n i t i a l  s tep would  r e q u i r e  a c o n s i d e r a b l e  capi-

tal  i n v e s t m e n t .

The d i s t r i b u t e d  c o n f i g u r a t i o n , on the  o ther  h a n d , is

ideally suited to flexible development plans and the incor-

poration of cost—reducing technological innovations

c u r r e n t l y  a v a i l a b l e  or expected  in the  near  fu t u r e .  Should

it become d e s i r a b l e  to add ano the r  test  s t a t i o n  in order  to

balance patient flow through the system or to increase the

system ’s capacity, another processor can very easily be

added to the  n e t w o r k .  The h a r d w a r e  changes  in the rest of

the system nee ded ~~ •~ fect the addition of a local station

+ are m i n i m a l , differing slightly with the type of network.

If the network is the “star ” type (each local processor con-

necte d di rectly to the centra l node), then the interfa ce at

the centra l ar bi trator s imply nee d s to hav e enough slots for

at least 20 interface cards buffering the lines to the local

stations. Depending on the length of the cable involved ,

some form of line conditioning or repeaters might be neces-

sary. If the network is a “ring ” (each local processor con—

nected to two adjacent stations , one to which it passes or

relays messages and the other from which it receives mes-

sages intended for it or another station around the ring) ,

• . all that is involved is making a momentary break in the ring

and inserting a station between two previously adjacent

_ _ _ _ _ _ _  _____ - - - - - - -
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ones. Because of the relative proximity of adjacent sta-

t ions , no spec ial transmission measures are ex pected in the

case of a r ing networ k .

The hardware addition of a local station of any kind

also is s i m p l i f i e d  by the f a c t  t ha t  the  h a r d w a r e  modules

• which compr i se  a local  processor s t a t i on  can be s t a n d a r d i z e d

for the ent ire sys tem , rul ing out the nee d for any des ign

work if such an addition is contemplated. All the user need

do is call on the supply of extra modules kept on hand for

the system maintenance and expansion . These modules will be

enumerate d in the next section .

An aspect of the future—oriented flexibility of the

distr ibuted system equal in importance to the ease of re-

configuration the hardware for specific work—loads is the

incor porat ion of advance d technological innovat ions in its

des ign  and the p r e s e r v a t i o n  of f u t u r e  opt ions  to make  use of

projected technological capabilities. Reference is made

p r i m a r i l y  to the success of l a rge—sca le  i n t eg ra t ion  (LSI ) in

drastically reducing the chip—count and design fabrication

costs of digital systems while clearly increasing the range

of applications of systems using programmable LSI logic in

place of inflexible random logic. The architecture of the

distributed system is such that the performance required of

the processor stations can readily be met by a computer

which is based on a microprocessor. Furthermore , it is

anticipated that most of the device interface modules could

I
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event u ally be replaced by LSI p r o g r a m m a b l e  l o g i c  s h o u l d  t h at

s t ep  become d e s i r a b l e  fo r  a n y  n u m b e r  of r e a sons , ch i ef of

w h i c h  m i g h t  be r e s u l t a n t  e f f i c i e n c i e s  i f  m a n u f a c t u r e  of t h e

u n i t s  were  a c o n s i d e r a t i o n . In a n y  e v e n t , the  h a r d w a r e  c o n —

f i g u r a t i o n  of the  d i s t r i b u t e d  s y s t e m  p e r m i t s  t h e  i u b s t i t u —

t i o n  of f u n c t i o n a l l y  e q u i v a l e n t  c o n n e c t o r _ c o m p a t i b l e

ha r d w a r e  m o d u l e s  w h i c h  h a v e  been i n t e r n a l l y  r e d e s i g n e d  to

i n c o r p o r a t e  s i g n i f i c a n t  a d v a n c e s  in  s t a t e — o f — t h e — a r t  LSI

t e c h n o l o g y .

On the basis of the pr eceding analysis alone , it is

a p p a r e n t  t h a t  the  d i s t r i b u t e d  a l t e r n a t i v e  is m u c h  more

s u i t e d  to t h i s  p a r t i c u l a r  a p p l i c a t i o n  t h a n  is the  cen t r a l -

ized  v e r s i o n .  The n e t w o r k  of s m a l l e r  p rocessor  s t a t i o n s

possesses a number of advantages over the central— computer

concept , and , more decisively, the centralized alternative

fails to meet several key evaluation criteria — notably, the

stipulation concerning system reliability - (Section p4.0).

The centralized alternative also is judged deficient in

light of the system development criterion for ease In re-

configuring the system (Section 3.0) and , more importantly,

in light of the future option criterion specifying the abil-

ity to add stations to improve the performance of the system

(Section 6.0). Finally, the centralIzed alternative is

judged poor with respect to the degree of hardware modular —

ity and debugging simplicity it affords , a maintenance cr1—

ten on (Section 5.0). Table 2 sums up the comparison of the

two major alternatives In terms of their primary system

— I ~~ ~~~~~~~~~~~~p
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features.

In short , although a more extensive analysis obviously

is possible , the above considerations are s u f f i c i e n t  to ru l e

out a centralized computer architecture as the basis for

+ expansion of the current system up to and including the pro—

+ 
. jected optimal one—optometrist computer— facilitated eye

clinic. Even though this decision was made largely on a

performance basis , the distributed alternative is judged

thoroug hly cost—competitive with the centralized version ,

given the orders—of—magnitude difference in the cost of

large—scale general purpose computers and the cost of

m icroprocessors.

W ith the sco pe of the feas ib le systems for this appli-

cat ion limited to some form of d istr ibuted netw ork of small

processors , we now can look at the necessary structure of

the hardware/software relationships and the possible imple—

mentat ions of such a system in more detail.

t -~~ 
--—

~~~~~~~~~~ 
— -
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LLO PROPOSED SYSTEM ORGANIZATI ON

At the heart of the proposed system is a multi—access

file sub—system which interacts with the local processing

stations via the communications network. The local process-

ing stat ions , the commun icat ions netw ork , an d the c e n t r a l

file system can be in various modes or states in the course

of system operation . Perhaps surprisingly, it is not neces-

sary for the three major sub—systems mentioned above to be

simultaneously ac t ive for the sy stem to operate , a l thou gh

this is not usually the case. The system works perfectly

well if only one local station is active ; to the central

f ile system the status of stat ions resem b les the status of

remote term inals in a time—sharing network. Similarly, the

local stations- , once loaded , have the ability to operate

w ithout the central f ile system or the commun icat ions net-

work (messages to the central f ile are buffere d for later

transm ission if either of the two sub—system s are down);

only in the event that informat ion defin itely is nee ded from

the central file would the normal operation of a local sta—

tion be affected by inactive file or network sub—systems.

Generally speaking, the entire system could be in one

of several major states depending upon the states of the

system ’s components:

1. Power—off ;

It

_ _ _  
_ _ _ _ _ _ _ _ _ _  _ _ _ _  _ _ _ _ _ _ _ _ _ _ _  

_ _ _

—
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2. Central bootstrap: (Central file system station power—

on and init ializat ion of central messa ge p rocessor )

3. Central ready:

(Cen tral f ile system stat ion read y, local stat ions

power off )

4. Load ready:

(Centra l f ile system stat ion rea d y, local sta t ions

power—on )

5. Load Execute :

(Loading of local stat ions in progress )

6. System ready:

(All stations loaded and ready)

7. System operate:
+ (Initiated by the first station to request a central

file operation when the state is System Ready ; this

state covers the normal operation of the system — i.e.,

execution of software at local processors and transfer

of information between local processors and file sys—

tern)

8. System error :

(Entered when local stations report error condition or

when error is detected by central monitor ; system will

try to recover (so ft error) and log condition in file

and on printer. If error is not recoverable and is

•• 
-

~~~ 
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f a t a l , system will attempt to enter one of two

diagnostic/alert states: Local Fail or Central Fail)

9. Local f a i l :

(Loca l  s t a t ion  has  gone down , ope ra to r  is a l e r t ed , and

rest  of sys tem c o n t i n u e s  normal  o p e r a t i o n )

10. Central fail:

(Some aspect  of c e n t r a l  system is down ; opera to r  is

alerted by alarm; local stations buffer or wait; back-

up facility exercised while problem corrected)

11 . Development interrupt :

(Syst em develo pment stat ion w ishes to halt exe cut ion at

a local stat ion for software test ing or develo pment at

that station ; rest of system continues at normal opera-

tion wh i le software at the interrup ted stat ion is

dumped , edited , loaded , etc.)

12. System close—out

(Entered at end of the day when operator signals com-

pletion of normal operation ; cumulative statistics

updated and summaries of system status logged and

printed out; patient file directories modified to

reflect current files; hardware exercised for routine

fault detection)

In the r ema inde r  of th i s  section a closer examination

of the three p r i m a r y  sub—sys tems  ment ioned above wi l l  be

given : the local processor s ta t ion , the f i l e  system , and the

_____ _____ ______________ — -  

- 
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commun ication network. The communications network can be
I

t hough t  of as the intersection of the local station sub—

systems and the central file sub--system ; it consists of the

network interfac e modules foun d at every stat ion and an y

extr a dev ices nee ded to regulate the mult ip le attempts to

access the central file manager with this network. The

local  processor s t a t ion  is a s t anda rd  modular , b u s — o r i e n t e d

small computer with standard and custom interface boards ,

processor board , and memory boards. The central file system

is the most sophisticated of the sub—systems , containing the

apparatus necessary to service and schedule multiple mes-

sages to and from all other stations.

4.1 Local Processor Hardware Configuration

Every local processor , regardless of type , possesses

the following hardware modules:

a. Processor:

(either a board supporting the Intel 8080 or the

recently announced PDP—8/A processor board module )

b. Random—access semi—conductor memory:

(e i ther  organized in to  8—bi t  words for the 8080 or the

12—bit by 1 , 2, or 1~K memory boards supplied by DEC for

the PDP—8/A)

c. Direct—memor y access (DMA) channel:

• • (to enable file transfers while the processor performs

other tasks)

1: 
_ _ _ _  _ _ _  

_ _ _ _ _ _  +~~~~~~~~~_ _ _ _

— — —.---- — —-
-
-~~~~~~----•——--———••—•—~~--~~~ —-- - - - -—- - - — - —-— — - - 

— - - 
••—
‘ - - ‘4 -~~-

- - •
~
• - — + -

+ I - + - 
—---—-——-



— 31 —

+ 

d. File system network interface:

(ena b les all commun icat ion between local stat ion an d

central file station via network)

e. Dev ice interface(s):

(used by loca l processor to contro l or monitor external

devices deployed at that station)

The t ypes of dev ices an d dev ice inter faces use d at the

local stat ions var ies from stat ion to st at ion , depending

upon the functions to be carried out at each station. The

follow ing li st enumerates the ty pes of dev ice interfaces

whi c h var ious stations will employ :

e.1 Magnetic card reader interface:

(custom design ; all stations except central file system

and system development station need a magnetic card

rea der for ident i fy ing pat ients as they pro gress

through the system )

e .2  Tape c a r t r i d g e  i n t e r f a c e :

(custom design ; tape cartridges are used to issue rela-

tively short and few messages to patients at these sta-

tions: visual acuity, objective refraction , subjective

refraction) -

• • e.3 Tape cassetteinterface:

(custom design ; digital cassettes are used for issuing

a large number of possible messages to patients at the

case history station )

- 

• 

-



— 3 2 —

e. -4 Answer  box i n t e r f a c e :

(custom design ; answer box is used at all automatic

test stations to record patient responses to taped

quest ions:  case hi stor y , visu al acuity, objective

refrac tion , subjective refraction)

e.5 Slide projector interface:

(custom design; these stations control a slide projec-

tor to perform tests:  v isual acuit y , object ive re f rac -

t ion , subjective refraction)

e.6 Refractor interfaces:

(custom design; the refractor interfaces are a large

number of smal ler boar d s wh ich control the stepper and

axis motors in the refractor ; these interfaces are

located in a cabinet separate from the local processor

cabinet , which contains a single board that communi-

cates with the refractor interfaces on a bus of their

own in the remote cabinet; needed at objective and sub—

jective refractor stations) 
-

e.7 Display interface:

(custom design ; light— emitting diode (LED) display is

used at the refraction stations to reveal the particu—

lar test and lens combination administered to the

patient)

e.8 Keyboard/printer interface:

(custom design — 8080; OEM module - PDP—8/A; this dcv—

- - -.-~-- - —- — •——- 
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ice is the primary device involved at the user—

intera ct ive class of stat ions; rece pt ionist , pathology

detection , doctor , optician , bus iness o f f ice , system

develo pment )

The only remaining digital hardware which enters into

the c o n f i g u r a t i o n  of some of the  local processor  s t a t i o n s  is

a f l oppy  d i sk  and  f l o p p y  d i sk  c o n t r o l l e r .  This  s e c o n d a r y

storage capability at a local station is the exception

rather than the rule , and is introduced only because it

greatly simplifies the- operation of that station , renders a

station functionally independent of the central file , or

eliminates an over—be aring demand on the central file system

by a local station.

The stations wh ich need local secondary storage because

of the preceding considerations are the receptionist , busi—

ness office , and system development facility. The recep-

tion ist needs back patient files physically available for

retriev ing previous patient records when patients return to

the clinic. -Keeping al-i back files on— line is possible but

very cost—prohibitive. The compromise is to keep a diction—

ary of all past patients on some secondary storage medium

which the receptionist can search in order to identify the

patient’ s past day file; these files are off—line but on a

readily insertable medium. If the search is unsuccessful ,

the system will request a patient directory which covers an

earlier period of time (in units of six months or a year)

• - - -
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than the span of time covered by the directory just

searched. If the search was successful , the sys tem w ill

inform the re cept ionist wh ich past day f ile to insert in

or der to transfer the pat ient’ s recor ds to the current day

f ile , which is maintained in the central file. This pro—

cedure is necessary  because it is the recep t ion i s t  s ta t ion

wh ich creat es an entry in the current d a y f il e for incom ing

patients ; when other stations report to the central file

concern ing a patient they assume the patient ’s f i le has been

inserte d into the curr ent da y f il e wh ich the central f i le

mana ges. -

It is expected that local secondary storage at the

business office will initially be helpful and soon prove to

be essent ial for the accomm plishment of dat a p rocess ing

tasks. These duties include payroll preparation , inventor y

control , ma intaining patient account files , maintaining cor-

porate accounts (for insurance re imbursement ) and accounts

payable  f i l e s , an d billing and mailing list software.

Depending  upon the storage capacity of the on— line central

storage medium , this rather extensive group of programs and

data conceivably could be kept on—line in the central file

(no manual insertion is possible during the System Operate

state , or normal operation of the system). This presents a

growing problem ,- however , since over the course of the

clinic ’s operation the data files mentioned above will in

most cases grow without bounds and will exceed the capacity

of an economically modest on—line central file facility.

___________________________________________- - -  
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This lim it is real and readily approachable if the storage

med ium Is a hard d isk , and cert ain to be reac hed almost

immedi ately if the stora ge med ium is the more econom ic a l

floppy disk .

For thi s reason , local se condar y stora ge for the bus i-

ness office is included in the hardware configuration.

Manual insert ion of segmente d f i les indepen-

dent of the central file thereby is possible just as in the

receptionist station. The business office station can

obtain the expenses incurred by the patient when they happen

(via the network ), upd ate the app ro pr iate f i les locally, and

whenever the patient decides to visit the business office

his account will be current. This arrangement has the addi—

tional benefit of not needing the central file or the net—

work for the independent execution of billing , payroll ,

ma iling and other software; also it substantially reduces

the load on the central file system for the same reason.

Finally, the system development station needs local

secondary storage for the same general reas ons: large

amounts of software are involved (compilers , loaders , spe-

cial software for re—ordering test routines or station con-

figuration , etc), and execution of this type of software in

a small computer environment generally involves exchanging

sections of code between main memory and secondary storage.

Furthermore , the various versions of the software routines

used in the local stations will need to be on—line or

— ‘if
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read i ly insertable for ed iting or buildi ng the sof tware for

these stations. Some form of inexpensive , vers atile secon—

dary storage medium therefore would be needed here as well.

The storage me di um for the th ree local stat ions which

nee d thi s facility could be chosen from a number of s peci f ic

options; digital cassettes , floppy disks , low—cost magnetic

tape (such as DEC tape) , or hard disks. For the number of

such storage facilities contemplated , and the order— of—

magn itude of the stora ge re quirements invo lve d , we can rule

out hard disks because they are too expensive (especially in

these numbers ) and offer more capaci t y than is real ly neces-

sary for these applications. IBM performed a rather exten-

sive study of floppy disks and digital cassettes and con-

cluded that digital cassettes fell down in the comparison

because the reliability of floppy disks was judged to be

superior to that of digital cassettes. This leaves us with

a choice between floppy disk and DEC tape.

The stora ge ca pa c i ty of flo ppy di sks and DEC ta pe is

com patible. On~ floppy disk has the gross storage ca pac i ty

of approximately—2.6 million bits. There is roughlj a 3%

error—checking overhead in a standard sector/checksum

error-checking format , leaving in the neighborhood of 2.5

mill ion b its for actual information storage. DEC tape , on

the other handq has roughly 850,000 lines at 10 tracks per

line; extensive redundancy of data and timing tracks leaves

only three effective information tracks per line , however .

~
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Thus , the  to ta l  useab le  i n f o r m a t i o n  c a p a c i t y  of one reel of

DEC tape is 3x850 ,000 2.55 million bits , or v irtua l ly the

same as one floppy disk .

Com parison of the real—time performance characteristics

of the two me di ums reve al s some di ff eren ces , however .  The

data transfer rate of a typical floppy disk (the Shugart

SA9O1 Disk Drive) is 248,000 bits/second ; the data rate off

the DEC tape is nearly 100 ,000 bits/second.

Acc ess times of the two devices diverge sharply. The

typical floppy disk rotates at 360 rpm , or one rotation

ever y 166.7 milliseconds ; this implies an average latency

once a desired track has been reached of 83 milliseconds.

Track—to—track access timeis 10 milliseconds , and an addi-

t ional 10 mill isecon d s is re quire d for settl ing . Thi s gi ves

a total average access time of roughly 100 milliseconds.

DEC tape access invo lves a linear sear ch and is much more

time consuming. The total length of DEC tape is 250 feet ,

and the ta pe trans port moves the ta pe at speed s of 93 p lus

or m inus 12 inches per second. To search the entire length

of the tape would therefore take 32 plus or minus 5 seconds.

Average  access t ime depends p r i m a r i l y  upon the s t a t i s t i ca l

distribution of the blocks of data on the tape; If they are

inclose proximity, the data transfer can be effected in two

or three seconds on the average ; if the files are more ran—

domly distributed , or if consulting the file directory for

the location of a file is necessary, much longer access

-— - ~~~~- a- -— ~~~~
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+ t imes  are involved .

L As a last consi derat ion in comparing the performan ce of

these two devices , the reliability of the DEC ta pe me dium

for soft error recov ery is greater than that of the floppy

di sk because of the DEC ta pe ’s extens ive track redundancy.

However , the floppy disk medium ’s soft error re cov ery ca pa-

bility is certa inly adequat e and eff ic ient: re peate d passes

of a track are made if sector check— sums indicate a bit has

been dropped or added . If the discrepancy is not rectified

after a certa in number of tr ies , the floppy disk has a hard

error . Manufacturer specifications assure a minimum of

10(6) contact passes before hard errors might be expected in

the floppy disk itself.

When the res ponse t imes of the tw o dev ices are con-

sidered along with their costs , the floppy disk is by far

the most desirable system . A dual— drive floppy disk can be

obtained for around $1200 , and the controller can be

designed and built cor around $600; a Dual DEC tape , on th~
other hand , goes for $5000 and the necessary controller

(which can control up to four dual drives) costs $4500. For

• these reasons , the secondary storage medium included in the

design of the local processor stations — and the central

file system as well — is a dual floppy disk drive.

The digital hardware at each local station is a collec—

+ tion of modules which forms an operational unit appropriate

to the type of task a station is intended to perform , and

- 
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yet the basi c hardware organization of each station is

highly similar. A relatively self—sufficient modular corn—

L puter runs programs init ia ll y supplied to it by the central

file system at system start—up; these programs control

+ • 

- 

external dev ices through stan dar di zed dev ice interfa ces and

communicate with the central file through a standardized

file system interface. All these hardware modules are

inter changea ble throughout the system — it s i m p l y  is the

part icular collection of modules at a stat ion whi ch dist in-

gu i shes  t ha t  s t a t i o n ’s o v e r a l l  f u n c t i o n  f rom t h a t  of ano the r

station .

4.2 Local Processor Software Organization -

Softw are at the local process ing units is or ganized

into the following categories:

1. Local monitor : -

(Res pons ib le for han dling interrupts and elementary

scheduling of tasks )

+ 2. Station—dependent software:

(Appreciable block of code which embodies the various

functions which a particular station is designed to

accomplish )

3. Device hand le r s :

( S t a n d a r d i z e d  so f tware  rou t ines  corre la ted wi th

specific hardware device interfaces which the routines

control; the device handlers serve as the effectors of

- -— - -
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device perations requested by station—dependent

so f twar e or other higher level co de)

4 .  File han d ler:

(Standardized software package which the local software

uses to re late to the network interface module and

ult imately to the central file system ; the file handler

coor di nates the transmiss ion or buffer ing of messa ges

init iate d b y the local stat ion an d the rece pt ion of

mess ages from the central f i le)

5. Error reporting routines:

(Logs error not if icat ions w ith the centra l f i le)

6. Buffer :

(Part of local memory is allocated to buffering mes-

sages; the file system interface normally will deposit

an d pi ck up messa ges in this area v ia the Direct Memory

Access channel or with the assistance of the file

handler)

The station—dependent software generally falls into one

of two main classes: programs for administering the

automatic tests and reporting the results , and programs for

interpreting user commands from a keyboard and entering or

obtaining information from the central file. These two

classes are the natural consequence of the fact that nearly

all the stations are either automatic test stations or

user—interactive stations. There are , in addition to

_________________ -
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sof tware of those two general classes , sever al spec ial

software packa ges nee ded at stat ions w ith unique funct ions ,

such as the bus iness off ice and the system developmen t sta-

tion . Another important block of software which is somewhat

unique is the co de wh ich oversees the pre parat ion an d loa d-

ing of local stat ion sof tware , the state trans it ions of the

system (e.g. Load Execute to System Ready, System Opera te  to

System Error ), an d commun icat ion with the su perv isor y sy stem

operator .

Figure 14 presents the general ize d format of a t ypical

local processor station to reveal the main hardware/software

relat ionships at a glance.

14.3 File System Organization

The var ious f ile mana gement funct ions conta ined in the

c u r r e n t  system are distributed among all the stations in the

proposed system . These f i l e  operat ions cover a number of

data transfers which range in size from a few bits to entire

files or programs. During system loading at start—up the

central file system will be engaged in extensive program

transfers to all stations , most likely one at a time. Dur-

ing normal operation , however , the data transfers between

local stations and the central file will depend o.n the kind

of function each station performs. 
-

When a local statiOn does call upon the central file in

the course of normal operation to either retrieve or deposit

~~~~~~~~~ ~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~
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data con cern ing a pa tient , at no t ime is the local processor

in control of the se condary stora ge medi um whi ch hold s the

on— l ine day file the processor wants to access. Rather , one

section of the station—dependent software formulates a mes—

sage in a special file system language internal to the sys—

tern which ident if ies the pat ient , request ing stat ion , the

symbol ic name of the informat ion to be transferre d , the

direction in which the transfer is to be made , and the

informat ion itself if the transfer is from loca l stat ion to

central file (write). This message is built in the buffer

area of the local s ta t ion ’s m e m o r y ;  when I t  is comp lete the

• file handler software routine is informed of its whereabouts

and is asked to see to it that the message gets to the cen—

tral file. The file handler does this by calling upon the

hardware in the file system interface , wh ich wa its unt il the

commun ication network is free and then dumps the message out

onto the network using the DMA channel. The file handler

checks back 
- 

with the file system interface until it sees

that the transfer is underway, whereu pon it returns control

to the local monitor . If a certain time limit is exceeded

and the transfer has not been initiated , the file handler

assumes the network is inactive and keeps the message on its

list of work to be completed when the network is responding.

Finally, the file handler does not scratch this message from

its list of unfinished business even if the transfer is m i —

• tiated ; it waits until it receives confirmation of reception

from the central file message processor.

~ ~~~~4-,- 
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This mode of communication between local processor and
’

central f ile means that the local processor must have the

intell igence to formulate such a message ; it also means ,

however , that the central file system station has to h3ve

the intelligence to inter pret the message and then go about

the actual bus iness of access ing the flo ppy di sk an d

correctl y performing the data transfer. A number of local

stat ions might well re quest central f ile access at almost

the same time , and so the central f ile stat ion will need to

buffer messages an d sc hedule the process ing of mult ip le file

tasks. Furthermore , the message process ing fa ci lity can

readily implement the necessary file protection measures and

- • priorities for the local stations which want service.

Analysis of the projecte d peak load s wh ich the file

system might be required to handle indicates that the tech-

nology intended for the system is quite capable of perform—

ing the file operations with reasonable response times. In

the optimal system , up to 16 different s ta t ions  could con-

ceivably request central file service simultaneously. If ‘ 

-

the priority scheme were a simple round—robin procedure , the

message proàessor would examine a message in the queue ,

identify the requesting station and the type of file opera-

tion desired and , provided the station was allowed that type

of access , carry out the transfer . (Requesting stations

refer to file items by a symbolic address based on patient

ID and logical name of the record , segment , or entry to be

transferred; the central f~le message processor arrives at

+ -‘ 
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the exact  floppy di sk add resses of the transfer upon consul-

tation with the patient directory maintained in memory as

well as on the disk . The fixed format of patient records

allows quick computation of real disk addresses using a base

address/displacement method). After a transfer has been

init iate d by the message processor (send messa ge ta gged at

the head of outgo ing data and f loppy di sk controller given

the start and end add resses ), the messa ge processor can

prepare the next data transfer requested by another station

in the queue while the previous transfer is underway. The

time needed to process a message in the above manner (no

priority considerations) would be roughly equivalent to the

time involved in accessing the floppy disk and accomplishing

the transfer.

The through—pu t of the floppy disk is well above the

worst case load : I f  all 16 stations are in the queue , up to

10 ,000 bits of data might ultimately be transferred . The

processing of this data is broken up by the accessing of

different continuous blocks on the dis~c for different

requesting stations. Recalling that each access takes 100

milliseconds on the average , this implies a total time

required to process a peak load with overlapped message

interpretation and file transfer of 16x100 msec + 80,000

bits/2~I0,OO0 bits per sec (disk data rate) approximately 2

seconds.

- ~~~~~~~~~~
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14 •14 Communications Network

A num ber of options are possible for the network which

links the local stations with the central file. Because the

• local processor stations will be some distance from the cen-

tral f i le stat ion , transm itt ing dat a in parallel on more

than one line will involve some critical timing measures to

avo id c lock skew , and for this reason bit—serial transmis-

sion is favored.

If the “r i n g” network is emp loyed , addit ional time must

be added to the cent ra l f i l e  message process ing  and da t a

transfer through— put times previously listed in order to

arrive at -the effective response time of the network and

central file from the local station ’s point of view. This~
is because messages in the ring network encounter delays in

travelling from station to station before reaching their

destination . At a 1 Megabit serial transmission rate , net—

work delays amount to a more critical constraint on the

effective data rate than does the through—put of the central

file station .

Two solutions present themselves: first , if a local

station ’s request for central file service is to be accom-

plished in its entirety before another station is serviced ,

and if large data blocks are involved , then a star network

with bit—serial transmission to each station from the cen-

tral station would be effective. If, on the other hand ,

large messages such as patient file transfers between the

— - — -- 
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doctor ’s station and the central file were broken up into

sm aller messa ges and interle ave d wit h other mess ages aroun d

the ring, a station could receive data at rates of over 30

characters/sec (terminal print speed) and be insured of

rapid initial response from the central file. It should be

pointe d out that the data from the central f i le are not

routed directly to the terminal ; the local processor accepts

the data and formats it for terminal output.

Althoug h it is well within the current technology to

achieve the networ k and file system performance goals , these

sub—systems will require extensive hardware and software

design efforts to integrate these sub—systems into the

smooth functioning of the entire system. The actual choice

of message format and syntax as well as file system message

scheduling policies must wait until detailed analysis of

these features can be made in light of specific system

implementations. 
-
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5.0 GENERAL RE COMMENDATIONS AND SUMMARY OF DETAILED COST

ESTI MATES

Two hardware configurations were studied as possible

implementations of the projected system . One involved the

PDP—8/A , a recently announced modular processor board from

Digital Equipment Corporation in Maynard , Massachusetts.

The other version utilizes the Intel 8080 microprocessor as

the basic processor element. The cost of the PDP—8/A is

listed as $572 in quantities of 100 , which puts it in the

neighborhood of $1000 in single quantities. The 8080 is

around $300 and is expected to drop significantly. The

8080, of course , would require additional chips to latch

output addresses , multiplex data lines , and drive busses.

The extra parts and the wire—wrap costs bring its estimated

cost to $800 for each unit after an initial $1400 for design.

If the PDP—8 /A were selected , the Direct Memory Access

module , the Memory modules , and the Keyboard/Printer Inter— -‘

face module would also be obtained from DEC; choice of the

8080 entails design and construction of these modules. The

majority of hardware components are common to both systems ,

regardless of processor choice (i.e., custom designs) , and

this and the fact that the cost of the DEC modules is on a

par with the cost of building the modules independently

brings the hardware costs of the two versions into almost

• . -identical figures.

The processing power of the two versions is judged to

—
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be roughly equivalent for this application ; the PDP—8/A is

slightly faster than the 8080, but the instruction set of

the 8080 is more extensive than that of the 8/A.

It is reasonable to expect the 8080—configured proces-

sor to be more reliable in the long term since the 8080 pro—

cessor involves a substantially reduced chip count in corn—

parison to the DEC module. Other maintenance costs are

judged to be equivalent in view of the fact that DEC does

not ant ic ipate a com prehens ive service contract arran gement

for the modules , wh ich they see as primarily geared for OEM

markets and not for the end user. Maintenance costs for the

rest of the system render minor differences in the processor

reliabilities insignificant.

Because the PDP—8/A is compatible with all other PDP—8

software , the most notable difference in the two impleinenta-

tions lies in the degree of software development which each

version requires. The existing 8/E software would no doubt

require alteration , some of it extensive , but the man—hours

needed to adapt the existing software to the projected sys-

tem number less than the effort involved in writing the code

for the 8080. This seems to be the primary advantage of the

PDP—8/A. Both systems offer high level languages (PLM for

the 8080), assemblers , and compilers — although here again

DEC seems to offer more extensive software support than

In te l .

The detailed analysis of the system proceeded in this

__
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m a n n e r :  the f u n c t i o n  of every station is delineated , and the

+ softwar e rout ines and har dware features nee ded to carry out

all of the des ignate d station funct ions were carefu lly item-

ized . A thorough analysis of the current system ’s sof tware

rout ines serve d as a model for the length of the counter part

rout ines nee ded to perform simi lar pr imit iv e system opera-

tions in the projected system . The total length of software

for a gi ven stat ion gave the follow ing informat ion: 1) the

software wr it ing cost est imate , ev aluate d on the bas is of 1

effective line of final co de per hour of pro grammer t ime ,

and 2) the hardware memory requirements for that station in

order for that stat ion to kee p all its software in memory at

once.

• It was assumed for simplicity ’s sake that the length of

a software routine in 8/A version was generally compatible

to that of the 8080 version even though the coding is dif-

ferent. Also , the current DEC routines were weighted on the

basis of the estimated revision work they need in order to

adapt to the projected system ; 0, 25, 50, 75 , and 100 per

cent rewriting factors were used to assess this adaptation

cost . These findings - are presented in the summary under

“Software Development Costs”.

The minimal system referred to in the summary consists

of only one station of each kind , and Its projected cost is

the sum of the software and hardware development costs for

each station , plus additional hardware. This additional

— - _
~~

-_ _ _ - ~~_~~~~~~~_
_
~~4 _ a I

~~~~~
_ 1_ _ .~~~~~

_ _ 
~~~~~~~~~~~~~



— 50 —

har dware refers to oph thalmic equipment nee ded by the doc-

tor , the opt ic ian , etc.

The optimal system is obtained by adding in the

hardware costs (minus design) of 2 additional case history

stat ions , 1 add it iona l pathology dete ction station , 1 addi-

t ional object ive refractor , and 1 additional subjective

refractor station . No extra software development costs are

incurre d because the routines ar e modular and the init ial

develo pment of the central file and system development sta-

tion allows for easy addition of stations .

No str iking di fferences exist in the two systems to

clearly imply one over the other , but certa in recommen da-

tions do seem in order. The PDP—8 /A would most likely be

su i ta b le for prototype develo pment in v iew of the ease in

extending current software to the optimal system. Construc-

tion costs were estimated on the basis of wire—wrap pro-

cedures , however , and should larger—scale production of the

system become a desirable step, the fabrication

efficiencies of small chip counts and printed circuit tech—

niques would seem to indicate that the 8080 version — or the

state—of—the—art LSI microprocessor available in the future

— would be the most cost—efficient choice.

Finally, although the difference in estimated costs of

te two versions Is $50,000, this figure Is only a relative

difference of 10% between the two systems. Developments in

_ _ _  
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the n e x t  year  or two could e a s i l y  change  t h i s  r e l a t i v e  cost

balance on the hardware side of the picture , a l thou gh the

di ffer ence in sof tware develo pmen t costs is seen to be more

f i x e d , l e a n i n g  in f a v o r  of the  P D P — 8 / A .

R e g a r d i n g  the o v e r a l l  sys tem a r c h i t e c t u r e , the choice

of a distr ibute d system over a lar ge central ize d computer is

seen to be well— founded. Current research in computer sci-

ence as we ll as ex ist ing applic at ions confirm the funct ional

eff ic ienc ies of sprea ding the work load of a system amon g

levels of contr ol and intel ligence wh ich conform to the

inherent structure of the task. Furthermore , Lar ge Scale

I n t e g r a t i o n  (LSI ) makes such ap p l i c a t i o n s  e c o n o m i c a l l y

feasible and attractive. Writing in the Compcon 72 Digest

of Papers: Innovat ive Ar chitecture , E.D. Jensen of the

Hone ywell Systems and Research Center states that “LSI is

fa cil itating a reorientat ion in digi t al system arc hi tecture

by ena bling the tra di t ionall y se parate funct Ions of

processing.. .and storage to be combined. At the same time ,

this composite can be divided Into entities dedicated to

specific purposes and distributed through—out the system .”

Similarly, Earl Joseph , staff scientist for UNIVAC Division ,
0

Sperry Rand Corporation , comments that “this dispersion of

computer functions , distributed where data is handled — pro—

• - cessed , collected , or disseminated — now becomes practical” ,

and adds , “no longer will we convert to a new system via the

path of buying a total new computer — rather we will add new

modules , without self—obsoleting the system ”.

_ _  
_
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Such architectures have already been proposed for

spec ific systems in other studies. An example is the net-

work wh ich the Office of Medical Information Systems at the

Univers ity of Cal iforn ia Medical Center (San Franc isco)

designated as clearly the best choice for a hospital infor-

mation processing system . “A number of semi—autonomous

application modules , each utilizing its own mini— computer ,

are configured lnt+o a network to provide an Information pro-

cessing system to satisfy the needs of the hospital. The

network configuration of small computers offers unique capa—

bilities as well as operat ing econom ies unava i lable in large

processor—based systems” .

Although the initial development cost of the projected

optimal system prototype is appreciable , the cost of repro-

ducing the system In manufacturing economies of scale and

production techniques brings the anticipated cost per

patient nearer the competitive break—even point vis— a—vis

the traditionally staffed clinic. The continued development

of computer—assisted systems in this and other areas offers

great hope for extending the quality of professional ser-

vices to larger numbers of people In society — especially as

the power of technology Increases as its cost decreases.

j

- 
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TABLE 1

EVALUATION CRITERIA AND PERFORMANCE CONSTRAINTS

+ I. OVERALL SYSTEM PERFORMANCE

A. Numerous real-time tests and processes must be simultaneously
control led in physical ly d i s j o in t ed  loca t ions .

B. The Inform~tion which each process furnishes must be collected
and coordinated with patient files in a central file.

- 

C. Access to the central f i l e  must  be controlled ( f i l e  p r o t e c t i o n ) .

D. The system should respond to a user request or a patient re-
action in less than two seconds.

II .  USER INTERFACE 
-

A. No technical  computer  skills should be required for operation
of the system. - 

-

• B. The optometrist should be able to modify the number and/or
sequen ce of test  rout ines wi th  a simple command language .

- -i C. Some degree of error logging and user notification of errors
- - should be incorporated  into the system.

III , SYSTEM DEVELOPMENT USER INTERFACE

A. Tools for  sof tware  development must be provided:  compilers ,
assemblers, linking loaders , necessary secondary storage , etc .

B. Different configurations of test stations must be possible
in order to test effects on patient flow.

IV, RELIABILITY - 
-

A. Operational faults In any one station should not interfere
with any other part of the system.

B. All functional units which are central to system operation
must have a back-up capability with soft-error recovery
and hardware replacement modules.

t 

- 
V. MAIN TENANC E

A. The design of system components should incorporate modularity
whereever appropriate to allow for relative ease in debugging
and replacement .

B, Some degree of automatic fault diagnosis is desirable .

a -

—------ 
-
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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TABLE 1 Cont.

- -

- 
VI . FUTURE OPTIONS

- 

A. The design must permit adding components aimed at improving
- 

the power of performance of the system (memory, test  stat ions , eto).

B. Some attention must be given to the feasibility of applying
I 

proauction techniques to the manufacture of the system , and
these coms ide ra ti ons  shoul d be inc luded in the design where
appropriate .

‘ I - - .

I - - 

- - 
- ~~~~~~~~~~~~~~~~~~~~~~~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~ -
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TABLE 2

CENTRALIZED-DISTRIBUTED SPECTRUM OF SYSTEM INTELLIGENCE

LEVEL CENTRAL ROLE REMOTE ROLE EXAMPLE S

COMPLETE CONTR OL COMPLETE HELPLES SNES S

Entire work load Responds to central Vector-refresh
on central  s i te , manipulation displays , D/A
including mech- process control
anical control - with position

feedback , etc.

2 INFORMATION CONTROL SOME INTELLIGENCE

Able to rely on Able to translate Character-gener-
remote unit to simple central in— ating displays
control physical tentions with local buf-
parameter s; nee d s fe r s ;  DE C I/O
to spec i fy  s t ream Transfer  in— - -

of in format ion s t ru ct ion s to
device cards

3 SUB-TASK COORDINATION SOME INDEPENDENCE

Central unit in— Able to interpret Block—transfer
structs other the sub—task re— units using -

units  to a ccomplish que st an d carr y d i rect  memor y
sub—tasks in the out the sequence access such as
course of a larger of operat ions nee ded d isk controller s
job un der a var iety of or I/O proc es-

conditions which may sors; concen— -

arise trators and
- message pro- -

- cessors; other
- special pro—

ceasor configur-
- ations in

multi-processor,
high-level
language systems

4 EAS~-GOXNG SUPERVISION SELF DIRECTION

Central unit takes Unit able to control Computer networks
care of other units ’ its own activity, self-optimizing ;
external needs when interacting with cen- load-sharing , pub-
they arise and pre— tral unit and system h o  information
vents interferenc e resources in a coop- and other futur - 

—

among units erative alliance ietio systems; —

smaller scale
networks of dedi— —

- ~- r cated mini ’s and
microprocessors

_
- - -_

~~;~~~~~~~
—
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TABLE 3

DESIGN CONSIDERATIONS OF CEN TRALIZED -DISTR IBUTED TRADE-OFFS

AREA CENTRALIZED DISTRIBUTED

Hardware  Requires  powerful  Processing unit can be
performance computer a microprocessor

Software Requires considerable Requires file system network
development software overhead software , standard small com-

(operating system for puter software at local sta-
user—specified hard— tions
ware configurations ,
time-sharing or multi-
programming software
needed)

Reliability Entire system dependent Failures in different sta-
upon one unit tions have no ef f e ct on

other un its , with the ex-
ception of the network

Maintena nc e System down until prob- Module replacement enables
- lem is located and cor— quick servicing

- rected

Flexibility Power of processing unit Network of smaller processors
- plac es a f ixe d ceiling fac ili tat es tai loring size

on system per formanc e ; of system to per formance needs
extensive software needed
for reconfigur ing system

4 - —.-———- --.- - --—.-----.-
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CENTRALIZED IMPL~~ENTAT ION
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HARDWARE/SOFTWARE RELATIONSHIPS IN A
GENERALIZED PROCESSOR STAT ION
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