General Disclaimer

One or more of the Following Statements may affect this Document

e This document has been reproduced from the best copy furnished by the
organizational source. It is being released in the interest of making available as
much information as possible.

e This document may contain data, which exceeds the sheet parameters. It was
furnished in this condition by the organizational source and is the best copy
available.

e This document may contain tone-on-tone or color graphs, charts and/or pictures,
which have been reproduced in black and white.

e This document is paginated as submitted by the original source.

e Portions of this document are not fully legible due to the historical nature of some
of the material. However, it is the best reproduction available from the original
submission.

Produced by the NASA Center for Aerospace Information (CASI)



WASH!NGTON UNIVERSITY

(NASA-CR=-143330) ALTERNATIVE COMMUNICATION N75-30386
FETWCRK DESIGNS FOR AN OPERATIONAL PLATO 4
CAI SYSTEM (Washington Univ.) 25 p HC $3,25
CSCL 17E Unclas
G3/32 33041

CENTER FOR DEVELOPMENT TECHNOLOGY

ReporT No. CDTCG-R(T)-75/3 AucusTt, 1975

ALTERNATIVE COMMUNICATION NETWORK DESIGNS FOR
AN OPERATIONAL PLATO IV CAI SYSTEM

LesTER F. EASTWOOD,

WASHINGTON UNIVERSITY / ST. LOUIS / MISSOURI 63130



11
ABSTRACT

This memorandum designs and compares the cost of alternative
communications networks for the dissemination of PLATO IV computer-
aided instruction. Four communication techniques are compared:
leased telephone lines, satellite communication, UHF TV, and low-power
microwave radio. For each network design, costs per student contact
hour are computed. These costs are derived as functions of student
population density, a parameter which can be calculated from census
data for one potential market for CAI, the public primary and secondary
schonls. Thus, calculating costs in this way allows us to determine
which of the four communications alternatives can serve this market
least expensively for any given area in the U.S. The analysis
indicates that radio distribution techniques are cost optimum over a

wide range of conditions.
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ALTERNATIVE NETWORK DESIGNS FOR
AN OPERATIONAL PLATO IV CAI SYSTEM

1. PURPOSE AND SCOPE OF THE STUDY

1.1 INTRODUCTORY REMARKS

The purpose of our research is to design and evaluate
communications networking schemes for distributing computer-aided
instruction (CAI). We consider four alternative communications
techniques - 1) leased telephone lines, 2) satellites, and 3) microwave
or 4) UHF radio. We evaluate the cost of each proposed scheme in dollars
per student contact hour, and based on this evaluation, we show how to
decide on a best method for distribution. This decision depends on
the distance of the CAI site from the central computer and on the
number of terminals at the site.

In order to guarantee that our problem is well-defined, we propose
two important constraints on our design work. First, we use the PLATO
IV system developed at the University of I1linois (1)* as the example
CAI system in our analysis. Second, we consider the specific problem

of delivering PLATO IV CAI to public primary and secondary schools.

*The numbers in parentheses in the text indicate references in the
Bibliography.
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We believe that these constraints, while making the problem we solve a
rhalistic one, will not restrict the generality of our results.

PLATO IV serves our needs well as an example for analysis. Its
characteristics are, we believe, 1ikely to be representative of those
of future, large CAI systems. Moreover, its communications needs could
be served by a host of different networking schemes, so our analysis
should not be restricted in its generality by quirks of the system.

Our second constraint, the choice of public primary and secondary
schools as our market, also gives our research a realistic basis, but
does not excessively restrict the generality of our results. The public
school system is a large and demographically diverse market; there are
almost 50 million students in public primary and secondary schools,*
and they 1ive both in crowded cities and in sparsely populated rural
areas. Thus the public school system is large enough to justify the
development of a CAI system and diverse enough in density tn require
many alternative schemes for CAIl distribution.

The quantitative measure to be used in comparing various
communications methods is the cost of communications per student
contact hour (S.C.H.), calculated as the cost of communications per
month divided by the number of student contact hours per month. Cost
per S.C.H. has been used as an efficiency indicator by other researchers
(2, 3) because this measure facilitates comparison of costs with
traditional educational systems. Although costs per S.C.H. can be
compared for CAI and traditional education it is difficult quantita-

tively to compare the effectiveness of one hour of each type of

*Hereafter any reference to schools means a public primary or secondary
school.
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instruction. (4) However, studies to date (4, 5) indicate that CAI can
be significantly more effective than traditional educational methods.
Thus computing costs per S.C.H. aids in comparison but does not insure
a common basis for comparison in regards to overall quality of learning.
An analysis of the inherent educational content of CAI and traditional
education systems is beyond the scope of this study.

1.2 ORGANIZATICN

Chapter 2 describes the PLATO IV CAI system's present configuration
with special emphasis on the communications methods employed to send
data to, and receive it from, remote sitas. The chapter reports the
communications costs for the techniques now used and offers an
argument for increasing system capacity from 1008 active terminals per
system for the present experimental system to 4032 active terminals
for operational systems.

Chapter 3 presents an analysis of leased telephone line distribu-
tion systems for PLATO IV. It describes, and computes the prices for,
various phone company services and devices. We demonstrate that
systems costs are functions of the number of terminals at each remote
site and the distance from the remote site to the central computer. We
then indicate optimum network configurations for various possible
terminal distributions.

Chapter 4 discusses how satellites can be used to distribute PLATO
IV's data. We propose two systems for satellite delivery to schools.
The first employs a satellite link in the forward (computer to user)
channel and uses phone lines in the return (user to computer) channel.

The second employs satellite channels in both directions. Systems are



-4-

costed and characteristics unique to satellite distribution, such as
propagation delay of data, are discussed.

Chapter 5 presents two radio broadcast techniques for satisfying
PLATO's communications requirements. These are UHF TV and omnidirec-
tional microwave broadcast. Chapter 5 also presents a description of
how repeaters can be used to extend the systems' ranges. We present
costs that are functions of the number of remote sites and of the
extent of repeater use for range extension.

By adding maintenance and equipment costs, Chapter 6 adjusts the
costs derived in Chapters 3 through 5 so that they can be compared.

We propose student population density as a basis for comparison that
lends itself to easy use as a predictor of the most economical
communication technique and we transform all costs into functions of
this user parameter. We then point out areas of applicability for the
various technologies on a map of the Unived States based on the average
student population densities computed for each state. Chapter 6 also
indicates a few possible modifications to the PLATO IV communications

systems that would increase reliability and decrease costs.
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2. THE COMMUNICATION SYSTEM OF THE PLATO IV CAI PROJECT

2.1 INTRODUCTION

PLATO IV is a CAI system, developed at the University of I1linois-
Champaign, capable of interacting with as many as 1008 user terminals
simultaneously. (6) Students at the PLATO terminals are able tn
receive individualized instruction at a rate which is determined by
their learning capabilities. Courses range from basic mathematics
“nd English grammar to continuing education for professionals.

PLATO IV is a good example of a large computer aided instruction
system. Hence it was chosen for our study of communications techniques
for the distribution of large CAI systems. This chapter presents a
technical description of the PLATO IV system in terms of communications
needs, present methods of satisfying those needs, and the associated
costs.

2.2 PLATO TERMINAL COMMUNICATIONS REQUIREMENTS

User terminals are capable of writing 180 characters per second or
60 connected lines per second. (7) The device can display 32 lines
of 64 characters. A random-access image selector can project any one
of 256 full-color images onto the transparent plasma panel while it
is displaying alpha-numeric and graphic information. A random access
audio device records or, and plays back from, an interchangeable 15
inch disk which holds up to 2C minutes of recorded messages. Thus the
terminal offers instruction through a wide variety of edu:ational media.
2.3 THE PLATO COMMUNICATIONS SYSTEM CONTROL DEVICES

Figure 2.1 (7) is a block diagram of the PLATO IV system. The large

central computer ic a Contrnl Data Cornoration "Cvher 73" Two of its
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12 input/output channels converse with the PLATO IV Network Interface
Unit (NIU) while others control the various peripheral devices (printer,
disks, magnetic tape etc.). The NIU consists of an input controller,
an output controller and a digital television transmitter (DTX).

The input controller polls all incoming lines from the PLATO
network for the presence of data. Once data is received, the input
controller tags it with a site address, checks parity, and passes
it on to the computer via the I/0 channel.

The output controller accepts data from the computer and readies
it for transmission over the PLATO network to the designated user.

The output controller delivers data to the DTX, where the data is
encoded into a format compatibie with standard commercial television
equipment (8) for transmission over a suitable communications channel
to the site controllers. One NIU is capable of serving 1008 active
terminals.

As seen in Figure 2.1, the site controller contains a digital
television receiver (UTR), a distributor, and a line concentrator.

The original design placed the site controllers at the remote user
classrooms. Because difficulties have been encountered in acquiring
wide band data service necessary to feed remote site controllers, the
site controllers are placed at the computer site, contrary to original
plans.

The site controiler's three components can be categorized &ccording
to their functions. The DTR and distributor are for computer to
user comunications while the concentrator is for user to computer
communications. The DTR recovers data from the TV signal for the

32 users it serves and distributes it to the appropriate users. The
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line concentrator transmits data f;om as many as 32 users to the
computer over a single low data rate (4800 B/S) communications channel.
Since a site controller serves 32 users' terminals, there are 32 site
controllers in a system with the maximum number of users (1008).

Communications between the user terminals and the computer take
place over two independent channels. (ne is a high data rate channel
for transmission of data to the terminals, while the other is a
lower data rate channel for the transmission of user's requests and
responses in the reverse direction, to the computer. The data
transmission rates needed in the forward (computer to user) and
reverse (user to computer) channels have been set by considering
individual user demand statistics.

The user terminal is able to receive and write on the display at
a rate of 720 words per minute, a fairly high user reading rate. To
achieve this writing rate, 1260 bits of data per second must be sent to
the terminal.

The reverse channel data rate can be set by assuming that all
1008 users are sharing the communication lines equally. Setting the
individual rates at an acceptable le-2i for this worst case guarantees
good system performance. It has been the experience of the PLATO
system designers that the minimum acceptable typing rate for an
experienced typist is roughly 60 wpm. (6) At 17 bits per character,
5 characters per word, and 32 users per site controller, this requirement
dictates a data rate out of the concentrator of 2,720 bits per second
(8/S). This return capacity would be adequate if users could be 1imited
to a burst typing rate of 60 wpm. However, when typing t»e word,

"the," for example, a typist enters data at a rate above his or her
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average rate of 60 wpm. Therefore, it was empirically decided that
average rates of nearly 100 wpm should be accommodated. To satisfy
this requirement, and to interface with the phone system, the
rate out of the site controller's concentrator was set at 4800 B/S,
a common rate for a telephone line. This capacity allows users a
simultaneous burst rate of about 90 wpm. This 1s quite sufficient
in view of the fact that spot checks (6) of channel usage during
actual operation indicate a long time average of 2 wpm.

Summarizing the communications requirements for the individual
user and his site controller, the maximum terminal input data rate
is 1260 B/S or 40,320 B/S to each site controller. The maximum output
data rate from each site controller is 4800 B/S, which sets the
average output rate from each terminal at 150 B/S or roughly 90
words per minute. These results are given in Table 2.1.
2.4 CPU AND NIU CHARACTERISTIC>

These data rates determine the rates at which the NIU's and CPU
need to operate. Since there are at most 1,008 users, each receiving
1260 B/S from the NIU, the NIU must send out 1.2 x 100 B/S or 1.2M B/S.
Based on site controller output rates of 4800 B/S, the NIU m:>t receive
at a rate of 1.512 x 10° B/S or 151.2K B/S. The CPU must be abBeeto
send and receive at the rate of the NIU. Therefore input/output rates
for the CPU are the same as for the NIU. The communication specifica-
tions for the CPU and NIU are givensin Table 2.2.

The computation speed of the computer, and the amount of computation
required by each request, determine how long it will take for the
computer to react to the users' requests. System designers have set

the average reaction time at or~ tenth of a second. In addition,
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Table 2.1: Communication Specifications For PLATO IV
User Terminals and Site Controllers .”)

TERMINAL ' DATA RATE
Bits Per Second Words Per Minute (WPM)
INPUT RATE (MAXIMUM) From CPU 1260 720
OUTPUT RATE (MAXIMUM) To CPU 4800 3100*
OUTPUT (AVERAGE*) 150 90
SITE CONTROLLER DATA RATE (MAXIMUM)
Bits Per Second Words Per Minute (WPM)
INPUT From CPU 40,320 R
OUTPUT To CPU 4,800 3,100

Table 2.2: Communication Specifications For PLATO IV
NIU and CPU

NIU  IN(Bits/Sec.) OUT(Bits/Sec.) CPU IN(Bits/Sec.) OUT(Bits/Sec.)
151.2x10° 1.2x10° 151.2x10° 1.2x10°

*Maximum rate reached when only one terminal of the 32 active.

+Average rate for equal usage by all 32 users.

NOTE: A1l data communications are at a bit error rate 5_10'5.
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designers have observed that the average response uses 1000 computer
instructions, and they have experimentally determined that the
average student request rate was .25 requests per second. Fer 1,008
students that means 252 requests per second. Finally they have used
these data in an equation from queueing theory (9) to relate average
waiting time (E{w)) to request rate, (M), standard deviation of

request rate, (o), and average execution time, E(t):

2 2
E(w) = JEfL LS, (2.1)

The results indicated that 1,008 users could be served by any of
several existing large scale computers, including the CDC Cyber 73,
which was chosen for system implementation.

2.5 PRESENT PLATO COMMUNICATIONS CONFIGURATION

This section describes the communications networks presently
serving PLATO. There are about 900 users in the PLATO IV system (6).
They are scattered from Maine to California, with a significant
fraction located in the Champaign-Urbana area. Terminals are connected
to the system by one of two communication channels: 1) leased (or
dedicated) phone lines and 2) Microwave radio. Figure 2.2 gives some
examples of how users are presently connected. Note that while some
terminals are located at the actual computer site, others, located at
a distance, share a vo%ce grade line with three fellow users. Still
others receive data on a microwave radio channel.

2.5.1 Communications with Local Terminals

Local terminals are connected by wire cables directly to their
associated site controller. The site controller is ¢dmmicted directly
to the NIU. This is the simplest and least costly method for supplying

the required communications for terminals located at the computer site.
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Communications with remote terminals is carried by either radio or
telephone 1ines with associated digital communications hardware.
2.5.2 Telephone Communications for Remotely Located Terminals

In order to understand the PLATO IV remote terminal communications
scheme, consider Figure 2.2. This diagram shows how users in
California, for example, are tied into the system. We see that the
site controller for "telephone-1ine" users is located at the central
computer site, rather than at the terminal location. It sends data
to, and receives data from, a Modem/Mudex (MODulator-DEModulator/
MUitiplexor-DEmultipleXor). Each of the modem/mudexes is connected
to eight full-duplex (two way) telephone lines, each capable of
carrying 4800 B/S in each direction. Each of these eight 1ines
travels from the computer site to the user site, where it is
connected to a remote modem/mudex. The remote modem/mudex, in turn,
serves four user terminals receiving 1200 B/S -apiece.

A1l mudexes operate in an asynchronous-demand-time-division-
multiple-access (ADTDMA) mode. That is, users demand the channel in
an unsynchronized (from one user tc others) manner, thereby sharing
the time available on the mudex. The remote modem/mudex, for example,
polls the data lines from the four users assigned to it, and when one
of the lines indicates a key has been struck, it informs the three non-
keyed users that it is busy sending the depressed key. Any key presses
of the other three users during the interval that the depressed key is
being sent are stored in a one word buffer for transmission immediately
following the present transmission. The longest time any key has to

wait before being transmitted is the length of time it takes to send

three keys, i.e. one from each of the other tl.ree users. Therefore
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each user 1s guaranteed one-fourth of the output data rate of
the remote mudex, which means 1200 B/S per user. This rate
corresponds to 3100 words pe~ minute, far above any user typing
capability.

The local modem/mudex polls the remote ones for data, which
it multiplexes onto the 4800 B/S full duplex line to the site
controller, again using the ADTDMA mode. This time the incoming
1ines share the outgoing line with seven other incoming 1ines each
carrying data from four users. Therefore, when all 32 users share this
line equally, they send data over it at a rate of 150 bits per second,
which corresponds to a typing rate of about 90 wpm. Statistically
speaking, the channel can support burst rates much greater than 90
wpm. In order to insure that no data is lost at the local mudex, each
of the eight lines is buffered by a memory capable of holdina four
keys. Thus, if the site controller is sending data from other users
to the NIU, new data will be stored rather than lost. (6)

Once data is received at the NIU, it is sent to the comg-itur, where
the appropriate response is produced and sent back along the path of
full duplex lines over which the corresponding request arrived. In
order to realize rates of 1200 B/S to each terminal, t“e-e are eight
half-duplex lines of 4500 B/S sent from the NIU to each site controller.
2.5.3 Microwave Radio Communications for Terminals in the Urbana Area

Microwave radio is the most recent addition to PLATO IV's
communication system. Four PLATO IV classrooms of 32 terminals have
been added to the system by this method. The classrooms lie within
15 miles of the University of I1linois campus in Champaign-Urbana.

The block diagram cf the system is given in Figure 2.2. The
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digital television trensmitter output of the NIU is sent to a

microwave transmitter, where a 2,150 MHz carrier is modulated and
transmitted with a power of 10 watts through an omnidirectional
antenna. Each classroom has a microwave receiver and a downconverter
(R/D). These devices convert the received signal into a format
compatible with the site controllers. The site controllers send

1200 bits/sec to each user's terminal. Requests from the 32 users

are polled, concentrated at the site controller, and sent via one '
half-duplex phone line to the NIU. (6) By using a radio transmitter i
in the forward direction, the cost of transmitter and receiver/
downconverters is substituted for the cost of numercus telephone lines.
Furthermore, the incremental cost of adding the N + 1st group of 32

terminals at a new site within the coverage area is only the cost of

Qi+ wie ieCEiver/duwe unverter p’ a1 1 Lines the
one more receiver downconverter plus N + | times the cost of the

transmitter. This is true only so long as N + 1 does not exceed 32,
since the microwave channel serves a maximum of 1,008 users.
2.5.4 Cost Comparison: Microwave vs. Telephone for the Urbana Area

Microwave costs compare favorably to the costs of modem/mudexes
and telephone 1ines, as the following quantitative discussion of
costs shows.

Users located at the computer site pay the lowest communications
costs. They have only to pay for their share bf the site controller
and NIU costs and a minimal installation charge for lines to and from
the site controller. The NIU costs $30,000 and site controllers cost
$9,000 apiece.

Remote users who are connected via telephone lines pay for their

share of the NIU and site controller plus additional costs for leasing
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the 1ines and buying the modem/mudexes needed. Modem/mudexes made
by Penril cost $5,000 for the pair of one local and one remote

type. (6) Telephone 1ine rates are based on numerous factors
including distance and density of lines over that route. The latter
factor is what Bell Telephone calls its "high or low D" (density)
tariff. As of August 1974 a full-duplex 1ine from Champaign-Urbana
to Los Angeles, California cost $1,000 per month. Full-duplex lines
cost only 10% more than half-duplex lines.

Communication costs for the microwave radio system include the
cost of the transmitter, the antenna and tower, and the cost of the
receiver/downconverter and the antenna. The 10-watt transmitter is
being leased for about $1500 per month with standby spare from Micro
Band Inc. Receiver/downconverters are leased for $40/month frcm the
same vendor. Table 2.3 summarizes costs for various sections of
the above communication 1inks. Users linked via the microwave svstem
pay about $5 per terminal per month. If they are connected via
telephone 1ines instead, costs would be about $45 per terminal per
month. The remainder of this thesis describes costs of various
communications networks in detail.

2.6 OPERATIONAL CAPACITY OF PLATO IV

The 1008 terminal capacity of the PLATO IV system under development
at the University of I11inois represents a lower bound rather than
an upper bound. (6) This conservative estimate of system capacity is
due to two constraints imposed by the experimental nature of the
present system. First, it is generally true in the experimental system
that groups of 32 users are not simultaneously working on a given lesson.

If most users shared lessons, PLATO would have to store only one lesson
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Table 2.3: Summary of PLATO IV Communications Costs (6)

NUMBER NEEDED

ITEM TERMS PER TERMINAL coSsT
1. VYoice Grade Rented .25 *
| Telephone line (4800
Band) Full-Duplex
2. Modem/Mudex Bought : $5,000
3. Site Controller Bought 32 £9,000
4. Network Interface Unit Bought ] $30,000
(NIU) Y008
5. Microwave Transmitter Leased *k $1,500/month
(includes spare)
6. Transmitter tower and Leased * Incl. with
Antenna Transmitter
7. Receiver/Downconverter Leased + $40/month
8. PLATO 1V Bought 1.0 $5,300
: Terminal (less audio)
9. PLATO IV Terminal Bought ++ $7,800
with audio
1
Notes:

*Costs are computed as functions of distance and density of data trans-
mission between user and computer

**Microwave System can serve all users located within 15 miles of tower.
+Receiver/Downconverter can serve from 1 to 1008 users.

+Audio §s optional.
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in fast access core memory per 32 users. Second, many of the
terminals are being used for authoring and other operations that
consume large amounts of CPU time and core memory causing a
deterioration in the system's response time to students' inputs
and in {ts capacity. Therefore, the system is iimited by its core
memory size and by its computational speed.

In an operational system users might be grouped in groups of
nearly 32 users and might share lessons more frequently, relaxing
the limitation imposed by the amount of core memory available.
Authoring, progress checks and other administrative functions could
be done in the evenings when the system would otherwise be unused.
Moreover, if the use of PLATO becomes widespread, course production
could be centralized, which would reduce this load on most of the
systems., Thus the CPU in an operational system may execute only
lasson material and not have to create new material or modify
old lessons and therefore the limitation imposed by the computational
speed and capacity of the CPU could be relaxed.

Based on these likely differences between the operational
system and the experimental system, we assume a system capacity of
4032 terminals in developing our communications network designs for

operational PLATQ IV systems.
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3. DISTRIBUTION OF PLATO IV OVER LEASED TELEPHONE LINES

3.1 METHOD OF ANALYSIS

This chapter designs optimal, telephone-based communications
systems for PLATO distribution and calculates their costs. Section
3.2 describes available phone company services and state-of-the-art
interconnect.~ devices for incorpnration in system designs. This
Section also defines hardware functions and 1imitations, and it
discusses telephone services and rates. Section 3.3 gives possible
network confijurations using the services and devices described in
Section 3.2. In Section 3.3. we tabulate costs and give a decfision
criterfon for finding the most economical configuration. The best
configuration decision is a function of the number of users at a
remote site and the distance between the remote site and the central
computer. Section 3.4 presents exampie configurations and 11lustrates
how the previous Section can be used by designing example networks.
Thus, given the basic characteristics of a remote CAI site, one can
find the least costly communicatic.s network employing leazsed
telephone lines using the information presented in this chapter.
3.2 DESCRIPTION OF TELEPHONE SERVICES AND HARDWARE DEVICES

Our discussion of telephone services will be restricted to those
offered over voice grade 1ines. The Bell system offars a special
fifty-six kilobit per second (KB/S) data service in addition to the
more popular 1200, 2400, 4800, 7200 and 9600 bit/sec (B/S) rates
available over voice grade lines. However, for our application, the
cost of the 56KB/S service is prohibitive; costs for line installztion
or acquisition and increased costs of modems and multiplexors, capable
of operating at 56kB/S, are much higher than those for voice grade
Yines (10).
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In deciding the least expensive way to connect a group of
terminals to the system, we consider the relative costs of necessary
hardware devices (modems and multiplexor-demultiplexors) as well as
the cost of the telephone i1ines. Deciding which of two bit rates to
use, for example, is based on cost trade-offs between more sophisticated
(and more costly) hardware on one hand and the cost of additional lines
on the other.

We will see four ways that users can be connected over telephone
lines. Decisions as to which network is the most economical for a
given site depend on the number of users at a site and the distance
from the site *o the central computer.

Table 3.1 (10) presents the monthly charges for AT&T telephone
lines. The Table is divided into two parts; 3.1.a) gives charges for
the lines and 3.1.b) gives charges for auxiliary services in terms
of installation and monthly costs. Table 3.1.a2) gives costs of the
basic "3002" voice grade (300-3 KHz) line. Customers are charged either
by the quarter mile or the mile depending on where the computer and user
sites are located, Zones and exchanges are defined by AT&T. To find
out exactly which rates apply in a specific instance, one must contact
his local AT&T business office.

Table 3.1.b) shows prices for interface circuits needed to "protect"
the phone Tine from non-Bell hardware devices. There is an installation
charge as well as a monthly charge for these devices. Some hardware
devices, especially those cperating at high data rates, need to
operate over a specially conditioned line. Therefore, Table 3.1.b)

gives the charges for conditioning a line. Costs are for installation

and monthly rental.
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Table 3.1.a) AT&T Monthly Charges for Intra-State Leased Lines* (10)

Location of User

|lLine Measured in

Instaliation [Minimun [Charge per

and Computer Increments of Charge Charge |Increment
Same Exchange 1/4 air miles $26 $8.80 $2.20
" zone n " " [1]
Contiguous Zone " " " "
Non-Contiguous Zone " " " "
Between exchanges 1 air mile " $3.25 $3.25
(1-250 air miles)
Between exchanges 1 air mile " none $2.94
(250-500 air miles)
Between exchanges 1 air mile " none $2.63
(500 and up) |

Service

Table 3.1.b) Additional AT&T Charges

Cost per line per month

Installation cost

Interface for $3 to $10+ $24
non-AT&T hardware
C2 Conditioning $27.00 $300

*Costs are aiven for full duplex lines as of August, 1974.
T1ines cost 10% less.

Half duplex

+-This cost depends on type of interface required. There are nearly 80
different types in service.




.22~

From Table 3.7 the line cost per rionth and per S.C.H. can be

computed as follows:

Cost of 1ine/month = Iéc‘ + P.C.

Cost/S.C.H. = Monthly cost/S.C.H.'s/month (3.2)
Where m is the number of months tc¢ amortization, I.C. is the
installation charge and P.C. is the monthly phone company charge.

It shouid be noted that the number of months to amortization in Equation
(3.1) refers to hardware devices to be used in conjunction with the
phone 1lines and not the phone iines themselves. Hardware devices are
commonly amortized over a five year period.

In deciding what type of hardware to use for a communication link
between the central computer and a cluster of remote terminals, one
must consider the several possible configurations capable of delivering
the desired service. Either of two types of devices, the local
distribution service unit (LDSU) and the modem, can be used to send
digital data over phone lines.

An LDSU can send data at rates up to 9600 B/S over an unconditioned
voice grade phone line to sites located up to 15 miles away. It is
distance-limited due to the electrical characteristics of its output
data signal (11).

In order to enjoy the full 9600 B/S transmission capability of the
I.DSU when each user needs to receive only 1200 B/S (as in the PLATO IV
system), it i5 necessary to combine (multip.ex) data from several
users onto the same phone line. Multiplexing causes the data rate
over the channel to be the sum of the rates of the individual users.

When multiplexed data arrives at the user site, it must be separated

(demultiplexed) so that each user receives only the data intended for
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him. In addition, users' data headed back to the computer must be
multiplexed. Therefore, at both the computer site and the user site,
data must be multiplexed and demultiplexed. Devices that perform
these two functions are generaliy called "mux's" in the parlance

of data communications. In order the emphasize the fact that both
MUltiplexing and DEmultiplexing are performed by such devices, they
will be called "mudexes" throughout this thesis.

As many as eight users receiving and sending data at 1200 B/S
can share a single phone line through a mudex and an LDSU operating
at 9600 B/S. Of course, there must also be a mudex and a LDSU at
the central computer's end of the phone line. Thus, users pay less
for phone lines but incur the added cost of their share of the two
mudexes .

Modems (MOdulator/DEModulators), the second type of device which
can be used to send digital data over phone lines, send data using
different electrical techniques than do LDSU's. As a result, modems
possess the advantage of being able to send data anywhere, regardless
of distance. The modem's ability to send data over large distances
is achieved only at a cost greater than that of LDSU's. Modems are
available for sending data from 1200 B/S to 9600 B/S over telephone
lines. Depending on the modulation format employed in the modem, it
may or may not need a "C2 conditioned" phone line for transmission
at a given rate. As a general rule, 9600 B/S modems need conditioning.
However, to be sure, one must consult a service representative of

the company which manufactures the device. Modems are like LDSU's

in that they can be used in conjunction with mudexes to allow several
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users access to a single phone line. As with LDSU's, when using
mudexes both a modem and a mudex must be located at each end of the
phone line.

In order to supply price information for LDSU's, modems, and
mudexes used in this study, we chose the line of equipment offered
by the Codex Corporation. Based on market surveys of data communi-
cations hardware (12), we believe the prices of this viable firm
to be competitive and thus representative.

Codex offers a "Model 8200" LDSU capable of sending at rates of
1200-9600 B/S through unconditioned phone lines over distances up
to fifteen miles. Their 4800 B/S modem has an optional mudex capable
of multiplexing up to four 1200 B/S lines. The 9600 B/S modem from
Codex does not have its own optional mudex. However, a model 910
mudex can be used in conjunction with either the 9600 modem or the
8200 LDSU to allow up to eight 1200 B/S channels over one phone line.
The Codex 9600 modem requires C2 conditioned phone 1ines. Table 3.2
(13) gives a summary of specifications and costs for the Codex
equipment mentioned above. Figure 3.1 shows how users can be connected
to the PLATO IV system using Codex data communications devices (14).

Based on the information in Table 3.1 and 3.2, the costs of the
example configurations in Figure 3.1 can be computed. From the four
examples in Figure 3.1, we can synthesize any possible link needed for
connecting a group of users to the PLATO IV system. We present these

cost calculations in the next section, and the 'ast section of this

chapter synthesizes some example 1inks.
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Table 3.2 Data Communications Devices offered by the Codex Corporation (13)

Modens
With | Conditioned
Speed (B/S) | Model | Mudex? Line # of Channels Price
# Needed? on Mudex
4800 4800C | Yes No 4 $5,475
9600 9600C | No Yes - $9,700
Mudex: Model 910 8 channels 82,160 + G+ $252%

Local Distribution Service Unit (LDSU):

Modeil 8200, 1200-9600 B/S, unconditionec Hne+ $995

*c = Number of channels.

+8200 LDSU's can send data up to fifteen miles.
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O—— 8200 { ¢ 8200 L1 sqite
LDSU | Distancé ‘up to LosU | Icontroller] | NIV
1 Terminal fifteen miles
a) LDSU's only
Distance |
" 910 | 8200 — 8200 910 Site
C)‘E’—d Mudex LDSU up to LDSU Mudex Lgntroller
fifteen miles
Up to
8 Terminals
b) LDSU's and mudexes
" 4800 Modem 4800 Modem Cer Lo
b | with Mugex | with Mudex v SC
Up to 4
Terminals
c) 48008/S Modem and its mudex
onditioned
L] 96 L 9600 910 8
Mode il Modem [ | Mudex [1 SC
Up to 8
Terminals

d) 9600B/S Modem and 910 mudex

Figure 3.1: Communication Configurations Using Codex Equipment (14)
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3.3 COSTS FOR EXAMPLE CONFIGURATIONS
3.3.1 Configurations Using LDSU's
3.3.1.1 One Terminal Link

Terminals connected through LDSU's must be within fifteen miles
of the computer. They can use regular unconditioned voice lines (11).
Monthly costs are calculated by adding the cost of the hardware and
other one-time charges, such as installation, amortized over a five
year period, to the monthly charges for the telephone lines. Table 3.3
(13) is a tabulation of costs for a one-terminal 1ink as shown in
Figure 3.1a).
3.3.1.2 Many Terminal, LDSU Link

The LDSU can be used in conjunction with a model 910 mudex to
serve as many as eight users as shown in Figure 3.16. Table 3.4 (13)
itemizes the costs for connecting users via LDSU's and 910 mudexes --
with and without a 35% discount for large quantity purchases. The
question of whether to use n "LDSU only" links or one LDSU link
with 910 mudexes can be answered using data from Tables 3.3 and 3.4 (13).
For an urban CAI system of 4032 users, enough equipment would be
purchased to deserve the 35% discount. The decision as to which of
the first two links shown in Figure 3.1 to use for users within

fifteen miles of the computer can be stated mathematically as:

LDSU only
28.39 + r-d > 75.19 + 5.46n + r-d
160 < n. 160
LDSU and
Mudex (3.3)

8

where ; means if the left side is larger choose a, otherwise choose b;

r is the phone line rate in dollars per mile, d is the line distance in
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Table 3.3 e€osts for One Terminal LDSU Link (13)

a) Without 35% discount on Codex devices.

. , Price each
Item Quantity [(Acquisition and
Per Link | Installation) Cost/month
Code x 8200 LDSU 2 $995 $33.17
Unconditioned Telephone Line 1 $ 50 $(6.83 + red)*

Cost/terminal - month = $(40.00 + r-d)

*Cost/S.C.H. = ("’5 + {—g) ¢

. b) With 35% discount on Codex devices.
Price each
{Acquisition and
Item Quantity] Installation) [cost /month
Codex 8200 LDSU 2 $646.75 $21.56
Unconditioned Telephone Line 1 $50 $(6.83 + r-d)

Cost/terminal - month = $(28.39 + r.d)

8+ rd
+Cost/S.C.H. = (' 1-'-55) ¢

——

*See Table 3.1 for values of r. r = ($/mile-month); d = distance (air miles)

+Assuming 160 S.C.H./month.
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Table 3.4 Costs for LDSU and Mvdex Link (13)

8) Without 35% discount on Codex devices. Price each

(Acquisition
Quantity and
Item Per Link Installation)| Cost/month
Codex 8200 LDSU 2 $995 $33.17
Unconditioned Telephone Line 1 $ 50 $(6.83 + r.d*) "
Codex 910 Mudex 2 2,160 + 72.00 + 8.

Cost/terminal - month = $(112 + 8.4n ¢+

r-d)/n
Cost/S.C.H* = (112 + 8.4'n +
r-d)/160°n
b) With 35% discount on Codex devices.
I Price each
, (Acquisition
Quantity and
Item Per Link Installation) | Cost/month
8200 LDSU 2 $646.75 $21.56
Phone Line 1 $ 50. $(6.83 + r.dv)
910 Mudex 2 $1404 + $(46.80 + 5.46 n)
$163.8 (n)

$(75.19 + 5.46 n + r.d)
n

(75.19 + 5.46 n + r-d)
100-n

Cost/terminal - month =

+Cost/S.C.H. =

*See Table 3.1 for values of r: r = ($/mile month); d = distance (a!r miles)
**n = pumber of terminals sharing a 1ine (1<n<8)
+Assuming 160 S.C.H./month,
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miles and n is the number of terminals sharing the phone 1ine. The
two sides of the decision equation are plutted as functions of distance
(d) and number of users per line (n) in Figure 3.2. The rate per mile
for the phone line is set at $3.00 so that the dependence of costs on
distance can be readily seen. Figure 3.2 indicates that the only case
when a site with two terminals should be connected using four LDSU's
and two phone lines is when the site is within ten miles of the computer.
Due to difficulty in defining a telephone exchange geographically
we were unable to determine where intra-exchange rates should be
substituted for inter-exchange rates in equation 3.3. Thus Figure 3.2
does not have values for distances less than two miles.
3.3.2 Configurations Using Modems

When terminals are located more than fifteen miles from the
computer, modems must be substituted for LDSU's. Two of the more
popular modems presently available transmit data at 4800 or 9600 bits
per second. The 4800 B/S model can serve from one to four users with
their optional mudex. Costs for systems configured as shown in
Figure 3.1c are given in Table 3.5. The cost/S.C.H. is tabulated
twice - with and without the 35% discount ‘‘or large quantity purchases
(14). |

Table 3.6 gives the costs for links configured as shown in
Figure 3.1d. The 9600 B/S modem from Codex must be used with a model
910 mudex that can accept up to eight channels of 1200 B/S data in
both directions. As with the 4800 B/S modem, there is no restriction
on distance.

A comparison can be made based on the costs computed in Tables 3.5

and 3.6 from which one can decide whether a 4800 B/S or 9600 B/S
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Table 3.5 Costs ch Link Employing 4800 8/S
and Mudexes

3.5a Without 35% discount )

: Price

Quantity/ (Acq./Inst.)
Item Link ?e Cost/month

Codex 4800 modem 2 $4800 $160.00
4 channel mudex 2 $ 675 $ 22.50
phone 1ine (unconditioned) 1 $ S0 $(6.83 + r.d*)

$(189.33 + r.d)
n

**Cos:/terminal-month =

\ ‘mt/snc.”. = 1890?‘: + rnd

3.5b With.35% discount

Price
(Acq./Inst.)
Item Quantity ?uch) Cost/month
4800 Modem 2 $3120 $104.00
4 channel mudex 2 $ 438.75 $ 14.63
phone line (unconditioned) 1 $ 50 i5(6.83 + r.d)*

Cost/terminal-month «${125:46 - r-d)

+Cost/S.C.H. = .{(125.4§n+ rec)

*See Table 3.1 for values of r. rerate ($/mile-month); dedistance (air miles).
**n = number of terminals sharing a line (1<n<d).

+Assuming 160 S.C.H./month.
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Table 3.6 Costs for Link Employing 9600 B/S Modems
and Eight-Channel Mudex

a) Without 35% discount.

Price
Quantity/ (Acq./Inst.)
Item Link ?uch) Cost/month
Codex 9600 modem 2 $9,750 $325.00
Codex 910 mudex 2 $2,160 + $(72.00 + $8.40 n)
$252n
Conditioned Phone 1ine 1 $350 $(38.83 + r.d*)

**Cost/user-month =

$(435.83 + 8.40n + r.d)

+ « $(435.83 + 8.40n+r-d)

Cost/S.C.H. Y50+
b) With 35% dfscount.

Price
Quantity/ (Acq./Inst.)
Item Link ?each) Cost/month

9600 modem 2 $6,337.50 $211.25
910 mud-x 2 $1304 + $163.8n $(46.80 + 5.46n)
phone line (conditioned) 1 $350 $(38.83 = r.d*)

*See Table 3.1 for values of r.

Cost/terminal-month =

$(296.68 + 5.46n + r.d)

+Cost/S.C.A. = $(296.88 + 5.46n + r.d
160n

**n =« pumber of terminals sharing a line.
*Assuing 160 S.f Y4./month.

r=rate ($/mile-month); dedistance (air miles).
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modem can more economically satisfy his communication needs. The
decision is based on the number of terminals at the site sharing each
1ine (n) and the product of rate r ($/mile) and distance d (miles).

Assuming a 35% discount this decision equation can be written as:

9600
(J25646 +rd) > (296.88 + 5.46 Ngs00 * rd)
4800 4800

"9600 (3.4)
where ny represents the number of users sharing an i bit per second
link, (1enygpg<4) and (1<ngeng<8). The quantities on either side of
the decision equation are the monthly costs for the two types of
modems.

Substituting nygnn = 4 and ngeqy = 8 into (3.4) yields:

9600

rd rd

31.36 + T 2 42.57 + 5
4800

which can be written more succinctly as:

9600

rd 2 89.68

4800 (3.5)
For r = $3.00/mile-month the point at which it beccimes cheaper to use
one 9600 B/S link (with its more costly phone line charges and mudex)
than to employ two 4800 B/S links, is at about 30 miles. This
crossover point is a function of N4g00 and Nggog 2S €an be seen in
(3.4). To compare 4800 and 9600 B/S service completely, one needs to
get cost per terminal-month as a function of the number of users at
his site. This is done by using Tables 3.5 and 3.5 and comparing
costs for the 4800 and 9600 B/S links for a range of from five to

eight users at a given remote site. For each case a crossover point
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can be established. The results of this analysis indicate that the
crossover points for five, six, seven and eight users are all between
24 miles and 30 miles for r = $3/mile-month. When connecting four or
fewer users, the 1800 B/S service is cheaper than the 9600 B/S
regardless of distance from the central computer.
3.4 SUMMARY OF PHONE SYSTEM DESIGN METHODOLOGY

Using the above analysis and the previous discussion of LDSU
service the cheapest type of service can be determined for any group
of users. This guideline is given as Figure 3.3. For more than eight
users at one site, one pieces together a system with a mix of 4800
and 9600 B/S links. To cost the system one need only refer to Tables
3.3 through 3.6, and put system parameters into the cost equations
computed there. A plot of the cost for the optimum configuration as a
function of distance is given in Figuie 3.4 for r = $3/mile-month and
n = 8 terminals per phone line.
3.5 NETWORK DESIGN EXAMPLES

In order to illustrate how one would go about designing the most
economical system configuration using the results of the cost
analysis in the last section, we present the following examples.
3.5.1 LDSU Link Example

Suppose we have a cluster of twenty-five terminals located ten
miles from the computer site. Knowing the number of terminals at the
site and the distance from the computer to the site, the network
designer can use Figure 3.3 to guide him in grouping user terminals
so as to minimize communication costs. We first notice from Figure
3.3 that since 1inks are only ten miles long LDSU's should be utilized -

either with or without mudexes. We then notice that Figure 3.2
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n=1 LISV alone | 4800 ' d
0 15 45
LDSU and
n=2 LDSU alone | Mudex l 4800 4
0 10 15 45
qf3 LDSU and Mudex l 4800 d
0 15 45
n=4 LDSU and Mudex 1 4800 d
0 15 45
n=5 LDSU and Mudex l 4800 1 9600
! + * —+ .d
0 15 24 45
n=6 LDSU and Mudex | 4800 | 9600 ' d
r Y v .
0 15 26 45
n=7 LDSU and Mudex | 4800 l 9600 d
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Figure 3.3: Decision Regions as Functions of Number of Users Per Line (n)
and Distance Between Remote Site and Computer (d)
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indicates that when using LDSU's on ten mile 1inks grouping terminais
in larger groups costs less. Therefore we arrive at the best grouping
by dividing the twenty-five terminals into three groups of eight and
one single terminal group. The eight-terminal groups are connected
via LDSU's and mudexes (Figure 3.1b) and the single terminal is
connected by an LDSU 1ink (Figure 3.1a). From Table 3.4, we find
costs for the LDSU and mudex links. Assuming a large-quantity
purchase of hardware from Codex we find the appropriate costs in Table

3.4b. The costs are tabulated as follows:

2 8200 LDSUs $1,293.50
2 910 Mudexs (8 channels each) $2,808.00 + $327.60 x 8
1 unconditioned phone line $50.00 + $(6.83 + (3x10))/month

Amortizing equipment over the usual five-year period the cost per
month for the LDSU and mudex 1inks is $149.70. For eight terminais
per link and 160 student contact hours p2r month the cost per S.C.H. =
12¢. This cost can be arrived at by substituting r.d = 30 and n = 8
into the result of Table 3.4b.

The Tink serving the twenty-fifth terminal has the following costs:

2 8200 LDSUs $1,293.50
1 unconditioned phone line $50.00 + ($6.83 + $3 x 10)/month

or a monthly cost of $59.22 vwhich means 37¢/S.C.H. This figure can
be arrived at by simply substituting r.d = 30 into the result of
Table 3.3b.

The weighted average cost of the twenty-four users at 12¢/S.C.H.
and one at 37¢/S.C.H. at this site is equal to 13¢. Had there been
twenty-six users at a site twelve miles from the computer, Figure 3.3
tells us to use four LDSU and mudex links, even though the fourth link

would serve only two user terminals.
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3.5.2 Modem Link Example

To see how the results of Sectioa 3.3 can be applied to a system
using modems, consider a site with thirteen terminals located twenty-
five miles from the computer. Figure 3.3 indicates that we should use
all 4800 B/S links with mudexes to serve the terminals. Thus we will
have three four-terminal 4800 B/S links and one single-terminal 4800
B/S link. Assuming a large-quantity purchase, the cost of the 4800 B/S
links is obtained by substituting r.d = 75 and n = 4 into thggresult of
Table 3.5b. The twelve terminals pay 31¢/S.C.H. Using r.d = 75 and
n=1 1in the price given in Table 3.5b yields a cost of $1.32/S.C.H.
for the single terminal link. Averaging the costs of all links

employed for this example gives 39¢/S.C.H.



4. PLATO IV CAI DELIVERED BY SATELLITE

4.1 INTRODUCTION
This chapter will discuss how saiellite technology can be

applied to deliver the necessary PLATO IV communications capabilities.
Two example satellite-based delivery systems will be presented. They
are both designed to distribute PLATO IV systems to rural primary and
secondary schools in the seventeen mainland states west of Missouri.
We chose to apply satellite technology to these states due to the
sparse user populations found in them. The first system uses a satellite
channel in the forward direction and phone lines for the return channel.
Thus the ground stations located at each rural school need only
receive data and are less costly than "two-way" or "interactive"
stations. The second example system employs satellite channels for
both forward and return transmissions.

A disadvantage in using a satellite channel as opposed to a
terrestrial 1link is that data sent over a geostationary satellite
link is subjected to a 250 millisecond delay; that is, it takes
the information-bearing radio wave 250 milliseconds to traverse
the distance of 45,000 miles to the satellite and back. In those
applications where interaction must be rapid this delay could
become unpleasant if the current student termina: design is used.
The present terminal waits until the computer has checked a key press
beforc displaying the character. Perhaps, in a satellite-based
system, a microprocessor in each terminal could display characters

as they are typed and send blocks of characters later.
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4.2 SATELLITE SYSTEM DESIGN AND COSTING METHODOLOGY

We design and cost the two satellite systems using the modified
"STAMP" computer program. This program was developed at General
Dynamics Corp. in 1971 (15) and has recently been modified at Washington
University (16). The program is a tool for synthesizing and optimizing
complete satellite systems. It produces design specifications and costs
for all system components, including satellite and ground components,
when it is given as input such parameters as number of satellite antenna
beams, number of carriers and channels per beam, channel bandwidth, and
number of ground stations.
4.2.1 Description of the Modifiec STAMP Program*

“The General Dynamics Satellite System Synthesis Program,
(15) called STAMP (Satellite Telecommunicaticn Analysis and
Modeling Program), was written as a tool for analyzing satel-
lite communicati<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>