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I. Introduction

In recent years advances in communication and education have made
possible two very attractive ciasses of educational technology. The
first of these is therdevelopment of broddecast technology by which radio
or television programs originating at a single poinﬁ can be digtributed
to, potentially, many millions of educational users. The second and
much more recent of thesge advances centers around potential use of a
computing system to provide interactive instruction. By tailoring cur-
riculum to an individual's needs and providing immediate and accurate
feedback, instruction via computer offers great potential, perhaps
greater than the broadcast media. Computer-assisted instruction (CAT)
is an increasingly familiar technology at academic research institutions
and in the journals. Problems of cost and availability have, however,
stalled efforts at implementation on any substantial scale. For this
reason, in our work on CAT development at Stanford University's Insti-
tute for Mathematical Studies in the Social Sciences (IMSSS), we have
paid increasing attention to the basic economic trade-offs involved and
to the problems of implementation facing a school adminigtration that

wants to utilize CAIL.




Provision of CAI or CMI (computer-managed instruction) of any so-
phistication implies the need fof one or a few large central computing
facilities--at least with presently available technology. Thus, if |
rural regions or dispersed populations are to be able to share in the
potential of interactive educatiocnal technologies, an extensive ¢ommuni-
cation system is required., In a previous paper--Jamison, Suppes, and
Bufler (1970)--we examined thé basic economics of providing CAI in ur-
ban areas.3 Since all student terminals can, under urban conditions,
be located reasonably close to the central computation facility, cost
and implementation problems are reduced. In this present paper we ex-
amine the somewhat more difficult problem of providing CAI to dispersed
populastions. Our work'in developing cost models for distribution of
CATI to dispersed populations has been part of a project funded by the
Bureau of Education for the Handicapped, U.8. Office of Education, to

develop CAI materials for deaf students. The deaf constitute a rather

highly dispersed population-within the United States and problems of —
comminication to support a CAI system for them are paradigmatic for
dispersed populations of other types. Other dispersed populations
include American Indians, Americans whose first language is Spanish,
medical doctors, students at isolated rural schools, and migrant work-
ers {(who have the additional communication difficulty of being mobile).
Experience has indicated that the éost and canplexity of terres-
trial communication systems for CAI are often a stunbling block  to pro-
vision of service in rural areas; establishing and servielng cirecuits
in remote areas is difficult. Independent telephone companies do not

always provide data services or equipment. There are greasgs in the



United States which cannot be reached by this type of CAT service due
to lack of telephone company facilities. It could be argued that be-
cause it is more difficult to supply these dispersed populations with
CAT than to supply more concentrated populations, the dispersed popu-
lations should be left until last. Our view is that, at the very least,
we should examine with care the costs of different technologies that
could provide CAT service to dispersed populations (including satellite
communication), and on the basis of these costs let the decision makers
respongible for providing education to these groups make decisions
about how theif regources should be allocated.

In this paper we outline a CAI system capable of reaching diépersed
populations without excessive communication costs (i.e., the system re-
quires only about 110 Eits per second communications capabllity for each
student terminal).LL ThHis low communication requirement makes service
for dispersed populations econoﬁically feasible. Then we present models
of several communications alternatives for the system. We expect that
these procedures of system modeling and design trade-off will play an
increasingly important role in education, The results of this modeling
constitute approximabte minimum cost commumication designs for many con-
figurations of povulation dispersal. Finally we describe some of the
basic economic trade-offs and implementation alternatives relevant to
eéucators who must decide whether or not to use CAT for certain student

populations.




IT1. Central Facility and Student Terminal Cost Model

CAT systems are commercially available for under $50,000. They
support a few fixéd courses on & to 20 local terminals and provide daily
progress statistics to the teachers. These systems are of cénsiderable
interest for a number of uses and willl perhaps assume & larger role in
ouf educational pfocessas in fhe future., Jamison, Suppes, and Butler
(1970) provide a cost analysis for systems of this sort., However, the
cost of a large and versatile system that is capable of research use and
supporting hundreds of terminals will be our focus in this section. Our
costs are based on a system modeled after the one presently used for re-
search and operations at IMSSS, but dedicated to CAT terminal service
11l time. Using modern versions of our present eguipment designs we
estimate that such a system could support 1,000 users similitaneously.
Assuming that only 70% of the terminals would be on-line at once, the
system could handle 1,300 terminals.

Three cost categories--capital equipment, design and construction,
and continuing coperations--will be discussed in this section. These
cost categories apply to the central computation facility and terminals;
Section IIT discusses the data communication cost models that are the

focus of this paper.

A. Capital Equipment

The sysfem would be modeled along the lines of the IMSSS system
except that it would be newer and larger. A;l of the equipment can be

purchased or built today.




Table 1 shows capital components and their costs; without student

terminals the capital cost isg $l;TQ0,000. The complete system including

student terminals would cost $3,025,000. Since prices for most computer
eguipment have teen decliining recently, these figures represent an ap-
prokﬂnation to the cost of the present IM38S system, which would have
the capacity to run approximately 1,300 student terminals 1f it were

used solely for CAT.

B, Design and Construction

Although it is not quite as definitive as the capital equipment
list, this estimate is reasonably accurate. The design and construc-
tion category covers the 1.5 year lead time that would be necessary to
make this system operational. The staff would comprise:

1 system manager,
4 system programmers,
4 design engineers,
6 techniciang,
4 draftsmen,
part-time specialists,
secretarial assistance, and
accounting, purchasing, and receiving personnel.
The cost of their time would total about $550,000.
It is also necesgary to Include one year's space rental in this

category. The system and staff will requife about 7,000 square feet with




TABIE 1

Equipment Costs of CAT System Components for 1,300 Terminals

(Excluding Communications)

Component Degcription Cosgt

Core Memory System 256K words on~line plus two working

spare 32K boxes. Including individual

6-port interfaces and port commnectors. $ 330,000
Central Processor Program compatible with the PDP-10

and including a pager. 300,000
Drum 4,5 million word storage on three

drums . 235,000
Disc Two separate systems each with about

50 millicn words of storage. 240,000
I/0 Multiplexer Includes a multiplex camputer and

a8 special purpose multiplexer, 225,000
Data Communication | Local test and patech facilities and

test equipment, {See Section IV for

remote eguipment and operating costs.) 100,000
Terminals 1,450 student terminals @ $900 1,305,000

10 system terminals @ $4,000 40,000
Miscellaneous Magnetic tape drives, 100,000

Line printers, 50,000

Disc packs, magnetic tapes, terminal

spare parts, storage facilities, ete, 100,000
TOTAL $3,007,000




about 3,500 square feet requiring special raised floors and air condition-
ing. An estimate of this cost is-$50,000 for remodeling and $5 per square
foot lease cost, for a total of $85,000. Thus our estimate of the total
cost for design and construction of this system is $635,000 (= $550,006

+ $85,000).

C. Continuing Cperation

It would seem appropriate to keep this system in operation 24 hours
a day to achieve the minimum cost per terminal hour. Our present system
operates for CAT use from 5:00 a.m. to 10:00 p.m. to cover both east
coast and'west coast elementary schoclsg and college evening schools.
There is a continuing struggle.for system access during the remaining
hours for system software development, hardware development, hardware
maintenance, and users.with larger programs.
A system with 1,000 simultaneocus student users could operate with
the following (without curriculum development, maintenance, or resesrch staff):
supervisor and 6 operators, |
supervisor and 5 curriculum cocrdinators,
L system engineers and 1 design engineer,
supervisor and 12 data communication techniciang,
center manager, and
secretarial assistance.
In addition, allowance must be made for
accounting, purchasing, receiving, supplies aund operating
expenses, tbtelephone service, building maintenance, and

staff benefits.

=1



A reasonable estimate of these costs would be $750,000 per year, to
which we must add about $35,000 per year for rental of space (approxi-

mately 7,000 square feet) for a total of $785,000 per year.

D. Annual Costs

In order to get anhual cost estimates for the system it is neces-
sary to add to the cost of continuing operation some "annualized" ver-
sion of the initial costs for capitgl equipmeht, design, and construction.
The standard way of presenting annualized costs in terms of initial cost
is by way of the following formula:

r{l + r)z
(z+ )t -1

annualized cost = X initial cost ,

vhere r = cost of capital (interest rate), and

2

It

useful life of the equipment.
We assume a cost of capital of 104 and a {conservative) equipment life
estimate of 8 years; in this case the annualized cost will be .19 times
the initial cost of $3,007,000 for equipment plus $635,ooo for design
and construction., Thus the annualized initial cost is $3,642,000 X .19,
or $692,000 per year. To this we add the annual operating costs of
$785,000 to obtain a total cost of $1,477,000 per year for a 1,%00 terminal
system, excluding communication costs. (No allowance for overhead charges
or profit margine appear in these figures.) |

It éhould be remembered'that the operating system described here
would value from support from one or more research systems such as the
existing IMSSS system, Cuwriculum development to expand and improve
the existing curriculum menu would also be worthwhile. There may also
be a demand, in a few years, to alter the scope of the system by adding
8



_ visual presentation capability to the terminals. The CATI system design
described here is really a large-scale general purpose computing system;
as such, it would readily evolve with new curricular materials and re-

search ideas,

I¥IT, Data Communication Cost Models

This section will develop comparative cost models for alternative
communication systems for s CAI network serving a dispersed population,
The communication process to be modeled is shown in Figure 1., The cen-

tralized computing system and low data rate terminals are parameters

determined from the system description in Section II. Our analysis heré
will not deal with large clusters of terminals located very close to the
central computer; our purpose is io ascertaln the cost of serving sparse
concentrations of terminals located several hundred miles or more away
from the central computer facility. We develop cost models based on use
of communication satellites, as well as the surface phone network, for
provision of the communication capacity.

The gatellite communication system shown in Figure 2 follows easily
from the model shown in Figure 1. The sgtellite is assumed To have g

beam width sufficlent to cover the area of interest, possibly the entire

i ——— -y ;-

continental United States, and sufficient power to service the remote

sites. Appropriate cost for these assumptions will be included in our

9
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analysis, Buch a sateilite system would be relativeiy independent of
placement of remote sites.

A system using telephone lines in itg conmmunication net cannot be
sketched so easily. Telephone line costs are governed, today, by tariff
rate schedules. Several variables in these schedules make it necesgsary
to consider differing forms of the communication net. Also, the band-
width constraints on phoné 1inés force us to start new circuits as the
capacity of previous circuits are reached. Line costs follow a flat
rate within each state. Lines which cross state boundaries have a de-
clining rate schedule based on mileage. Charges are also made for end
termination gnd conditioning of the lines.

In the first subsection of this part, cost models for five separate
telephone communicatioﬁ systems afe developed. The next subsection de-
velops a satellite system cost model and the third subsection contains
tables that present the cost results parametrically. The final sub- |

gection discusses the results.

A, Telephone Line Communication Models

Two styles of communication nefwork designs will be considered
here: +the linear net and the cluster net. These two are representa-
tive of organizational extremes possible with telephone nets. The

linear net is shown in ¥igure 3. FEach cluster of terminals serves

a8 a forwarding link for all terminals farther away from the central
system. A speed constraint of L4800 baud5 imposed on the fastest lines
allows & meximum of about 68 terminals in each linear group. A cluster

12
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net design is shown in Figure 4. The size constraints are the seme as

the linear system since a 4800 baud line is used as the feeder to the

clugster. Distances to peripheral clusters may be agsumed to-be gmall,
perhaps less than 25% of the feeder distance. Equipment in the cluster
center will forward data to all clusters attached to it.

We will present distance variants within each cost model which can
be adjusted to reflect either regionai or national systems. The costs
of a satellite system are almost independent of terminal placement.

The cost models will campare a satellite communication system wiﬁh five
. telephone networks as follows:

(1) A cluster system with a large interstate distance to the mul£i~
plex centers and smaller intrastate distances from centers to the small
clusters.

(2) A cluster system located entirely within the computing center
state, i.e., a large dense semilocal gystem,

(3) A linear system with a large interstate distance to the Tivst
.cluster and smaller interstate distances among fhe remaining clusters.
Every cluster in each of the linear nets must be in s different state.
Thig forces & wide area termingl distribution.

(4) A linear system located entirely within the computing center
state, i.e., a large dense local system.

(5) A linear system with a large intevstate distance to the first

cluster and smaller intrastate distances between the remaining clusters

1h
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‘in the linear network. All clusters are located in the same remote
state. This produces a regional terminal distribution.

Cluster systems. For system (1) the basic design of each cluster

is shown in Figure 5., The parameters of this system are shown in Table 2.

7 —— 7

Three cost terms will appear in the cost equation: multiplex system,
long lines, and local lines.

To develop the multiplex system cost the number of long linés, and
hence the number of clusters, is needed:

R _ T
number of long lines = T I

The annualized cost of'capital, the annual maintenance cost, and the
multiplex cost per cluster are the remaining factors in the multiplex

system cost equation:
multiplex system cost = ETK-:-ET M 10,1 + k(£,r)]

The 0,1 factor represents a 10% annusl maintensnce charge for all in-
stalled electronics equipment. The annualizing formula, described

before, is

A SRy
k{g,r) = r(lrr)

2+ 1)t -

If an equipment lifetime of elight years and a coﬁstant interegt rate of

104 are used, then k(8,.1) = .19.

16
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TABIE 2

Parameter Definitions for a Cluster Model of a CAI System?

Parameter Definition
) Long lines, mean distance.
a Short lines, mean distance.
K Number'of clusters of 8 student terminals, each feeding

into a multiplexing center (4 <X < 8).

T - Number of terﬁinals in the whole system.

M Cost éf the multiplex equipment to supply eéch group of
X -clusters located remotely from the multiplexing
center plus the one cluster assumed to be located at

the center.

T Anmual interest rate (or social discount rate).
A Lifetime expected of capital equipment, in years.
CosT Anmual cost for the telephone system.

gA cluster is defined as 8 terminals which can supply one CAI

course to over 240 students each day.

18



The multiplex system cost, M,, can be derived from the data in

t’

Table 3 and dis given by, in thouéahds of dollars per year,

M‘b = m (2.6K + 25.9)[0.1 + k(ﬁpr)] .

The second term in our cost eguation represents the cost of renting
long lines service from the telephone company. ZILong lines service is
interstate in the model for system (1). Monthly costs by distance, in

dollars, are derived from rate information as follows:

3,30 D 1< D< 25 miles

82.50 + [2.31(D - 25}] 26 < D < 100 miles

t

V = i 255,75+ [1.65(D - 100)] 101 < D < 250 miles

50%.25 + [1.15(D - 250)] 251 <D < 500 miles

Ugo.?_s + [.825(D - 500)] 501 <D .

To these mileage charges must be added conditioning charges of $60
per month and termination charges of $27.50 per month. Therefore, the

cogt equation for telephone long lines becomes

interstate mileage charge =:§§§E%§7f7 [87.50 + v(D)] .

For the ghort lines costs of system (1), intrastete rates are
needed. Intrastate_miléage charge is é congtant function of mileage
which varies from state to state but approximates $4 per mile. For
intrastate mileage charges we use, therefore, a monthly cost of $4d,
where 4 is the length of the intrastate link. %o this must be added .

cbnditioning charges of $91 per mouth and terminal charges as follows:

19




TABIE 3

Multiplex System Costs for a Cluster Communication Networka

Number

Ttem required Unit cost Cost
8 channel multiplex K+1 1.6 1.6(K + 1)
1200 baud modemsb 2K ) -l.OK _
Central multiplex system' 1 7.0 7.0
4800 baud modems® 2 5k 10.8
Central CAI system line unit 1 2.5 2.5
.Assembly and testing 4,0

M, = 2,6K + 25.9

Btosts are given in thousands of dollars.

bA modem changes the digital signals coming to or from the

various terminals into signals suitable for transmission on a phone

line. Modems capable of transmitting information at faster rates

are substantially more expensive.

20




{éhh, D > 25 miles

T(d) = terminal charges =
z$22, D < 25 miles .

The total cost equation for telephore ghort lines then becomes:
. R _ T
intrastate mileage charge = R K(ka + m(a) + 91) .

The total cammunication cost equation for system (1)} is the sum
of the multiplexing costs and inter- and intrastate line cogts. These
costs, in thousands of dollars per year, are given by:

cosT, = éTE?%FET (2.6K + 25.9)[0.1 + k(4,7)]

N i 12
8(K + 1) 1000

(27.50 + 60 + V(D)) -

T “12K

* B + 1) 1000

(hd + T(d) + 91) .

When the entire systemris located within the state of the central com~
puter, intrastate line costs must be used for both D and 4. This

gives us the annual cost of system (2) as:

CoST,, = Eﬁﬁfégfff (2.6K + 25.9)[0.1 + k(&,r)}]

N T 12
8(K + 1) 1000

(4D + T(D) + 91)

N T 12K
8(X + 1) 1000

(4a + T(a) + 91) .

Linear systems., The linear configuration of systems (3}, (%),

and (5) can be seen in Figure 6. The linear circuit begins at the

T T T o

CAT computer and connects each group of 8 terminals in turn, dropping

8 terminals and forwarding the rest. As the number of terminals on the

21
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- line decfeases, the modem speed can be correspondingly reduced. For
~all three of the linear systems; & distance of D miles to the first
terminal group and a constant 4 miles between each of the remaining
" groups is used for our cost derivation. The systems differ in the ex-
tent to which interstate lines are involved.
.Just ags before, the total number of circuits needed (equal to the
nuﬁber of strings of terminal elusters) can be expressed hy:

number of circuits = grp E Ty, A <K<L8.

To compute M%,_ the terminal capacity of various modems must be con-
sidered. A 4800 baud modem can handle 68 términals; a 2400 baud modem,
32 terminals; and a 1200 baud.modem, 8 terminals., The mumber of modems
needed for K = k4, 5, 6, 7, and 8 can be counted by drawing the circuits.

The resulbs are as follows:

4800 pand 2400 bavd 1200 baud

K=14 2 + 6 + 2
K=5 L + 6 + 2
K =6 6 + 6 + o
K=7 8 + 6 + 2
K=28 10 + 6 + 2

This data allows the multiplex cost shown in Table 4 to be derived.
- Except for the last group in each linear group of terminals, all multiplex
systems are assumed tc be of equal cost.

A s S il ey W v e e o R W S G
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Multiplex System Cost

TABLE L

e . . 8
of a Lirear Communication Network

Ttem rgqmu?izd Unit cost Cost

8 channel multiplex system

{for the last terminal

group) 1 1.6 1.6
1200 baud modems 2 .5 1.0
2400 baud modems 6 1.75 10.5
14800 baud modems 2K + 1 - b) 5.4 10.8(K - 3)
Multiplex system K 10.0 10.0K
Line unit at CAI center 2.5
Assembly and testing 4,0

M't = 2008K - 1298

aCosts are given in thousands of dollars.

2h




To éompute the telephone charges for the linear model varying as-
sumptions can be made. There are two mileage figures involved, the dis-
tance to the first group D and the other intergroup distances d.

These will be costed here as

System (3) - all interstate,
System (k) - all intrastate, and
System (5) - D interstate and d intrastate.

Other combinations will give costs which can be interpolated from these
cases.

For system {3) the telephone line costs are

T
8K + 1 (v(D) + Kv(a)) .
Adding the terminal and conditioning charges as before gives a monthly

telephone line cost of

STy V(D) + (K X V(@) + (K + 1)(27.50 + 60)]

for system (3). Similarly, the telephone line costs for the other two
systems are

STy (40 + b + (5 + 1) (4 + 91)]

for system (4), and

mi—g—g [V(D) + (27.50 + 60) + K(4a + kb + 91)]

for system (5). Complete cost equations, in thousands of dollars per year,

for systems (3), (ﬁ), and (5) can then be written as
_ i
cosrfa’h,5 = A (20,8K - 12,8)[0.1 + k(4,r)]

12 8
+ 7505 (telephone line cost),

25




- where

_ m—f—ﬂ [v(D) + kv(d) + (X + 1)(27.50 + 60)} ,

for system (3) (all interstate)

L . sy 0+ Ka) + (K + 1)(kh + o),
elephone line cost =

: for system (4) (all dinprastate)
Sy [7(0) + 27,50 + 60 + K(ka + b4 + 91)]

for system (5) (mixed),

with 4 <K <.8 and D, 4 > 25 miles. Cost of regional or national
systems can be determined by adjusting D, d, and K. Data for
various interesting combinatibns of theée parameters, for all five
telephone line oriented systems;_will be presented after the satellité

system cost model is developed.

B. BSabtellidite Communication Model

Wow we will look at the cost of a satellite communication system
and compare that with the telephcne line communication systems already
described., IExcept for consideration of thé satellite's coverage pattern,
the system design shown in Figure 2 could be a sultabvle replacement for
any of the telephone systems described in this section.

The following is a general cost equation for a satellite link,

o T ‘
COST6 =V + % Ms[o.l + k(ﬂ,r)_] + 5 G[0.1 + k(2,1)]

+ 5[0.1 + k(£41)]

26




where

COST6 = anhual communicatioﬁ and multiplexing system cost
(in thousands of dollars),
-Mg = cost of multiplex equipment per remote circuit,

V = amual cosgt of transponder use on the satellite
(for large variations of T this may be V(1/8),
but assumed constent here),

.G = cost of satellite ground station at a remote site,

5 = cost of satellite ground station at the CAI center
(for large variations of T this may be S(T/8),

but assumed constant here).

To compute the costs of a satellite communication system we first
derive a figure for Ms as shown in Table 5. We can then put this figure
into the cost equation and derive the following results:

V4 {01+ k(4,r)]08 + 5 (4 + )]

COST6

I

V+ [0.1 + k(g,r)][8 + 5 (3.72 + €)] .

e e A T

G R A W G e

Three unknowneg remadin:

V = satellite usage charges,
€ = central RFT installation cost,
"""""""""" G = remote ground station costs.

Based on our current work with the ATS-3 satellite, unpublished
papers of Dr. J. Jankey and Dr. James Potter, and conversation with
others, we propose (1) to fix S at $80,000, (2) to study three values

27



TABLE 5

Multiplexer System Cost for a Satellite Communication Network™

Ttem Wmber | it cost | Cost
required
8 channel multiplex system 1 1.6 1.6
1200 baud modems ' . 2 .5 1.0
Line unit (shared among 12 sites) 1/12 2.5 .2
Multiplex computer (shared among

12 sites) . _ 1/12 9.0 .5
Assembly and testing 1/12 2,0 -} _.17
M, = 3.72

&Costs are given in thousands of dollars,

28




for G--$1,000, $3,000, and $6,000--and (3) to allowl V to vary from
zero to $500,000 per year. More-détailed information on satellite and.
ground station costs for educational applications may be found in Dunn;
Lusignan, and Parker-(1972).

The satellite cost equation then can be represented as:

P

o)
100
200

COSTs = <200
400
500

O
Lo

+ {0.1 + k(g,r)]1180 + % (3.72 + S 1.

C. Parametric Cost Summaries
Summarizing. the types of systems to be costed, together with their

variables, we have:

System (1), Cluster: D - interstate, 4 - intrastate, X, T
System (2), Cluster: D - intrastate, d - intrastate, K, T
System (3), Linear: - interstate, iﬁtersﬁa&eﬁ K, T
System (4), Linear: - intrastate, intrastate, K, T
System (5), Linear: - interstate, intrastate, K, T
System (6), Satellite: V, G, T .

Tables 6 to 11 show various costs for each communication model

considering different configurations within the model. The cosgt of
capital and an equipment life of 10% and 8 years is fixed in these

tables.
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Ag an example of how these tables might be used to obtain minimum

cost conflgurations, consider the problem of supplying CAI to a population
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TABLE 6
Cost of Communication System l: Clustered Organization
' with Interstate/Intrastate Mix™

b
b = iﬁterstate'distance - d = intrastate distance I : '8
(A, 300 terminals)
2,000 ‘ : o
200 606 | 561 | 536
100 461 koA 376
50 389 329 206
1,500
_ 200 569°| 535 | 516
100 bl =30 355
50 352 302 275
500
200 : Los 482 b5
100 | 0| zer| Ak
, 50 ' 278 2hg | 23k
(B. 1,000 terminals)
2,000
200 . 2021 | 1872 | 1789
100 1539 | 1356 | 125k
50 1298 | 1098 986
1,500 -
200 1897 | 1784 | 1721
100 1415 | 1267 | 1185
50 1174 | 1009 | 918
1,000 ' ,
200 1773 | 1695 | 1652
100 1291 | 1179 | 1116
50 1051 | 921 | 8ug
500
: 200 1649 | 1607 | 1583
100 1168 | 1091 | 108
50 927 832 780

2The costs given in the last three columns are annual costs in thou-
sande of dollars; communication and multiplexiﬁg cogte are included with
capital costs annualized at an interest rate of 10% with an 8 year 1life-
time; ]
Py 15 the number of clusters of 8 terminals each connected to each

long line,



TABIE 7

Cost of Communication System 2: Cluster Organization

Single State Coveragea

C
D = interstate distanceb 4 = inmbrastate diztance 4 i 8
(A. 300 terminals)
' 500
200 608 | 563 538
100 Iy o8 377
50 392 331 297
300
200 536 511 498
100 392 357 337
50 319 279 257
(B, 1,000 terminals)
' 500
200 2029 | 1878 | 179k
100 15hk7 11362 1258
50 1306 | 1103 91
300
200 1788 | 1706 1660
100 1306 | 1189 1125
50 1065 931 es57

8 . . .
The costs given in the last three columns are annual coste in thou-

sands of dollars; communication and multiplexing costs are included with

capital costs annualized at an interest rate of 10% with an 8 year life-

time.

bThe term "interstate" is used here to denote the long-line distance

and "intragtate" to denote the short-line distance even though all com-

munication is within one state,

C

long line.
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TARIE 8

Cost of Communication Sys'tem 3 Linear Organization

with All Interstate Conmectiouns®

b
D = interstate distance d = intrastate distance L z 8
(A, 300 terminals)
2,000 \
600 688 679 674
4oo 617 602 595
200 525 50k 493
100 L65 itity h27
50 ool 396 380
1,500
600 650 652 653
Loo 579 | 576 | 574
200 488 478 L2
100 428 Bk ko6
50 387 369 360
1,000
600 613 626 632
oo 542 549 553
200 450 451 451
100 391 387 385
50 349 343 535
500
600 576 509G 612
400 505 523 533
200 _ 413 ho5 L3t
100 3sh | 361 | 365
50 312 316 319
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TABLE 8 {continued)

)
D = interstate distance | d = intrastate distance k Z '8
(B. 1,000 terminals)
2,000
600 | 2293 | 2263 | 2246
400 2056 | 2009 | 1983
200 1750 | 1681 | 1643
100 1552 | 1469 | 1ko3
1,500
600 2169 | 2175 | 2178
Loo 1932 | 1921 | 191k4
200 1626 | 1595 | 1574
100 1428 | 1381 | 135k
50 1290 | 1232 | 1200
1,000
600 2046 | 2086 | 2109
400 1809 | 1832 | 18he
200 1503 | 1504 | 1506
100 1305 | 1292 | 1286
50 1166 | 11kk | 1132
500 N
600 1922 | 1998 | 20Lko
400 1685 | 174 | 1777
200 1379 | 1416 | 1437
100 1181 | 1204 | 1217
50 | 10hk2 | 1055 | 106%

%The costs given in the last three columns are annmual costs in thou-
sands of dollars; communication and multiplexing costs are included with
capital costs annualized at an interest rate of 10% with an 8 year life-
time.

bK is the number of clusters of 8 terminals each connected to sach

long line,
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TABIE 9

Cost of Communication Sjstem 4: Linear Organization

with Single State Coveragea

c
D = interstate distanceb d = intrastate distance L z 8
(A. 300 terminals)
. s00
200 682 672 666
100 537 517 505
50 Lés 439 kes
300
200 610 620 626
100 w5 | u65 | 465
50 393 288 385
(B. 1,000 terminals)
500
200 2o7h | 2240 | 2221
100 1792 | 1723 | 1685
50 1551 | 1465 | 1418
300
200 203% | 2067 | 2087
100 1551 | 1551 | 1551
50 1310 | 1293 | 1284

%The costs given in the last three columns are amnual costs in thou-
sands of dollars; communication and multiplexing costs are included with
capital costs annualized at an interest rate of 10% with an 8 year life-
time. , 4 | 7

Yhe term "interstate" is used here to denote the long-line distance
and "intrastate” to denote the short-line distance even though all com-
muniecation is within one state.

°k is the mumber of clusters of 8 terminais each comnected to each

long line.
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TABLE 10

Cost of Communication System 5: Linear Organization

with Interstate/Intrastate Mix™

b
D = interstate distance d = intrastate distance i g 8
(A. 300 terminals)
' 2,000 ' .
200 679 670 665
100 535 | 515 | 50k4
50 h63 428 L2l
1,500
200 6h2 | 643 | Bhl
100 498 | k88 | 483
50 h25 a1 4oz
1,000
200 605 617 623
1100 461 | k62 | 463
50 338 385 | 382
500
200 568 590 £03
100 yoh | bas | hhe
50 351 258 362
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TABLE 10 (continued)

b
D = interstate distance d = intrastate digtance i 2 8
(B. 1,000 terminals)
2,000
200 2066 | 223y | 2216
100 1784 | 1718 | 1681
50 1543 1 1459 | 1413
1,500
- 200 2142 | 2145 | 21h7
100 1660 | 1629 | 1612
50 119 | 1371 | 134k
1,000 ' '
200 2018 | 2057 | 2079
100 1526 | 1541 | 1543
50 1296 | 1283 | 1276
500
200 1895 | 1969 | 2010
100 1413 | 1ks52 | 1h7h
50 1172 | 1194 | 1207

B Costs given in the last three columns are anunual costs in thousands
~of deollars; communication and multiplexing costs are included with capital
costs annualized at an interest rate of 1.0% with an 8 year lifetime.

by is the number of clusters of 8 terminals each connected to each

long iine,
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TABLE 11

Cost of Communication System 6:

Satellite Distribution

o
v $1, 000 $3,000 | $5,000
(A. 300 terminals)
0 | 73 95 127
100 173 195 227
300 373 395 Lot
500 573 595 627
(B, 1,000 terminals)
o 192 26h 272
100 292 364 L2
200 Loz 564 672
500 692 Tk 872

aThe costs given in the last three columns are annual costs

in thousands of dollars; communication gnd multiplexing costs are

included with capital costs anmualized at an interest rate of 10%

with an 8 year lifetime.

b

V = annual cost in thousands of dollars of satellite tran-

sponder capital cost or use charges.

c

37

G = cost of RF portion of each remote ground station.




whosge avefage distance ffom the main computer center is 1,000 miles
with a lafge number of clusters in'each loecal group of clustérs (K = 8).
The intrastate distance (between each local cluster and its cluster
center) is assumed to equal 50 miles. For 1,000 terminals, three of
the configurations proposed here are relevant: cluster system (1),
‘linear system (5), aﬁd the satellite system (6). For system (1) the
cost {on a per-terminal basis) is $850 per year; for system (5) it is
$1,276; for system (6) it is $564 under the conservative assumption
that the ground station cost is $5;OOO and the satellite usage cost

is $300,000 per year. For this configuraﬁion, then, the satellite
appears superior, ag it would for any more dispersed population. lIn
the very worst case of satellite costs, with $6,000 ground stations and
a $500,000 annual satellite use cost, the cost of system (6) becomes
$872, slightly more than that of system (1). Many other combinations
of reguirements can be gsimilarly analyzed using these tables.

Tt may be of interest to continue this example to the point of
canputing total per-student-contact-hour costs of this communication
configuration. A% the end of Section IT we-estimated an annual cost
for the system--including capital costs, operations, and maintenance--
of $1,477,000 per year for 1,300 terminals or $1,135 per terminal per year.
To\ﬁhis must be added the $565 satellite communication costs for & total
of $1,700 per terminal pér yéar, orha 1ittle less than $150 per terminsl
per month, or $.85 per student contact hour, if we assume the optimistic goal of

2,000 hours of terminal use per year,
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.D, Conclusions

The foregoing communication models and their costs provide a bhasic
cost analysis for providing interactive instructional materials o dié-
persed populations. Our approach hag been tc develop cost functions for
alternative approaches to golving the communication problem for a CAI
gystem. The values these cost functions take depend on many parameters.
The advantage of this approach is that it ensbies one to ascertain guickly
the approximete minimum cost configuration for any specification of the
input parameters. More exact cost estimates would, of course, have to
be generatéd af the time of preparation of the design of a specific
systenm.

The central numerical results of this section appeared in Tables 6
to 11. These tables show how annualized cammunication and multiplexing
systen coste vary as s function of the most critical parameters for
three conceptually distinct approaches to the communications networke-
a clustered telephone line system (Tebles 6 and T), a linear telephone
line system (Tables 8, 9, and 10), and a satellite-based system (Table 11).
The different tables for the telephone~line-based systems show costs for
different configurations of interstate and intrastate systems; this sepa-
ration is necessarily due to the structure of the telephone tariff system.

Perhzaps the most interesting result that emerges from this detailed
analysis is the viability of a satellife—baseé gystem. For distances of
the order of 500 miles there already appears to be a distinet cost sdvan-
tage for the satellite approach; for distancegs of a thousand miles or more
the advantage is quite pronocunced. The importance of this Tinding depends

on the form of the evolution of usage of the higher quality instruction
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made possible by interactive systems. If a large instructional computer
'system serves only its immediate geographical locale, it is clear that
communiqations are best handled by telephone or cable systéms. However,
reliance on telephone line systemg seems to preclude access to this form
of high quality instruction for dispersed populations. Satellites will
play a critical role for distribution of interactive ingtruction if na-
tional priorities indicate sensitivity to the needs of dispersed popu-
lations prior to the time when (probably 15 or 20 years hénce) every
geographical locality has its own interactive instructional system,

or cable networks become versatile enough and sufficiently dense to

gerve g8 an interactive system communication network.

IV. Implementation Alternatives for CAT Networks

In the preceding sections we discussed the costs of alternative
methods of providing CAT to dispersed populations. In this section we
use these costs as an input to analysis of the basgic economice of pro-

viding CAT, and the variocus implementation alternatives available.

A, Basic Economics of Providing CAT

The cost per operational CAT terminal in a school depends on meny
factors related to the basic organizati n of the system that provides
the service. Iater in this section, we will discuss a mmber of alterna-
ﬁives to that presented in this paper and reference more detalled costi-
mates for them. First, however, we will make analyses of basic economic
trade~offs, simply using conservative cost values based on estimates for
the immediate fubure; we emphasize, howevér, that many components of these

costs are declining.
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Our basic cost assumption for this analysis is that for $300 per
Vmonth a Teletype terminzl can be maintained in a typical school. This
is deldiberately highly conservative in order to allow & high margin
for proctor costs and start-up inefficiencies. For a typical configura-
tion with a 1,300-terminal system and a highly dispersed user population,
Sections I1 and III indicate that the central facility, communication
and multiplexing, and terminal costs would total $125 to $200 per month
per terminal. This cost iﬁcludes amortization of capital costs, use of
the central computer system, communications, terminals, and operations
and maintenance. It does not include any expenditures associated with
making classroom space available, and it assumes the curriculum to al-
ready be available. We also assume that for 20 days per month an average
of 25 student sessions per day dre given at each Teletype. Thus, we és-
sume 500 sesgions per terminal per month at a cost of $300, or $.50 per
session. We have observed high variance in the number of gessions pér
terminal per day obtained by different schools, and with effective scheduling
it is feasible to obtain many more sessions per terminal per day than the
25 we assume. Some schools currently participating on the TMSSS network
are obtaining utilization rates in the range of 35 to 40 sessions per
terminal per day, suggesting the possibility of substantially lower
costs per sesgion than the $,6O that we use. Also, ﬁe have asgumed a
gsix-hour school day; some residential schools for the deaf are using
their terminals eight to ten hours per day, further increasing the mm-
ber of sessione per terminal per day and further decreasing the cost per
sesgion. (In the preceding section we saw the possibility of reducing
costs to $.85 per student contact hour if"usage can be pushed up to

2,000 hours per terminal per year.)
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The decision of whether to provide CAI and how much CAI to provide
depends not only on cost per sessidn but on two other critical factors.
First, of course, is the performance of CAI in raising student achievement.
We will not examine data on CAI as an instructional tool in the paper but
evaluations of IMSSS CAT curricﬁlum can be found in Fletcher and Atkinson’
{(1971), Suppes and Morningstar {1969), and elsevhere.’ Second is

the issue of what must be given up in order to have CAI. Given that

budgets are inevitably constrained, the more CATI an administrator pPro-
vides his students, the less he can provide of something else. A re~
quirement of good administration is to make these trade-offs explicltly,
both in terms of their cost and of their performance.

We will examine the situation in schools for the deaf, which cur-
rently use about half of the IMSES student terminals, to illustrate how
administrators might eﬁaluate decisions about the use of CAI. Due to.
the low student-to-staff ratios, a larger fraction of resources goes
into staff in scheools for the deaf than in other schools, and the most
feasible way of financing CAT is, therefore? through slight increases
in the student~to~staff rgtio. This method is the most feasible even
if new resources for acquiring CAI come from outside the school; the
- new funds could have been allocated to lowering the ratio of students
ta staff rather than to providing CAI.

The trade-offS-are summarized in the following equation adapted

from Jamison (1971).

(sW(1 - R)) + (c(m)s°R)
W - (C(W)SR)

g% =8 +

4o




where 5* is student-to-staff ratio affer introduction to CAT,
5 is student~to-staff.ratio before introduction to CAI,
W is average annual salary of the instructional staff,
R dis ratio of the post-CAT instructional cost per student
to the pre-CAI cost, and
¢(N) dis the cost of providing a student N sessions of CAI

per year.

To estimate the "opportunity"” cost of CAI, we solve the equation
for S% as a function of N (the number of CAT sessions per sbudent
per year) under the assumption that R = 1; i.e., we assume that CAI
is inftroduced into schools for the deaf'with'no.net incresse or decrease
in per-student instructional costs. To complete the calculation we need
to know staffl salaries and staff-to-student ratiocs and, to take an ex-

ample, Table 12 displays this information for a number of different

B L P S
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types of schools for the deaf. For the present illustration, we con-
gsider public day schools where the instructional stafl salaries recently
averaged $8,760 per year and the student-to-instruction-staff ratio was
L.5. We have, then, 8 = 4.5, W =28760, R =1, and, using the pre-
vious assumptions about costs, C(N) = $.60N. The trade-off eguation
then becomes:

8% = h,5 + 12,150/ (8760 ~ 2.70) .
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TABIE 12

Salaries and Student-to-Staff Ratios in Schools for the Deaf

for the 1968-69 School Year™

Tvpe of SChOOL Average annual salary Ratio of students to
yP ' of instructional staff instructional staff
Public Res. Schools $7564 5.6
Private Res. Schools 6251 k.9
" Public Day Schoolg 8760 &,5
Private Day Schools 6009 4.5
‘Public Day Classes 7721 3.9
Private Day (lasses 7740 Lob
%Source: MMabular Statement of American Schools and Clagses for

the Deaf, October 31, 1968," pp. 628-623 of the Directory of Services
2 2 —

for the Deaf in the United States--American Annals of the Deaf, May,

1969,
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Table 1% shows the student-to-gtaff ratio calculated from the above
equation required to leave per-student instructional costs wnaltered

if each student has N CAT sesgions per year for six values of N,

——————————————————————————

It ig evident from Table 13 that substantial amounts of CAT are
feasible with only minor iﬁcreéses in stwdent-to-staff ratios. For
example, increasing the student-to-staff ratio hy 10%, from 4.5 to L4.95,
would allow each child to have almost two CAI sessions daily (300 per
year). The question facing the school administrator is whether the
achievement gains resulting from this amount of CAT would counterbalanée
the achievement losses {if any) resulting from the slightly higher

student-to-gtaff ratio.

B. Implementation Alternsiives

In the preceding subsection, we outlined the basgic economic con-
giderations that would lie behind an sdministrative decision to ubilize
CAT in schools for the deai, Now we will look at four possibilities
for Implementing CAI in schools for the deaf. Again, the schools for
the deaf are simply used as an example of a typical dispersed popuis-
tion, These aliternatives are equally possible for other groups of
CAT users.
| The first implémentation alternative would consist of operational
utilization of the IMSSS facility at Stanford, with the Stanford staff
continuing in their present lialson, maintenance, and administrative
roles. By the beginning of the 1973-T4 scliool year, up to 300 terminals

at various ldcations around the country could be mede available enabling
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TABLE 13
Student-to-Staff Ratio Re@uired to Ieave Per-Student

Instructional Costs Constant with Implementation of CAIa

Number of CAT sessions instfzgiigz;gf;taff
rer e ratio
o h,5
100 L6k
200 4.79
300 k.95
X0 | . 5.%0
1000 - 6.50

SThe figures in this table assume a2 pre~CAT
student-to-instructionsl-staff ratio of 4.5 and an
average annual salary for the iﬁstructional staff of
$8760. CAT is assumed to cost $.60 per 6 to 10 minute

session,
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5,000 to 10,000 deaf students te receive CAL as a sfandard part of their
curriculum. The total cost per terminal per month would be between $250 -
and $400. This approach would have the advantage of being a direct ex-
tension of the services currently provided by Stanford and implementation
problems would be minimized. Further, if curriculum development for the
deaf were continued at Stanford, new and revised curriculum materials
would be immediately available to all students in the network.

The second implementation alternative is identical to the first
except that major administrative and operational responsibilities would
be transferred to a school serving the deafl community. That school would
be responsible for liaison with other schools, communications, Teletype
maintenance, and administration of ever&thing eicep% the central compgta—
tion facility at Stanford. The major attraction of this approach lies
in the gradual but explicit transfer of technological expertise and con-
trol from the developers of a CAY gystem to its ugers. |

A third alternative would be to implement the curriculims developed
at Stanford with sband-alone mini-compuber systems. The central processor
on such systems requires nc operator, and it is capable of serving 8 %o
32 student terminals with relatively simple curriculum materials. Jamison,
Suppes, and Butler (1970) provide a more detailed description and cost
analysis for systems of this sort. Communication and multiplexing costs
would be minimized by the smzll geographical dispersion of users. Per-
terminal costs using this approach would he approximately Two-thirds to
three-fourths the costs involved in the first and second alternatives.
However, the range of curriculumg offered on mini-systems is more limited
than in the first and second alternatives; and curriculum revision is far

more difficult.
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A fourth alternative, diametrically opposite to the third, would
be to establish a large CAT center for the deaf that would be capable
of simultaneocusly running 500 to 1,500 terminals such as the system
described in this paper. Such a center would require nationwide com-
munications, It could take full advantage of new and revise& curriculums
as they become available,_and it could provide a wider range of curricu-
lums than could a mini—system; As was shown in Section ITI, the use of
‘communication satellites appears to be an economically attractive way
of distributing CAT to a population as dispersed as that of deaf stu-
dents. Per—tefminal costs.for a large-scale system such as this would
pfobably fall between those of a mini-system and those of an expanded
Stanford-based system. The difficulty with proceeding directly to this
option is the substantial time 1ég between decigion and implementation
and the administrative difficultiles inherent in expanding a small sca}e
of‘operationé to a very large one,

The above four alternatives summarize our current ideas for copera-
- tiomally implementing the results of presentlj available curriculum
development efforts., These alternatives are not mutually exclusive.
For example, it would be very natural to conceive of the Second alterng-
- tive evolving into the fourth. Similarly, a useful experiment to under-
fake would be to compare either the first or second alternative with the
. third, using different schools for the aeaf in the two approaches,

The decision as to how to best educate any student population is
always complex, and 1s usvally made more difficult by budget constraints.
One important factor in such decisions involves the relative effectiveness

of different instructional methods for the particular students under
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'considerdtion. ‘We feel that it is also important for the educators who
make such decisionsg to consider fhé relative costs of different instruc-
tionald methods; we have tried to show in this paper that CAI is a viaﬁle
alterngtive for instructing-dispersed student populations, particularly

with the possibility of a satellite communicatlon network.
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Footnotes
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(oy courtesy), School of Education, Stanford University. The authors
are indebted fo J. E. G, Ferraz and Joanne leslie Jamison for valuable
geslstance with this paper. |

3. Cost estimates for a very large-scale systenm (k,OOO terminals)
are given in Bitzer and Skaperdas (1969), and Stetten (1972) gives cost
estimates for a system with 125 terminsls. Both sets of estimates as-
sume the terminels are clustered at the computer center or within 100
miles of it,

4. Detailed descriptions of earlier IMSSS CAT systems can be
found in Suppes, Jerman; and Brian (1968), Suppes (1971}, and Suppes
and Morningstar (1972).

5. The term "baud” is a measure of communication capacity; a voice-

grade line has a capacity of up to 9600 baud.,
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6. The multiplexing system sssembles and disassembles signals in

the communication line for direcfibn to the individual terminals.

7. "RF" refers to the radio freguency electronic equipment,

8, To apply this model in a European éetting, a different rate
structure system would, of course, have to be substituted. |

9. A survey of these evaluations, as well as a study of the impact

of CAI on the disﬁribution_of achievement, may be found in Jamison,

Fletcher, Suppes, and Atkinson (1972).
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