ratio begins with the location of the center of the ac-
tivated area. For this purpose, all nonzero pixels are
taken to be part of the object. The center and the
point farthest away from the center determine the
major axis of the object. The minor axis is taken to
be perpendicular to this, These axes provide an
object-relative coordinate system in which it is pos-
sible to specify, roughly, the location of bumps and
depressions in the image. The bounding rectangle of
the object is taken to be the smallest rectangle, with
edges parallel 1o the axes, that contains the image,
The aspect ratio of the object is taken to be the as-
pect ratio of s bounding rectangle.

Moving the Finger

If the image read in is not satisfactory, as is usually
the case at first, it is possible to move the finger and
read another. An important part of the image analy-
sis involves moving the finger so that an optimal
image is sensed. The offset pressure, for example, is
adjusted in this manner. Optimally, most of the
touched area sctivales the mid-range of the sensor,
allowing bumps and depressions to be detected eas-
ily. This is accomplished by reading in an image,
computing the median pressure of all points above
the noise threshold, and readjusting the finger pres-
sure appropriately. This is repeated several times
until an acceptable offset pressore is achieved.

The finger is also moved to measure the stability
{resistance to roll) of an object. To measure the ob-
ject’s stability in a given direction, the object is
pressed between the finger and the supporting sur-
face by applying a fixed force on the object normal
to the plane of the surface. The finger s then moved
laterally in the desired direction. (The supporting
surface was a thin layer of soft rubber, to prevent
sliding.) The stability of the object is indicated by
the amount of force necessary to move the finger.

The Matcher
During the hypothesize step, the program must de-

termine which of the objects if knows best matches
the known data. For a small set of possible objects,
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such as the fasteners, it is not really important that
this be done well. For a large set of possible obiects,
the quality of the matcher may be a determining
factor in the speed of recognition. When the hy-
pothesis is chosen by selection of the possibility that
best maiches the information given, usually the
choice that has the largest number of features in
common with the known facts is the best choice. In
a system with a large number of parameters, other
factors may also be taken into consideration. For
one thing, some features may be more important
than others, either in general or for that particular
possibility. Also, the features themselves may not
exactly match—a bump may be too large, a shape
distorted. In cases such as this, we wish to give the
possibility only partial credit for a feature maich.

The most obvious way to implement such a
matcher would be to use a numerical scoring system,
with the weighting of factors for feature imporiance
and partial matches, This approach was aveided
for the following two reasons. First, there would
have 1o be a degree of arbitrariness in assigning the
numbers: Is a circle a 50% maich to a hexagon? Is
shape 2.5 times as important as textore, or only
twice as important? It is ynwise to trust the sums
and producis of numbers if the numbers themselves
are chosen arbitrarily. The second objection is more
of a philosophical one —converting a complex set of
symbolic structures into a single nuraber causes us
to throw away too much information too guickly. Of
course, this information must eventually be lost
the matcher must terminate by selecting a single
item. But the pruning can be, and is, controlled in a
more reasoned manner.

The implemented matcher takes two possibilities
at a time and compares them on a feature-by-feature
basis. If, for a particelar feature, both items match
the image to about the same degree, the information
is ignored. If one of the items is clearly a better
match, the feature is counted in favor of the appro-
priate item. This procedure is repeated for cach fea-
ture and then the features themselves are compared
in o similar manner. A feature counted toward one
item will be cancelled by a feature counted toward
anocther, if they are of approximate importance.

In a large artificial intelligence system, the best
match could be computed in paraliel. Parallel
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marker-propagation schemes, such as the one pro-
posed by Fahlman (1979), would do such a task well.
One important assumption, even for the parallel
case, is that the binary comparison operator is tran-
sitive. Without this constraint, it would be necessary
to compare each possible pair of items, a task that
grows as the square of the number of iters.

The transitivity of the predicate described above
can be easily demonstrated, given the transitivity of
individual feature comparisons. Assume that there
exist three items, A, B, and C, such that A > B and

> . Let fix, v) be the set of features counted in
favor of x when compared with y. Since the individ-
gal feature comparisons are fransitive,

fa, Cy= (A, By U B, Oy
and
AC, Ay = (AC, BY U f(B, A).

If > is the feature set comparison predicate (the sec-
ond stage of the algorithm above), then A > B im-
plies f{A, B} » fiB, A}, Also, for any sets a, b, ¢
and d such that a > b and ¢ > d, it must be that

{a U ) > {b U d), because features that cancel in
the individual sets will also cancel in the union. The
assumptions A > B and B > C umply A, By »
AB, Ay and f(B, C) » fAC, By and, by the union rule
{AA, BYUAB, O > (JIC, By U AB, A). This
may be rewritten as f{A, ) » AC, A), which is the
criterion for & > C. Therefore, the matching predi-
caie is transitive.

This matcher is really overkil! for a possibility set
of six objects with three parameters each, but it may
be necessary if the program is o be extended to a
farge range of objects.

’

Proposed Efforts

A program that distinguishes among six objects on
the basis of three parameters is not too impressive.
Even if it only got one bit from each parameter, it
should have correctly recognized eight obijects. In
the future, tactile recognition programs will have
much more complex and more precise represen-
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tations of tactile images. Three improvements can
help bring this about.

The first is texture recognition. The resclution of
the tactile array sensor, while high, is not not nearly
sufficient for measuring textural differences between,
say, paper and glass. Texfure sensing requires mea-
suring bulk effects of many tny surface features. It
is most easily accomplished if something is slid over
the surface and a patiern of vibrations s detected.
This can be likened to sliding a phonograph needie
over a record. Sensors of the future may use em-
bedded piezoeleciric devices, or it may be possible
io use the ACS dirvectly as sort of a carbon micro-
phone. However the information is derived, it must
be processed into a useful characierization of the
texture of the surface. Of interest is the intensity and
periodicity of the signal. These features may be seen
directly in the frequency domain. Texture processing
may bear more similarity to the analysis of sounds
than to the analysis of visual images.

Another improvement might involve thermal rec-
ognition: the difference between paper and glass is
that glass feels cold. This is not actually because
glass is lower in temperature, but becavse it is a
better conductor of heat and so it is more guickly
able to carry away the heat generated by the body.
We have constructed a small thermal conductivity
sensor that works on this principle. Is the sensor, a
resistive heating element is sandwiched between two
temperature-sensitive current sources. Aay dif-
ference in the temperature of the two sensors is indi-
cated by an easy-to-measure difference in the cur-
rents. The sensor is designed to be mounted on the
finger in such a way that one femperafure sensor
may contact the device being tested. As the heat is
drawn from the object into the sensor, a difference
in temperatures will develop, The primary disadvan-
tage of this first prototype is that it is large
(6.1 X 0.3 x 0.2 in.), resulting in a relatively high
thermal mass. This limits both the response time and
the minimum size of the object that may be uscfully
tested.

The third area that shows immediate potential for
further research is the coordination of multiple tac-
tile images into a global picture. This is probably the
most useful next step in tactile processing. This
problem was deliberately avoided in the program
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described through the choice of small objects that
could be read in a single impression. Such size Hmi-
tations are probably unrealistic outside the labora-
tory environment. The first real-world applications of
tactile sensing will not be in recognizing objects that
fit on the tip of the finger, but rather in orienting
known objects grasped with an entire hand. This will
require coordinating images from muoltiple sensors.

We are enthusiastic about the future prospects of
automated factile sensing. What has been described
here——ihe sensor, the finger, and the progragi—is
only an initial approach.
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ABSTRACY

A prototyps touch-sensitive tablel is presented. The tablet's maln
innovation s that it 13 capable of sensing mors than one point of
contact &t & fime. In addition 1o being ably 10 provids posttion cow-
dinates, the iablet alss glves a measwe of degres of contad,
independanily for sach poind of comtact. bt order {0 snable multh
fouch sensing, the iablet swrisce s divided Imo 8 grid of discrsts
pointe. The points are seanned wing & recirsive area subdivision
algorinm. I order to minimize the resclutlon lost due o the
discrate naturs of the grid, & nove! interpolation schems has besn
developed. Finafly, the paper brisfly discusses how mufthiouch
sensing, interpolation, and degres of contact gensing can be com-
bined 1o expand owr vocabulary In human-compuler interaction.

1+ INTRODUCTION

Rapid advancement of computer technology has opened & varlely
of new applications. New applications and users mean demands for
new modes of interaction. One conssquencs of this Is 8 growing
appreciation of the imporiance of wing approprixte inp technoloe-
gles {(Buxion, 1882, Poslioning davices are sesn 1o be sssential io
graphics applications, Image transducers are required for patiern
recognition In medical diagnosis, touch soreens are useful for the
education of young children, and the QWERTY keyboard remaing
the usual standard for text processing. However, the rangs of inpud
devices avaliabls is stiif guite Imited, as is our undsratanding of how
1o use them in the most sfective manner.

The intent of the research presentsd in this papsy is 10 increass the
vacabudary thet can be utiiized In human-computer interastion. Ow
approsch has been fo develop 8 new inpu tachnology that enlarges
the domain of human physical gestizss that can bs caplursd for
control purposes. In what follows, we wifl describe the technology,
what it avolved from, and some aspecis of how | can be uwsed.

2. OYERVIEW

The transducer thal we have developad I8 & iouch-sensitive tabist;
that is, & flat surface that can sense whare R is being touched by
the operator's finger. This in Hsel iz notl new. Ssveral such dev-
lces are commerclally avaliable from & number of manufaclurers
{soe Appendix A). What is unique about our tablet is that R com-
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bines two additionsl features, Flrst, R can sense the degres of con
tact in a conlinuous manner. Second, § can sense the amownt and
facation of a number of simulianecus poims of contact. These two
jeatures, when combined with touch sensing, are very important in
respect 1o the fypes of interaction that we can support. Soms of
these are discussed bslow, but ses Biedon, HiE, and Rowley {1985}
and Brown, Buston and Murlagh (1985} for mors datall. The tablet
which we present Is 8 continuation of work dons in our lab by
Sasak! ot al (1987 and Metha {1983},

in the presentation which follows, we focus mainly on issuss relal-
ing to the iransducer's implementation. Two important sontributions
discussed are ow method of scanning the tablet swisce, and ow
method of maintaining high resciution desphe the surface being
partitioned inio & discrste grid. Additional ischnieal details can bs
found In Les {1984}

3. WHY BRATETOUCH?

Touch sensing has & number of important characteristics. Thera is
no physical stylus or puck 1o get fost, broken, or vikrate oW of posi
fion. Touch tablels can bs melded 50 as 10 maks them easy o
clean {therefors making them useld in clean snvironments like hos-
phtals, or dirly environmems like fastories). Sincs thers I8 no
mechanical intermediary between hand and tablet, thers is nothing
{0 pravent multh-touch sensing. Templates can be placed aver the
tabiet {0 dofine apsecial regions and, sincs the hand i3 being used
diractly, thess regions can bs manually sensed, thereby aflowing the
tralned user (o effectively "touch type® on the iablst.

Withowt pressure sensing, however, the uiliity of louch tablels is
Qquits Himited, Ong can move 8 tracking symbol sround the sorasn,
{or example, ug when the finger i3 over & light button, there is nothe
ing equivalent 1o the butlon on & mouse o push In order o make 8
selaction. Yes, we could it ths finger off the tablet, but that would
be more fike pulling (rather than pushing) the bution. And what i
we wanted 0 drag an ftem being poinied al, or 10 indicate thal we
wanted to start inking? Lifting ouw fingsr would leave ow finger off
the tabist, just when we wan it in comtact with & the most. Theve
are ways around this problem, bul they are indirect. B, however,
the tablet has pressure sensing, we can push a8 virtual bution by
giving an exira bt of pressurs o signal & change in siate,

Pressws has other sdvantages. Ons axample I8 1o contred line
thickness in 8 paint program. Bul why do ws want multiple point
sensing? A simple sxample would bs  we had g templale placed
gver the iablet which delimited three regions of & om by 2 om.
Whare we touch sach region could conrol the setting of & parames-
tor sssoclated whh each region., ¥ we wanisd fo simultansously
adjust all ihree paramsters, then ws would have (o be abls o sense
aif three reglons. AR even easier sxample is using ths tablet to
smudate & plane keyboard that can play polyphonic musle,
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3, HARDWARE DESCRIPTION

A brief description of the hardware of the fast multiple-touche
sensitive inpwt device (FMTSID) is introduced hers. The design of
the hardwara iz based on the requirementis of the fast scanning
algorithm and on tradeolis between sofiware and hardware. Many
sensors have besn examined {or our particular application, however
{Hursi, 1©74; Hillis, 1882; TS8D, B2, TASA, 180; JSR(C, 81
Matha, B82) nons seemed 1o havs the propsriles that satisfy the
regquirements of 8 FMTSID. The hardwars basically consisis of a
sensor malrix board, row and column selection registers, A/D
convening clrouts and a controliing SPU,

The design of the sensor matrie is based on the technique of capa-
chance measwrement between a finger tip and a matsl plate. To
mirdmize hardwars, the sensors are acosssed by row and column
selection. Row selection reglsters salsct one or more rows by set-
ting the corresponding bits 16 a high state In order (o charge up the
sensors while the column selection registers gelect ons or mors
columns by turning on corresponding analog swhches o discharge
the ssnsors through timing resistors. The intersecling reglon of the
selecied rows and the selecisd columns repressnis the sslected
sensore &s & group. AD  converting oircults meoaswre the
discharging Uime interval of the sslacted sensors. & Unlvaralty of
Toromo 6808 board Is unsd 88 & controfling CPU. The toweh s
{acs of the sensor board consists of number of small metal-costed
reclanguar-shaped areas seiving 8s sensor plate capaciiors. The
design of the metal plale area of a unit sensor depends on the
measwrable capaciiance changs that resufis when the srea s
coversd by & fingsr tip, and on the resolion that can be impls-
mented.

Cherging dicde Digeharging diode

i

& row 1line

)‘\a column line

™m

z

4

&

Pl
Pnn_"_m
v

5

i a column selection
switch

Fig. 1 A model of 8 sslecied sensor i the sensoy matrix.

In order to select a sensor by row and colunn acesss, two dicdes
are wed whh each sensor. One diode, connected (o the row Hine, I8
used io charge up the sensors in the row. B is referrsd o 8s the
Charging Diode (CD) as shown In Figws 1. The CD alss serves o
biock the charge flowing back 1o the row line whan the row lins voé-
tage is dropped to zers. The other dicds called the Discharging
Dioda(DD), connected to the colenn iing, snables discharging of the
selecied row sensors 10 & virtsi ground., Alse the DD blooks
charge flow from the sensors In the selected row io the sensors in
the unsslected rows duing the discharging period. The selection of
rows, by the row selection procedure, catses the sensors 1o be
charged. The sensors In the column are then discharged through
associaied Himing resisiors connected io the column selection
switchss.

The charges stored It the selecied row(s} flow down through the
selected switthes 10 the virtwl ground of & {ast operational
ampiifisr. All the discharging curramts are corrsspondingly added o
produce a signal from which the discharging Ume of all the selscted
aensors 15 found by comparison with 8 threshold volisge.

Pregsiure sensilivily is incorporated by two measures: First there is
the affsct, hers minor, of comprassion of the overlaying insulator.
Second thers {8 the sfiect of intrinsic spraading of the compressible
finger tip as pressure is incraased.
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The software in the controiling CPU wiliizes communication with the
host computer 16 sccommodats the interpolation scheme. The
clock rate (10 MHz) aliows abowd ¥ counts fo corvespond to the
sensor capaciancs changs dus 1o 8 toweh, B, of cowss, the oapa-
cliance of all the clreudtry atisched to the column lins dwing the
discharging period is much larger than the sensor capaciiencs.
Thus before scanning the tablst for & iowch, R 18 acanned wom
pistely in sl possible resciution modes when not touwched. The
values so obisined sre sitored as relerences. Towhes ars
ideniified by the differences betwesn the refsrencs valuss and the
valuss measwrsd during use.

The capaciiancs change corresponding to the louch by more than
ans fingar {or by the whole hand} ia very large. Thus the number of
bits In the counter should bo enough 1o measwe the maximm
capackance. However B i3 innecessary sither i have sufficlent
bits 1o measurg the eniirs capaciiance including the surrocunding
capacitances, of to siore the corresponding "complets” counter
valuss as references. K I3 necessary only to have one more bit
than the number of bils required s count the valus of changs in
the capacitancs rather than the complels valua in order (0 measurs
the differences of cepaciiancs due to fowch, Thus only an 8 it
counier Is implemented. The counter enagbles the measuremsnt of g
7 bit capachance changs regardiess of ths degrae of ovarfiow in
the countes.

A facllity is also provided for identifying lemplates applisd fo the
surface of the tablet.

8. SCANNING ALGORITHRE

One es of some significance that can be intraduced s io avold
scanning of all the pixels in the tabiel which contain no information.
For exampie, scanning afl 2048 points of & tablel having 8 resoiu-
tion 84 by 32 for {fewer than % points is really quiis & ridicuous
igea. in fagt, if the number of pointe 1o be searched ls comparably
small, then an improved aigorithm, here oalied rsoursive area subd-
vision, can be used. A particular implementation example g
describad as follows.

Consider & tablet with resolution 8 by 8 (o be searchsd for 8 iowh
point as shown In Figuwe 2, Flrst, check ths tablet for louwch as
whole region as shown by the ares ABCD in the figuwrs. ¥ louch is
datected, divide the tabist inle two squal regions shown by the line
EF and check each of the iwo reglons ABEF and EFCD for
touchednssy, Selsct the touched region, region EFCD i this cass,
and divids this Inte two sgual regions as shown by the division line
GH. Continue this process on the touched reglon untl no further
division is possible, that i3, untll 8 unlt sensor, designated as the
ragion PKMO In Figes 2, ls reached. The figurs siso shows the
sequence of subdivision in the resursive subdivision schems.
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Fig. 2 Recwrsive subdivislon operation for 8 by B tablet.
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Using this algorithm, a search for one polrt on 3 tablet having &
reselution 84 by 32, requires 22 scanning times, that is

2* {log sup 23 (86 ° %) = 28

# there Is no overhead in the recursive subdivision procsss and
geanning beging at the “iop of the ree® (ihat is, with 8 reglon in
which all pixels ars grouped logether), then using this schems, the
number of touched points thal can be identified in the time that it
would lake to detect ons touch diveclly {that ls, § &l pixels ars
seanned one by one sequentially) is

N = {{84 * 32} over 22} = 188.

This shows immediately that the recusive subdivision scheme is
mueh superior o sequential scanning if the number of points (o be
scanned is fewer than 188.

8. BTERPOLATION

# may sesm that the resolution of the hardwars is 00 low for use in
graphics applications. Mowevar touch intensity and multi-touch sen-
sitivity can be used to snhance resolulion. This is possible havauss
the center of & touch can be most accuratsly estimated by an inter-
polation uliiizing the values of the adizcent ssnsor intensities.

Direct intarpolation schemes for & few cases has been impls-
manied. One of interest s {o interpolate an array of 3 by 3 sensors
wsing & touched polnt In the center. Another i3 fo interpolats all
points on the teblel. The later ons obviously provides the highest
resoltion but 8s a result B simply smulates 2 single touch tablst
with very high resclution.

7. PERFORMANCE
FAR: N

An ideal sensor matrix for 2 FMTSID would be one that has uniform
and small refersnce values over g grouping level, a large variation
of intensity due 10 & fouch, and fast measirement time. The sensor
malrix of the prototype, howaver, has a relatively wids rangs of
reference valuss. However thess values do not changs very mush
aver exiended periods of time. The results show that doubling the
number of sensors in & group in the column dirsction Inoreases the
refsrence valus by & facior of abowt 18, This corvesponds well 1o
theoratioal estimatas, As well the results show that increasing the
number of sensors in & group In the row divection, i contrast, doas
not increass the relerence valus In gensral, even H the munber of
ths sensors s doubled In & group. The reference valus rangss
from 40 {for a single sensor in 8 growp) to 580 (for the entirs array
of B4 by 32 sensors considersd as & groupl.

¥ ordey to sccount for time and other variations of the referencs
valuss, 8 thrashold is included which must be overcoms in order for
8 towh to be detecied. The threshold used ranges from 2 to 7
couwts depending on group size. Using these threshold valuss the
CPU does not rapont utouched points wrongly over intervals of at
ast 3 hows in sither sequential or recursive subdivision modes.
The recursive subdivision scheme uses § different ihvesholds, cone
seguently it i very uniikely to reporl & wrong polmt whereas the
fnsar scanning mode using only 8 single threshold is ikely to be
more sensiive,

The intensity of 8 single touwh for 8 single sensor group varies over
the tablet buf usually ranges abovs the threshold value by as mch
88 15, For & single 64 by 32 sensor group, the intensity varles from
serson 10 pRrson bt i ranges rom the thrashold to 124, This max-
fraen I8 oblainsd when a paim rather than a finger fouchas the
tablet. Another Interesiing featiwe i3 that the response time
bocomss fastsr a8 the number of sensors in & group becomes
wrger, and lunthermore that for the 84 by 32 sensor group, | s pos
sibie to dotect of 8 hand mersly placed in the vicinity of the tabist.
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73 Spxilzl Resohtion

One possibis and Immediats interpolation schems s io interpoizte &
Souched” point with alf adjacent values which may not be large
snough 1o be raported as louwched. A local array of 3 by 3 poirds
can be used for this interpolation. Some examples drawn ot &
iaser printer {consequently having no inisnsity scale} ars shown In
Figwre 3. These plotures are produced withow! feedback, thad is,
drawn without the operator looking &t the ouiput screen. This doss
not aliow the operaior io compensate, that is, i seisst polnis where
data ars sparse in comparison wih the intended figre, but rathsr
1akes diract inpid from the location of the figwre drawn on the inpt
devics. The firsi ploture {(a) Is drawn by nwving 8 finger in 8
siraight fine {guided by a ruler} for various anglss and the second
one (b} is drawn by moving & finger in & Hine guids by & circle drawn
o & tempiate. These tssts show thal intsrpolation sclually
Inoreases the epatial resolution as well g8 the locatability of & fine
point on & sereen.
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{a) Stralght linss drewn by the tablet using 3 by 3
sensor array inbtesrpolation.

The scales shown repressnt the boundarles of the
actusl adnSOrS.
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{b) & circls drewn by the tablet using 3 by 3
sonsor array loterpoluticn.

Whe scalss shown represent the boundaries of the
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Fig 3 Points drawn by the lablet using an interpolation mathod.
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Since the spaifal resolution in the local interpalation scheme s lime
fed by the number of bits avaliable from the intensities of an arrsy
of 3 by 3 sensors, other scheme was consldered. In ihis schems,
aif the points from a complete scan of & tabiet ars imerpolated
sllowing the potentlal resclution 1o be almost infinite, However this
process simply emuiales @ projsciive devics and accordingly
raponts only single point, which Is interpolated from afl the points on
the lablst. However wib ihis achame, thers ars a greal many ways
of pointing o 8 spacific iocation on & display soreen, & feature with
some Intriguing apptication possibliities.

7.3 Responss Tiwe Dalay

The responss fims delay iz tha time delay from the baginning of &
touch to an output recelved either by locsl terminal or by an oulpt
device stisched fo the host compiter. For mulliple toushes, this
dafay wil Increass with the number of jouchas. The profotyps used
with & $800 baud-rals ferminal to measws time delays. Actusl
responss tmes were messised several fimes and averaged for
various casss and are abuisted In Tabls 1

Case best  {typical{ worst
{a)pts/sec | 17.6 { 152 | 128
msec/pt | 6.8 | 858 78.1
{b) ptsssec | 182 | 172 | 180
msee/pt | §2.1 | 881 825
{c) pts/sec | 24.0 | 2R.0 18.8
msec/pt | 41.6 | 48.5 53.2

TABLE 1 Actual Responss Time Delays

The cases in Table one are 1o be inlerprated as foliows:
8 one sensor touched continuousty

b twe sensors toushed ot the same time continuously

¢ fowr sensors touched &t the same tims continuously

8. COMTLUSIONS

A prototype of a fast-scanning multiple-louch-sensitive inpid tablst
having both the adaptabiity and flexibiity for & broad range of applk
cations has besn designed and implementsd. Capaciiancs msas
wemant of Individual sensor{s} which can be wnigusly addressed
using two dicdas per sensor, makes & possibis fo senee both the
positions and intensitles of one or mors simullanecus fouches
without amblgisty. The sensor mairix is controlied by University of
Toronio 6808 board whose serial port i3 connectad o one of thy
¥O ports of a8 host computer, Sofiware that utiiizes the recursive
subdivigion algoriihm for fest scanning an array of 64 by 32 sensors
on the iablet, and that communicates with the host computer, has
been implemsnied and tested.
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Chalk Board g “Power Pag”, largs touch fabls for mitro-
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TASA: 4 by 4 Inch touch tablet {relative ssnsing only}
Touch Activated Switch Arrays Ine.
1270 Lawrence Stn. Road, Suite &

Sunnyvals, Californis
84088
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tion of 8 sub-set from a get of iters shown on the dis-
play surface.

Assuming that the first two objectives are met, the
thivd allows one to select items or positicns on the
sereen merely by pointing at them with a finger. Be-
cause pointing with g finger is man’s most natural
wethod of indicating selection, & touch setivated de-
vice creates a miniroum of distraction for the user
In fact, an ideal lnplementation of the three objec-
tives listed above would result in an input device
that was apparent to the user in function rather than
in substance.

Admittedly, the humean finger is a rather coarse
stylus but the resolation attainable is sufficlent for
many types of manusl information entry, The words
or phrases displayed for selestion in an information
retrieval system could be in a format suitable for this
type of input fechnigue, If a conventional keybeard
1s used in conjunction with the display terminal, a
touch activated display overlay reduces the ¢ime spent
in going from keyboard to display by eliminating the
intermediate step of picking up & stylus. In addition,
a portion of the display sereen could be used a3 a
touch  sensitive keyboard with dynamic eomputer
eoubrol of the assceiated key functions. The apparent
simplicity, both physically and funetionally, of this
type of input devise is 3 siguifidant advantage if the
user s 8 young child communieating with a computer-
assivted instruction system.

For informstion entry requiring more resolution
than one can obtain with & finger, a suitable passive
gtylus could resemble an ordinary peuell with its con-
venient size, ght weight, and freedom of movement.

One touch sensitive device? that has been developed
for use with a CRT consists of a number of wires
terminating at the front surface of the display tube.
Bach wire forms the arm of an AC bridge which is
unbalanced by body capacitance. A second devies,
developed by Control Data Corporation, has » series
of translicent, touch-activaied strips in front of a
CRT display.

The wpprosel taken by o g W@ 19 wee ao acha
runging dechmgus with slastie surfase wavey. Kol
repgiogy with pulad ndbrsole sarfiee waves has heon
applind aucopsefally fora numbor of vesrsin the fad
of Haw detestion for shrushaxd madeninds, The propa-
gation delay of ultrasonic elastic waves has been used
as the basis for graphic input devices for » computer.
However, these devices do not employ echo ranging
and consist basically of fxed sourses or radiators with
the sensor in a movable stylus. One of these, developed
by Woo at IBM,* also uses surface waves on a glass

PRI
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plate. The Lincoln Wand® provides & three dimensional
input capability by using ultrasonic waves propagating
in air,

In the deviee developed ot NRE, the sadintor sad
sonsm e physlendly the same plesodlentile teanaduoer
which is chobdeadly awitehod between the driving
sisvuitey and the celo veoeiving sfecniiey. Polve modas
fted snrfase wavwy e prodused on s frssepeent
gsleay plate, sad sy objuet condeeliog the wadave
veflonta aone of the wave enevgy budk fo the souree.
The distanee from the madintor/songer fo the targes
is pooportioas] fo the s between the wadiatar pulas
and the recupdion of Hipocho pulss.

Surface wave characierisizes

An elastic surface wave can be represented mathe-
matically as s combination of inhomogeneous longi-
tudinal and transverse waves. This is exemplified by
the particle digplacements for a surface wave. The
particles deseribe eiliptical orbits with the major axis
perpendicular to the surface and the minor axis paraliel
to the direction of propagation, corresponding 1o the
transverse and longitudinal components respectively.

The particle displacements decrease exponentially
with depth into the maberial; the depth deesy facior
being & function of the wavelength and the material.
For glass, the wave energy at a depth of one wave~
length is only sbout three percent of e value at the
surfage. A practical implication of this result is that,
to a close approximation, a plate several wavelengihs
thick appears as the solid half-space necessary for
true surface wave propagation.

Waves on the free surface of 2 solid half-spaee, which
are alse known as Rayleigh waves, are not dispersive
and their phase veloeity depends only on the properties
of the material on which they are propagating. For
plate glass the velocity s 10,400 f5/5e¢.

The amplitude of all elastic waves decreases with
distance from the source through three mechanisms—
beam divergence, soattering, and absorpiion. Because
a surface wave is easentially a two-dimensional phenomn-
enon, the decrease in smplitude due to beam diver-
gexice is proporbional o 1/+/r, compared to 1/rfor
spatial waves, where r is the distance from the source.
The attenustion due to scattering and sbsorption is
related to that of spatial waves, with the attenuation
factor being approximately proportional to frequenscy
in the ul$rasonie range. The attenuation coeflicient of
plate glass measured at § MHsz is 0.40 nepers/inch.

Axn interesting property of surface waves is their
ability o propagate siong eurved surfaces. If the ra-
dius of eurvature is large with respect to the wave-
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excite spatial waves in the prism with an angle of
propagation deterrained by the veloeity ratio. When the
same transducer is used for both sending and receiving,
the energy that was internally reflected within the
prism during the send iuterval appesrs as chutter or
noise during the receive interval. Although this excess
energy is graduaily absorbed by the prisma material,
its effect can be reduced by modifying the prism shape
and cogtlog it with an absorhient material, For the
transducers actuslly construeted, the first two inches
of range could not be used becsuse of the clutier.

The plezoelectric transducers are made of & lead
zivconate-lead titenate ceramic having a thickness
mode electro~-mechanical coupling coefficient of §.86.
This material s relatively good for energy trausformas-
tion in both divections. The bandwidth aud mechanical
output power of a piezoclestric transducer are related
to the mechanical impedance of the materials to which
it is coupled. After some experimentation with quarter
wave impedance matching transformers and various
backing materials, i¥ was decided to saecrifice band-
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width for sensitivity by using aix-backed transdusers
bonded directly to the prism. The result was o radistor
fractional bandwidth of 20 percent. The parallel com-
ponents of the cleetrical input impedance for a small
test array constructed in this way are shown in Figure
2,

For an 8 MHz pulse modulated signal with a 1.8
MHz bandwidth, the minimum resclvable stvlus
movement should be sbout 8,04 inoch. As will be ex-
plained later, this resolution was attained but unusable
in the first device constructed.

Array design

The method of target location being used requires
a line source of waves having uniform amplitude and
phase across a bten inch width, To combine separate
vadiator elements into a linear array with the desired
characteristics, the radiation pattern of individual
elements must ke known. An expression for the direc-
ivity charactoristies of a prism type of radiator has
been derived,? and it yields results similar to the sin
x/x funetion for spatial radiators. Figure 3 compares
values computed for an 8 MHz radiator using this ex-
pression with experinentally measured values,

For practical plate dimensions and transducer sizes,
the usable surface ares Hes in the far-field region of the
individual elements but in the near-field region of the
overall array, By computing the response for various
linear array configurations, a radiator width of 0.4563
inch, and a spacing of 0,383 iuch, were selected.

After the arrays were assembled and tested, the
megsurad radiation pattern was more irregular than the
somputations indicated. This diserepaney was at~
tributed to the variation is spacing, orientation, and
bond characteristics due to assernbly tolerances and
the variations in transducer sensitivity, The gaps in
the pattern were sufficiently large and numerous that
it was vecessary to add a second set of arrays on the
opposite sides of the plate. These are offset with respect
to the first so that the beams from opposite arrays are
sffectively interleaved. The serays are energized se-
quentially to avoid mubual interference.

The maximum two-way propagation time for a ten
inch usable surface and a two inch buffer zone is about
200 psee, Therefore, even with four separate artays,
the sampling rate can be greater than 1 Kz, which
is more than adeguate to follow normal stylus raotion.

Elecironic circwatry
sing dircottey somibsty of o radiator
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The radiator driver aud the arrays are matched to
56 ohws allowing them to be conuected with standard
coaxial cable. The dicde switch, with s four-pole
double-throw action, permits the four arrays to be
multiplexed into a single driver and receiver,

©
“
7
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o 16
also solates the receiver during the driver pulse. The
ok ¢ echo receiver consists of an RE aroplifier followed by
a demedulator and a threshold detector, The receiver
gain g electronically swept duving each scan io com-
pensate for the signal attenuation with range. A range
gate rejects echoss originating outside of the designated
ares. Figure 5 shows the demodulator and threshold

detector cutpuis for a single scan. The signal al the

/ AN ceunteris the echo from a finger touching the glass.

, Neseemimeara Teho timing is performed by a free running counter.
?/ E Both up and down counting are reguired to digitize
seans originating at opposite sides of the input surface.
§/ The coordinate grid is considered to bave X and Y
. 4 | — " \ ﬁ \ axes coincident with the edges of the usable surface,
- I N \\ \/ NN the origin being io the lower left corner. Adjustments

L NS on the range gates and counting cireuitry allow the
$ @ 3 size and positiou of the coordinate grid to be varied

glightly to. permit registration with the grid of an as-
sooiated display device,
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The eontrol cireuitry allows fwo modes of operation:
a continuous mode and s diserete mods. In the con-
tinnous maode, 2 Data Ready pulse signals the comput-
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A Touch-Sensitive Input Revice

L. Sasaki, G. Fedorkow, W. Buxton,
C. Retterath and K. ¢, Smithl

Structured Scund Synthesis Project {S58P)
Computer Systems Research Group
University of Toronto
Toronto, Ontario
Canada
M58 1Al

INTRODUCTION

In computer music systems there is a continuing preblem of £ind-
ing techniques which allow suitable physical gestures to be used
to express musical ideas., This 1s especially true in perfor-
mance. This situation exists due to & lack of appropriate input
transducers. Conventional computer input devices {such as slid~
ers, Joysticks, tablets, and keyboards} are being used to
increased advantage {(for example, Buxton, Reeves, Fedorkow,
Smith, and Baecker, 1980}. However, additional research is
required to design new devices which lend themselves to the arti-
culate expression of musical gestures. The “"seguential drum" of
Mathews (Mathews and Abbott, 1981) is one example of work in this
area. The proximity senscrs used in performance by Chadabe
{1880} and the motion sensors used by Pingzarrone {1977) are two
sther examples. In the remainder of this paper we discuss yet
another input device which has been developed as part of the
research of the B885P. The device is a touch-sensitive tablet
which is intended to be able to be used as a peinting device, for
adjusting performance parameters, and as a percussion - like
input device., While the device was designed with music applica~
tions in mind, it is far more general in application.

FUNCTIONAL OVERVIEW

The basis of the tablet is a flat surface measuring 30 by 42 c.m.
The surface 1is capable of sensing the point of contact of a
finger with a resolution of 64 (horizontal) by 32 ({vertical)
evenly spaced units. Only one point of contact at a time can be
dealt with. The device measures the capacitance at the point of
contact and calculates a six-bit digit of proportional magnitude.
Since capacitance is determined by the surface area covered at

1. Sasakl is currently with Bell Northern Research, Ottawa,
Canada. Fedorkow is currently with Acme Widget, somewhere in
New England.
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the point of contact, this six-bit digit can be thought of as
analogous to pressure (based on the observation that the harder

you push, the more surface area your finger covers). This 2 -

value 1is then transmitted to the host computer, along with the X
and Y values identifying the position of the point of contact.

IMPLEMENTATION OVERVIEW

The overall architecture of the device 1is shown in Figure 1.
Here we see that the tablet is made up of four basic modules.

| ]
I Touch- | I ] ] } ] ]
| | | I | P | Controller- |
| Sensitive |====>| MPX |==--=- >| Detector |-=--- >| Interface |
| | | | | (I | (RS-232) |
| Matrix | | i | | | |
| | » | ]

| |

|
T~ M6800 mp~

Figure 1., Tablet Block Diagram

The "Touch-Sensitive Matrix" is a printed circuit board etched
with a matrix of wvertical (64) and horizontal (32) conductive
strips. At the edges of this array of strips are multiplexers
and capacitance sensors, which are under the control of the
microprocessor. Periodically, the microprocessor scans the
entire tablet, reading the capacitance of each strip. The values
obtained are compared to a set of reference values measured and
stored upon start-up. Further processing takes note of strips
which show capacitance increased beyond a threshold. Because a
finger tip invariably covers several adjacent strips in both the
X and Y directions, the controlling software then selects the
point of highest capactance in the largest group of strips as the
point of contact. A point of contact for X and ¥ is computed in
this manner, The sum of excess capacitances for all contacted
strips surrounding the contact point 1is scaled to a six bit
nunber and used to indicate the pressure.

As the final step in each scan of the tablet, data 1is formatted
and transmitted to the host, using a standard 9600 baud RS-232
serial link, Because of the amount of processing required, the
tablet 1is scanned only about twenty times per second; this rate
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is adequate for tracking hand movenments, but it is too slow to be
completely satisfactory as an input device for a percussive
instrument.

The current version has been implemented using 49 integrated cir~
cults., Incliuded in this is & Motorola MBBUO microprocessor which
was used to implement the controller-interface module. This was
realized using 1968 bytes of ROM.

EXAMPLES OF USE

Toe date, the tablet has been used by two programs. The first is
a test program to demonstrate its sensing potential. It simply
maps the three coordinates transmitted by the tablet into parame~
ters of an FM sound being generated by the SSBP synthesizer (Bux~
ton, Fogels, Pedorkow & Sasakl & Smith, 1978). Pressure dster~
mines volume (no contact results in silence}, vertical position
determines pitch, and horizontal position controls timbre ({by
determining the index of mcdulation of the FM instrument). The
mapping is totally arbitrary. What is important is that the dev-
ice can reliably sense pressure, and position of single points of
contact, as well as track these parameters as the hand slides
across the surface., In this example we have used the tablet as a
position sensing device, using the absolute values of the coordi-
nates for control purposes.

Our second software sffort was to integrate the tablet into the
conduct program ({Buxton et al, 1980}, which is the main perfor-
mance system of the BS8P. Here the tablet can be used in two
WaYS . First, it can be used as a triggering device. Thus,
striking the tablet can be used to initiate events, whether they
be single notes or scores, As such, the Dbeginnings of &
percussion~like interface is provided. The second use of the
touch-tablet is as an alternative to sliders or the mouse for
adjusting performance pavameters through the controel of groups.
In this case the tablet can be used as a motion sensitive device,
where hand motion in the hovigzontal and vertical domains can be
independently used to increment or decrement the parameters asso-
ciated with a particular group. Alternatively, the magnitude of
the change of parametery values can be made propertional te the
magnitude of the distance of the peint of contact from the centre
of the tablet. Again, the control is two dimensional, working in
both the horizontal and vertical domains. Beoth methods of group
contrel Ydelta modulate® the parameters associated with the
groups in guestion. The two techniques have different charac-
teristics, however. The first emulates the function ¢f a "mouse®
and a tracker-ball. The second lends itself well to combination
with the triggering ability of the device., Used in combination,
the tablet can be used to initiate an event, and have the proper-
ties of that event {such as duration, loudness, pitch, spectral
content, etc.) controlled by where the device was hit te cause
the trigger. In so deing, the full potential of the device as a

295

Page 894 of 1714



296

percussion instrument is greatly augmented.

CONCLUSIONS

The tablet described has clear 1limitations. First, the posi-
tional resolution is low, and would need to be increased for it
to reach its potential as a general purpose device. It is not
yet good enough, for example, to be used as a drawing device
where pressure controls line thickness. Basing the design on
capacitance sensing is one of the factors in this limited resolu-
tion. This also results in some variability in the pressure sen-
sitivity. Clearly other technologies such as measuring conduc~
tance or optical techniques need to be investigated. Timing is
another area where the resolution suffers. While percussion like
yestures can be used effectively to trigger events, a percussion-
ist would be frustrated by the slight lag in response and the
inter-event time resolution. Such devices in the future must be
designed so that the scanning can be carried out with about 5 ms
of resolution. Transmission from the transducer through to the
synthesis device must be traversed in about 5 ms. Finally, the
most severe limitation is the device's inability to sense and
track more than one point of contact at a time. A "polyphonic"
version of such a tablet, one that can independently sense posi-
tion and pressure for several simultaneous points of contact,
would definately be welcome. However, in spite of these 1limita-
tions, the tablet functions well in its present application and
bodes well for the future.
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ABSTRACT

Menus are largely formatted in a linear fashion listing
items from the top to bottom of the screen or win-
dow. Pull down menus are a common example of this
format. Bitmapped computer displays, however, al-
low greater freedom in the placement, font, and gen-
eral presentation of menus. A pie menu is a format
where the items are placed along the circumference of
a circle at equal radial distances from the center. Pie
menus gain over traditional linear menus by reducing
target seek time, lowering error rates by fixing the dis-
tance factor and increasing the target size in Fitts’s
Law, minimizing the drift distance after target selec-
tion, and are, in general, subjectively equivalent to the
linear style.

KEYVWORDS: menus, user interface, empirical stud-
ies, directional selection

INTRODUCTION

In presenting a list of choices to the user, most com-
puter system designers have been limited, largely by
the available hardware and software, to a linear for-
mat. The items are listed from top to bottom, some-
times with an index number for each to the item. Oc-
casionally, the lists are multi-columned, have multiple
items per line, or are even hierarchical (i.e. indented
sub-choices), but for the most part lie in a strictly
one dimensional structure. Many of these menus are
static on the display screen or activated from mouse
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Login
Logout
Open
Close

Hardcopy

Shrink \
Shape
Move

Tigure 1: A typical linear menu

Login
Move Shrink
Open O Close
Logout

Figure 2: A crude pie menu

actions in two formats: pull-down {(menu appears at a
fixed label on screen when mouse directed) or pop-up
(menu appears anywhere within a fixed area, occasion-
ally the whole screen) [11]. Some systems have used
the two dimensional nature of the computer display
to the advantage of certain menu applications. Many
flight simulation programs, for example, lay out direc-
tional headings in a typical compass format.

Item placement in menus has been an important re-
search topic for many years. Menu organization is
typically divided into three types [4]: alpha/numeric,
categorical (functional), and random ordering. It is
generally agreed that the performance of subjects (i.e.
time to seek a target) with different placement styles
converges with practice [2,10]. Further studies [9] re-
vealed that a functional placement of items is supe-
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rior when the task domain is unambiguous to the user
whereas an alphabetic organization can be useful in
uncerfain task descriptions, All of these studies bave
concentrated on the linear display format.

Has defaulting to a linear format {(Figure 1) made some
menus easier to use? Harder? By changing the menn
format, can users find the item they ssek faster? Is a
particular menu format faster than other formats even
with practice? What type of formats should be fested?

These are important questions for the designers of many
systems. Software libraries of menu display routines
arve widely used as a default by programmers of many
window systems and applications. Would it be worth-
while to present items in variable formats or perhaps
in another fixed general format like the compass?

A pie menu [7] is a system facility for pop-up menus
built into MIT’s X windows {5} window management
system, and Sun Microsystem’s NeWS window systern
i8] and SunView window system. The pie menu in-
terface supplies a standard library of functions that
can be uszed by programmers to {ormal and display
menus in a circular format. The system is written in
C and Forth and currently runs on & Sun Microsys-
tems workstation. Items in the menu are placed at

Up

Left G

Down

Figure 3: Pie menu activation region

equal radial distances along the circumference of a cir-
cle {(Figure 2). The starting cursor position is at the
center of the menu as cpposed to being at the menu
title or first item as in traditional pull-down menus.
The cursor is under the control of a three button op-
tical mouse on a fixed size moveable pad.

Imaginative menus formats are an inevitable future
with the latest advances in window management sys-
terns, Window tmmaging systems using technology from
laser printing protocol standards such as PostSeript [1]
and Interpress {12} will make it possible to display a
large variety of non-rectangular shaped windows effec-
tively on a bitmapped display. There are some obvious
advantages to this organization for particular applica-
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tions: compass directions, time, angular degrees, and
diametrically opposed or orthogenal funciion names
are some groupings of iterns that seem to fit well indo
the mold of the ple menu design. Alternatively, items
with a sequential nature may not benefit and may in
fact suffer from such & format. In addition, pie menus
consume greater screen area and become polynomially
larger than linear menus io both height and width with
increased item size and nmumber of items.

Distance to and size of the target are important factors
that give pie menus the advantage over traditional lin-
ear menus. Even with linear menu initial cursor place-
ment schernea where the cursor may initially be in fhe
middle or af the last item selecied, there remain tar-
get items at relatively great distances from the cursor
location. Pie menus enjoy a two fold advantage be-
cause of their unique design: items are placed at equal
radial distances from the center of the menu and the
user need only move the cursor by a small aroount in
some direction for the systern to recognize the intended
selection. The advantages of decreased distance and
increased target size can be seen as an eflect on posi-

0

tioning tirne as parameters to Fitts’s Law {3}
The distance to an item in any menu style can be de-
fined as the minimum distance needed to highlight the
itern as selected. In both menu styles, this s defined
by a region rather shan a point. This region is typ-
ically of greater area than the actual target (Figure
3). Onee the cursor has entered the region, the item
iz highlighted as feedback to the user.

Pie Linear Uneclassified

North || First Center

NE Second Bold

Tast Third {talic

SE Fourth Font

South {i Fifth Move

SW Sixth Copy

West Seventh || Find

NW Eighth Undo

Table 1: Task groupings

EXPERIMENT

introduction and hypothesis

This paper describes a controlled experiment to test
two hypotheses: that pie menus decrease the seek time
and error rates for menu itemss and that pile menus
are especially useful in menu applications suited for a
circular format, diametrically opposed item sets {e.g.
open/close), directions {e.g. up/down) or even linear
sets of items and conversely linear menus are useful for
sets of linear itemns (e.g. one,iwo, threeete.}.



The experiment is & 2x3 randomized block design. Each
cell is an element of the cross product of menu and
task type. A typical pie task would be the compass
example because it seems best suited functionally for
pie menus. List of elements, like OPEN/CLOSE and
UP/DOWN, whose meanings are antonyms are also
classified as pie tasks. Lists, like numbers, letters and
ordinals, are best suited for linear menus and are thus
classified as linear tasks. Groups of memu items that
have no relation to each other fall in the unclassified
category. Table 1 shows an example of the groupings.

There are a total of 15 menus, a group of 5 for each task

type. Subjects perform the experiment for all cells in

the experirnent roatrix in random order in accordance
with a randomized block design {8}, The subjects see
each of the 15 menus four times, a total of twice in each
menu format. Each cell in the experiment consisis
of 10 menus. Each subject therefore sees a total of
80 memus. Targets are uniformly distributed over the
eight possible iterns.

Pilot study results

A pilot study of 16 subjects showed that users were ap-
proximately 15% faster with the pie menus and that
errors were less frequent with ple mcnus. Statistically
sigadicant differences were {ound for itern seek time
but not task type. Subjects were split on their sub-
jective preference of pie and linear menus. Some comi-
meaoted that they were able to visually isolate an Hemn
easier with linear menus and that it was hard to con-
trol the selection in ple menus because of the sensitiv-
ity of the pie menu selection rmechanism. These sub-
jects tended to be the most mouse naive of all whereas
those whe had heard of or seen a mouse/cursor cone
trolled systern but had not used one extensively tended
to prefer pie menus. The most mouse naive users,
while finding linear menus easler, tended to be bet-
ter at pie menus and comunented that with practice,
they would probably be superior and in fact prefer the
pie menus because of their speed and minimization
of hand movement with the mouse. Not surprisingly,
therefore, most of those preferring lincar menus did
not have a strong preference on the scaled subjective
questionnaire.

Subjects

Subjects were volunteers from the University of Mary-
fand Psychology Department Subject Pocl.  All 33
subjects were undergraduate students with little or no
mouse experience, They were rewarded with 1 extra
credit point for participating.

Materials

As stated, ple menus run on a Sun Microsystems Work-
station as part of an enhanced version of MIT's X win-
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dows systemn. The screen is & 19-inch bitnapped high
resolution black-and-white display. Cursor location is
controlled by a three button optical mouse on 3 move-
able mousepad made of a specially formatied reflective
material.

Procedures and problems

Sorne changes were made from the pilot design of the
experiment: a better distribution of menu targets and
doubled number of menu trials, though the total num-
ber of menus remained coustant.

The process of selecting items from a pop-up meny,
regardless of format, can be characierized in three
stages: invocation, browsing, and confirmation. To
make a selection, the user invokes the menu by press-
ing a rnouse button {¢nvocation), continues to hold the
mouse button down and moves to an item which is
then highlighted (browsing) and releases the mouse
button confirming the selection (confirmation).

The typical sequence of events for a subject is as fol-
lows:

s The target is displayed to the user in a fixed
text window at the top of the screen. The cursor
associated with the mouse is marked by a smal
hash mark “x” on the display screen.

# The user invokes the menu by pressing and hold-
ing any one of three rmouse buttons. The menu
appears with the cursor location unchanged (ex-
cept near screen boundaries where the cursor
must “jump away” o accomocdate the menu).
The cursor s located in the center or menu title
region of pie and linear menus respectively.

e With the mouse button still depressed, the user
moves the cursor with the mouse towards the
textual {arget as indicated. Selections highlight
as the cursor moves into distinet activation re-
giona. As noted, the activations regions for pie
menus are “pie” shaped sections that extend io
the screen boundaries and are rectangular sec-
tions extending horizontally towards the screen
boundaries for linear menus.

8 Onceselection is made, the user releases the mouse
button to confirm the selection. The menu dis-
appears from the display screen. The cursor re-
mains ab the screen position relative to the selec-
tion location. If the selection is correct, the pro-
cess begins again with a new target and possibly
a new meny style. Otherwise, if the selection is
not the requested target, an audible “beep” tone
is heard and the user attempts the task again.

Basically, the computer posts the target name at the
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top of the screen, the user invokes the current menu,
moves to the target item, and confirms the selection
by releasing the mouse button. This sequence, called
a task, is repeated 60 times by each subject. Each
subject saw 6 sequences of 10 menus each. In each ten
meny sequence, the menu type was the same, either
pie or linear, and since there are only 5 menus per
task type, each menu appears twice in the sequence.

Task type

Pie | Linear | Unclass. | Meanmens |
Using pie 2.20 £.13 2.40 2.26
menus
Using linear §| 2.68 2.30 2.94 2.64
menus
Meaniasn 2.44 $.24 2.67

Table 2: Target seek time {sec) means per cell, menu
type, and task type

[F [PR=F)
Menu fype || 16.23 $.0003
Task type 6.932 ¢.0030

Menu type

Task type

$5.0750

Table 3: repeated measures analysis of variance results
for target seek time

The 10 menu sequences correspond to the cells in the
experiment table design. Each subject performed a se-
guence for all § cells in random order. 80 daia points
are collected per subject. A total of 33 subjects per-
formed the experiment for a total of 1980 data points.

For each task, the time from ihe first mouse button
down to the correct target selection is the seek time for
the item. If the user selected the wrong item, the time
is included in this interval. The number of errors made
as well as the sub-interval times when errors are made
is recorded duriog the experiment by the system. All
subjects performed the test adequately and no person
failed to finish the assignment.

RESULTS AND DISCUSSION

A repeated measures analysis of variance was performed
on the data. Table 2 shows the means per cell, per row,
and per cohumn. Table 3 displays the repeated mea-
sures ANOVA results. A Tukey analysis reveals that
there is a statistical significant difference (P < 0.01)
between overall menu type performance and task type
performance in target seek times. Pie tasks and Hn-
ear tasks did not significantly differ from each other,
but both organizations are an improvement over the
unclassified menu tasks. Slight statistical significant
difference (P = 0.075) between cells in the experiment
design is also observed. No other interaction was ob-
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Figure 4: Target location {x) vs.
seconds

seek time {y) in

served to be significant.

The statistically significant difference between menu
type performance is the central result of this study.
The task type difference reiterates earlier study re-
sults {2,9] that showed that some organization is help-
ful. Furthermaore, the slight interaction between menu
types and task types tends to confirmn the hypothesis
that certain task groupings perform well with partic-
ular menu formats. The reason for a lack of strong
correlation is evident in the lower mean for pie menus
even on linearly grouped tasks.

Figure 4 displays the target location by item plotted
against the mean sesktime. The mean secktime across
target location for pie menus is fairly constant. As ex-
pested for linear menus, the mean seek time increases
proportionally to the distance of the target from the
initial cursor location. Analysis of secktime vs. num-
ber of menus seen shows that no strict convergenee oc-
curs between the two menu styles, though mean seek-
times did decrease for both pie and linear menus with
practica.

With error times removed from the results {measuring

time from meosy invocation to first correct choice), the

menu styles compared relatively the same as the corn-
parison which includes error $imes becanse of the ervor
rates.



An analysis of seek time based on Filts’s Law T =
Ko + Kloga{D/S + 0.5) where T" = time to position
cursor using rnouse {seek time}, Ky = constant time
to adjust grasp on mouse, K = constant normaliza-
tion factor (positioning device dependent), § = size of
target in pizelsy, D = disiance in screen pixels; helps
explain our results because the ratic of the distance
(D} to target size {8) is smaller for pie menus. The
fixed target distance and increased size of targets for
pie menus decreases the mean positioning time 2s come-
pared with linear menus. In our experiment, the ac-
tivation region for an itern constitutes the target. All
subjects were informed of the fact that their target
was not necessarily the text, but the region containing
the text target item. This was clearly understood by
all participants. The font size for text items in both

25

: Linear
- Pie
20 b
15 b
10
5 b
g

1t 2 3 4 5 6 7 8
Figure 5: Target location (x) vs. number of errors {y)
menu styles was the same, yet the target region size
for pie menus (3500 — 6000pizels?) was on the order of
2-3 times the size of linear meny activation region sizes
{1000 — 2000pizels?). The distance from the center of
a pie menu to an activation region is 10 pixels while
the distance in linear menus varied from 13-200 pixels.

Figure 5 displays the target location plotted against
the total number of errors across all subjects. Pie and
linear menus seem to sufler from a similar phenocmenon
- errors are made more often on items in the central
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Task type
Pie | Linesr | Unclass. || Meatimenu |
Using pie .45 .60 9.60 0.58
menus
Using linear | (.88 3.73 1.24 0.95
menns
Mean,asi .68 .68 .92

Table 4: nminber of errors means per cell, menu type,
and task type (all observations including no errors}

region of the menu display. These are the items with
the most inferaction with neighboring iterns [2].

Repeated measure analysis of variance resulis on the
error rates show marginally statistically significant dif-
ferences (P = 0.087) between pie and linear renus
{Tables 4 and 8}). No other statistically significant dif-
ferences were observed.

Subjective results obtained in the pilot study repeated
themselves in the experiment. Subjects were split on
preferring one menmy type over another but those who
preferred linear menus had no strong conviction in this
direction and most agreed that with further practice

i F I PR>F |

Menu type || 3.12 3.0869
Task type .93 §.40646
Menu type
X 1.34
Task type

P

o)
[

6.2773

Table 5: repeated measures analysis of variance results
for number of errors

they might prefer the pie menu structure. Those who
preferred pie menus generally felt fairly confident in
their assessment and this is reflected in the guestion-
naires.

One subject complained of having a problem with menu
drift which is the phenomenon which oceurs as the re-
sult of the cursor relocating to the relative screen lo-
cation of the last selected target. With linear menus,
this tends to “drift” the cursor towards the hottorn of
the screen. This may explain the higher error rate for
linear menus, but the same problem occars to a lesser
degree with pie menus. This, in fact, we believe to be
another positive feature of pie menus: the cursor drift
distance is minimized. Most subjects had no problems
coping with drift in either menu style. One area of
further research is messuring the extent and effect of
this problem.

CONCLUSIONS
What does this mean? Should we program pie menus
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into our bitmapped window systems tornorrow and ex-
pect a 15-20% increase i productivity since users can
select items slightly {aster with pie menus. Pie menus
seern prowising, but more experiments are needed be-
fore issuing a strong recommendation.

First, this experiraent only sddresses fixed length menus,
in particular, menus consisting of 8 items - no more,
no less. Secondly, there remains the problem of in-
creased screen real estate usage. In one trial & subject
complained because the pie menu obscured his view of
the target prompt message. Finally, the questionnaire
showed that the subjects wera almost evenly divided
between pie and linear roenus in subjective satisfac-
tion. Many found i difficult to “home in on” a par-
ticular itern because of the unusual activation region
characteristics of the pie menu.

One assumption of this study concerns the use of a
mouse/cursor control device and the use of pop-up
style menus {as opposed to menus invoked from & fixed
screen location or permanent menus). Certainly, pie
menus can and in {act have been incorporated o use
keyed input [7] and fixed “pull-down” style presenta-
tion {the pie meru becomes a semicircle menu). These
variations are areas {or further research.

One coptimuing issue with pie menus is the limit on
the mumber of items that can be placed in a circu-

Figure 6: Advanced “pie” menus

lar format before the size of the menu window is im-
practical. Perhaps, like the limiting factors in linear
menus concerning their lengths, pie menus reach a sim-
ilar “breaking point” beyond which other menu styles
would he more useful. Hierarchical organization, ar-
hitrarily shaped windows {Figure 8), numeric item as-
signment and other menu refinements as well as further
analysis is contained in [7]. Ple rnenus offer 3 novel al-
ternative worthy of further exploration.
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Based on & papser presemed at the (ERE Conference on
Microprocessors in Autemation and Communications held
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SURMMARY

A 2-4 kbit/s baseband modem is being designed for use at
hui., incorporating modulation/demodulation techniques
that are matched to those freguencies and the problems
associated with them. Fed by 3 continuous serial data
stream, the modidator functions are implemented wholly
by a bit-slice microprocessor, and controlled by another
more conventional microprocessor. Analogue sutput
waveforms are generated in a d/a converter, which is
driven by the bit-slice machine. Demodulation is per-
formed in 8 sirnilar device, using an a/d input and giving a
serial output.

 Flectronics  Labosateries, University of Kemt at Canterbury,
Canterbury, Kent CT2 N2
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1 introduction

Cver the past ten years, devices for transmission and
reception of data have become more digital in their
réalization. Not only are these devices constructed with
more digital circuitry, but also siguals hitherto
transmitied on analogue schemes have been modulated
digitally. This mode of transwission requires a modem
which will convert the bascband signal into a form
suitable for transmission. Design of modulators/
demodulators which convert between data streams and
waveforms suitable for specific tvpes of chanoel has
accelerated in recent years, onc such channel being huf,
radio.

This paper describes 2 modem of this type, which has
been designed at the University of Kent for use
specifically on volceband chaonels at hf, and also
discusses methods of realization. The modem isfed by a
serial data streamn at 24 Kbits per second, which it
modulates into a 3kHz bascband chanuel, In the
receiver, after mixing down to baseband, the second half
of the modem uses the ncoming signal to synchronize,
and demodulates 1t back into a serial data stream {Fig,
1). The modulation technique emploved for this sysiem
is muiti-channel four-phase differential p.s.k.,! both with
and without pilot synchronization tones inseried in the
band. Although other modulation schemes are under
consideration to demonstrate the versatility of the
modern, this technigue is the one to be used at Iuf. rials,

H.f. transmission and reception bave special problems
assoctaied with them. This is because h.f. channels are
usually toncespheric and therefore suffer feom rondti-path
propagation and both man-made and natural
interference, properties which can cause unpredictable
loss of data and synchronization. Unless modem
pararaeters such as data rate or bandwidth are altered,
fittle can be done te prevent loss of data, Loss of
synchronization on the other hand results in an
additional increase in data errors which ¢an to some
extent be controlled. Hence synchronization and the
approach {or its implementation have been under careful
scrutiny in the design of the demodulator.

Until guite recently, nearly all modems would have
consisted largely of amalopue circuitry with a digital
interface to the data source or sink. Utilizing
microprocessors enables the construction of modems
which are compiletely digital with just an analogue
interface to the communication channel The most
obvious advantage in this case is the increased versatility
of the modem. Whereas before, to change modulation
type would have needed a major reconstruction of the
hardware, the microprocessor realization reduces the
problem 1o 2 modification in the program which it
executes,

2 Operation

In the modulator, incoming data are packed into bytes

which are nsed two or four at a time to provide sixteen or
(033~7722/81/0602984-03 $1.80/0
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thirty-iwo channels of parallel information. These previous phase and amplitude of the same carrier to

blocks of data are modalated by a repeating real-tirae
programme with period 7 equal to 1/16th or 1/32ad of
the incoming serial data rate, into sixteen or thirty two
parallel q.d.p.s.k. channels all plau—.d side-by-side in the
3 k¥ baseband. Each chaonel is separated from its
neighbour by 2/r Hz and is also at a multiple of the
frequency 2/7. In the 16-channel case, eight carriers sach
at multiple of the frequency 300Hz are phase
modulated, carrying two bits of information on each of
four 90° spaced phases {Fig. 2). In the thirty-two-channel
case, sixieen carriers are modulated at a time, but the
period v is doubled too.

The individual carrier signals are generated from sine
fook-up tables, similar o those described in Refl 2.
These tables are sampled, scaled and summed,
depending on the required frequency and phase, every
1/9680th of a second. 128 samples at each frequency of
the carriers are derived from the tables at the requisite
phases, and sommed o obtain 128 samples for
(ransmission. Another two or four bytes are taken from
the incoming data stream and used to calculate the new
phases for each carrier, so that the whole cycle may begin
apain. The resultant samples are clocked through a dfa
converter to produce the baseband modulated waveform
{Fig. 3).

The demoduniator, which has to contend with
synchronization and error decisions, is more complex
than the modulator. (Brror decisions consist of
resolving the poladty of incoming data into its most
likely state, and possibly implementing any ercor
detection/correction that might have been coded into the
data.} The noise-corrupted incoming signal i sampled
by an a/d converter at 96 kbaud. Samples are used in a
synchronization algorithin which is arranged 1o provide
the start pulses to a Fast Fourler Transform (F.FT.Y
routine. Quiput from this gives the phase and amplitude
of each carrier, which may be compared with the
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regenerate the two bits of data,

Consider the sixteen carrier situation,

The incoming data from the a/d converier consist of
amplitudes of an analogue waveform sampled at discrete
intervals of 1/9608th of a second. Without noise, this
analogue signal is a sum of sixteen sine waves of equal
amplitudes at four possible discrete phases, At intervals
of 1/32ad of the data rate (1.e. 75 Hz) the phase of each
carrier might change by muliiples of 90°, depending on
the two new bits of data {t carries. Assuming it is highly
probable that at least one of the carriers will change
phase at every discontinuity, it is possible to pain data
synchronization from the phase {ransitions. An output
from this synchronization is used to keep an F.F.T. in
step with the imomiﬁg data. A double 64-point radix-2
FFT. routine™ is applied to each biock of 128
sataples to produce two frequency domain sampies for
each carrier frequency. These are averaged and
converted from complex coordinates to amplitude and
phase coordinates from which ot only the data may be
determined, but also the rate of fading of the incoming
signal and the frequency/phase shift caused by b.f.
interference.

4 Eﬁg H A
T . Hiﬁj
() SINE SAMPLES FOR A FREQUENCY (<} m;amxr SANF*LEt. FROM AGDING

£ ANG PHASE Py

4 ‘h . B 4
[ ’

i >§}E- - -EE] «-—,;: -------- ,-/:m?r
3

{4} QUTPUTAFTER D/A AND LOW-PASS

{b) SINE SAMPLES FOR £, 8810 4,
FILTERING

Fig. 3. Example of sine sample summalion for two carriers,

Wers the F.F.T. to take its 128 samples so that a phasg
discontinuity boundary was somewhere in the middle,
the rpsultmg data would be completely useless. In fact
the errors vise fairly quickly with the number of sawples
at the wrong side of a phase transition, so it is essential
that there is good data synchronization. This requires
accuraie daia rate recovery from the incoming signal,
which is achieved by a sliding filter alporithm in
association with a focal “fiywheel’ clock. Whether this
focal clock or the generated synchronization pulses are
used to synchronize the transform depends on the depth
of fade or the frequency/phase error, as ascertained from
previously decoded data blocks.

An additional technigue is available for improving
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Fig. 4. Modem siruciure {block diagram),

synchronization, and {or minimizing the possibility of
performing an F.F.T. across a discontinuity. This
involves spreading the carrier frequencies out so that
they cover the complete bandwidth of the voice chanuel,
rather than their frequencies being integral multiples of
the data rate, The sampling frequency of the receiver is
increased proportionately so that it is still an integral
multiple of the carrier frequencies. However, the period
between phase discontinuities in the transmitted signal
remains & simple fraction of the data rate. Hence the
period during which the 128 samples are taken for the
F.ET. is shorter than the time between discontinuities
by approximately 6% for a data rate of 24kHz ina
3 kHz bandwidth.* This means that there is a fairly long

criod of time, acress the phase fransition, over which
no saropdes are taken for use in the FF.T. This i
advantageous for two reasons: {a) to allow a greater
margin  for synchronization error before trans-
discontinuity samples cause errors in the FF.T.
algorithm, and (b) the F.F.T. does not employ samples
near to the discontinuity where the 3 kHez bandliraiting
causes ‘rounding’ of the sipnal on cither side.

3 The Modem Structure
In both the modulator and the demodulator there are
two microprocessors, A slower, one-chip microprocessor
from the 6800 family is used to interface the modem io
the seriaf datea source or sink. Its responsibility is for the
slower daia processing, such as packing the incoming
serial data into bytes and encoding it, some of the
synchronization mechanism in the demodulator, and the
control functions for the fast processor. (Fig. 4.)

This fast processor consists of a 2900-sexies bit-shice
microprocessor  to  perform:  the modulation and

emodulation of data, and is connected directly to the
analogue port via its data bus. {ts purpose s to convert

Jung 1887
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data to samples of summed sine waves at the correct
phases in the modulator, aud to perform the F.F. T, and
clock recovery in the receiver. Since as &
modulator/demodulator it is repeatedly executing a

edicated routine of known duration, there is no need
for macro-coding and a mapping prom. as o the
conventional bit-stice machine.® Hence all programming
is at the microcode level. Microcode is bootstrapped into
the writable microcode memory on power-up by the
6800 processor, which in turn is fed by a host mainfrarae
computer during microprogram developnient., For a
completed portable modem, the booistrapping is from
e.p.r.oms in the 6800’s memory map.

All datajaddress buses on the bit-slice are {2 bits
wide, together with the a/d, d/a converters, while the
width of the microprogram word is 64 bits, Two-level
pipehning and paraliel hardware stacks, together with
fast data paths and devices isclated from slow data buses
by registers allow minimization of processor cycle Bmes,
The bit-slice machine is connected 1o the slow procsssor
by an 8-bit bidirectional data register which is directly
addressable fn the memory map of each machise,

4 Conclusions

This paper describes a modem which uses only digital
processing to accomplish its operation. When used for
k. trigls the modem demonstrates the viability of
microprocessor controlled modulation and demodula-
tion. {t also reveals its versatility to be reprogramuned
with ease to a completely different modulation scheme.
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ACT

This paper describes a wmethoed for pro-
ducing precise single or multi-frequency
tones for telephone offlce ringlng gensra-
toxs, tone generatoxrs, and gemeral purpose

inverters, by using wlcroprocessors and digl-
tal technology.

rRecent technical developments have pro-
vidad engineexrs nev teols fox generatlng Cthe
signals used for telephone gguipmevt and fox
pernitiing rewmote access te the equipnent fox
supervisory and dlagpostlo purposes. Flgure 1
illustrates a system in  whichk wicro-
contreolisrs, counters timexrs, Random Access
Memoxry (RAM}, hnaleg to Digital Converters
{a/D},; and Digital to Analog Converters (DA}
are combined to produce tone signals, These
signais ave Lhen amplified to produce the ce-
gquired ringing or tone powex.

The microcontrollier is programmed with a
mathematical equation to dexive tining and
voltage levels foxr the output signal. This
equation is converted to digital woxds that
are passed te ithe data porbion of RAM and is
converted te a digital woxd that sets & timer
controlling the address poxtion to RAM. The
RaM output ls converted to an analeg slgnal
by the D/A converter. This signal is used by
3 powexr amplifier to condition Che signal fox
use on the telephons lines.

gy using a Microcontyvoller, the terms of
squation {l.e. frequencies and the velb-
age levels of each fxeguensy independently]
sxe input as variables, thus glving the ussrx
complete caontrol of the output signal, The
ugar £an use a panwval gcontrel {such as a key-
pad/readout) or a ramote compuier (through an

the

®5232 port) to change the variables. The
range of the sigpals ls  Qdetermined by the

resolution of the DR converter and the fre-
quency response of the power ampliflex. Be-
cause the Hicrocontroller is crystal cont-
rolled, freguency yesponse and 3ccuracy 3ve a
function of binary resolubtlon, The output
level 1s also & funcbion of the binaxry reso-
lation and reference voltage. Mualtiple fre-
quency tones are generated by the sawme meth-~
cd. Bince the gquantizing freguency is nuch
higher than the tone freguencles, simple low
pass filtering is used to eliminate unwanted
fregquencies, Using an &/D converteyr, the
output is  monltorsd. This same slgnsl may ba
vaed as a bulli-in dlagnostic test.

he oubtpet of the power amplifiexr is
sensed for voltage and curkent output. In low

freguency applications, tha microcontroller
can monitor for inductive and capacitive
loads, and wmake adjustments.

the microcontrollier
to wover a wide vari-~
power amplifier can custom-
ize the application, Othex options such as
zers orossing interrupting would be under
contral of the misrecontrellex.

Tha versatility of
aliows & single design
ety of uses., The
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FHTRORUCTION

Curzently Ringing and Tone genexators
consists of analceg devices such as oscllila-
tors snd linear smplifiers, ox non-adiustable
digital oscillators snd bandpass f£ilters Lo
generate the reguired freguency and vwvave-
shages. Some of the wore important analog
design considerations are signal linearlity,
symmebry, frequency stablility, and tempera-
ture variations thabt effect all of the abova.
Freguency is derived from standaxd osclilliatorx

its, which contalin resistors, capaei~
tors, and/or inductors. in adjusting the fre-
guency, £ine funing is done with variable
resistors, whila more coarse adjustments are
done by switehing capscitors and/er induc-
ters. ‘The freguency selective cowpoesents used
ringing generators have large walues and
are physically largs.

sowe of the more important digital de-
sigh elements are the master olock and count
down circwits. The wuse of digltal cireouits
usually selves the problem of gtability and
synmetry bubt introduces some filtering ze-
guirements because ¢igital signals are sguare
waves which, by Gefinition, axs vich in har-
wonics, Proper filter deslign  reduces harmon-
125 to the desired output level. Digital £il-
ters at ringing freguencies contain larde
capacitance and/or inductance values and,
1ike the analog oscillators, ave physically
iarge. A vesonant transformey may e used as
a £ilbter but it is physically laxgs;, and can

only work with a single freguenzy. The £il-
ters for tonas need ko have high Q values in
order to suppress the harmonics below the

DTME bapnd reguirements. Xn the current tech-
nology, interrupters . sxe not synchronlized to
the tone wave shapes being interrupted.

Today's technslogy =liows the use of
wicrocontrollers Lo generabs slgnals. Micro-
contrellier genexate the required data and D/A
converters transform the dlgital words Yo
analog signals, eliminating the need £or RC
or L escillators. Al the reguired fungltions
are executed in flrmware which calcwlates the
sine functlons for magnitude and duration of
wail statemsnits nscessary tp obtain the Ire-
quency. Since the mierocontroller is driven
by a crystal oscillatox, fraguency stabllity
car be 3s geod as a standard quarte watch {in
the order of .002%). Frequency and voltage
aGjustbments ¢an be wmade by regaloulating
Microcontrollsr data. The user may lnpub the
data in wany ways, such 38 a key pad, saleo-
tor switches, or it may be down loaded via a
R8232 computer/modem poxb,

DIGITAL SYNTHRALS

Ringing and tope analog signals axe
indepandent, continuous signals varying a8 a
function of time, Digital signals ave dle-
crete time varying sigrals. A Aigital signal -
is a saquence of numbers®.

CH2ZO28-5/800000-0511$01.00 © 1880 1BEE
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Bach diglital number represents a tlme variank
value of an analog slignal called sampled
data. Sawpled data 18 a discrste value for a
sampled bime. The following sampled data
words ’re analcy signals ab dlffexent values
in both time and magnitude. This quantized
signal takes on only those values specified
by the guantizad levels. The guantined signal
differs from the analog signal by the number
of individual poinkts taken during the durs-
tion of the apalog signal. The nore points
taken over s glven period of €lwe, the small-
ek are the evroys lntroduced by the dfgitiz-
ing of the signal.

Ringling and tones are repetitive, tinme
varying algnals, maklng their wmathematical
wodels qulte sinmple, They lend themselves to
\ simple o’lculations. Allewing the Mlcro-

controllisr to genexats discrets samples of
data over an inteqral number of one oy wore
rzpetitive ¥tone cysles®.

To convert the wathematical numbers to
an analog signal, & D/A converter ls  used.
ftts Input s a3 digital word and its ouiput is
a voltage level corresponding to that word.
as each new different word ls applied to the
D/A convertexr the oubput wvaries asccordingly,
The result is a time varying signal; but this
signal is not continuous becavsze of the guan-
Lived affect. .
see flguxe %,

Figure 2.
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The computer generated mathempabical~formula
is  tuxned into a digitized analeg signal.
This analeg signal has guantized error terms
that cause distortion with respect to an
analog ganerated signal. 1f the corzech num-
ber of poinks arxe chosen the exroxr terws are
low. These errer terms contain high freguency
signals that sre easily filtered out with a
simple bhandpass f£ilter. This process yields &
signal that is ampiified and spplied to the
telephone olrouits.

Dial tons and ringback tene ave produced
by adding together Lwo precise fraguency
tones. Ringback tones comprise 440 Hz and 480
Huj dial tones cowmprise 350 hz and 440 Hz.
The "Tone Cycle" is defined as follows: with
all frequencies starting at zero degrees
phase angle {zero volts and zero curvent), a
one Cycle®  is complate when all the tones
arxive at a 360 phase angle at the same time
{i.e, zaro volts), For a single freguency
tone, guantized data  is caleoulated for  only
one 380° cycle. Fex wingback tons, the com-
puted dats includes eleven complete 360
eycles of 440 Hz with twelve complete 3860~
cycles of 480 Hz to complets one “Tone Cy-
alef, Por dial tens, the vomputed data in-
cludes thizty five complete 350~ cyocles of
350 He with forfty four complete 160 aycles
of 440 Hz to complete one "Tona Cycle¥. Bftex
incrementing and Iransierzing one "Tone Cy-
cle® o the D/2 convextex, the Hioro-
controller vessts bto the start of the "Tone
Cycle" and repeabs,.

Becauss the exxor texme in the digital
generated dual tones arxe hlah frsquency, a
lowpass filter will leave only the two funda-
wmental freguenciles ta be linaarly amplified
and distxibuted to the telsphone circuits.
See figure 3.

Equation 1 produces a single sine vave
freguency.

e = Ersin{wrtq} {13}

where e = output signal
® = peak oubpub voltage
W o= 2¥plYE

tg = guantized tine

tg = {1/f)/polnts




283

Eguation Z produces dual sine wave hones. /% MAIN ¥/
while (Mloc<=512)
/ g = Ea*sin{viktq) £
' + Batsiniw=¥tgl; - (2) /% GET NEXT LOCATION */
j t=ti*Nloc;
¥here /% OQUTPUT DATE */
E: = peak output of £ Pls E¥sin{btwo_pl¥el¥ty;
Ex = peak outpubt of fz /% LOAD TIMER %/
Wy o= 2¥pIFEL TLO = low{PTICK);
W @ 2¥pitfa THO = high{TXCK);
: TRO = 1;
The guantized time is /% INCREMENT COUNTER %/
Mlog+d;
tg = {(L/f.}/points /% START TIMER %/
while (TFG=0}; YF0 = O
Example: /% WAIT ¥OR TIMER & RESBETH/
¥; /% FEND MALN %/
1£ 512 data peints axe chosen and 3 ringing . .
frequency of Z0Huz is needed then, the value tl is the time betwesn guant-
tzed polunts. ¥P1 Is the output port attached
£ = 20Hz to the D/2. Overhead is the time it takes the

microcontrellexr to execube the lmstructions.
Lg o= {1/20}/512 = 98us.

f£g = 1/98B-5 = 1¢,2Khx, 22

IGITAL SYNTHESIZER

We have nov identified ohe mathematical
approach to produce a8 single fxaquency sig-
nal. One way to implement this in harduware s
to use wmicrocentrolliexrs. The micrecontrollex
contsians  timers and RaM., 7The instructions,
algo veferred to as firmvare, are contained
in @ ROM comnhected to the wicrccontrolier's
dsta bus. One data poxt of the controller is
directly connected ko the DA converter, and
the p/b converter ls connected to the filtex.
See Eigure 4,

—

g

i
i cne ¥Tone Cycle”

igure 3 v
Installed in firmware axe the ocalewls-
tions £ox a normslized sine function and the

This gquantizing freguency is twice the upper normalized timing functions. The input param-
Iimit of the DTHF band, Piltering 10 Khz to a eters of freguency and output level axe inde-
level of S0 48 below the fundamental ean be pendent  functions, and are wust in the wnain
done by a typlcal Chebyshev £lltes, loop that generates _the output signal. The
o Clnput paraseters are us=d by the oaleurlator
B asimple iisting for a single frequency is as poxtion of the main loop that produses thes
folicws: optput signsl. From this, a signal contalning
: the programmed fxeguency{s}! and ocutput lev-
/* GRT VARIABLES */ el{s}) is produced. The freguency is converted
input f£reguency, £1; to tiwme and is then loaded into opne of ths
input voltage, EI; wicrocontroller'’s tiwmers. The output valus is
caleulated using the D/b paxameters along
/% DEFINE CONSTANTS with the loss of ths f£ilter and the galn of
twe_pi = 2%pl %/ the output amplifiex. :
two_pi=6,283185307; he flamware then takes the fixst nox-
malized wvalue from the sine calculation and
/% CARLOULAYE VARIABLEYG %/ algebraloaliy adds the value of the program-
EL={{L/EL}/B12) - overhead; ned output voltage, sets the timer and passes
Mloe=0; this value to the D/B foxr conversion to out-
B = Bi1%10; put analog signal., The next step in the se-

gquence, increments the count and repeats the

§13
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function. The repeated funchions are put an
the data bus when time t1 has elapsed. To
insure tl is strictly adhered to, the tinmer
will interrupt the contrellier at the end of
its programmed Cime, The analog valus is zmerae
and the address counter is veset to mers when
the count reaches jt's limlt; then the cycle
repeats until the controllexr is resst ov
povered down.
Multl tones may be generated by algebra-
leally adding two computed sine functions to-
gether and passing the data to a single DA

converter, A gecond method is to use two
independently genersted sine functions and

pass the indlvidual data to  two A/D coavert-~
exs, then sum bthe analog signals. This wethod
reguires the use of separate timers to keep
track of the individwal times of sach sine
function.

QUIPLY VALUES

The full scale valus of a typlcal D/A is

plus and minus filve velts. In binary, the
plus full  scale for the D/A  is 13111111 (FF
in hex} and the =minus full scale is 00000000

(00 in hex). The firmware wush
value in he 128th {(fixst peak
sine} location to ¥F {hex}. The same conver-
slon value is then used for aach of the 512
sihe values as they are 4o be loaded into the
A/D.

convert the
value of the

Resolution is the Efunction of the nuwber
of parallel data bits used by the ©D/A con-
verter, Fox example, if an § bit D/A convert-
¥ is wsed, the resglubion is 1/2%6 times the
full seale  value. If  ihe analog full scale
value of the D/A converter is Sv then the
resalution 1 egual to 5/256 ox 19.5 milli-
veolts. This the smallest value of change
allowed for this signal. The xesslubion is
approximately ©.4%. By using a larger input
D/R (i1.e, 12 bits) the resoiulion 15 lowered
to approximately 0.03%. The dlattal word for

is

each analog value is calculated using aqua~-
tlon 3. :
Vo= NER {3}

whaxe

¥ = opulput voltis

M = numbsr of steps

B = resolution in velts
1f£ the £ilter and amplifier have a combined
galn of unity, the input parameters are the

only multipliers.
Example:

To geperate a 2.5v rms stgnal

at the oubput
of the 8 biL L/A convextex,

Vims/, 707 = Vpk

2.59/.767 = 3.54VEs

28 = %6 steps BB

R = 572566 = 19,53mv

H=aV/R = 3,54/.019% = 18%

182 deciwmal is B6(hax)

Thus on  the 128th count the D/A is to be
loaded with B6 (hex}.
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the out-
the

is

Filtering is necessasry because
puk of the D/XA  conve ¥ still contains
guantizing frequency. A guantizing f£ilter
a low pass filter with high enough valus of ¢
to allow the desized signals to pass unab-
tenuatad, but attenuate the Qquantized fre-
quency to a value at least 50 Db belovw the
fundawmental. A two or three stage Chebyshev
£ilter is  all that is reguired 4f the guan-
tizing frequency is separated by two or three
oxders of magnitude,

The resulting signal is then traated as
s standard analog signal and way be amplified
by many weans; such a5 a linear amplifiex.

PEATURES
With caleulating ang
¥ count,
s possible Lo start and stop the signal
data boundary {(typlcally zere voeliés). It
possikle to modify ihe freguency and
the oubtpulb level by modifylng data words,
thiz allews for stable nen-component depen-
dant slignals., I 3 host compuler is connected
to ithe generator it ls possible for the
microcentreolier to ¢ollect operabting data and
diagnostic dats (suwech as  load  peaks with
respect to the time of day and active operat-

a wmicrocontroliex

ing data). With the use of a battery backed
up cleck, the time of unscheduled Interrup-
tion { failures etec.} way be logged, and the
host compubter may be used to troukle shoot

the f£aulity eguipment. Modems make it possible

for rewmote sites to. be monitored and dsta to
be logged.

An interxupter can
same package by adding
and driving it
rnicrecontrallars

be inciuded in the
appropriate hardware,
by microcontrollers. Since
are conbrelling both ringing
deneyator and tone generator 3s well as the
interrupter, it can synchronize them for zero
voltage and zero curzent interruptions. Be-
fore the interrupter wakes ox breaks the
signal, the iy rocontroller will f£irst allow
the output sigmal %o finish its cycle to
gero; than shut off the gesneratox allowing
the cutput voltage snd current to go to zexs.
After waiting for transient settling, it
opens or closes the lnterxxupting zelay. Aftexr

the relay switching time has elapsad, the
controller restarts the genevrator at  zero

phase angle and szers volts. A non-current
breaking interruption has taken place.

CONCLUZIONS
Bigital to analeg technology is now a

mature process and is supplemented with many
pre-packaged clrouits. The combining of func-

tlons withisd packages and the small physical
slzes  of the packages maks them a viable
solubien to existing reguirements. As® the
usage of these complex packages becomes more

widespread, the prices sedwcs, and the vaxia-
tions increase. Phis gilves today's designer a
broad spectrum of ideas to chose from to make
the telephone eguipment mors compatible with
the present day technology.
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Capacitive fmpedance Readout Tactile Image Sensor

R. 4. Boie
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ABSTRACT The transduction of mechanical forces {o representative
electrical signals uses s three layer sandwich structure. The top layer
is mns of complisnt metal strips over a central elastic dielectric
sheet. The botiom layer is a flexible printed circuit board with rows of
metal strips and multiplexing circuits, Electrically, the sensor is a
capacitor array formed by the row and column crossings with the
middle layer fenctioning as a dielectric spring. A readout of the
capacitor values corresponds to a sampled tactile image.

hie reasons for choosing this transduction method, the performance
advantages of capacitive sensing and the design and integration of 64
element imagers into the fingers of a conirolled compliance gripper
are described.

I, INTRODUCKTION
A review of touch or tactile sensor technology is given by Harmon' 'L
Several sensor designs, including the one reported heve, ave based on
measuring the thickness of an elastic layer compressed by the applied
force. Restsiive readout sensors of this class use conductive loading
and obtain the pressure map by cross layer resistance o casurement .
The method is inherently non linear and the matevials oxhibit poor
slastic properties including hysteresis.

Cross layer capaciitve impedance semsing is more favorable in many
espects. The elastic materials need not be modified and desirabie
mechanical properties are generally consistent with Jow dielectric loss.
Capacitive sensing is demonstrated to have marked advantage in
terms of signal to noise ratio and measurement speed. The idea of
foree distribution sensing by capacitive readout and a study of suitable
elastic/dielectric materials are presented in 8 comprehensive paper by
Micof ™. The main contributions here are the development of a
relationship for noise Hrsited force resolution, illustrating the inherent
performance of the sensing method, and the development of an
appropriate robotic sensor.

2. CAPACITIVE SENSING

Figure 1 iltustrates an exploded view of a sample vobotic touch sensor.
The topmost laver is a compliant glove that contacts objects and
transmits via jts slastic constant the countacting force distribution to
the elastic/dielectric layer below. The lower layer is here shown
rigidly supported by the printed circuit board. The glove and
diclectric layer <an be viewed as iwo springs in series under
compression where the force information is obtsined by measuring the
displacement of the dielectric spring. The wechanical point-spread
function of the glove can be narrowed, i desired, by soitably
segmenting the glove material.

CH2008-1/84/0000/0370%01.00© 1984 IEEE
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Orthogonal sets of conductive strips are arranged on the upper and
lower surfaces of the elastic layer. A sampling of the layer thickness
map is obtained by measuring the amray of capacitors formed by the
crossing areas, Ai‘iv of row and column strips. The strip widths and
spacing  along with any point fosce spreading in the structure
determine the spatial sampling and resolution. The time reguired w©
measure all capacitors determines the temporal sampling. The rf.
source, Vocos{wgt} is connected 1o the lower set of sirips via analog
multiplexer . The multiplexer "J" connects pads to the mmplifier
input node. The pads are capacitively coupled to upper strips via
an inactive vegion of the elastic/dielecivic iayer. This contactiess
arrangement, dus 1o Miiler'. is an important construction feature of
this method. Cross talk signals are reduced by conneciing the
unselected strips and pads to ground potential. For each pair of
muitiplexer addrasses (1,j} the r.{. source voltage is connected through
the capacitance C(j) of strip 1 t0 strip j to the input node of the
amplifier, (The strip to pad capacitance is arranged to be sufficiently
iarge.) The output signal of the amplifier, ¥, (j,1), is related to the
steip to strip capacitanee by,

VGt S s o 0

where C, is the capacitance in {eedback. CG}) is related to the
localized layer thickness change by,

eoldy—x (i j3)
where A is the sirips crossing area, K i the relative dislectric
constant, € is the permittivity of vacwum, dg is the unloaded layer
thickness. The local sampled force is described by the refationship,

FU 5 =axGg)

o~
W

where A is the dielectric/elastic layer spring constant,

The applied force is linearly related to measures of the reciprocal
crossing capaciiances with a constraint of fized layer constants. Lach
crossing capasitance, independent of the shumt diclectric loss and
series switch resistances, is mwasured in turn by phase sensitive
detection during the interval T, between sequential address advances.

Figure 2 illustrates the measurement method. The signal, ¥ {10, is
multiplied by the amplitude Hmited r.f. drive and intsgrated over the
measurement interval, 7. The time, T, is synchronces with and
has duration of m cycles of the r.f drive. The integrator output is
sampled and reset and the multiplexers address advanced at the end
of each interval.



The sampled output is related to the strip i to strip j crossing
capaciiance by,
<Gy

V.G, e Vym o

The force information js related to reciprocals of offset corrected
capacitance measuremenis. Two direct reading readout methods were
considered and may prove practical for some sensor designs, A
conceptually simaple method requires only the circuit [focation
interchange of capaciters C{i,j? and €. All else remaining the same,
the output provides a measurement of the crossing capacitive
impedance. The impedance is lincarly refated to the displacement
and, via the elastic constant, the force. This method requires & high
performance input amplifier. The central difficulty is the large loop
gain required for linear measurement response aver 3 wide dynamic
range. A more robust method is described in a paper on capacitive
distance measurement'?],

3. NOISE, RESOLUTION AND DYNAMEC RANGE

Capacitive sensing of mechanical displacements is in most applications
the method of cheice. The low noise - high bandwidth properties of
the methad are well known, but little practiced. The method bas the
virtues of a parametric measurement, that is, the output signal is
proportional to the displacement times the drive signal. Capacitors
are non dissipstive clements and so generate no woise. Capacitive

sensing has not faired well jn the robatics htexature to date where jt is
dts(:“?bt"d as imappropriste because of noise™l  This misconception
most Jikely results from confusing man-made interference, which can
be reduced to negligible levels by proper shielding and comnection,
with intrinsic noise related to the basic nature of the detection
process.

Figures 3 illustrate the equivalent circuits used for the performance
analysis. Here a simpler receiver and filter are used to better
ilustrate the performance relationship. Figure 3a illustrates the strip
crossing capacitance measurement. The r.f. drive or pumyp voltage,
Vp, is connected to the input node of amplifier, A, via the crossing
impedance. The peak output level of the filter with bandwidth Af
and center frequency wg is the measure of the crossing capacitance
and thereby the displacement of the diclectric/elastic and the force,

The diagram of Fig. 3b includes the significant parasitic circuit
clements and the amplifier noise sources referred to its Input. The
resistancas, R,; and R;, reprasent the multiplexars “on" rssistances
that appear as uncorrelated series noise sources. The resistor RG,3
represents the dielectric loss, a parallel source. The generators ¢, and
i, are the input equivalent series and parallel noise sources of the

amplifier. The capacitors Cp, € and {, represent the paras
clements of the sensor, wiring strays and the amplifier input,
respectively.  The noise sources and parasitic clements may be

combined into equivalent noise resistances £, and I\’f and total shunt
capacitance Oy, withont foss of generality as showsn in Fig. 3c.

The signal to noise refationship is developed in terms of the thickness
change 3% of the dielectric at a measured crossing. The differential
ignal output of the filter for a small displacement is;

Cy 8x
¥, = ¥, (5}
s o (-v d()
where the displacement is described in relationship {2). A semsor

array formed of N ® N strips has parasitic capacitance Cp, which is
by inspection of Fig. 4a proportional to the strip length.

s e N Cy Y]
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n

The stray capacitances are not intrinsic to the design and can in
practice be made refatively small. The sensor represents 2 ca ve
source t0 the amplifier. The signal to noise ratio is optimized if the
amplifier input clement is physically scaled, while presewmg its gain
bandwidth product, so that O, and Cp have the same value!™, The
relationship for the optimized configeration is;

o e e

&V,
al¥ dy

where @ is excess capacitance scaling constant. T
linearly with the pump magnitude and degrades by
the totsl number of array elements.

he signal improves
the square root of

The mean squars cuiput signal of the uncorvelated series and parallel
sources may be expressed as,

V2= 4LT Af {8
The first term in braces is due to the parallel source. The series term
is usually dominant at the measurement frequencies and values of

interest. The measurement bandwidth AF is not of direct interest,
more impertant is the array or frame rate F, That being the case the
rms noise limited displacement resolution for a fully multiplexed
sensor readout is given by,

o

| AkT R F l ©

= aN? 7

.,

0 ;D

where o, is the rans, displacement wncertainty. The term in braces
represents the ratic of the series noise 1o the drive voliapges. A
conservative value of 1K Ohm for £, a drive of 10 volts and a
framing rate 100 Hz yields a ratio value of 4 % 107°, This translates
inte a wide svailable dypamic range that may in tern be
advantageously traded for relaxed layer reguivements. Increasing the
spring comstant A and thereby restricting the total {ractional
excursion, may help in reducing force dependent effects in the layer
constants A and K.

4. TACTILE IMAGING FINGERS

An 8 X 8§ clement tactile imager and its finger are shown in Fig, 4.
The U shaped flexible circuit board is shown in the lower right of the
photograph. The base of the U is the active region. The eight long
sirips are the driven elements and the eight short strips are the signal
coupling pads. The short arm of the U supports the drive circuitry.
The other supports the eight amplifiers, one for each pad, and the
output multiplexer. The photograph also shows the finger structure
and the assembly of the UV shaped touch sensor hand-aid on the robot
finger, A view of the instrumented gripper is shown in Fig. 5. The
low loss and backdriveable robot gripper mechanism was developed 1o
support sitrasonic eye in the hand ranging and tactile imaging fingers
with independent and variable gripping impedance'®. The ultrasonic
vanging system and the gripper control system are described clsewhere
in these proceedings in papers by Mitier'® and Browsl'® Prossures
up to 50,000 dyneb/cml are sensed using a two thickness nvion
stocking mesh elastic/dielectsic layer. EBach capacitor of the 64
slement array is measured in turn by phase sensitive detection over
eight cycles of 5 200 KHz v.f. drive for a 390 Hz frame rate. Figures
6b and ¢ show photographs of touch semsor raw data, ¥, {i,j}, in
responss to touching a 1/4 inch diameter ball. Figure Sz shows the
zero force offset image. The position directxons " ass{i ‘" are
indicated. Each of the &8 X § square areas shown carrespond to sirip
rossings areas of 2.5 mm X 2.5 mm. The displacement out of the
picture vorresponds to increasing capacitance, C(.J, and thereby
sampled force, F(Lj). Figures 72 and 7b show touch images for the
lead ends of an § pin dual in line package.




5. DISCUSSION

Capacitive sensing provides a robust and simple method of tactile
imaging. The copstruction is straipht forward and uses well behavad
materials and catalog electronics. Structurally, the sensors are thin
and conformabdle and are easily scaled. Static as well as dynamic
images are sensed with a linear response. The temporal sampling can
be made short relative to the mechanical response times of the robot
systems, The array readout need not be fully multipiexed, ali rows
may be measured during the time cach column strip is driven. The
spatial resolution is fundamentally limited only by strip lithography.
[f warranted, 2 32 X 32 elements finger mounted single chip
subsystem with composite video like owtput could be devsioped using
current technology.

6. ACKNOWLEDGMENYS

I would like to thank G. L. Miller and R. A. Kubli for invaluabie
comments and suggestions.

References

. Harmon, L.I3,, SME Techuical Report MSRSO-03, (1980)
Hillis, W.B, M.LLT. AL Memo 629, April (1981).

[

w

. Wicol, ¥., Transducer Tempeon, {1981},

»

Milier, G. L., Private Communication, (J982}).

CGuL. Miller, RUA. Boje, PL. Cowan, J.A. Golovchenko, R.W,
Kerr, D.AH. Robinson; A Capacitance-Rased Micvopositioning
System for X-ray Rocking Curve Measurements; RS, Vol 39,
INo. §, August 1979,

. Harmon, L.D., SME Technical Report MSR$2-02, {1982).

o

[=a

~3

. Gillespie, A. B, Signals, Noise and Resslation in
Counter Amplifiers, McGraw Hill, (1953).

Nuclear

8. Hogan, N, "Programmable Impedance Control of Industrial
Manipulation®, PFroc. of Confr. on CAD/CAM Technolopy in
Mechanical Engineering, M.LT., Cambridge, Ma., March (1582},

9. G. L. Miller, R. A. Boie, M. Sibilia, "Active Damping of
Ultrasonic Transducers for Robotic Application”,

10, M. K. Brown, "Computer Simulation of Controiled Impedance

Robot Hand®.

GLOVE
-CONDUCTIVE STRIPS

/= ELASTIC/DIELECTRIC LAYER

Vp 08 wot

ANALOG MULTIPLEXER

Hell

}

FLEXIBLE PRINTED CIRCUIY
BOARD

ANALOG MULTIPLEXER "}"

Ca
if

Fig.

sy 6,1 0= - V{008 wytIC;;/CA

Exploded view of a sample & X & element robotic touch

sensor illustrating the layering and contactiess construction,
The force distribution is obtained by measurement of the
cross dieleciric/elastic layer capacitance.

2
=
a2

Page 927 of 1714



i
ADYANCE Mux

MULTIPLEXER
AUDRESS
DRIVE

]
| —

vl
UMITER & g,
Tﬂrs i
{ BCALE OF m

¥, 005 Wyt
N
JO—
RESTORE
‘fs

Mi1
SCALE [ iy
oF H
§t iy
"'""““"31

[ 2
o b
GATED % INTEGRATOR

MEASUREMENT
OUTPUY

\. H
a
&;ﬁt;m-n—_—*()i) e,
A/\/E [
=t
“ Ny Isapie
r:/ If

Fig. 2
sensitive recsiver.

Page 928 of 1714

Block diagram of the touch sensor control and phase

373
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Cliv Thompsonlon\ The .Bre‘akthrough Myth

R UQUS

Tech peaple love stories aboul breakthrough

innovations——-gadgets or technologies that emergs P,
e el . ; v BEL ey
suddenty and take over, like the iPhone or Twitler MR R T I
) B . . AR D e
Indead, there’'s a whole industry of pundits, R NN {Fat ACCLSS INCLURED:

investars, and websiles trying Teverishly o predict
the Next New Big Thi
breakibroushs are inherantly surpdsing, so i takes

. The assumption is that

spacial genius o spot one coming.

But that's not how innovation really works, if you
ask Bill Buxion. A pioneer in comgpuier graphics

he

who is now a principal researcher at Microsoft
thinks paradigm-t inventions am easy o sse
coning because they're already lving there, close at hand. "Anything that's going o have an impact over
e next decade--that’s going to be 3 bilion-dollar ndusiny--has always already been around for 10
years,” he sava.

Buxion calls this the “long noseg” theory of innovation: Big ideas poke theilr noses inte the world very
slowidy, easing gradually inio view,

Can th
on the iPhone. it seemed iike 2 bolt out of the biue, but a3 Buxion notes, computer designer Myron

is actually be true? Buxton points to exhibit A, the pinch-and-zoom gesture thatl Apple infroduced

Krueger piocheered the pinch gesture on his experimental Video Place system in 1383, Glher enginger
began experimenting with it, and companiss fike Wacom introduced tableis that iet designers use a pen
and a puck simuitanaousty to maniptlate images onscrean. By the time the iPhone rofled around, "pincl”

was a robust, well-undersiood conoept. R \\§
-

A more recent example is the Microsoit Kinect, Sure, the ide:
body seems wild and new. Bul as Buxton says, engineers have long been perfacting motion-¢
alarm systems and for aulomatic doors in grocary siores. We've heen controliing soflware with our
bodies for vears, just in g different domain

Read Wired on the

8¢

&>
shidash

of controlling software just by waving vour

nsing for

This is why truly billion-doliar breakih
is cornbination that fets a new gizimo iake off guickly and dominate.

ugh ideas have what Buxton calls surprising obvicusness. They
izel at onoe fresh and familiar. s
The iFhone was designed by Apple engineers who Bad lsarnad plenty from successes and faiiures in the
POA market, including, of course, their own ill-fated Newton. By the time they added those pinch

gestures, they'd made the obvious freshly surprising.

if you wani o spot the next thing, Buxion argues, you just need o go "prospecling and mining™—locking
for concepts that are aready successiul in one field 30 you can bring them o another. Buxton
particuiariy racommends prospecting the musical world, because musicians invent gadgels and
interfaces that are robust and sturdy yet creatively cool—iike guitar pedals. When a team led by Buxion

http://www.wired.com/magazine/2011/07/st_thompson_breakthrough/[8/8/2011 2:10:19 PM]
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developad the interface for Mava, a 5-D design tool, he heavily plundered music hardware and software.
{“There's normal spec, thera's military spec, and there's rock spec,” he jokes.)

Tit's 5o easy fo spy the future, what are Buxton's prediclions? He thinks tablet computers, pan-
based int i omnipresent e-ink are going to dominale the next decade. Thoss invenlions have

been slowly stress-tested for 20 years now, and they're finally ready.

Using a “long nose” analysis, | have a prediction of my own. | bet slectric veh
eleclric bisyoles, B

s are quing to become
sattery technalogy has beer improving for « ddas, and the pianat
is urhamzing rapi The nose is already poking out: Ziectric bikes are incradibly popular in China and
becoming comimosn in the US among akesutdslivery peapie, whoe haul them inside their shops each
night to plug them in. (Pennies per charge, and no complicated rewiring of the grid necessary.} | pradict
a design firn will introduce the iPhone of electric bikes and whoa: U] seem revoiutionary!

Vo

But it won't te. BEvolution trumgps revaltiion, and ihings hapgen slowly. The noss Knows.

8 peopie liked this.
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slectric bike. #lis everything the Segway should have been as a transportation vehi
and hour for 10 miles

thout pedaling} and you can purchass 7 for the price of & Sepw:
them up and put them all in a small SUY Two will fit in the trunk of a Prius. They come in IFo
colors and are used by

students, commuters, saniors, as weall as boat, RV and privais plane

2Whers,

Lika

ArizonaRidger

We feed it happening. Pedego Electric Rike sales are soaring!

Condé Nast Web Sites:

Registration on or use of this site constitutes acceptance of oul (Revised 4/1/2009) and Revised 4/1/2009).

Wired.com © 2011 Condé Nast Digital. All rights reserved.

The material on this site may not be reproduced, distributed, transmitted, cached or otherwise used, except with the prior written permission of Condé Nast Digital.

http://www.wired.com/magazine/2011/07/st_thompson_breakthrough/[8/8/2011 2:10:19 PM]

Page 936 of 1714



Innovation in Information Technology

National Research Council

ISBN: 0-309-52622-1, 84 pages, 6x8, {2003)
This free PDF was downloaded from:
hitp:fwww. nap.edu/catalogMi735 . hm!

Yisit the National Acadenyies Press online, the authoritative source for all books from the
National Acaderny of Sciences, the National Academyv of Engtneering, the lustitude of
Medicing, and the National Research Council

o
(o]

# Download hundreds of free books in PDF

» Read thousands of books online for free

e Purchase printed books and PDF files

e Explore our innovative research tools — try the Rescarch Bashboard now

RAELA

Thank you for downloading this frec PDF, I you have comments, questions or want
more information abowt the books published by the National Academies Press, you may

Copyright © National Academy of Sciences. All rights reserved.
Unless otherwise indicated, all materials in this PDF file are copyrighted by the National
Acadeny of Sciences. Distribution or copying is strictly prohibited without permission

of the National Academies Press <hiin:/www nap.edu/nermussions™. Permission is

granted for this material to be posted on a secure password-protected Web site. The
content may not be posted on a public Web site.

THE NATIONAL ACADEMIES

Advisers fo the Nutlon on Sfenvs, Englnsering, wnd Madiche

Page 937 of 1714



innovation in Information Technalogy
http://www.nap.edu/catalog/10728 . himl

Computer Science and Telecommunications Board

Division on Engineering and Physical Sciences

MNATIONAL RESEARCH COUNCIL

CF THE MNATIONAL ACADEMIES

THE NATIONAL ACADEMIES PRESS
Washington, D.C.
www.nap.edu

Copyright © National Academy of Sciences. All rights reserved.

Page 938 of 1714



innovation in Information Technalogy
http://www.nap.edu/catalog/10728 . himl

THE NATIONAL ACADEMIES PRESS 500 Fifth Street, N.W. Washington, DC 20001

NOTICE: The projects that ave the basis of this synthesis report were approved by
the Governing Beoard of the National Research Council, whose members are drawn
from the councils of the National Academy of Sciences, the National Academy of
Engineering, and the Institute of Medicine. The members of the committees re-
sponsible for the final reports of these projects and of the board that produced this
synthesis were choser for their special competences and with regard for appropri-
ate balance.

Support for this project was provided by the core sponsors of the Computer
Science and Telecommunications Board (C5TB), which include the Air Force Of-
fice of Scientific Research, Cisco Systems, Defense Advanced Research Projects
Agency, Department of Energy, Intel Corporation, Microsoft Research, National
Aeronautics and Space Administration, National Institute of Standards and Tech-
nology, National Library of Medicine, National Science Foundation, and Office of
Naval Research. Sponsors enable but do not influence CSTB's work. Any opin-
ions, findings, conclusions, or recommendations expressed in this publication are
those of the authors and do not necessarily reflect the views of the organizations
or agencies that provide support for CSTB.

International Standard Book Number (-309-08980-8 (book)
International Standard Book Number §-309-52622-1 (FDF)

Copies of this report are available from the National Academies Press, 500 Fifth
Street, N.W., Lockbox 285, Washington, DC 20055, (800) 624-6242 or {202) 334~
3313 in the Washington metropolitan area; Internet: http://www.nap.edi

Copyright 2003 by the National Academy of Sciences. All rights reserved.

Printed in the United States of America

Copyright © National Academy of Sciences. All rights reserved.

Page 939 of 1714



innovation in Information Technalogy
http://www.nap.edu/catalog/10728 . himl

THE NATIONAL ACADEMIES

Advisers to the Nation on Science, Fngineering, ond Medicine

The MNational Academy of Sciences is a private, nonprofit, self-perpetuating soci-
ety of distinguished scholars engaged in scientific and engineering research, dedi-
cated to the furtherance of science and technology and to their use for the general
welfare. Upon the authority of the charter granted to it by the Congress in 1863,
the Academy has a mandate that requires it to advise the federal government on
scientific and technical matters. Dr. Bruce M. Alberts is president of the National
Academy of Sciences.

The National Academy of Engineering was established in 1964, under the charter
of the National Academy of Sciences, as a parallel organization of cutstanding
engineers. H is autonomous in its administration and in the selection of its mem-
bers, sharing with the National Academy of Sciences the responsibility for advis-
ing the federal government. The National Academy of Engineering also sponsors
engineering programs aimed al meeting national needs, encourages education
and research, and recognizes the superior achievements of engineers. Dr, Wm. A.
Whulf is president of the National Academy of Engineering,

The Institute of Medicine was established in 1970 by the National Academy of
Sciences to secure the services of eminent members of appropriate professions in
the examination of policy matters pertaining to the health of the public. The
Institute acts under the responsibility given to the National Academy of Sciences
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ernment. Functioning in accordance with general policies determined by the
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National Academy of Sciences and the National Academy of Engineering in pro-
viding services to the government, the public, and the scientific and engineering
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Institute of Medicine. Dr. Bruce M. Alberts and Dr. W, A. Wulf are chair and
vice chair, respectively, of the National Research Council
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Pretace

The health of the computer science field and related disciplines has
been an enduring concern of the National Research Council’s Computer
Science and Telecommunications Board (CSTB). From its first reports in
the late 1980s, CS5TB has examined the nature, conduct, scope, and direc-
tions of the research that drives innovation in information technology.

Ironically, the success of the industries that produce information tech-
nology (IT) has caused confusion about the roles of government and
acadernia in IT research. And it does not help that research in computer
science—especially research relating to software—is hard for many people
outside the field to understand. This synthesis report draws on several
CSTB reports, published over the course of the past decade, to explain the
what and why of IT research. It was developed by members of the board,
drawing on CSTB’s body of work and on insights and experience from
their own careers.

This synthesis is kept brief in order to highlight key points. It is
paired with a set of excerpts from previous reports, chosen either for their
explanation of relevant history or for their compelling development of
core arguments and principles.

David D. Clark, Chair
Computer Science and
Telecormmmunications Board

S
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Summary and Recommendations

Progress in information technology (IT} has been remarkable, but the
best truly is yet to come: the power of IT as a fuman enabler is just begin-
ning to be realized. Whether the nation builds on this momentum or
plateaus prematurely depends on today’s decisions about fundamental
research in computer science (CS) and the related fields behind IT.

The Computer Science and Telecommunications Board (CSTB) has
often been asked to examine how innovation occurs in IT, what the most
promising research directions are, and what impacts such innovation
might have on society. Consistent themes emerge from CSTB studies,
notwithstanding changes in information technology itself, in the IT-pro-
ducing sector, and in the U.S. university system, a key player in IT re-
search.

In this synthesis report, based largely on the eight CSTB reports enu-
merated below, CSTB highlights these themes and updates some of the
data that support them. Much of the material is drawn from (1) the 1999
CSTB report Funding a Revolution: Government Support for Computing Re-
search,! written by both professional historians and computer scientists to
ensure its objectivity, and (2) Making I'T Better: Expanding Information Tech-

lComputer Science and Telecommunications Board, National Research Council. 1999,
Funding a Revolution: Goversiment Support for Computing Research. National Academy Press,
Washington, D.C.
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nology Research to Meet Society’s Needs,? the 2000 CSTB report that focuses
on long-term goals for maintaining the vitality of IT research. Many of
the themes achieved prominence in (3} the 1995 CSTB report Evolving the
High Performance Computing and Communications Initiative to Support the
Nation's Information Infrastructure,” known informally as the Brooks-
Sutherland report. Other reports contributing to this synthesis include
{4y Computing the Future: A Broader Agenda for Computer Science and Engi-
neering (1992),* (5} Building a Workforce for the Information Economiy (2001),°
(6) Academic Careers in Experimental Computer Science anid Engineering
{1994),% (7) Embedded, Everywhere: A Research Agenda for Networked Systems
of Embedded Computers (2001), and (8) More Than Screen Deep: Toward
Every-Citizen Interfaces to the Nation's Information Infrastructure (1997).8 In
the text that follows, these reports are cited by number as listed, for easy
reference, in Box 1.

Here are the most important themes from C5TB’s studies of innova-
tion in IT:

o The results of vesearch
® America’s international leadership in IT—leadership thatis vital
to the nation—springs from a deep tradition of research (1,3 4).
® The unanticipated results of research are often as important as
the anticipated results—ifor example, electronic mail and instant messag-
ing were by-products of research in the 1960s that was aimed at making it

ZCa:yzxaputer Science and Telecornmumnications Board, National Research Council. 2000,
Making IT Better: Expanding {nformation Technology Research to Meet Society’s Needs. National
Acaderny Press, Washingtor, D.C.

SCommiter Science and Telecommunications Board, National Research Council. 1995,
Ewvolving the High Performance Computing and Conumunications Initiative to Support the Nation's
Information Infrastructure. National Academy Press, Washington, D.C.

*Computer Science and Telecommunications Board, National Research Council. 1992,
Computing the Future: A Broader Agenda for Computer Science and Engineering. National Acad-
emy Press, Washington, D.C.

“Computer Science and Telecommunications Board, National Research Council. 2001,
Building a Workforce for the Information Economy. National Academy Press, Washington,
D.C.

SComputer Science and Telecommunications Board., National Research Council. 1994.
Academic Careers in Experimental Computer Science and Engineering. National Academy Press,
Washington, D.C.

"Computer Science and Telecommunications Board, National Research Council. 2001.
Embedded, Everywhere: A Research Agenda for Networked Systems of Embedded Computers. Na-
tional Academy Press, Washington, D.C.

BComputer Science and Telecommunications Board, National Research Council. 1997.
More Than Screen Deep: Toward FEvery-Citizen Interfaces o the Nation's Information Infrastruc-
ture. National Academy Press, Washington, D.C.

Copyright © National Academy of Sciences. All rights reserved.

Page 951 of 1714



innovation in Information Taechnology
http://www.nap.edu/catalog/10728 . himl

SUMMARY AND RECOMMENDATIONS 3
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possible to share expensive computing resources among multiple simuld-
taneous interactive users (1,3).

# The interaction of research ideas multiplies their impact—for
example, concurrent research programs targeted at integrated circuit
design, computer graphics, networking, and workstation-based comput-
ing strongly reinforced and amplified one another (1-4).

« Research as a partnership

® The success of the IT research enterprise reflects a complex part-
nership among government, industry, and universities (1-8).

# The federal government has had and will continue to have an
essential role in sponsoring fundamental research in IT—largely univer-
sity-based-—because it does what industry does not and cannot do (1-8).
Industrial and governmental investments in research reflect different

Copyright © National Academy of Sciences. All rights reserved.
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4 INNOVATION IN INFORMATION TECHNOLOGY

motivations, resulting in differences in style, focus, and time horizon
{1-3,7.8]

B k,ompames have little incentive to invest significantly in activi-
ties whose benefits will spread quickly to their rivals (1,3,7). Fundamen-
tal research often falls into this category. By contrast, the vast majority of
corporate research and development (R&D) addresses product and
process development (1,2,4).

# Government funding for research has leveraged the effective
decision making of visionary program managers and program office
directors from the research community, empowering them to take risks in
designing programs and selecting grantees (1,3). Government sponsor-
ship of research especially in universities also helps to develop the IT
talent used by industry, universities, and other parts of the economy (1-5).

e The economic payoff of research

® Past returns on federal investments in IT research have been
extraordinary for both U.S. society and the U.S. economy (1,3). The trans-
formative effects of IT grow as innovations build on one another and as
user know-how compounds. FPriming that pump for tomorrow is today’s
challenge.

® When companies create products using the ideas and workforce
that result from federally sponsored research, they repay the nation in
jobs, tax revenues, p;_odu.a’cw;ty increases, and world leadership (1,3,5).

The themes highlighted above underlie two recurring and overarching
recommendations evident in the eight CSTB reports cited:

Recommendation I The federal government should continue to
boost funding levels for fundamental mfmmahon technology re search
commensurate with the growing scope of research challenges {2-4,6-8). 1
should ensure that the major funding agencies, especially the Natmnai
Science Foundation and the Defense Advanced Research Projects Agency,
have strong and sustained programs for computing and communications
research that are broad in scope and independent of any special initiatives
that might divert resources from broadly based basic research (2,3).

Recommendation 2 The government should continue to maintain
the special qualities of federal 1 [ research support, ensuring that it comple-
ments industrial research and development in emphasis, duration, and
scale (1-4,6).

This report addresses the ways that past successes can guide federal
funding policy to sustain the IT revolution and its contributions to other
fields.
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Innovation in Information Technology

UNIVERSITIES, INDUSTRY, AND GOVERNMENT: A COMPLEX
PARTNERSHIP YIELDING INNOVATION AND LEADERSHIP

Figure 1 illustrates some of the many cases in which fundamental
research in [T, conducted in industry and universities, led 10 to 15 years
later to the introduction of entirely new product categories that became
billion-dollar industries. It also illustrates the complex interplay between
industry, universities, and government. The flow of ideas and people—
the interaction between university research, industry research, and prod-
uct development—is amply evident.

Figure 1 updates Figure 4.1 from the 2002 CSTB report Information
Technology Research, Inmovation, and E-Government.t The originally pub-
lished figure® produced an extraordinary response: it was used in presen-
tations to Congress and to administration decision makers, and it was

‘iCompuiter Science and Telecommunications Board, National Research Council. 2002.
Information Technology Research, Innovation, and E-Govermsent. National Acaderny Press,
Washington, D.C.

Known informaily as the “tire-tracks chart” because of its appearance, the figure was
tirst published in Evolving the High Performance Computing and Communications Initiative to
Support the Nation's Information Infrasiructure (3; p. 2.

5
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FIGURE 1 Examples of government-sponsored IT research and development in
the creation of commercial products and industries. Federally sponsored research
lies at the heart of many of today’s multibillion-doliar information technology
industries—industries that are transforming our hives and driving our economy.
Ideas and people flow in complex patterns. The interaction of research ideas

Copyright © National Academy of Sciences. All rights reserved.

Page 955 of 1714



innovation in Information Technalogy
http://www.nap.edu/catalog/10728 . himl

~

INNOVATION IN INFORMATION TECHNOLOGY

1985 1970 1875 1880 1985 188G 1985 2005

L from internst

Relational databases

Berkeley, Wiscansin
iBM
Oracle, 1BM, Sybase

Paraligl databases

Tokye, Wisconsin, UGLA
1B, 101

; IGL, Teradata, Tandem
Data mining

o

Wisconsin, Stanfard
IBM, Arbor
iRL, Arbor, Plato

Paraliel cormputing

Hliac 4, CMU, Caltech, HPC
IBM, Intel

Cii-5, Teradata, Gray 13D

RAID/disk servars
| Berkeley

Striping/Datamesh, Petal

many

Portable comrmunication;
§o ; Berkeley, Purdue (CDMA}

\%

Linkabit, Hughes

Qualcomm

Worid Wide Web

GERN, lliincis {Mosaic)
Alta Vista

; ; Nefscape, Yahoo, Google
Speech recognition

CMiL, SR, MIT
Beli, iBM, Dragon

Dragan, IBM

Stanford, UCLA

Belicore (Telcordia)

Broadband in last mile

Amati, Alcatel, Broadeom

1965 1970 1975 1980 1985 1990 1995 2005

“ ry H&O BRERYE Doducts
increasing date of $1 B indusiry.

Liniversily $1 B market

The iopics are ordered roughi

multiplies their etfect. The result is that the United States is the world leader in
this critical arena.  Although the figure reflects input from many individuals at
multiple points in time, ensuring readability required making judgments about
the examples to present, which should be seen as illustrative rather than exhaus-
tive. SOURCE: 2002 update by the Computer Science and Telecommunications
Board of a figure (Figure [S.1) originally published in Computer Science and
Telecormmunications Board, National Research Council, 1995, Evolving the High
Performance Computing and Communications Initiative to Support the Nation's Infor-
mation Infrastructure, National Academy Press, Washington, D.C.
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8 INNOVATION IN INFORMATION TECHNOLOGY

discussed broadly in the research community. Although IT commercial
success leads some policy makers to assume that industry is self-suffi-
cient, the tire-tracks chart underscores how much industry builds on gov-
ernment-funded university research, sometimes through long incubation
periods (1,3).

Figure 1 also illustrates—although sketchily—the interdependencies
of research advances in various subfields. There is a complex research
ecology at work, in which concurrent advances in multiple subfields—in
particular within computer science but extending into other fields, too,
from electrical engineering to psychology—are mutually reinforcing: they
stimulate and enable one another.®

One of the most important messages of Figure 1 is the long, unpre-
dictable incubation period—requiring steady work and funding—be-
tween initial exploration and commercial deployment (1,3). Starting a
project that requires considerable time often seems risky, but the payotf
from successes justifies backing researchers who have vision. If is often
not clear which aspect of an early-stage research project will be the most
tmportant; fundamental research produces a range of ideas, and later
developers select from among them as needs emerge. Sometimes the
utility of ideas is evident well after they have been generated. For ex-
ample, some early work in artificial intelligence has achieved unantici-
pated applicability in computer games, some of which are now being
investigated for decision support and other professional uses as well as
recreation.

It is important to remember that real-world requirements can change
quickly. Although the end of the Cold War was interpreted by some as
lessening the need for research,* September 11, 2001, underscored re-
search needs in several areas: system security and robustness, automatic
natural language translation, data integration, image processing, and
biosensors, among others—areas in which technical problems are diffi-
cult to begin with, and may become harder when technology must be
designed to both meet homeland security needs and protect civil liber-

For . I [P . . N .
“The idea that research in [T not only builds in part on research in physics, mathematics,

electrical engineering, psychology, and other fields but also strongly influences them s
consistent with what Donald Stokes has characterized in his four-part taxonomy as
“Pasteur’s Quadrant” research: use- or application-inspired basic research that pursues
fundamental understanding (such as Louis Pasteur’s research on the biological bases of
feroentation and disease). See the discussion on pp. 26-29 in the 2000 CSTB report Making
IT Betier {2), and see Donald E. Stokes, 1997, Pasteur’s Quadrani: Basic Science and Tech-
nological Innovation, Brookings Institution Press, Washington, D.C.

#Linda R. Cohen and Roger C. Noll. 1994, “Privatizing Public Research,” Scientific

American 271(3): 72-77.
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INNOVATION IN INFORMATION TECHNOLOGY 9

ties.” Without fundamental research, the cupboard is bare when there is
a sudden need for ideas to reduce to practice.

THE ESSENTIAL ROLE OF THE FEDERAL GOVERNMENT

Federally sponsored research played a critical role in creating the
enabling technologies for each of the billion-dollar market segments illus-
trated in Figure 1—and for many others as well. The government role
coevolved with IT industries: its organization and emphases changed to
focus on capabilities not ready for commercialization and on new needs
that emerged as commercial capabilities grew, both moving targets (1),
As this coevolution shows, successful technology development relies on
flexibility in the conduct of research and in the structure of industry.

Most often, this federal investment took the form of grants or con-
tracts awarded to university researchers by the Defense Advanced Re-
search Projects Agency (DARPA) and/or the National Science Founda-
tion (NSF)}—although a shifting mix of other funding agencies has been
involved, reflecting changes in the missions of these agencies and their
needs for IT (1,3). For example, the Department of Energy (DOL), the
National Aeronautics and Space Administration (NASA), and the mili-
tary services have supported high-performance computing, networking,
human-computer interaction, and other kinds of research.®

Why has federal support been so effective in stimulating innovation
in computing? As discussed below, many factors have been important.

1. Federally funded programs have supported long-term research info fun-
damental aspects of computing, whose widespread practical benefits typically
take years to realize (1).

“Long-term” research refers to a long time horizon for the research
effort and for its impact to be realized. Examples of innovations that
required long-term research include speech recognition, packet radio,
computer graphics, and internetworking. In every case illustrated in Fig-
ure 1, the tire from first concept to successtul market is measured in

3See Computer Science and Teleconumunications Board, National Research Council. 2003,
Tuformation Technology for Counterterrorism: Immediate Actions and Future Possibilities. Na-
tional Academiss Press, Washington, D.C.

Sin addition to research funding, complementary activities have been undertaken by
other agencies, such as the National Institute of Standards and Technology, which often
ngs together people from universities and industry on issues relating to standards set-
ting and measurement.

bl
on
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10 INNOVATION IN INFORMATION TECHNOLOGY

decades (see Box 2)—a contrast to the more incremental innovations that
are publicized as evidence of the rapid pace of IT innovation.

Work on speech recognition, for example, which began in earnest in
the early 1970s, took until 1997 to generate a successful product for en-
abling personal computers to recognize continuous speech (8). Work on
packet radio also dates from the 1970s, and its realization in commercial
ad hoc mobile networking also began in the late 1990s” Fundamental
algorithms for shading three-dimensional graphics images, which were
developed with federal funding in the 1960s, saw limited use on high-
performance machines until they entered consumer products in the 1990s;
today these algorithms are used in a range of products in the health care,
entertainment, and defense industries. The research programs behind
these innovations not only were long-term but also were broad enough to
accommodate within a single program the development of those unan-
ticipated results that have in many cases provided the most significant
outcomes of a project.

The benefits of a long time horizon, combined with program breadth,
extend to today’s challenges. This point was emphasized in CSTB’s 1997
report on usability, More Than Screen Deep (8), which explained (at p. 192):

Federal initiatives that emphasize long-term goals beyond the horizon

of most commercial etforts and that may thus entail added risk have the

potential to move the whole information technology enterprise into new

modes of thinking and to stimulate discovery of new technologies for

the coming century.

Because of unanticipated results and synergies, the exact course of
fundamental research cannot be planned in advance, and its progress
cannot be measured precisely in the short term. Hven projects that appear
to have failed or whose results do not seern to have immediate utility
often make significant contributions to later technology development or
achieve other objectives not originally envisioned. A striking example is
the field of number theory (1): for hundreds of years a branch of pure
mathematics without applications, it is now the basis for the public-key
cryptography that underlies the security of electronic commerce.

75 wilacly, commercial developments in broadband cellular radio {(which bas become
essentially wireless Internet access in third-generation wireless) are built in part on many
decades of federally supported research into Code Division Multiple Access technology,
signal processing for antenna arrays, error-correction coding, and so on.
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2. The mterpf 1y of government-funded and industry vesearch has been an
important factor in IT commercialization (1-8).

The examples in Figure 1 show the interplay between government-
funded research and industry research and development. In some cases,
such as reduced-instruction-set computing (RISC) processors, the initial
ideas came from industry, but the research that was essential to advanc-
ing these ideas came from government funding to universities. RISC was
conceived at IBM, but it was not commerdialized until DARPA funded
additional research at the University of California at Berkeley and at
Stanford University as part of its Very Large Scale Integrated Circuit

51) program of the late 1970s and early 1980s (1,3). The VLSI program
aixo 5upported university research that gave rise to such companies as
Synopsys, Cadence, and Mentor, which have acquired dozens of smaller
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companies that started as spinoffs of DARPA-funded® university re-
search; such research has also pushed the proverbial envelope in algo-
rithms and user interfaces. The more than $3 billion electronic design
automation industry is an essential enabler to other parts of IT.

Similarly, IBM pioneered the concept of relational databases (its Sys-
tem R project) but did not commercialize the technology. NSF-sponsored
research at the University of California at Berkeley brought this technol-
ogy to the point at which it was commercialized by several start-up com-
panies and then by more established database companies (including IBM)
{1,3). In other cases, such as timesharing, the initial ideas came from the
university community, and subsequent industry research, while signifi-
cant for a time, was not sustained. Innone of the examples in Figure 1 did
industry alone provide the necessary research.

3. There is a complex interlenving of fundamental research and focused de-
velopmment (1-3).

In the case of integrated circuit (VLSI) design tools, research innova-
tion led to products and then to major industrial markets. A still-unfold-
ing example is the theoretical research that yielded the algorithms behind
the Web-content management technoiog‘y underlying Akamai. In the
case of relational databases, the introduction of products stimulated new
fundamental research questions, leading to a new generation of products
with capabilities vastly greater than those of their predecessors. The
purpose of publicly funded research is to advance knowledge and to
solve hard problems. The exploitation of that knowledge and those solu-
tions in products is fundamentally important, but tha form it takes is
often unpredictable, as is the impact on future research (see Box 3).

4. Federal support for research has tended to complement, rather than pre-
empt, industry investinents in research.

The IT sector invests an enormous amount each year in R&D. It is
critical to understand, however, that the vast majority of corporate R&D
has always been focused on product and process development (2). Thisis
what shareholders {or other investors) demand. It is harder for corpora-
tions to justify funding long-term, fundamental research. Economists

¥In some cases, the Semiconductor Research Corporation provided the funding. For
additional ioformation, see the Web site <bhttp://www.sre.org/member/about/
history.asp>. Accessed June 2, 2003,
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| Washinglon 1. : :

have articulated the concept of “appropriability” to express the extent to
which the results of an investment can be captured by the investor, as
opposed to being available to all players in the market. The results of
long-term, fundamental research are hard to appropriate for several rea-
sons: they tend to be published openly and thus to become generally
known; they tend to have broad value; the most important may be unpre-
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dictable in advance; and they become known well ahead of the moment of
realization as a product, so that many parties have the opportunity to
incorporate the results into their thinking. In contrast, incremental re-
search and product development can be performed in a way that is more
appropriable: it can be done under wraps, and it can be moved into the
marketplace more quickly and predictably.

Although individual industrial players may find it hard to justify
research that is weakly appropriable, it is the proper role of the federal
government to support this sort of endeavor (1,3). When companies cre-
ate successful new products using the ideas and workforce that result
from federally sponsored research, they repay the nation handsomely in
jobs, tax revenues, productivity increases, and world leadership (1,3).
Long-term research often has great benefits for the IT sector as a whole,
although no particular company can be sure of reaping most of these
benefits.

Appropriability helps to explain why the companies that have tended
to provide the greatest support for fundamental research are large com-
panies that enjoy dominant positions in their market (1). AT&T and IBM,
for example, have historically made significant investments in fundamen-
tal research. Anything that advances IT as a whole benefits the dominant
players—they may be capable of reaping a significant proportion of the
returns on their research investments. As IT industries became more
competitive, however, even these firms began to link their research more
closely with corporate objectives and product development activities.’
One of them (AT&T) has radically cut back its research effort. This process
began with a government proceeding that resulted in the splitting up of
functions iormc;rlv aggregated under “Ma Bell” and continued with the
growth and contraction of a set of industry research and development
endeavors {AT&T Research, Lucent Technologies, Agere Systems, and
Bellcore [now Telcordia]) where once there was the monolithic Bell
Laboratories. !0

Several of the companies that have recently emerged as dominant in
their sectors, such as Intel and Microsoft, have increased their support for
fundamental research. However, many other successful companies with
large market shares {(e.g., Cisco, Dell, Oracle) have chosen not to invest in
fundamental research to any significant extent. And even at Microsoft,
just as at AT&T and IBM before it, the investment in fundamental research

a
"o

“Elizabeth Corcoran, 1994, “The Changing Role of U.S. Corporate Research Labs,” Re-
search-Technology Management 37{4):14-20; Peter Coy, 1993, “R&D Scoreboard: In the Labs,
the Fight to Spend Less, Get More,” Business Week, June 28, pp. 102-124.

ST launched a study of the future of telecommunications Ré&[2 in 2003.
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represents a relatively small proportion of overall corporate R&D. In
2002, Microsott invested roughly $5 billion in R&D, but the company’s
fundamental research arm is small enough to suggest that 95 percent of
Microsoft’s R&D investment is product-related.

Start-ups represent the other end of the spectrum. A hallmark of U5,
entrepreneurship, start-ups and start-up financing promote flexibility in
industry structure and industry management. They have facilitated the
development of high-risk products as well as an iconoclastic, risk-taking
attitude among more traditional companies and managers in the IT busi-
ness. But they do not engage in research (2). Thus, the wave of Internet-
related and other IT start-ups of the 1990s is notable for two reasons: first,
these start-ups attracted some researchers away from universities and
research, and second, notwithstanding the popular labeling of those start-
ups as “high-tech,” they applied the fruits of past research rather than
generating more. Start-ups illustrate the critical role of government fund-
ing in building the foundations for innovative commercial investments.

THE DISTINCTIVE CHARACTER OF
FEDERALLY SUPPORTED RESEARCH

The most important characteristic of successful government research
activities is their breadth of scope—Dboth in their long time dimension and
in their focus on activities that are potentially difficult to appropriate
privately in their entirety. Two specific topic areas that illustrate these
principles are large-scale I'T systems and social applications of IT. Grow-
ing capabilities and broadening use of IT in the 1990s motivated CSTB
recommendations for greatly increased federal support in these two cat-
egories {2) {(see Boxes 4 and 3).

Prospects for progress in social applications—however difficult—are
one reason for confidence that IT will improve as a human enabler. The
beginnings evident in all of these areas are but crude indicators of what
research may make possible.

An example of particular currency is that of cybersecurity. Stimu-
lated by the events of September 11, C5TB issued the report Cybersecurity
Today and Tomorrow: Pay Now or Pay Later, in early 2002. The report sum-
marized the findings of seven CSTB reports issued over the preceding
decade that had cybersecurity as a principal theme. Cybersecurity Today
and Tomorrow concludes with the following paragraph:

Research and development on information systems security should be

construed broadly to include R&D on defensive technology (including

both underlying techinologies and architectural issues), organizational
and sociclogical dimensions of such security, forensic and recovery tools,

and best policies and practices. Given the failure of the market to ad-
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dress security challenges adey ]fla’(eiv government support for such re-
search is especially important.

CSTB’s 2001 study on networked systems of embedded computers
(7) sounds a similar theme (at p. 9.

[{Tlhe commitiee {composed of people from both academia and indus-
try) believes that while some of the questions raised in this report may

HComputer Science and Telecormmunications Board, National Research Council. 2002.
Cybersecurity Today and Tomorrow: Pay Now or Pay Later. National Acaderny Press, Washing-
ton, 2.C., pp. 14-15.
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| lechnologists. cognitive psychologists, and thase skilled in user intetface design.

 BOURCE; Reprinted fram Computer Sciencs and Telecommunications Board, National
Resedich Coundll, /2000, Making IT Bever, Expanding information T ae,hwiagy fesearch o
:»‘.’eez‘ Soc;efyg f\reea’s Nanonai Auademw Preszs W'zs'ﬂr-mfm, 0. G LR

be answered without a concerted, publicly funded research agenda, leav-
ing this work solely o the private sector raises a number of troubling
possibilities. Of great concern is that individual comunercial incentives
will fail to bring about work on problems that have a larger scope and
that are subject to externalities: interoperability, safety, upgradability,
and so on. Moreover, a lack of governmend funding will slow down the
sharing of the research, since the cornmercial concerns doing the re-
search tend to keep the research private to retain their competitive ad-
vantage. The creation of an open research community within which

results and progress are shared is vital to making significant progress in
this arena.

Another example of the distinctive role that federal funding can play
in computing research comes from fwo recent CSTB studies of the Internet.
The 2001 report The Infernet’'s Coming of Age examined the role of the
government in funding research that leads to open standards, exempli-
fied by the work that defined the Internet. One of the Internet’s halimarks
has been its openness. Proprietary research can enhance a particular
product, but research leading to open standards can create a new market-
place for products. Each company that is an Internet “player” will be
tempted to diverge from the common standard if it looks possible to
capture a large portion of it——we have seen this during the past decade in
protocols for transport, electronic mail, instant messaging, and many other
areas (see Box 6). However, a common, open standard maximizes overall
social welfare as a result of the network externalities obtained from the
larger market. When effective open standards are made available, they
can be attractive in the marketplace and may win out over proprietary
ones. The report notes:

The governiment’s role in supporting open standards for the Internet has

not been, and should not be, to directly set or influence standards. Rath-

er, its role should be to provide fm{ding for the networking research

community, which has led to both innovative networking ideas as well
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as xpumg technologies that can be translated intc new open stan-
dard\ 12

A 2002 report, Broadband: Bringing Home the Bifs, outlines an even
broader role for federally funded research to enable openness in
infrastructural systems:

Support research and development on access technologies, especially

targeting the needs of nonincurnbent players and other areas that are

not targets of stable, private sector funding. . . . [One target area is]

technologies that foster the accommodation of multiple competitive ser-

vice providers over facilities. Such open access-ready systems might not

be a natural research and development target of large incumbent pro-

viders but will be the piefeued form for a variety of public sector or

public-private deployments.13

Broadband: Bringing Home the Bits notes that federally funded research
can complement the more proprietary-oriented industry approaches to
innovation, whether in communications architecture or content. It also

Y2Computer Science and Telecommunications Board, National Research Council. 2001.
The Internet’s Coming of Age. National Academy FPress, Washington, D.C,, p. 18.

Yy snputer Sclence and Telecommunications Board, National Research Council. 2002,
Broadband: Bringing Home the Bits. National Acadenmy Press, Washington, B.C., p. 40
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calls for the support of research on economic, social, and regulatory fac-
tors relating to broadband technologies—mnontechnical factors that inter-
act with the design and deployment of broadband.

UNIVERSITY RESEARCH AND INDUSTRIAL R&D

Much of the government-funded research in I'T has been carried out
at universities.' Federal support has constituted roughly 70 percent of
total university research funding in computer science and electrical engi-
neering since 1976 (2). Among the many benefits of federally funded
university research, the generation of new knowledge is only one (see
Box 7).

Strong research institutions are recognized as being among the most
critical success factors in high-tech economic development (5). In com-
puting, electronics, telecommunications, and biotechnology, evidence of
the correlation abounds—in Boston (Harvard University and the Massa-
chusetts Institute of Technology); Research Triangle Park (Duke Univer-
sity, the University of North Carolina, and North Carclina State Univer-
sity); New Jersey (Princeton University, Rutgers University, and New
York City-based Columbia University); Austin (the University of Texas);
southern California (the University of California at San Diego, the Uni-
versity of California at Los Angeles, the California Institute of Technol-
ogy, and the University of Southern California); northern California (the
University of California at Berkeley, the University of California at San
Francisco, and Stanford University); and Seattle (the University of Wash-
ington).

In addition to creating ideas and companies, universities often im-
port forefront technologies to their regions (e.g., the nationwide expan-
sion of ARPANET in the 1970s and of NSFnet in the 1980s, and the con-
tinuation of those efforts through the private Internet2 activities in the
1990s and early 2000s). Universities also serve as powerful magnets for
companies seeking to relocate. These contributions are not reflected in
Figure 1.

Figure 1 also does not capture the most important product of univer-
sities: people. The American research university is unique in the degree
to which it integrates research with education—both undergraduate and
graduate education. Not only do graduating students serve to staff in-
dustry (5,6), but they also are by fur the most effective vehicle for technol-

7

WThe concentration of research in universities is particularly true for computer science
research; indusiry played an traportant role in telecommunications research before the
breakup of AT&T and the original Bell Labs.
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ogy transfer (see Box 7). Federal support for university research drives
this process {(1-6}. In top university computer science programs, over half
of all graduate students receive financial support from the federal gov-
ernment, mostly in the form of research assistantships. In addition, most
of the funding for research equipment—that is, research infrastructure—
comes from federal agencies. Indusiry also contributes significantly to
equipment but is usually attracted by existing research excellence and
collaborations. Thus, by placing infrastructure in universities, the federal
government directly and indirectly makes possible hands-on learning ex-
periences for countless young engineers and scientists, as well as enabling
university researchers to continue their work (1-6).

HALLMARKS OF FEDERALLY SPONSORED IT RESEARCH

As discussed below, the hallmarks of federally sponsored IT research
include scale, diversity, vision, and flexibility.

L. Federal programs have been effective in supporting the construction of
large-scale systems and testbeds that have miotivated research and demonstrated
the feasibility of new fechnological approaches (1-3).

Some research challenges are too large and require too much research
infrastructure to be carried out by small, local research groups (6). InIT
research, as in other areas of scientific investigation, federal programs
have played an important role in stimulating and supporting large-scale
etforts. DARPA’s decision to construct a packet-switched network (called
the ARPANET) fo link computers at its many contractor sites prompted
diverse, high-impact research on networking protocols, the design of
packet switches and routers, software structures for managing large net-
works (such as the Domain Name System), and applications (such as
remote log-in, file transfer, and ultimately the Web). Moreover, by con-
structing a successful system, DARPA demonstrated the value of large-
scale packet-switched networks, motivating subsequent deployment of
other networks—such as the N5F's NSFnet, which ultimately served as
the foundation of the Internet—and also a series of high-speed network-
ing testbeds (1,3).

Much of the success of major system-building efforts derives from
their ability to bring together large groups of researchers from universi-
ties and industry that develop a common vocabulary, share ideas, and
create a critical mass of people who subsequently extend the technology
{2,6).
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2. Computing research has benefited from diverse modes of research spon-
sored by different federal agencies (1-3).

Funding for research in computing has been provided by various
federal agencies—most notably DARPA and NSF, but also including other
parts of the Department of Defense (DOD) besides DARPA, and other
federal agencies such as NASA, DOE, and the National Institutes of Health
(INIH; in particular through the National Library of Medicine). Comple-
mentary investments have supported technology framstfer to industry (e.g.,
activities of the National Institute of Standards and Technology, or NIST).
Funding agencies have continually evolved in order to match their struc-
tures better to the needs of the research and policy-making communities
{1). (See Box 8.)

In supporting research, these agencies pursue different objectives and
employ different mechanisms. In contrast to NSF, for example—which
has a mandate to support a very broad research agenda—"mission agen-
cies” tend to focus on topics that appear to have the greatest relevance to
their specific missions. Additionally, the early DARPA programs chose
to concentrate large research awards in so-called centers of excellence
{many of which over time have matured into some of the nation’s leading
university computer science programs), while NSF and the Office of Na-
val Research have supported individual researchers at a more diverse set
of institutions (1). NSF has been active in supporting educational and
research needs more broadly, awarding graduate student fellowships and
providing funding for research equipment and infrastructure.

CSTB has recognized the effective leadership of NSF and DARFPA,
calling on them to step up to larger roles (2; p. 11}

The programs run by [NSF and DARPA] should complement one
another and should together {do the following}]:

e Support both theoretical and experimental work;

e Offer awards in a variety of sizes (small, medium, and large) to
support individual investigators, small teams of researchers, and larger
collaborations;

e Investigate a range of approaches to large-scale systems problems,
such as improved software design methodologies, system architecture,
reusable code, and biological and economic models . . . ;

e Attempt to address the full scope of large-scale systerns issues,
including scalability, heterogeneity, trustworthiness, flexibility, and pre-
dictability; and

® (ive academic researchers some form of access to large-scale sys-
terns for studying and demonstrating new approaches.
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Given the wide circle of agencies interested in and involved with IT
research and the even wider circle coming to depend on large-scale IT
systems, the NSF and DARPA should attempt to involve in their re-
search other federal agencies . . . that operate large-scale 1T systems and
would benefit from advances in their design. Such involvement could
provide a means for researchers fo gain access to operational systems
for analytical and experimental purposes.

The diversity of research funding objectives and program manage-
ment styles offers many benefits (1,3). It helps ensure exploration of a
diverse set of research topics and consideration of a range of applications.
For example, DARPA, NASA, and NIH (in addition to NSF} have all
supported work in expert systems. However, because the systems have
had different applications—decision aids for pilots, tools for determining
the structure of molecules on other planets, and medical diagnostics—
each agency has supported different groups of researchers who tried dif-
ferent approaches. And no one’s judgment is infallible. If one agency
declines to support a particular topic, researchers have other sources of
funding.

3. Visionary program managers who were willing to take risks have been a
hallmark of many of the highest-impact federal vesearch initintives (1,3).

The program manager is responsible for initiating, funding, and over-
seeing research programs. The funding and management styles of pro-
gram managers at DARPA during the 1960s and 1970s, for example, re-
flected an ability to marry visions for technological progress with strong
technical expertise and an understanding of the uncertainties of the re-
search process (1,3). Many of these program managers and program
office directors were recruited from universities and industrial research
laboratories for limited tours of duty and were themselves leading
researchers. With close ties to the field, they were trusted by—and
trusted-—the research community. They tended to lay down broad guide-
lines for new research areas and to draw specific project proposals from
principal investigators. They were willing to place bets—to pursue high-
risk/high-gain projects.

This style of funding and management allowed researchers room to
pursue new venues of inquiry. The funding style resulted in advances in
areas as diverse as computer graphics, artificlal intelligence, networking,
and computer architecture. As that experience illustrates, because unan-
ticipated outcomes of research are so valuable, federal mechanisms for
funding and managing research need to recognize the inherent uncertain-
ties and build in enough flexibility to accommeodate midcourse changes
(1,3).
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LOOKING FORWARD

Federal funding agencies will have to continue to adjust their strate-
gies and tactics as national needs and imperatives change. Today thereis
an escalation in concern about homeland security, the globalization of
industry, a rise of commodity IT products and an IT mass market, the
growing dependence of economic and social activity on networking and
distributed computing capabilities, and a variety of industry retrench-
ments. Coevolution with industry thus means different things for feder-
ally funded computing research today than it did in the middle to late
decades of the 20th century.

Challenges as well as opportunities have grown: computer science is
a larger field with more subdisciplines; telecommunications is increas-
ingly intertwined with computing while evolving across multiple me-
dia;’® the interdisciplinary problems that engage computer science and
telecommunications are broader-ranging; and the number of hard prob-
lems—reflecting growth in scale, complexity, and interactions with
people—has increased. Evolving capabilities motivate a range of stretch
goals that can help realize the potential of information technology as a
human enabler.!® Examples include new forms of prosthetics (beginning
with systems that can hear, speak, or see as well as a person can) and
better ways to observe or participate in activities from a distance (i.e,,
telepresence).

These circumstances imply that the challenge to federal research pro-
gram managers has also grown. For example, while IT is at the core of a
number of interdisciplinary programs (such as the multiagency Digital
Libraries Initiative and NSF’s Digital Government and Computing and
Social System programs), it takes more work to review proposals for in-
terdisciplinary work and to assure its quality. It may thus be more impor-
tant to engage IT-using organizations in research projects, which may
involve more work for the researchers (2). The growth in opportunities at
the intersection of computing and biology, for example, or even comput-
ing and the arts—both topics of CSTB projects!” —suggests new horizons

P movations ate enhancing the potential of optical fiber, various forras of wiceless, and
even older media, such as copper.

¥ hese and other problems were outlined by Jim Gray in his 1998 AM. Turing Award
lecture. See Jim Gray. 1998, “What's Next? A Few Remaining Problems in Information
Technology.” Available online at <http:/ /research.Microsoft.com/~Gray /talks>. Accessed
June 9, 2003.

Y 7he project on computing and the arts and design was completed in early 2003. See
Cornputer Science and Telecommunications Board, National Research Council. 2003. Be-
yond Productivity: Information Techmology, Innovation, and Creativity. National Acadernies
Pr

v
ess, Washington, D.C.
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for IT innovation that depend on the nurturing that is available through
university-based research programs.

The challenges confronting program managers underscore the need
to atiract talent from universities and industry to such public service
positions. Past advances fostered by federal funding leveraged the
energies and wisdom of people who went from universities and indusiry
into the government, for at least a limited period. It is ironic that their
success has increased the incentives for researchers to stay in universities
or to try their hand in industry instead of cultivating the field as program
managers.

Government support for IT research will also be shaped by categories
of problems in which it has a special interest. The events of September 11,
2001, remind us that computer and communications security, constrained
by market failure, has always depended on federal investments. But so,
too, has research in human-computer interaction, another arena in which
market forces have been limited (8) and where the rise of e-government
reinforces long-standing government interest associated with its own ap-
plications.’®  The post-September 11 focus on homeland security and
intelligence analysis also puts a spotlight on supercomputing architec-
tures, nurnerical analysis, parallel programming languages and tools, and
other areas in which IT advances have flowed from scientific and engi-
neering computing needs within the research community at large—and
in which purely commercial development was unlikely at best (1,3).

The downturn in the telecommunications industry presents opportu-
nities for the government to stimulate new directions through its support
for research. We may see a consolidation and a loss of viable competition,
or a realignment of the sector boundaries to better reflect economic reali-
ties. Government funding, supporting the development of open stan-
dards, can help shape the structure of industry.’® Given the “chicken-
and-egg” tension shaping advances in infrastructure and applications,
government support for exploration of new kinds of applications can
have great impact.’® The government can encourage competition by sup-
porting the definition of critical interfaces and demonstrations of feasibil-

1LSCOmpu’cer Science and Telecommunications Board, National Research Council. 2002.
Information Technology Research, innovation, and E-Government. National Acaderny Press,
Washington, D.C.

19900 Computer Science and Telecommunications Board, National Research Council,
2001, The Internet’s Coming of Age, National Academy Press, Washington, D.C.; and Coo-
puter Science and Telecommunications Board, National Research Council, 2002, Broadband:
Bringing Home the Bits, National Academy Press, Washington, D.C.

2UThis was dermonstrated by the evolution of the early Internet and Wel, involving de-
velopment and refinernent of both the underlying infrastructure and a suite of compelling
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ity for open standards, and it can demonstrate new architectures through
field trials and testbeds. This role was critical in the emergence of the
Internet, and the relevance and importance of this sort of leadership have
not waned.?!

More generally, the 2001-2002 downturn in the economy and the cri-
sis in the telecommunications industry caused a reduction in investment
across all of IT. Spending remained down in 2003, and internal invest-
ment has dropped accordingly. Venture and equity capital has also be-
come harder to obtain in the IT industries. In times such as these, re-
scarch, especially longer-term research, is an obvicus target for cost
cutting. Butif we as a nation do not continue to invest in the foundations
of innovation, we run the risk that when an improving economy justifies
an increase in investment, there may be few ideas in which to invest. For
that reason this time is especially important for government-sponsored
research.

Today’s research investments are essential to tomorrow’s world lead-
ership in IT. From its position of leadership today-—reinforced by an
aggregation of universities, companies, government programs, and tal-
ent—the United States is better positioned than other nations are to make
the most of nonappropriable research (and even appropriable research).
Properly managed, publicly funded research in IT will continue to create
important new technologies and industries, some of them unimagined
today. The process will continue to take 10 to 15 years from the inception
of a new idea to the creation of a billion-dollar industry. Without contin-
ved federal investment in fundamental research there would still be inno-
vation, but the quantity and range of new ideas for U.S. industry to draw
from would be greatly diminished—as would the flow of people edu-

applications by researchers focused not only on IT but also on other fields of science and
engineering in which people used IT. The Internet probably could never have developed
commercially without this phase of government-supported experimentation and refine-
ment coordinated between infrastucture and applications. For a discussion of new oppor-
tunities in the support of applications, see Computer Science arnd Telecornmunications
Board, National Research Council, 2002, Broadband: Bringing Home the Bits, National Acad-
erny Press, Washington, D.C.

HEor a discussion of the role of government in setting a vision, see Computer Science
and Telecormmunications Board, National Research Council, 1994, Realizing the Information
Future: The internet and Beyond, National Academy Press, Washington, D.C. For a discus-
sion of government leadership and the importance of government funding of research as a
policy tool, see Compniter Science and Telecommunications Board, National Research Coun-
cil, 1996, The Linpredictable Certainty: Information Infrasiructure Through 2000, Natlonal Acad-
eny Press, Washington, .C.
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cated at the forefront, the most important product of the nation’s research
universities (1-8).

The lessons of history are clear, as many CSTB studies in the past
decade have showrn, and many of those lessons are relevant to 21st-cen-
tury realities. A complex partnership among government, industry, and
universities has made the United States the world leader in IT, and infor-
mation technology has become essential to our national security and eco-
normic and social well-being. Turn-of-the-century turmoil and structural
changes in IT industries have diminished their inherently limited capac-
ity to support fundamental IT research. The role of the federal govern-
ment in sponsoring fundamental research in IT—largely university-
based—has been and will continue to be essential.
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Excerpts from Earlier CSTB Reports

This section contains excerpts from three CSTB reports:

« Making IT Betfer: Expanding Information Technology Research to Meet
Society’s Needs (2000},

® Funding a Revolution: Government Support for Compuiing Research
{1999), and

s Evolving the High Performance Computing and Comumunications Initin-
tive to Support the Nation's Information Infrastructure (1993).

While this synthesis report is based on all the C5TB reports listed in
Box 1 in the “Surnmary and Recommendations,” the excerpts from these
three reports are the most general and broad. To keep this report to a
reasonable length, nothing was excerpted from the other five reports.
Readers are encouraged to read all eight reports, which can be found
online at <http://www.nap.edu>.

For the sake of simplicity and organizational clarity, footnotes and
reference citations appearing in the original texts have been omitted from
the reprinted material that follows. A bar in the margins beside the ex-
cerpted material is used to indicate that it is extracted text. Section heads
show the topics addressed.
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MAKING IT BETTER: EXPANDING INFORMATION TECHNOLOGY
RESEARCH TO MEET SOCIETY’S NEEDS (2000}

CITATION: Computer Science and Telecommunications Board (CSTB),
National Research Council. 2000. Making IT Better: Expanding Information
Technology Research to Meet Society's Needs. National Academy Press,
Washington, D.C.

The Many Faces of Information Technology Research

(From pp. 23-26): IT research takes many forms. It consists of both
theoretical and experimental work, and it combines elements of science
and engineering. Some IT research lays out principles or constraints that
apply to all computing and communications systermns; examples include
theorems that show the limitations of computation (what can and cannot
be computed by a digital computer within a reasonable time) or the fun-
damental limits on capacities of comumunications charnnels. Other research
investigates different classes of IT systems, such as user interfaces, the
Web, or electronic mail (e-mail}. Still other research deals with issues of
broad applicability driven by specific needs. For example, today’s high-
level programming languages (such as Java and C) were made possible
by research that uncovered techniques for converting the high-level state-
ments into machine code for execution on a computer. Thl, design of the
languages themselves is a research topic: how best to capture a
programmer’s intentions in a way that can be converted to efficient ma-
chine code. Efforts to solve this problern, as is often the case in IT research,
will require invention and design as well as the classical scientific tech-
niques of analysis and measurement. The same is true of efforts to de-
velop specific and practical modulation and coding algorithms that ap-
proach the fundamental limits of communication on some channels. The
rise of digital communication, associated with computer technology, has
led to the irreversible melding of what were once the separate fields of
cormmunications and computers, with data forming an increasing share of
what is being transmitted over the digitally modulated fiber-optic cables
spanning the nation and the world.

Experimental work plays an important role in IT research. One mo-
dality of research is the design experiment, in which a new technique is
proposed, a provisional design is posited, and a research prototype is
built in order to evaluate the strengths and weaknesses of the design.
Although much of the effect of a design can be anticipated using analytic
technigues, many of its subtle aspects are uncovered only when the proto-
type is studied. Some of the most important strides in I'T have been made
through such experimental research. Time-sharing, for example, evolved
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in a series of experimental systems that explored different parts of the
technology. How are a computer’s resources o be shared among several
customers? How do we ensure equitable sharing of resources? How do
we insulate each user’s program from the programs of others? What re-
sources should be shared as a convenience to the customers {e.g., com-
puter files)? How can the system be designed so it’s easy to write com-
puter programs that can be time-shared? What kinds of commands does a
user need to learn to operate the system? Although some of these trade-
offs may succumb to analysis, others—mnotably those involving the user’s
evaluation and preferences—can be evaluated only through experiment.

Ideas for IT research can be gleaned both from the research commu-
nity itself and from applications of IT systems. The Web, initlated by
physicists to support collaboration among researchers, illustrates how
peopie who use IT can be the source of important innovations. The Web
was not invented from scratch; rather, it integrated developments in in-
formation retrieval, networking, and software that had been accumulat-
ing over decades in many segments of the IT research community. It also
reflects a fundamental body of technology that is conducive to innovation
and change. Thus, it advanced the integration of computing, communica-
tions, and information. The Web also embodks the need for additional
science and technology to accommodate the burgeoning scale and diver-
sity of IT users and uses: it became a catalyst for the Internet by enhancing
the ease of use and usefulness of the Internet, it has grown and evolved
far beyond the expectations of its inventors, and it has stimulated new
lines of research aimed at improving and better using the Internet in
numerous arenas, from education to crisis management.

Progress in IT can come from research in many different disciplines.
For example, work on the physics of silicon can be considered IT research
if itis driven by problems related to computer chips; the work of electrical
engineers is considered IT research if it focuses on communications or
semiconductor devices; anthropologists and other social sclentists study-
ing the uses of new technology can be doing IT research if their work
informs the development and deployment of new IT applications; and
computer scientists and computer engineers address a widening range of
issues, from generating fundamental principles for the behawm of infor-
mation in systems to developing new concepts for systems. Thus, IT re-
search combines science and engineering, even though the popular—and
even professional—association of IT with systems icads many people to
concentrate on the engineering aspects. Fine distinctions between the sci-
ence and engineering aspects may be unproductive: computer science is
special because of how it combines the two, and the evolution of both is
key to the well-being of IT research.
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Implications for the Research Enterprise

{From pp. 42-43): The trends in IT suggest that the nation needs to
reinvent IT research and develop new structures to support, conduct, and
manage it. ...

As IT permeates many more real-world applications, additional con-
stituencies need fo be brought into the research process as both funders
and performers of IT research. This is necessary not only to broaden the
funding base to include those who directly benefit from the fruits of the
research, but also to obtain input and guidance. An understanding of
business practices and processes is needed to support the evolution of e-
commerce; insight from the social sciences is needed to build IT systems
that are truly user-friendly and that help people work better together. No
one truly understands where new applications such as e-commerce, elec-
tronic publishing, or electronic collaboration are headed, but business
development and research together can promote their arrival at desirable
destinations.

Marny challenges will require the participation and insight of the end
user and the service provider communifies. They have a large stake in
seeing these problems addressed, and they stand to benefit most directly
from the solutions. Similarly, systems integrators would benefit from an
improved understanding of systems and applications because they would
become more competitive in the marketplace and be better able to meet
their estimates of project cost and time. Unlike vendors of component
technologies, systems integrators and end users deal with entire informa-
tion systemns and therefore have unique perspectives on the problems
encountered in developing systems and the feasibility of proposed solu-
tions. Many of the end-user organizations, however, have no tradition of
conducting IT research—or technological research of any kind, in fact—
and they are not necessarily capable of doing so effectively; they depend
on vendors for their technology. Even so, their involvement in the re-
search process is critical. Vendors of equipment and software have nei-
ther the requisite experience and expertise nor the financial incentives to
invest heavily in research on the challenges facing end-user organiza-
tions, especially the challenges associated with the social applications of
IT. Of course, they listen to their customers as they refine their products
and strategies, but those interactions are superficial compared with the
demands of the new systems and applications. Finding suitable mecha-
nisms for the participation of end users and service providers, and engag-
ing them productively, will be a big challenge for the future of IT re-
search.

Past attempts at public-private partnerships, as in the emerging arena
of critical infrastructure protection, show it is not 5o easy to get the public
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and private sectors to interact for the purpose of improving the research
base and implementation of systems: the federal government has a re-
sponsibility to address the public interest in critical infrastructure,
whereas the private sector owns and develops that infrastructure, and
conflicting objectives and time horizons have confounded joint explora-
tion. As a user of IT, the government could play an important role.
Whereas historically it had limited and often separate programs to sup-
port research and acquire systems for its own use, the government is now
becorming a consumer of IT on a very large scale. Just as IT and the wide-
spread access to it provided by the Web have enabled businesses to rein-
vent themselves, IT could dramatically improve operations and reduce
the costs of applications in public health, air traffic control, and social
security; government agencies, like private-sector organizations, are turn-
ing increasingly to commercial, off-the-shelf technology.

Universities will play a critical role in expanding the IT research
agenda. The university sefting confinues to be the most hospitable for
higher-risk research projects in which the outcomes are very uncertain.
Universities can play an important role in establishing new research pro-
grams for large-scale systems and social applications, assuming that they
can overcome long-standing institutional and cultural barriers to the
needed cross-disciplinary research. Preserving the university as a base for
research and the education that goes with it would ensure a workforce
capable of designing, developing, and operating increasingly sophisti-
cated IT systems. A booming IT marketplace and the lure of large salaries
in industry heighten the impact of federal funding decisions on the indi-
vidual decisions that shape the university environment: as the key funders
of university research, federal programs send important signals to faculty
and students.

The current concerns in IT differ from the competitiveness concerns
of the 1980s: the all-pervasiveness of IT in everyday life raises new ques-
tions of how to get from here to there—how to realize the exciting possi-
bilities, not merely how to get there first. A vital and relevant IT research
program is more important than ever, given the complexity of the issues
at hand and the need to provide solid underpinnings for the rapidly
changing IT marketplace.

{From p. 93): Several underlying trends could ultimately limit the
nation’s innovative capacity and hinder its ability to deploy the kinds of
IT systems that could best meet personal, business, and government
needs. First, expenditures on research by companies that develop IT goods
and services and by the federal government have not kept pace with the
expanding array of IT. The disincentives to long-term, fundamental re-
search have become more numerous, especially in the private sector,
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which seems more able to lure talent from universities than the other way
around. Second, and perhaps most significantly, IT research investments
continue to be directed at improving the performance of IT components,
with limited attention to systems issues and application-driven needs.
Neither industry nor academia has kept pace with the problems posed by
the large-scale IT systems used in a range of social and business con-
texts—problems that require fundamental research. . . . New mechanisms
may be needed to direct resources to these growing problem areas.

{From pp. 6-9): Neither large-scale systems nor social applications of
IT are adequately addressed by the [T research community today. Most IT
research is directed toward the components of IT systerns: the microproces-
sors, computers, and networking technologies that are assernbled into
large systems, as well as the software that enables the components to
work together. This research nurtures the essence of IT, and continued
work is needed in all these areas. But component research needs to be
viewed as part of a much larger portfolio, in which it is complemented by
research aimed directly at improving large-scale systems and the social
applications of IT. The last of these includes some work (such as com-
puter-supported cooperative work and human-computer interaction) tra-
ditionally viewed as within the purview of computer science. Research in
all three areas—components, systems, and social applications—will make
IT systems better able to meet society’s needs, just as in the medical do-
main work is needed in biology, physiology, clinical medicine, and epide-
miology to make the nation’s population healthier.

Research on large-scale systems and the social applications of IT will
require new modes of funding and performing research that can bring
together a broad set of IT researchers, end users, system integrators, and
social scientists to enhance the understanding of operational systems.
Research in these areas demands that researchers have access to opera-
tional large-scale systems or to testbeds that can mimic the performance
of much larger systems. It requires additional funding to support sizable
projects that allow multiple investigators to experiment with large IT
systems and develop suitable testbeds and simulations for evaluating
new approaches and that engage an unusually diverse range of parties.
Research by individual investigators will not, by itself, suffice to make
progress on these difficult problems.

Today, most IT research fails to incorporate the diversity of perspec-
tives needed to ensure advances on large-scale systems and social appli-
cations. Within industry, it is conducted largely by vendors of IT compo-
nents: companties like IBM, Microsoft, and Lucent Technologies. Few of
the companies that are engaged in providing IT services, in integrating
large-scale systems (e.g., Andersen Consulting [now Accenture], EDS, or
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Lockheed Martin), or in developing enterprise software (e.g., Oracle, SAP,
PeopleSoft) have significant research programs. Nor do end-user organi-
zations {e.g., users in banking, commerce, education, health care, and
manufacturing) tend to support research on IT, despite their increasing
reliance on 1T and their stake in the way IT systems are molded. Likewise,
there is little academic research on large-scale systems or social applica-
tions. Within the IT sector, systems research has tended to focus on im-
proving the performance and lowering the costs of IT systems rather than
on improving their reliability, flexibility, or scalability (although systemns
research is slated to receive more attention in new funding programs).
Social applications present an even greater opportunity and have the
potential to leverage research in human-computer interaction, using it to
better understand how IT can support the work of individuals, groups,
and organizations. Success in this area hinges on interdisciplinary
research, which is already being carried out on a small scale.

One reason more work has not been undertaken in these areas is lack
of sufficient funding. More fundamentally, the problems evident today
did not reach critical proportions until recently. . . . From a practical
perspective, conducting the types of research advocated here is difficult.
Significant cultural gaps exist between researchers in different disciplines
and between IT researchers and the end users of IT systems.
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FUNDING A REVOLUTION: GOVERNMENT SUPPORT FOR
COMPUTING RESEARCH (1999)

CITATION: Computer Science and Telecommunications Board (CSTB),
National Research Council. 1999. Funding a Revolution: Government Sup-
port for Computing Research. National Academy Press, Washington, D.C.

{(From p. 1): The computer revolution is not simply a technical change;
it is a sociotechnical revolution comparable to an industrial revolution.
The British Industrial Revolution of the late 18th century not only brought
with it steam and factories, but also ushered in 2 modern era character-
ized by the rise of industrial cities, a politically powerful urban middle
class, and a new working class. So, too, the socictechnical aspects of the
computer revolution are now becoming clear. Millions of workers are
flocking to computing-related industries. Firms producing microproces-
sors and software are challenging the economic power of firms manufac-
turing automobiles and producing oil. Detroit is no longer the symbolic
center of the U.S. industrial empire; Silicon Valley now conjures up vi-
sions of enormous entrepreneurial vigor. Men in boardrooms and gray
flannel suits are giving way to the casually dressed young founders of
start-up computer and Internet companies. Many of these entrepreneurs
had their early hands-on computer experience as graduate students con-
ducting federally funded university research.

As the computer revolution continues and private companies increas-
ingly fund innovative activities, the federal government continues to play
a major role, especially by funding research. Given the successful history
of federal involvement, several questions arise: Are there lessons to be
drawn from past successes that can inform future policy making in this
area? What future roles might the government play in sustaining the
information revolution and helping to initiate other technological devel-
opments?

Lessons from History

{From pp. 5-13): Why has federal support been so effective in stimu-
lating innovation in computing? Although much has depended on the
unique characteristics of individual research programs and their partici-
pants, several comumon factors have played an important part. Primary
among them is that federal support for research has tended to complement,
rather than preempt, industry investments in research. Effective federal
research has concentrated on work that industry has limited incentive to
pursue: long-term, fundamental research; large system-building efforts
that require the talents of diverse communities of scientists and engi-
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neers; and work that might displace existing, entrenched technologies.
Furthermore, successful federal programs have tended to be organized in
ways that accomumodate the uncertainties in scientific and technological
research. Support for computing research has come from a diversity of
funding agencies; program managers have formulated projects broadly
where possible, modifying them in response to preliminary results; and
projects have fostered productive collaboration between universities and
industry. The lessons below expand on these factors. The first three les-
sons address the complementary nature of government- and industry-
sponsored research; the final four highlight elements of the organiza-
tional structure and management of effective federally funded research
programs. . ..

1. Government supports long-range, fundamental research that
industry cannot sustain.

Federally funded programs have been successful in supporting long-
term research into fundamental aspects of computing, such as computer
graphics and artificial intelligence, whose practical benefits often take
years to demonstrate. Work on speech recognition, for example, which
was begun in the early 1970s (some started even earlier), took until 1997
to generate a successful product for enabling personal computers to rec-
ognize continuous speech. Similarly, fundamental algorithms for shading
three-dimensional graphics images, which were developed with defense
funding in the 1960s, entered consumer products only in the 1990s, though
they were available in higher-performance machines much earlier. These
algorithms are now used in a range of products in the health care, enter-
tainment, and defense industries.

Industry does fund some long-range work, but the benefits of funda-
mental research are generally too distant and too uncertain to receive
significant industry support. Moreover, the results of such work are gen-
erally so broad that it is difficult for any one firm to capture them for its
own benefit and also prevent competitors from doing so. . .. Not surpris-
ingly, companies that have tended to support the most fundamental re-
search have been those, like AT&T Corporation and IBM Corporation,
that are large and have enjoyed a dominant position in their respective
markets. As the computing industry has become more competitive, even
these firms have begun to link their research more closely with corporate
objectives and product development activities. Companies that have be-
come more dominant, such as Microsoft Corporation and Intel Corpora-
tion, have increased their support for fundamental research.
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2. Government supports large system-building efforts that have
advanced technology and created large communities of researchers.

In addition to funding long-term fundamental research, federal pro-
grams have been effective in supporting the construction of large systems
that have both motivated research and demonstrated the feasibility of
new technological approaches. The Defense Advanced Research Projects
Agency’s (DARPA's) decision to construct a packet-switched network
{(called the ARPANET) to link computers af its many contractor sites
prompted considerable research on networking protocols and the design
of packet switches and routers. It also led to thg development of struc-
tures for managing large networks, such as the domain name system, and
development of useful applications, such as e-mail Moreovu by con-
structing a successful system, DARPA demonstrated the value of large-
scale pack&t~sw ritched networks, motivating subsequent dcpimmenﬁ of
other networks, like the National Science med"mon s NSFnet, which
formed the basis of the Internet.

Efforts to build large systems demonstrate that, especially in comput-
ing, innovation does not flow simply and directly from research, through
development, to deployment. Development often precedes research, and
research rationalizes, or explains, technology developed earlier through
experimentation. Hence attempts to build large systems can identify new
problems that need to be solved. Electronic telecommunications systems
were in use long before Claude Shannon developed modern commumnica-
tions theory in the late 1940s, and the engineers who developed the first
packet switches for routing messages through the ARPANET advanced
empirically beyond theory. Building large systems generated questions
for research, and the answers, in turn, facilitated more development.

Much of the success of major system-building efforts derives from
their ability to bring together large groups of researchers from academia
and industry who develop a common vocabulary, share ideas, and create
a critical mass of people who subsequently extend the technology. Ex-
amples include the ARPANET and the development of the Air Force’s
Semi-Automatic Ground Environment (SAGE) project in the 1930s. In-
volving researchers from MIT, IBM, and other research laboratories, the
SAGE project sparked innovations ranging from real-time computing to
core memories that found widespread acceptance throughout the com-
puter indusiry. Many of the pioneers in computing learned through
hands-on experimentation with SAGE in the 1950s and early 1960s. They
subsequently staffed the companies and laboratories of the nascent com-
puting and communications revolution. The impact of SAGE was felt
over the course of several decades.
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3. Federal research funding has expanded on earlier industrial research.

In several cases, federal research funding has been important in ad-
vancing a technology to the point of commercialization after it was first
explored in an industrial research laboratory. For example, IBM pioneered
the concept of relational databases but did not commercialize the technol-
ogy because of its perceived potential to compete with more-established
IBM products. National Science Foundation (NSF)-sponsored research at
UC-Berkeley allowed continued exploration of this concept and brought
the technology to the peint that it could be commercialized by several
start-up companies—and more-established database companies {includ-
ing IBM). This pattern was also evident in the development of reduced
instruction set computing (RISC). Though developed at IBM, RISC was
not commercialized until DARPA funded additional research at UC-Ber-
keley and Stanford University as part of its Very Large Scale Integrated
Circuit (VLSI) program of the late 1970s and early 1980s. A variety of
companies subsequently brought RISC-based products to the market-
place, including IBM, the Hewlett-Packard Company, the newly formed
Sun Microsystems, Inc., and another start-up, MIPS Computer Systerns.
For both relational databases and VLS, federal funding helped create a
community of researchers who validated and improved on the initial
work. They rapidly diffused the technology throughout the community,
leading to greater competition and more rapid commercialization.

4. Computing research has benefited from diverse sources of
government support.

Research in computing has been supported by multiple federal agen-
cies, including the Department of Defense (DOD)—most notably the De-
fense Advanced Research Projects Agency and the military services—the
National Science Foundation, National Aeronautics and Space Adminis-
tration (NASA), Department of Energy (DOE), and National Institutes of
Health (NIH). Each has its own mission and means of supporting re-
search. DARPA has tended to concentrate large research grants in so-
called centers of excellence, many of which over time have matured into
some of the country’s leading academic computer departments. The Of-
fice of Naval Research (ONR} and NSF, in contrast, have supported indi-
vidual researchers at a more diverse set of institutions. They have awarded
numerous peer-review grants to individual researchers, especially in uni-
versities. NSF has also been active in supporting educational and research
needs more broadly, awarding graduate student fellowships and provid-
ing funding for research equipment and infrastructure. Bach of these or-
ganizations employs a different set of mechanisms to support research,
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from fundamental research to mission-oriented research and develop-
ment projects, to procurement of hardware and software.

Such diversity offers many benefits. It not only provides researchers
with many potential sources of support, but also helps ensure exploration
of a diverse set of research topics and consideration of a range of applica-
tions. DARPA, NASA, and NIH have all supported work in expert sys-
tems, for example, but because the systems have had different applica-
tions—decision aids for pilots, tools for determining the structure of
molecules on other planets, and medical diagnostics—each agency has
supported different groups of researchers who tried different approaches.

Perhaps more importantly, no single approach to investing in re-
search is by itself a sufficient means of stimulating innovatior; each plays
a role in the larger system of innovation. Different approaches work in
concert, ensuring continued support for research areas as they pass
through subsequent stages of development. Organizations such as N&F
and ONR often funded seed work in areas that DARPA, with its larger
contract awards, later magnified and expanded. DARPA’s Project MAC,
which gave momentum to time-shared computing in the 1960s, for ex-
ample, built on earlier NSF-sponsored work on MIT’s Compatible Time-
Sharing System. Conversely, NSF has provided continued support for
projects that DARPA pioneered but was unwilling to sustain after the
major research challenges were resolved. For example, NSF funds the
Metal Oxide Semiconductor Implementation Service (MOSIS)—a system
developed at Xerox PARC and institutionalized by DARPA that provides
university researchers with access to fast-turnaround semiconductor
manufacturing services. Once established, this program no longer
matched DARPA’s mission to develop leading-edge technologies, but it
did match NSE's mission to support university education and research
infrastructure. Similarly, NSF built on DARPA’s pioneering research on
packet-switched networks to construct the NSFnet, a precursor to today’s
Internet.

5. Strong program managers and flexible management structures have
enhanced the effectiveness of computing research.

Research in computing, as in other fields, is a highly unpredictable
endeavor. The results of research are not evident at the start, and their
most important contributions often differ from those originally envi-
sioned. Few expected that the Navy’s attempt to build a programmable
aircraft simulator in the late 1940s would result in the development of the
first real-time digital computer (the Whirlwind); nor could DARPA pro-
gram managers have anticipated that their early experiments on packet
switching would evolve into the Internet and later the World Wide Web.
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The potential for unanticipated outcomes of research has two impli-
cations for federal policy. First, it suggests that measuring the results of
federally funded research programs is extremely difficuit. Projects that
appear to have failed often make significant contributions to later tech-
nology development or achieve other objectives not originally envisioned.
Furthermore, research creates many intangible products, such as knowl-
edge and educated researchers whose value is hard to quantify. Second, it
implies that federal mechanisms for funding and managing research need
to recognize the uncertainties inherent in computing research and to build
in sufficient flexibility to accommodate mid-course changes and respond
to unanticipated results.

A key element in agencies” ability to maintain flexibility in the past
has been their program managers, who have responsibility for initiating,
funding, and overseeing research programs. The funding and manage-
ment styles of program managers at DARPA during the 1960s and 1970s,
for example, reflected an ability to marry visions for technological
progress with strong technical expertise and an understanding of the
uncertainties of the research process. Many of these program managers
and office directors were recruited from academic and industry research
laboratories for limited tours of duty. They tended to lay down broad
guidelines for new research areas and to draw specific project proposals
from principal investigators, or researchers, in academic computer cen-
ters. This style of funding and management resulted in the government
stimulating innovation with a light touch, allowing researchers room to
pursue new avenues of inquiry. In turn, it helped attract top-notch pro-
gram managers to federal agencies. With close ties to the field and its
leading researchers, they were trusted by—and trusted in—the research
community.

This funding style resulted in great advances in areas as diverse as
computer graphics, artificial intelligence, networking, and computer ar-
chitectures. Although mechanisms are clearly needed to ensure account-
ability and oversight in government-sponsored research, history demon-
strates the benefits of instilling these values in program managers and
providing them adequate support to pursue promising research direc-
tions.

6. Collaboration between industry and university researchers has
facilitated the commercialization of computing research and
maintained its relevance.

Innovation in computing requires the combined talents of university
and industry researchers. Bringing them together has helped ensure that
industry taps info new academic research and that university researchers
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understand the challenges facing industry. Such collaboration also helps
facilitate the commercialization of technology developed in a university
setting. All of the areas described in this report’s case studies—relational
databases, the Internet, theoretical computer science, artificial intelligence,
and virtual reality—involved university and industry participants, Other
projects examined, such as SAGE, Project MAC, and very large scale inte-
grated circuits, demonstrate the same phenomenon.

Collaboration between industry and universities can take many
forms. Some projects combine researchers from both sectors on the same
project team. Other projects involve a transition from academic research
laboratories to industry (via either the licensing of key patents or the
creation of new start-up companies) once the technology matures suffi-
clently. As the case studies demonstrate, effective linkages between in-
dustry and universities tended to emerge from projects, rather than be-
ing thrust upon them. Project teams assembled to build large systerns
included the range of skills needed for a particular project. University
researchers often sought out productive avenues for transferring research
resuits to industry, whether linking with existing companies or starting
new ones. Such techniques have often been more effective than explicit
attempts to encourage collaboration, many of which have foundered due
to the often conflicting time horizons of university and industry research-
ers.

7. Organizational innovation and adaptation are necessary elements
of federal research support.

Over time, new government organizations have formed to support
computing research, and organizations have continually evolved in order
to better match their structure to the needs of the research and policy-
making communities. In response to proposals by Vannevar Bush and
others that the country needed an organization to fund basic research,
especially in the universities, for example, Congress established the Na-
tional Science Foundation in 1950. A few years earlier, the Navy founded
the Office of Naval Research to draw on science and engineering resources
in the universities. In the early 1950s during an intense phase of the Cold
War, the military services became the preeminent funders of computing
and communications. The Soviet Union’s launching of Sputnik in 1957
raised fears in Congress and the country that the Soviets had forged ahead
of the United States in advanced technology. In response, the U.S. Depart-
ment of Defense, pressured by the Eisenhower administration, established
the Advanced Research Projects Agency (ARPA, now DARPA) to fund
technological projects with military implications. In 1962 DARPA created
the Information Processing Techniques Office (IPTO), whose initial re-
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search agenda gave priority to further development of computers for
command-and-control systems.

With the passage of time, new organizations have emerged, and old
ones have often been reformed or reinvented to respond to new national
imperatives and counter bureaucratic trends. DARPA’s IPTO has trans-
formed itself several times to bring greater coherence to its research ef-
forts and to respond to technological developments. NSF in 1967 estab-
lished the Office of Computing Activities and in 1986 formed the
Computer and Information Sciences and Engineering (CISE) Directorate
to couple and coordinate support for research, education, and infrastruc-
ture in computer science. In the 1980s NSF, which customarily has fo-
cused on basic research in universities, also began to encourage joint
academic-industrial research centers through its Engineering Research
Centers program. With the relative increase in industrial support of re-
search and development in recent years, federal agencies such as NSF
have rationalized their funding policies to complement short-term indus-
trial R&D. Federal funding of long-term, high-risk initiatives continues to
have a high priority.

As this history suggests, federal funding agencies will need to con-
tinue to adjust their strategies and tactics as national needs and impera-
tives change. The Cold War imperative shaped technological history dur-
ing much of the last half-century. International competitiveness served as
a driver of government funding of computing and communications dur-
ing the late 1980s and early 1990s. With the end of the Cold War and the
globalization of industry, the U.S. computing industries need to maintain
their high rates of innovation, and federal structures for managing com-
puting research may need to change to ensure that they are appropriate
for this new environment.

Sources of U.S. Success

{From pp. 27-28): That the United States should be the leading coun-
try in computing and communications was not preordained. Early in the
industry’s formation, the United Kingdom was a serious competitor. The
United Kingdom was the home of the Difference Engine and later the
Analytical Engine, both of which were programmable mechanical devices
designed and partially constructed by Charles Babbage and Ada, Count-
ess of Lovelace, in the 19th century. Basic theoretical work defining a
universal computer was the contribution of Alan Turing in Cambridge
just before the start of World War Il. The English defense industry—with
Alan Turing’s parficipation—conceived and constructed vacuum tube
computers able to break the German military code. Both machines and
their accomplishments were kept secret, much like the efforts and suc-
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cesses of the National Security Agency in this country. Affer the war,
English universities constructed research computers and developed com-
puter concepts that later found significant use in U.5. products. Other
Huropean countries, Germany and France in particular, also made efforts
to gain a foothold in this new technology.

How then did the United States become a leader in computing? The
answer is manifold, and a number of external factors clearly played a role.
The state of Europe, England in particular, at the end of World War I
played a decisive role, as rebuilding a country and industry is a more
difficult task than shifting from a war economy to a consumer economy.
The movement of people among universities, um.u_b‘cry and government
faboratories at the end of World War I in the United Kingdom and the
United States also contributed by spreading the experience gained during
the war, especially regarding electronics and computing. American stu-
dents and scholars who were studying in England as Fulbright Scholars
in the 1950s learned of the computer developments that had occurred
during the war and that were continuing to advance.

Industrial prowess also played a role. After World War I, U.S. firms
moved quickly to build an industrial base for computing. IBM and
Remington Rand recognized quite early that electronic computers were a
threat to their conventional electromechanical punched-card business and
launched early endeavors into computing. ... Over time, fierce competi-
tion and expectations of rapid market growth brought billions in venture
money to the industry’s inventors and caused a flowering of small high-
tech innovators. Rapid expansion of the U.S. marketplace for computing
equipment created buyers for new computing equipment. The rapid post-
World War II expansion of civ 111&11—0r15mtcd industries and financial
sources created new demands for data and data processing. Insurance
companies and banks were at the forefront of installing early computers
in their operations. New companies, such as Engineering Research Asso-
ciates, Datamatic, and Eckert-Mauchly, as well as established companies
in the data processing field, such as IBM and Sperry Rand, saw an oppor-
tunity for new products and new markets. The combination of new com-
panies and established ones was a powerful force. It generated fierce
competition and provided substantial capital funds.

These factors helped the nation gain an early lead in computing that it
has maintained. While firms from other nations have made inroads into
cormputing technology—from mermmory chips to supercomputers—IU.5.
firms have continued to dominate both domestic and international mar-
kets in most product categories. This success reflects the strength of the
nation’s innovation system in computing technology, which has continu-
ally developed, marketed, and supported new products, processes, and
services.
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Research and Technological Innovation

{From pp. 28-31): Innovation is generally defined as the process of
developing and putting into practice new products, processes, or ser-
vices. It draws upon a range of activities, including research, product
development, manufacturing, and marketing. Although often viewed as
a linear, sequential process, innovation is usually more complicated, with
many interactions among the different activities and considerable feed-
back. It can be motivated by new research advances or by recognition of a
new market need. Government, universities, and industry all play a role
in the inmovation process.

Research is a vital part of innovation in computing. In dollar terms,
research is just a small part of the innovation process, representing less
than one-fifth of the cost of developing and introducing new products in
the United States, with preparation of product specifications, prototype
development, tooling and equipment, manufacturing start-up, and mar-
keting start-up comprising the remainder. Indeed, computer manufac-
turers allocated an average of just 20 percent of their research and devel-
oprent budgets to research between 1976 and 1995, with the balance
supporting product development. Even in the largest computer manu-
facturers, such as IBM, research costs are only about 1 to 2 percent of total
operating expenses. Nevertheless, research plays a critical role in the in-
novation process, providing a base of scientific and technological knowl-
edge that can be used to develop new products, processes, and services.
This knowledge is used at many points in the innovation process—gener-
ating ideas for new products, processes, or services; solving particular
problems in product development or manufacturing; or improving exist-
ing products, for example. . ..

Traditionally, research expenditures have been characterized as ei-
ther basic or applied. The term “basic research” is used to describe work
that is exploratory in nature, addressing fundamental scientific questions
for which ready answers are lacking; the term “applied research” de-
scribes activities aimed at exploring phenomena necessary for determin-
ing the means by which a recognized need may be met. These terms, at
best, distinguish between the motivations of researchers and the manner
in which inquiries are conducted, and they are limited in their ability to
describe the nature of scientific and technological research. Recent work
has suggested that the definition of basic research be expanded to include
explicitly both basic scientific research and basic technological research.
This detinition recognizes the value of exploratory research into basic
technological phenomena that can be used in a variety of products. Ex-
amples include research on the blue laser, exploration of biosensors, and
much of the fundamental work in computer engineering.
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{From pp. 21-23): Clearly, the future of computing will differ from the
history of cormputing because both the technology and environmental
factors have changed. Attempts by companies to align their research ac-
tivities more closely with product development processes have influenced
the role they may play in the innovation process. As the computing in-
dustry has grown and the technology has diffused more widely through-
out society, government has continued to represent a proportionally
smaller portion of the industry.

The Benefits of Public Support of Research

{From pp. 46-47): The development of scientific and technological
knowledge is a cumulative process, one that depends on the prompt dis-
closure of new findings so that they can be tested and, if confirmed,
integrated with other bodies of reliable knowledge. In this way open
scierice promotes the rapid generation of further discoveries and inven-
tions, as well as wider practical exploitation of additions to the stock of
knowledge.

The economic case for public funding of what is commonly referred
to as basic research rests mainly on that insight, and on the observation
that business firms are bound to be considerably discouraged by the
greater uncertainties surrounding investment in fundamental, exploratory
inquiries (compared to commercially targeted R&D), as well as by the
difficulties of forecasting when and how such outlays will generate a
satisfactory rate of return.

The proposition at issue here is gquantitative, not qualitative. One
cannot adequately answer the question “Will there be enough?” merely
by saying, “There will be some.” Economists do not claim that without
public patronage {or intellectual property protection), basic research will
cease entirely. Rather, their analysis holds that there will not be enough
basic research—mnot as much as would be carried out were individual
businesses (like society as a whole) able to anticipate capturing all the
benefits of this form of investment. Therefore, no conflict exists between
this theoretical analysis and the observation that R&D-intensive compa-
nies do indeed fund some exploratory research into fundamental ques-
tions. Their motives for this range from developing a capability to moni-
tor progress at the frontiers of science, to identifying ideas for potential
lines of innovation that may be emerging from the research of others, to
being better positioned to penetrate the secrets of their rivals’ technologi-
cal practices.

Nevertheless, funding research is a long-term strategy, and therefore
sensitive to commercial pressures to shift research resources toward ad-
vancing existing product development and improving existing processes,
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rather than searching for future technological options. Large organiza-
tions that are less asset constrained, and of course the public sector, are
better able to take on the job of pushing the frontiers of science and tech-
nology. Considerations of these kinds are important in addressing the
issue of how to find the optimal balance for the national research effort
between secrecy and disclosure of scientific and engineering information,
as well as in trying to adjust the mix of exploratory and applications-
driven projects in the national research portfolio.

{From p. 137): Quantifying the benefits of federal research support is
a difficult, if not impossible, task for several reasons. First, the output of
research is often intangible. Most of the benefit takes the form of new
knowledge that subsequently may be instantiated in new hardware, soft-
ware, or systems, but is itself difficult to measure. At other times, the
benefits take the form of educated people who bring new ideas or a fresh
perspective to an organization. Second, the delays between the time a
research program is conducted and the time the products incorporating
the research results are sold make measurement even more difficult. Of-
ten, the delays run into decades, making it ditficult to tell midcourse how
effective a particular program has been. Third, the benefits of a particular
research program may not become visible until other technological ad-
vances are made. For example, advances in computer graphics did not
have widespread etfect until suitable hardware was more broadly avail-
able for producing three-dimensional graphical images. Finally, projects
that are perceived as failures often provide valuable lessons that can guide
or improve future research. Even if they fail to reach their original objec-
tives, research projects can make lasting contributions to the knowledge
base.

Maintaining University Research Capabilities

{From pp. 139-140}): Federal funding has . . . maintained university
research capabilities in computing. Universities depend largely on federal
support for research programs in computer science and electrical engi-
neering, the two academic disciplines most closely aligned with comput-
ing and communications. Since 1973, federal agencies have provided
roughly 70 percent of all funding for university research in computer
science. In electrical engineering, federal funding has declined from its
peak of 75 percent of total university research support in the early 1970s,
but still represented 65 percent of such funding in 1995. Additional sup-
port has come in the form of research equipment. Universities need access
to state-of-the-art equipment in order to conduct research and train stu-
dents. Although industry contributes some equipment, funding for uni-
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versity research equipment has come largely from federal sources since
the 1960s. Between 1981 and 1995, the federal government provided be-
tween 39 and 76 percent of annual research equipment expenditures in
computer science and between 64 and 83 percent of annual research equip-
ment expenditures in electrical engineering. Such investments have
helped ensure that researchers have access to modern computing facili-
ties and have enabled them to further expand the capabilities of comput-
ing and communications systerns.

Universities play an important role in the innovation process. They
tend to concentrate on research with broad applicability across compa-
nies and product lines and to share new knowledge openly. Because they
are not usually subject to commercial pressures, university researchers
often have greater ability than their industrial counterparts to explore
ideas with uncertain long-term payoffs. Although it would be difficult to
determine how much university research contributes directly to indus-
trial inmovation, it is telling that each of the case studies and other major
examples examined in [the source] report—relational databases, the
Internet, theoretical computer science, artificial intelligence, virtual
reality, SAGE, computer time-sharing, very large scale integrated circuits,
and the personal computer—involved the participation of university
researchers. Universities play an especially effective role in disseminat-
ing new knowledge by promoting open publication of research results.
They have also served as a training ground for students who have taken
new ideas with them to existing companies or started their own compa-
nies. Diffusion of knowledge about relational databases, for instance, was
accelerated by researchers at the University of California at Berkeley who
published the source code for their Ingres systerm and made it available
free of charge. Several of the lead researchers in this project established
companies to commercialize the technology or brought it back to existing
firms where they championed its use.

Creating Human Resources

{From pp. 140-141): In addifion to supporting the creation of new
technology, federal funding for research has also helped create the hu-
man resources that have driven the computer revolution. Many industry
researchers and research managers claim that the most valuable result of
university research programs is educated students—by and large, an out-
come enabled by federal support of university research. Federal support
for university research in computer science grew from $65 million to $350
million between 1976 and 1995, while federal support for university re-
search in electrical engineering grew from $74 million to $177 million (in
constant 1995 dollars). Much of this funding was used to support gradu-
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ate stuclents. Especially at the nation’s top research universities, the stud-
ies of a large percentage of graduate students have been supported by
federal research contracts. Graduates of these programs, and faculty re-
searchers who received federal funding, have gone on to form a number
of companies, including Sun Microsystems, Inc. {(which grew out of re-
search conducted by Forest Baskett and Andy Bechtolsheim with spon-
sorship from DARFA) and Digital Equipment Corporation (founded by
Ken Olsen, who participated in the SAGE project). Graduates also staff
academic faculties that continue to conduct research and educate future
generations of researchers.

Furthermore, the availability of federal research funding has enabled
the growth and expansion of computer science and computer engineering
departments at U.S. universities, which increased in number from 6 in
1965 to 56 in 1975 and to 148 in 1995, The number of graduate students in
computer science also grew dramatically, expanding more than 40-fold
from 257 in 1966 to 11,500 in 1995, with the number of Ph.D. degrees
awarded in computer science increasing from 19 in 1966 to over 900 in
1995, Even with this growth in Fh.D. production, demand for computing
researchers still outstrips the supply in both industry and academia.

Bevond supporting student education and training, federal funding
has also been important in creating networks of researchers in particular
fields—developing communities of researchers who could share ideas
and build on each other’s strengths. Despite its defense orientation,
JARPA historically encouraged open dissemination of the results of spon-
sored research, as did other federal agencies. In addition, DARPA and
other federal agencies funded large projects with multiple participants
from different organizations. These projects helped create entire commu-
nities of researchers who continued to refine, adopt, and diffuse new
technology throughout the broader computing research community. De-
velopment of the Internet demonstrates the benefits of this approach: by
funding groups of researchers in an open environment, DARPA created
an entire community of users who had a common understanding of the
technology, adopted a common set of standards, and encouraged their
use broadly. Early users of the ARPANET created a critical mass of people
who helped to disseminate the technology, giving the Internet Protocol
an important early lead over competing approaches to packet switching.

The Organization of Federal Support: A Historical Review

{From pp. 85-86): Rather than a single, overarching framework of
support, federal funding for research in computing has been managed by
a set of agencies and offices that carry the legacies of the historical periods
in which they were created. Crises such as World War II, Korea, Sputnik,
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Vietriam, the oil shocks, and concerns over national competitiveness have
all instigated new modes of government support. Los Alamos National
Laboratory, for example, a leader in supercomputing, was created by the
Manhattan Project and became part of the Department of Energy. The
Office of Naval Research and the National Science Foundation emerged
in the wake of World War II to continue the successful contributions of
wartime science. The Defense Advanced Research Projects Agency
{DARPA) and the National Aerconautics and Space Administration
(NASA) are products of the Cold War, created in response to the launch
of Spuinik to regain the nation’s technological leadership. The National
Bureau of Standards, an older agency, was transformed into the National
Institute of Standards and Technology in response to . . . concerns about
national competitiveness. Each organization’s style, mission, and impor-
tance have changed over time; yet each organization profoundly reflects
the process of its development, and the overall landscape is the result of
numerous layers of history.

Understanding these layers is crucial for discussing the role of the
federal government in computing research. [The following sections
briefly set] out a history of the federal government’s programmatic in-
volvement in computing research since 1945, distinguishing the various
layers in the historical eras in which they were first formed. The objective
is to identify the changing role the government has played in these differ-
ent historical periods, discuss the changing political and technological
environment in which federal organizations have acted, and draw atten-
tion to the multiplicity, diversity, and flexibility of public-sector programs
that have stimulated and underwritten the continuing stream of U.5, re-
search in computing and communications since World War II. In fulfill-
ing this charge, [the following text] reviews a number of prominent fed-
eral research programs that exerted profound influence on the evolving
computing industry. These programs are illustrative of the effects of fed-
eral funding on the industry at different times. Other programs, too nu-
merous to describe here, undoubtedly played key roles in the history of
the computing industry but are not considered here.

1945-1960: Era of Government Computers

{From pp. 86-87): In late 1945, just a few weeks after atomic bombs
ended World War II and thrust the world into the nuclear age, digital
electronic computers began to whir. The ENIAC (Electronic Numerical
Integrator and Computer), built at the University of Pennsylvania and
funded by the Army Ballistics Research Laboratory, was America’s first
such machine. The following 13 years saw electronic computing grow
from a laboratory technology into a routine, useful one. Computing hard-
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