An analysis of seek time based on Fitts’s Law 7T =
Ko + Kloga(D/S + 0.5) where 7" == time to position
cursor using mouse (seek time}, Ky = constant time
to adjust grasp on mouse, K = constant normaliza-
tion factor (positioning device dependent}, S = size of
target in pizelsy, D = distance in screen pixels; helps
explain our results because the ratio of the distance
(D) to target size {8} is smaller for pie menus. The
fized target distance and increased size of targets for
pie menus decreases the mean positioning time as 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
- —
Lf]

1 2 3 4 5 6 7 8
Figure 5: Target location (x) vs. number of errors {¥)
menu styles was the same, yei the target region size
for pie menus (3500 — 6000pizeis?) 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 suffer from a similar phenomenon
- errors are made more often on items in the central
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Task type
Pie | Linear | Unclass. || Meatimenu |
Using pie 0.45 0.60 0.60 0.55
menus
Using linear §| 0.88 0.73 1.24 0.95
menus
Mean ass 0.68 0.68 0.92

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

region of the raenu display. These are the tlems with
the most inferaction with neighboring items [2].

Repeated measure analysis of variance resulis on the
error rates show marginally statistically significant dif-
ferences (P = 0.087) between pie and linear menus
{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
prefersing one menu 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 | PR>F |

Menu type || 3.12 3.0869
Task type .93 6.40646
Menu type
X 1.34
Task type

P

&
(o]

0.2773

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 question-
naires.

One subject complained of having a problem with menu
drift which is the phenornenon which occurs 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 bottorn of
the screen. This may explain the higher error rate for
linear menus, but the same problem occurs to a lesser
degree with pie menus. This, in fact, we believe to be
anocther positive feature of ple 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 measuring 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 in productivity since users can
select items slightly {aster with pie menus. Pie menus
seern promising, but more experiments are needed be-
fore issuing a strong recormmendation.

First, this experiraent only addresses 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 menus in subjective satisfac-
tion. Many found it difficult to “home in on” a par-
ticular item because of the unusual activation region
characteristics of the pie menu.

One assumption of this study concerns the use of a
mouse/carsor control device and the use of pop-up
style menus {as opposed to menus invoked {from & fixed
screen location or permanent renus). 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.

Cne continuing issue with ple menus is the limit on
the mimber 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. Perbaps, like the limiting factors in linear
menus concerning their lengths, pie menus reach a sim-
ilar “breaking poini” beyond which other menu styles
would be more useful. Hierarchical organization, ar-
hitrarily shaped windows {Figure 8), numeric ltem as-
signment and other menu refinements as well as further
analysis is contained in {7]. Pie menus offer a novel al-
ternative worthy of further exploration.
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Based on a paper presented at the {ERE Conference on
Micraprocessors in Autemation and Communications heid
in London in Jamuary 1987

SURMMARY

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

© Flectronies Laboratories, Unjversity of Kent at Canterbury,
Canterbury, Kent CT2 7N2

The Radie and Electcenic Enginieer, Voi. 51, No. &, pp. 269-301, June 1987

1 introduction

Over the past ten years, devices for transmission and
reception of data have become more digital in their
réalization. Not only are these devices construcied with
more  digital circuitry, but also signals hitherto
transmitied on analogue schemes have been modulated
digitally. This mode of transmission requires & modern
which will convert the bascband signal into a form
suitable for transmission. Design of modulators/
demodnlators which convert between data streams and
waveforms suilable for specific types of chanuvel has
accelerated in recent years, onc such chanuel being huf,
radio.

This paper describes 3 modewm of this type, which has
been designed at the University of Kent for use
specifically on volceband chaonels at b.f, and also
discusses methods of realization. The modem is fed by a
serial data strearn at 2:4 kbits per second, which it
modulates into a 3 kHz basehband chanuel, In the
receiver, after mixing down to baseband, the sccond half
of the modem uses the incoming signal to synchronize,
and demodulates it back into a serial data stream {Fig,
1). The modulation technique employed for this sysiem
is multi-channsl four-phase differential p.s.k.,! both with
and without pilot synchronization tones inserted in the
band. Although other modulation schemes are under
consideration to demonstrate the versatility of the
modera, this techaique is the one to be used at hof. trials,

H.f. transmission and reception have special problems
associated with them. This is because h.f. channels are
usually ionospheric and therefore suffer from rondti-path
propagation and both man-made and natural
interference, propertics which can cause unpredictable
loss of data and synchronization. Uniess modem
pararaeters such as data rate or bandwidth are aitered,
fittle can be done to prevent loss of data, Loss of
synchronization on the other hand results in an
additional increase in data errors which can 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 compietely digital with just an analogue
interfuce 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 neceded a major recoustruction of the
hardware, the microprocessor realization reduces the
problem to 2 moedification in the program which it
executes,

2 Operation

In the modulator, incoming dala are packed into bytes

which are used two or four at a time to provide sixteen or
G033~7722/81/0602984-03 $1.80/0

© 1981 institution of Elactionic and fadio Engineers
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SOURCE MICROPROGRAMMED qureuT
4ODEM
thirty-iwo channels of parailel information. These previous phase and amplitude of the same carrier to

blocks of data are modulated by a repeating real-tirae
programme with period  equal to 1/16th or 1/32ad of
the incoming serial data rate, into sixteen or thirty two
parallel q.d.p.sk, u\amxel s all piau:d side-by-side in the
3 kHz baseband. Each chaonel is separated from its
neighbour by 2/r IL' and is also at a muliiple of the
frequency 2/7. In the 16-channel case, eight carriers each
at multiple of the frequency 300Hz are phase
modulated, carrying two b
four 90° spaced phases {(Fig. 2). In the thirty-two-channel
case, sixieen carriers are modulated at a time, bat the
period T is doubled too.

The individual carrier signals are generated from sine
fook-up tables, similar to those described in Refl 2
These tables are sampled, scaled and summed,
depending on the required frequency and phase, every
1/9600th of a sccond. 128 samples at each frequency of
the carriers are derived from the tables at the requisite
phases, and sammed 1o obtain 128 samples for
¢ransmission. Another twe 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 bepin
apgain. The resultant samples are clocked through a dfa
converter to produce the baseband modulated waveform
{Fig. 3).

The demodulator, which has to contend with
synchronization and error decisions, is more complex
thao the modulator. (Error decisions consist of
resolving the polarity 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-cortupted incoming signal is sampled
by an a/d convertor at 96 kbaud. Samples are used in a
synchronization algorithm which is arranged to provide
the start pulses to & Fast Fourler Transform (F.FT.)
routine. Quiput from this gives the phase and amplitude
of each carrier, which may be compared with the

AMPLITUDE

FREQUERCY N UNITS

OF 20y
PHASE N X A x %
»
W} R oA X x %
i ————
i FREQUENCY
o}
i
i
-~ ¥ xox X ERY
Fig. 2. Aiupiuudv aud phase spectiurn for multi-channel 4-phas
dpsk
300

its of information on each of

regenerate the two bits of data,

Consider the sixteen carrier situation,

The incoming data from the a/d converior 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 {i.e. 75 Hz) the phase of each
catrier might change by nmliiples of 96°, depending on
the two new bits of data i 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 transitions. An output
from this synchronization is used to keep an F.F.T. in
step with the incoming data. A double 64-point radix-2
F.FT. routine™ is applied to each block of 128
samples to produce two frequency domain sampies for
each carrier frequency. These are averaged and
converied from complex coordinates to amplitude and
phase coordinates from which not 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.

,;ﬁmh,%mﬁ

{2} SINE SAMPLES FOR A FREQUENCY

oo
g

{b) SINE SAMPLES FOR £, a0 4,

vt

S

i<} RE—:JLTA\Y SAMF‘LEh FROM AGDING
ﬂ Ed

LN

________ £

3

{4} QUTPUTAFTER D/A AND LOW-PASS
FILTERING

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

Wers the F.F.T. to take its 128 samples so that a phase
discontinuity boundary was somewhere in the middle,
the resulting data would be completely useless. In fact
the errors vise fairly quickly with the number of samples
at the wrong side of a phase transition, so it is essential
that there is good data synchronization. This teqwrc«:
accurate data rate recovery from the incoming signal,
which is achieved by a sliding flter algorithm in
association with a local ‘flywheel’ 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 technique is available for improving

Ths Radio snd Electronic Enginger, Vol 51. No. §
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BIT-SLICE MICROPROCESSORS IN H.F. DIGITAL COMRBMUNICATIONS
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Fig. 4. Moedem siruciure {(block diagram),

synchronization, and for 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 chanuei,
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.F.T. is shorter than the time between discontinuities
by approximately 169 for a data rate of 2244kHz in a
3 kFiz bandwidth.* This means that there is a fairly long
period of time, acress the phase transition, over which
no samples are taken for use in the FF.T. This is
advantageous for two reasons: (a) to allow a greater
margin for synchronization error before trans-
discontinuity samples cause errors in the F.F.T.
algorithim, and (b) the F.F.T. does not employ samples
near to the discontinuity where the 3 kHz bandliraiting
causes ‘ronnding’ of the sipnal on cither side.

3 The Modem Structure
In both the modulator and the demodnlator there are
two microprocessors. A slower, one-chip microprocessor
from the 6800 farily is used to interface the modem to
the serial data source or sink. Its responsbility 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 demedulator, and the
control functions for the fast processor. (Fig. 4.)

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

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

Juns 1887

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 kpown duration, there is no need
for macro-coding and a2 mapping prom. as o the
conventional bit-slice machine.® Hence ali 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 & host mainfrarae
computer during microprogram development. For a
completed portable modem, the booistrapping is from
e.p.r.o.m.s in the 6800’s memaory map.

All datajaddress buses on the bit-slice are 12 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 times,
The bit-slice machine is connected 1o the slow processor
by an 8-bit bidirectional data register which is directiy
addressable fn the memory map of each machise,

4 Conclusions

This paper describes a modem which uses only digital
processing to accomplish ifs operation. When used for
hf. trigls the modem: demonstrates the viability of
microprocessor controlied modulation and demodula-
tion. It also reveals its versatility to be reprogrammed
with ease to a completely different modulation scheme.
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A Novsl use for Microprocessoxs in Designing single and Wulti-Lone Seneratoxs;
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This paper describes a
ducing precise single ox
tones for telephone offlce ringlnhg genera-
tors, tone generators, apnd general purpose
inverters, by using wlcroprocessors and digi-
tal technology.

rRecent teshnical developments have pro-
vidaed engineers nev tools fox gensratlng the
signals used for telephone eguipnmevt and fox
permibilng remcte access te the equlpnment fox
supervisory and dlagnostlo puxposes. Flgure 1
itlustrates a system in  which wmicro-
controliers, counters timexrs, Random Access
Memory (RBM}, hnalog to Digital Couverters
{a/D}, and Digital to Analog Convextexs (D/h}
are combined to produce tone signals, These
signals are Lhen amplified to produce the re-
guired ringing or tene power.

Phe microcontroller is programmed with a
mathematical eguation to derive timlng and
voltage levels for the outpub signal., This
equation is converted to digital woxds bLhat
are passed te ihe data portion of RAM and is
converted bo a digital word that sets a Ulmer
controlling the address poxtion +to RAM. The
RAM output is converted Lo an analsg slgnal
by the D/A converter. This signal s used by
3 powexr amplifier to condition the signal for
ugs on the telephone lines.

gy using a Microcontrollezr, the terms of

method for pro-
muiti-freguency

the equation {i.e. fraquancies and the voli-
age levels of each freguensy independently)

axe input as veriables, thus glving the user
complekte contrel of the output signal. The
ussy £an use a manval control {such as a Key-~
pad/readout) or a ramote compuier (through an
®5232 port) to change the variables. The
range of the sigpals la gdetermined by the
resolution of the D/A converter and the fre-
quency response of the power ampliflex. Be-
cause the Hicrocomntroller is crystal cont-
rolled, freguency response and accuracy 3re a
function of binary resslutlon, The output
level i1s aiso & function of the binary reso-
lation and reference voltage. Multiple fre-
quency tones are generated by the same meth-
cd. Bince the guantizing freguency is nmuch
higher than the tone freguencles, simple low
pass filtering is used to eliminate unwanted
fregquencies, Using an &/D convertey, the
ontput is  monltorsd. This same slygnal may ba
vaed as a bulli-in dlagnostic test.

The output of the power amplifier is
sensed for voltage and curkent output. In low
freguency applications, the microcontroller
cap monitor for inductive and capacitive
loads, and wmake adjustments.

he versability of Ehe microcontroller
allows a single design Lo cover a wide vari-~
ety of uses, The power amplifier can custem-
ize the application, Othexr options such as
zers crossing interrupting would be undex
control of the microcontrollex.

"
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LHTRORUCTION
Curzently Ringing and Tone genexators

consists of analcg devices such as  oscllila-
tors and linear amplifiers, or non-adiustable
digital osclilators and bandpass filters to

generate the required freguency and wave-
shapes., Some of the more imnportant analeg
design considerations are signal linsarliby,

symmebry, frequency stablility, and tempeia-
ture variations that effect all of the abovs.
Frequency is derived from standaxd oscilliatox

its, which contain resistors, capaci-
tors, and/or inductors. In adjusting the fre-
guency, flne tuning is done with variable
resistors, while more coarse adjustmenis are
done by svitehing capacitors and/or induc-
tors. ‘The freguency selective composents used
in ringing denerators have large values and
are physically largs.

some of the more important dlgital de-
sign elements are the master clock and count
down circwits. The wuse of diglital circuits
usually seolves the problem of stablility and
symmetry bub introduces some £lllering re-
guirements becawse digital signals are sguare
waves which, by Gefinition, axs vich in har-
monics, Proper f£ilter design  reduces harmon-
ios to the desired output level. Digitai £il-
tzrs at ringing freguencies coentain larde
capacitance and/or  inductance values and,
1ike the analoy oscillators, are physically
iarge. A resonant transformer may e used as
a filter but it is physically largs, and can
anly work with a single freguenczy. The £il-
ters for tomzs need to have high § values in
order to suppress the harmonlos below the
DTME band reguirements. In the current tech-
nology, interrupters.are not synchronlized to
the tonhe wvave shapes being interrupted.

Today's technoslogy =aliows the use of
wicrocontrollers to generats slgnals. Micro-
controller generate the requirsd data and D/a
converters transform the ditgital words to
analog signals, eliminating the need £oxr RC
or LT esciliators. All the reguired functions
are executed in firmware vhich calowlates the
sine functlons for magnitude and duration of
wail statements nscessary tp obtain the fre-
quency. &ince the microcentrollex {s driven
by a crystal oscillator, freguency stability
can be as good as a standard quarts watch {in
the order of .002%). Frequency and voltage
adjustments ¢an be wmade by regalculating
Microcontroller data. The user may input the
gata in wany ways, such 39 a key pad, selec-
tor switches, ¢r it may be dovn loaded via a
R8232 computer/modem pori.,

DIGILAL SYNTHRRLS

Ringing and tope analog signals are
ingdepandent, contincous signals varying as a
tunction of time, Digital signals are dis-
crete time varying signals. A digital signal -
is a ssquence of numbers?t.
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Bach digital number represents a tlme variant The computer generated mathemabical~formula
value o©of an analog slgnal called sampled is  tuxned into a digitized analeg signal.
Aata. Sawpled data 19 a dlscrste value for a This analeg slgnal has guantiged errer terms
sampled time. The £ollowing sampled dats that cause dlstortion with respect to an
words axe analeg slan at dlffexent values 4“510% generated si?nal. if thf CGKFBET,U?TT
in  both time and magnitude. 7This quantized ber of points are chosen the exvor ferws are
signal takes on only those values specified low. These errer terms centailn high Ifrequency
by the guantized levels. The gquantized signal signals that are easily filtered out with a
differs from the analog sigunal by. the number simple bandpass filter. This process yields &
of individual points taken during the Adurs- signal that is ampiified and aspplied to the
tion of the analoyg sigral. The more points telephone circuits,
taken over a given period of tiwme, the swmall- Pilal tons and ringback tone are produced
ex are the errors lntroduced by the digitiz- by adding together %Ltwo precise frequency
ing of the slgnal. teones. Ringback tones comprlise 440 Hz and 480
Ringling and tones are repetitive, time Hz; dial tones cowmprise 35 he and 440 Hz.
vaxylng signals, waking their wmathewatical The "Tone Cycle" ls defined as follows: with
wodels qulte simple, They lend themselves to all frequencies starkting &t zero degrees
simple calouvlabtians, Allewing the Micro- phase angle {zero volts and zerc curvent), a
gontrulle: to generats discrete gsamples of “oone Cycle® 1s complete when all bthe tones
data over an intagral number ¢f  one or wore axrive at s 360~ phase angle at the same time
rzpetitive "tone cycles”. {i.e. zaxro wvolts}, For a single freguency
To convert the wmathematical numbers to toene, guantized data is caloulated for  only

an apalcg signal, a B/A converter is used. one 360" cycle. for wingback toene, the cor-
fts lnput ls a digital word and its output is puted data  includes eleven complete  360¢
a voltage level corresponding to that word. cycles of 44D Hz  with twelve complete 3§0°
As each new dlfferent word is applied to the aycles of 480 Hz to complete one “Tope Cy-
D/R convertexr the oubtput varies accordingly, ale®, Por gdial tons, the womputed data in-
The xesult is a time varying signal; but this cludes  thirty five complete 350~ cycles of
signal i{s not continuous because of the quan- 350 Hz with forty four complete 360° oycles

fived afiect.

of 440 Hz Lo complete one "Tone Cycie”. Aftex
8ee flgure 2. .

incrementing and iransierring one "YTone C
cle®™  to the D/A converxtex, the Hic -
conbroller resets to the start of the "Tone
"™ Cycle" and repeabs,.
: Because the erxor terme in the digital
&mmuu generated dAual tones ave hlgh  frequency, a

. rmrd » Liuﬁ lowpass Eilter wiil leave only the two funda-

wmental freguencliles to be linzarly amplified
.. and distxibuted to the telephone circuits.
,*ujm mjmw See f£lgure 3.

Sy PIM Sguation 1 produces a single sine vave
5 freguency.

4 . ?&
B hEMK rw e = EXsin{wrtq} {1}

where e = output signal
B = peak oubkput voltage
W o= 2¥pLAE

tg = guantized time

tg = {1/f}/polnts

Figuxe 2.
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Eguation Z produces dual sine wave Lones.

e = Ba¥sin{vi®tql
+ Ba*sin{ve®tyl; - {2}
¥here
E:. = peak outpnlt of £i
€ = peak oubtpubt of fu
Wy o= 2¥pi¥Es
W * 2*pi¥fa

The guantized time is
tg = {1/f:}/points
Bxample:

I£ 512 data peints arxe chosen and & ringing
frequency of 20Hz is needed then,

£ = 208z

g o= {1/203/512 = 98us.
fg = 1/98E~6 = 16¢,2Khxz.

PR —————

i
i cne ¥Tone Cycle¥

Plgure 3

This gquankizing freguency is twice the upper
Yimit of the DTHMF band, Piltering 10 Khz to &
level of S0 dB below the furndamental esn be
done by a tygical Chebyshev fliterx.

3 simple listing foxr a single frequency is as
fFolicws:

/* GET VARIABLES */
input f£reguency, £1i;
input voltage, EL;

/% DEFINE CONSTANTS
tvoa_pi = 2%pi %/
two_pi=6,283185307;

/% CALCULATE VARIABLEY %/
vl={{L/E£11/812) - ovexhead;
Mloe=0;

E = E1310;

26-3
/% MAIN %/
vhile {(Mloc<=512)

{
/* GET NEXT LOCATION */
t=ti*Nloc;
/% OUTPUT DATR */
Pl= B¥sin{two_pLl*Ei¥iy;
/% LOAD TIHMER */
TLY = low{TICK);
THG = high{TIZK};
TRG = 1;
/% INCREMENT COUNTER */
Mloc+4;
/% START TIMER %/
while (THO=0}; YFG = 0;
/% WAIT FOR TIMER & RESET*/
¥; /% END MAIN ®/

The value tl is the time between guant-
ized polnts. P1l Is the output port attached
to tha D/, Overhead is the time it takes the
mlorocontroller Lo execute the Instructiosns,

32

IGITAL SYNTHESIZER

We have nov identified one mathematical
approach to proeduce a3 single fxequency sig-
nal. One way to implement this in hardware {s
to use microcontreliers. The micrecontroller
contalas  Uimerxs and RaM., The instructions,
aiso veferred to as firmvare, are contained
in @ ROM connhected to the wicrccontrolier's
data bus. One data poxt of the controller is
directly connected ko the DA converter, and
the D/ converter ls connected to the filtex.
sse Eigure 4.

Cinput pavameters are used by the

Installed in firmware axe the oslewla-
tions £or a normslized sine functien and the
nokmalized timing functions., The input param-
eters of freguengy and output level axe inde-

pendent functions, and are wnol in  the wain
loop that generates _the output signal. The

caloulator
portion of the main loop that produces tha
optput signsi. From this, a signal contalning
the programmed freguency{s} and cutput lev-
el{s} is produced. The freguency is converted
to time and is then loaded into opne of ths
wicroconkrollert!s timers. The output valus is
calculated using the D/3 parameterxs along
with the loss of the filter and the gain of
the output amplifiex. :

The flamware then takes the
malized wvalue from the sine calculation and
algebralealiy adds the value of the program-
wed output voltage, sets the timer and passes
this value to the D/2 for conversion to out-
put analog signal. The next step
guence, increments tha count and repeais the

fixst nox-

613
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function. The repeated functions are put on
the data bus when time t1 has elapsed. To
insure tl is strictly adhered to, the timer
will interrupt the controelier at the end of
its programmed Lime, The analog valus is zmerae
and the address counter is xeset teo zers when
the count reaches jt's. 1imit; then the cycle
repeats uwntll the contreller is resst ov
powersd down.
Meltl tones may be generated by algebra-
leally adding two cowputed sine functions to-
gether and passing the data to a single D/&

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

pass the indlvidual data te  two A/D convert-
ers, then sum bhe analog signals. This wethod
reguires the use of separate timers Yo keep
track of the individuwal times of sach sine
function.

QUIPVL VALUES

The full scale valus of a typlcal D/A is

plas and minus £lve volts. In binary, the
plus £ull scale for the D/A  is 13111111 (FF
in hex} and the winus £ull scale is 00Q00GCS

(00 in hex). The firmvare wust
value in  the 128th (flrst peak
sine} location to ¥F {hex}. The same conver-
slon value is then used for sach of the 512
sihe values as they are to be loaded into the
A/D.

convert the
value of the

Resolution is Lhe Eunction of the nuwber
of parailel data bits wused by the D/A con-
verter, Fox example, if an § bit D/A convert-
¢ is wsed, the xesglutioen is 1/2%6 Cimes the
full scale value. I Lhe analog full scale
value of the D/A converter is Sv  then the
resalution 13 eguai to S/256 ox 19.8 milii-
volts. This the smallest wvalue of change
slloved for this sigmnal. The xesolubion is
approximately ©.4%, By using a lawvger input
P/A (f.e. 12 bits) the resoliulion is lowered
to approximately 0.03%. The dlaltal word for

is

each analog value is calculated using egua-
tion 3. :
V = N*R {3}

vhere

vV = puiput volts

M = numbsr of steps

B = resolution in velts
If the f£iiter and amplifier have a combined
gain of wunity, the input parameters are the

only multipliers.
Example:

To geperate & 2.5v rws signal

at the oubput
of the 8 bit ©/a converxterx,

Vims/, 707 = Vpk

2.59/.767 = 3.54Vfs

28 = %6 steps BB

R = 572566 = 19,53mv

N=V/® = 3,54/.0619% = 18%

182 decimal is B6(hex)

Thus on  the 128th count the D/A is to be
loaded with BS (hex).

sute
the

is

Filtering is necessary because the
put of the D/A  conve ¥ still contains
guantizing frequency. A guantizing f£llter
a low pass fllter with high enough valus of ¢
to allow the desized signals to pass unat-
tenuatad, but attenuate the guantized fre-
gquency to a value at least 50 Db belovw the
fundawmental. A two ox three stage Chebyshev
£ilter is  all that is regquired 4f the quan-
tizing frequency is separated by two or three
oxdexs of magmnitude,

The resulting signal is then traatsd a
5 standard analog signal and way be amplifie
Dy many means, such as a linear amplifiex.

d

EEATURES

With a microcontrolier calculating ang
generating the data for ecach step and count,
it possible Lo start and stop the signal
on data boundary {typlcally zere voelts). It

possikle to modify
the oubtput level by modifylng data words,
thiz allews for stable nen-component depen-
dant signals. If a hest compuler is connected
to tithe generalor 1t ls possible for the
microcentreolier to ¢ollect operating data and
diagnostic data (swch as  lead  peaks with
respect to the time of day and active operat-

the freguency and

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

the fauwlty squipment. Modems wmake it possible

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

be included in the
appropriate hardware,
by wmicrocontrollers. Since
are controlling both ringing
tone generator as well as ths

An {nterxupter can
same package by adding
and driving it
ricrocontrallars
denerator and

interruptexr, it can synchronize them for zmero
voltage and zexo curzent interxuptions. Be-
forz the interrupter wmakes or breaks the
signal, the r racontroller will f£irst allow
the output signal %o finlsh its cycle to
%erao, then shut off the generator allowing

the cutput voltage and current to go to zexo.
After waiting for transient settling, it
opens or closes the inlterrupting rzelay. After
the relay switching time has elapsad, the
contyoller restarts the generabor at zero
phase angle and zero volts. A non-current
breaking interrupbion has taken place.

CONCLUSIONS

Bigital to analog technology is now a
mature process and is supplemented with many
pre-packaged clroults. The combhining of func-
tions  within packages and the small physical

sizes of the packages maks them a viable
solution to existing reguirements. As ™ the

usage of these complex packages becomes more
widespread, the prices xedwce, and the vaxria-
tichs increase. This gilves today's designer a
bread spectrum of ideas to chose from to make
the telephone eguipment mors compatible with
the present day technology.
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Capacitive impedance Readout Tactile Bmage Sensor

R. A. Boie

Bell Laboratories

Murray H

ABSTRACT The transduction of mechanical forces o representative
electrical signals uses s three layer sandwic he

2 b siructure. The top layer
mns of complisnt metal strips over a central elastic dielectric
sheet. The bottom 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.

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

1. INTRODUCTION
84

A review of touch or tactile sensor technalogy is given by Harmon'
Several sensor designs, including the one reported here, are based on
measuring the thickness of an elastic layer compressed by the applied
force. Resistive readout sensors of this class use conductive loading
and obtain the pressure map by cross layer resistance m casurement',
The method is inherently non linear and the materials oxhibit poor
clastic properties including hysteresis.

Cross layer capaciitve impedance sensing is more favorable in many
espects. The elastic materials need not be modified and desirabie
wmechanical propecties are generally consistent with jow dielectric loss.
Capacitive sensing is demonstrated to have marked advantage in
terms of signal to nowe ratio and measurement speed. The idea of
force distribution sensing by capacitive readout and a study of suitabie
elastic/dielectric materials are presented in a comprehensive paper by
Nicof™. The main contributions here are the development of a
relationship for noise Himited force resolution, illustrating the inherent
performance of the sensing methed, and the development of an
appropriate sohotic 5ensor.

2. CAPACITIVE SENSING

Figure 1 illustvates an exploded view of a sample robotic touch sensor.
The topmost laver s a compliant glove that contacts objects and
transpits via jts el constant the countacting force distribution to
the elastic/dielectric layer below. The lower layer is here showan
rigidly supported by the printed circuit board. The glove and
dictectric layer can be viewed as iwo springs in sevies under
compression where the force information is obtained by measuring the
displacement of the dielectric spring. The wmechanical point-spread
function of the glove can be narrowed, i desired, bv suitably
segmenting the glove material.

CH2008-1/84/0000/0370$01.00© 1984 [EEE
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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, 4; ;, of row and column strips. The strip widths and
spacing along with any peint force spreading in the stmcture
determine the spatial sampling and resolution. The time required w©
measure all capacitors determines the temporal sampling. The rf.
source, ¥ocos{wgt} is connected 1o the lower set of sirips via analog
multiplexer . The mulitiplexer "J" connects pads to the mmplifier
input node. The pads are capacitively coupled to the upper sirips vis
n inactive vegion of the elastic/dielecivic layer. This contactless
arrangement, due o Mil is an important constsuction feature of
this method. Cross talk signals are reduced by connecting the
unselected strips and pads to ground potential. For cach pair of
muitiplexer addresses (1,j} the r.{. source voltage is connected {hrough
the capacitance CGj) of strip 1 to 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 capacitance by,

&

C{ij) m
o (‘,‘:Z-w CO8 (i)ol (“

VG iD=V,

where C, is the capacitance in feedback. C)) is related to the
localized layer thickness

K4

e e o)
eoldy—x (i j))

ot

where A is the sirips crossing area, K is the relative diglectric
constant, € is the permitiivity of vacuum, dg is the unloaded tayer
thickness. The local sampled force is described by the relationship,

FU iy =axGg)

—~
W

where A is the dielectric/elastic layer spring constant.

The applied force is linearly related to measures of the reciprocal
crassing capacitances with a constraint of fixed layer constants. Each
crossing capacitance, independent of the shunt diclectric loss and
series swi resistances, is measured in turn by phase sens
detection during the interval T, between sequential address advances.

Figure 2 illustrates the measurement method. The signal, V1.0, is
multiplied by the amplitude limited r.f. drive and integrated over the
measurement interval, 7,,. The time, T, is synchronous with and
has duration of m cycles of the r.f. drive. The integrator output is
sampled and reset and the multipiexers address advanced at the end
of each interval.



The sampled output
capaciiance by,

is related to the strip i to strip j crossing

€U

Vi, j)aeV,m c.

4)

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 simple method requires only the circuit [ocation

All else remaining the same,
of the crossing capacitive

interchange of capaciters C(i,j} and C 4.
the cutpet provides a meassrement
impedance. The impedance is lincarly refated to the displacement
and, via the elastic constant, the force. This method requires a high
performance input amplifier. The central difficuity is the large loop
gain required for linear measurement response aver a wide dynamic
range. A more robust method is described in a paper on capacitive

distance measurement'™,

3. NOISE, RESQLUTION AND DYNAMIC RANGE

Capacitive sensing of mechanical displacements is in most applications
the method of choice. The low neise ~ high bandwidth properties of
the methad are well known, but little practiced. The method has the
virtues of a parametric measurement, that is, the output signal is
proportional 1o the displacement times the drive signal. Capacitors
are non dissipstive cloments and so generate no wvoise. Capacitive
sensing has not faired well jn the robotics literature to date where it is
described as inappropriate because of noise®  This misconception
most fikely resulls from confusing man-made interference, which can
be reduced to negligible levels by proper shielding and connection,
with intrinsic noise rclated to the basic nalure 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
iliustrate the performance relationship. Figure 3a illustrates the strip
crossing capacitance measerement. The r.f. drive or pump voltage,
¥p, 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 dielectric/elastic and the force,

The diagram of Fig. 3b includes the significant parasitic circuit
clements and the amplifior noise sources referred to its inpui. The
resistancas, R,; and Rj;, reprasent theé multiplexsrs "on" resistances
that appear as uncorrelated series noise sources. The vesistor R
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 C,, represent the paras
clements of the sensor, wiring strays and the amplifier input,
respectively.  The noise sources and parasitic elements may be
combined into equivalent noise resistances R and R, and total shunt
capacitance Oy, without loss of generality as showsn in Fig. 3c.

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

e
We=¥o C: éd%

(53

where the displacement is described in relationskip (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.

Tp e N Cy 8

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

Vo ax

n
ol dy

&V,

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

he signal improves
the square root of

The mean squars output signal of the uncorvelated series and paralief
sources may be expressed as,
72

% ®)

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 dirgct interest,
maore impertant is the array or frame rate ¥, That heing the case the
rms noise limited displacement resolution fer a fully multiplexed
sensor readout is given by,

. | KT R, F
o oN? I “""‘f"‘—:““* wi {9}
Ty Yo i

where o, is the rans. displacement wncertainty. The term in braces
represents the ratio of the sevies noise o the drive voltages. A
censervative value of 1K Ohm for &, a drive of 10 velts and a
framing rate 100 Hz yields a ratio value of 4 107°. This translates
into a wide svailable dynamic range thst may in tern be
advantageously traded for relaxed layer reguivements. Increasing the
gpring comstant A and thereby restricting the total fractional
excursion, may heip in reducing force dependent effects jn the layer
constanis A and K.

4. TACTILE IMAGING FINCGERS

An 8 X 8 clement tsotile 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
strips are the driven elements and the eight short sirips are the signal
coupling pads. The short arm of the U supports the drive circuitry.
The other supports the eight ampiifiers, one for cach pad, and the
output multiplexer. The photograph also shows the finger structure
and the assembly of the U¥ 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 uitrasonic eye in the hand ranging and tactile imaging fnpers
with independent and varizble gripping impedance'®. The ultrasonic
vanging systers and the gripper control system are described clsewhere
in these proceedings in papers by Miller'™ and Brows''™ Pressures
up to 50,000 dynesfem” are sensed using a two thickness nyion
stocking mesh elastic/diclectric layer. Bach capacitoer of the 64
slement array is measured in furn by phase sensitive detection over
eight cycles of 3 200 KHz r.f. drive for a 390 Hz frame rate. Figures
6b and 6c show photographs of touch sensor raw data, ¥, {i,j}, in
responss to touching a 1/4 inch dameter ball. Figure Sa shows the
zero force offset image. The position directions " and “J" are
indicated. Each of the 8 X § square areas shown carrespond to sirip
rossings aress of 2.5 mm X 2.8 mm. The displacement out of the
picture vorresponds to increasing capacitance, C(.), and thereby
sampled force, F(Lj). Figures 72 and 7b show touch images for the
lead ends of an § pin dual in line package.

by




5. DISCUSSION

Capacitive sensing provides a robust and simple method of tactile
imaging. The copstruction is straipht forward and uses well behaved
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
system, The array readout need not be fully muliipiexed, all rows
may be measured during the time cach column strip is driven. The
spatial resofution is fundamentally limited only by strip lthography.
If warranted, a 32 X 32 elements finger mounted single chip
subsystem with composite video like output could be deveioped using
current technology.
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cross dielectric/elastic layer capacitance.
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Cliv Thompsonlon\ The .Bre‘akthrough Myth

R UQUS

Tach peaple love stories aboul breakthrough

innovations——-gadgets or technologies that emergs
suddeniy and take over, like the Phone or Twiller. 3 SRS :
. . . SURIN T o
indead, thera's a whole industry of pundits, X SN {FAT° ACOLSS INCLUDED!

investars, and websiles trying Teverishly o predict
the Next New Big Thi:
breakibroushs are inherantly surptising, so i fakes

. The assumption is that

spacial genius 1o 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 ai Microsoft
thinks paradigm-t inventions am easy © s2e
coming because they're aiready lying there, close at hand. “Anything that's going o have an impact over
the nedt decade--that’s going to be 3 bilon-dollar industry--has always already been around for 10
years,” he sava.

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

Can this actually be true? Buxton points to exhibit A, the pinch-and-zoom gesiure thatl Apple infroduced
on the iPhone. it seemed iike 2 bolt out of the biue, but as Buxion notes, computer designer Myron
Krueger piocheered the pinch gesture on his experimental Video Place system in 1383, Glher enginger
began experimenting with it, and companies fike Wacom introduced tableis that iet designers use a pen
and a puck simuitanaousty to maniptlate images onscrean. By the time the iPhone rolled arcund, "pincly”
was a robust, well-understood conoept.

£

HAssH

A move recent example is the Microsoll Kinect, Sure, the ide:
body seems wild and new. Bul as Buxton s3ys, engineers have long been perfacing motion-¢
alarm systems and for anlomatic doors in grocery siores. We've been controliing soflware with our
bodies for vears, just in g different domain

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
feet at once fresh and familiar, it's

The iFhone was designed by Apple engineers who Rad learned 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 1o go "prospecting and mining™—locking
for concepts that are aiready successiul in one field s0 you can bring them o another. Buxton
particuiariy recommends prospecting the musical world, because musicians invent gadgets and
interfaces that are robust and sturdy yet creatively cool—iike guitar pedals. When a team led by Buxien

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 53-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-

i omnipresent e-ink are going to dominale the next decade. Thos2 invenlions have

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

is urhamizing rapidiy. 3
becoming comimosn in the US among akesutdalivery peopie, 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!

But it won't te. BEvolution trumgps revoltiion, and ihings hapgen slowly. The nos? Knows.

2
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Showing 2 comments
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| believe the iPhone of electrio bikes is already on the market and it is calied the VeloMini folding
slectric bike. #lis everything the Segway should have been as a transporiation veh {12 miles i

and hour for 10 miles without pedaling} and you can purchas: 7 {or the price of & Segway, ol
them up and put them alt in a small SUY Two will fit in the trunk of a Prius. They come in IFo

colors and are used by students, commuters, seniors, as well as boal, RV and private plane

DWNRErs,

Lika

:’\\\\\\\§;\\

ArizonaRider

We feed it happening. Pedego Eleclric Rike sales are soaring!
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Pretace

The health of the computer science field and related disciplines has
been an endwring concern of the National Research Council’s Computer
Science and Telecommunications Board (CSTB). From its first reporis in
the late 19805, CSTB 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
academia 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
Telecormmunications Board
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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 fiuman 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 (C5) 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
C5TB report Funding a Revolution: Governnient 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 Teclh-

lComputer Science and Telecommunications Board, National Research Council. 1999,
Funding a Revolution: Government Support for Computing Research. National Academy Press,
Washington, D.C.

Copyright © National Academy of Sciences. All rights reserved.
950



innovation in information Tachnology
http:/iwww . nap.edu/catalog/10798. himil

Z INNOVATION IN INFORMATION TECHNOLOGY

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 fo Support the
Nation's Information Infrastructure,” known informally as the Brooks-
Sutherland report. Other reports contributing to this synthesis include
(4) Compuiing the Future: A Broader Agenda for Computer Science and Engi-
neering (1992),* (5) Building a Workforce for the Information Economy (2001),°
(6) Academic Careers in Experimental Computer Science and 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 I'T:

e The results of research
® 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—for example, electronic mail and instant messag-
ing were by-products of research in the 1960s that was aimed at making it

2Camputer Science and Telecommunications Board, National Research Council. 2000.
Making IT Better: Expanding {nformation Technology Research to Meel Society’s Needs. National
Academy Press, Washington, D.C.

SCommiter Science and Telecommunications Board, National Research Council. 1995,
Evolving the High Performasnce 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.

SComputer Science and Telecommunications Board, National Research Council. 1997.
More Than Screen Deep: Toward Every-Citizen Interfaces o the Nation's Information Infrastruc-
ture. National Academy Press, Washington, D.C.
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SUMMARY AND RECOMMENDATIONS 3
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possible to share expensive computing resources among multiple simul-
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)

# Companies 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.5. society and the U.5. economy (1,3). The trans-
formative effects of IT grow as innovations build on one another and as
user know-how compounds. Friming 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 reventues, p;,od.u.atw;.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 1 The federal government should continue to
boost funding levels for fundamental mfmmahon technology re goarch
commensurate with the growing scope of research challenges (2-4,6-8). 1
should ensure that the major funding agencies, especially the Natlonai
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 | [ 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.

Copyright © National Academy of Sciences. All rights reserved.
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UNIVERSITIES, INDUSTRY, AND GOVERNMENT: A COMPLEX
PARTNERSHIP YIELDING INNOVATION AND LEADERSHIP

Figure 1 illustrates some of the many cases in which fundamental
research in IT, 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 iltustrates 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." 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

1(:0131})111ter Science and Telecommunications Board, National Research Council. 2002.
Information Technology Research, innovation, and E-Govermsent. National Acaderny Press,
Washington, D.C.

Known informally as the “tire-tracks chart” because of its appearance, the figure was
first published in Evolving the High Performance Computing and Commutiications Initiakive 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-dolar information technology
industries—industries that are transforming our lives and driving our economy.
Ideas and people flow in complex patterns. The interaction of research ideas
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multiplies their effect. 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 judgmenis 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 IS5.1) originally published in Computer Science and
Telecommunications Board, National Research Council, 1995, Evolving the High
Performance Computing and Comnunications Initiative to Support the Nation's Infor-
mation Infrastructure, National Academy Press, Washington, D.C.
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discussed broadly in the research community. Although IT commercial
success leads some policy makers to assume that mdustrv 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, oo,
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. It is often
not clear which aspect of an early-stage research project will be the most
important; 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 appiuabi,i_i.ty 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-

*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 is
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 biclogical bases of
fermentation and disease). See the discussion on pp. 26-29 in the 2000 CSTB report Making
IT Betier {2), and see Donald E. Stokes, 1997, Pastenwr’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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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-termi 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 time from first concept to successtul market is measured in

~
ol oy i}

See Computer Science and Telecommunications Board, National Research Council. 2603.
Tnformation Technology for Counterterrorism: Immediate Actions and Future Possibilities. Na-
tional Academies 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 oftent
brings together people from universities and industry on issues relating to standards set-
ting and measurement.

Copyright © National Academy of Sciences. All rights reserved.
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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 irnages, 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 Tharn 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 entait 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 seemn 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 has 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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959



innovation in information Technoalogy
htip:/iwww . nap.edu/catalog/10798. himil

INNOVATION IN INFORMATION TECHNOLOGY i1

BOX 2
The Raﬁe af Federai Supp@rt fm* Fa.md&mentai Reseamh m éT
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2. The interplaw of government-funded and industry research has been an
important factor in 1T 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 commercialized 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
also 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.

Sirnilarly, 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. In none of the examples in Figure 1 did
industry alone provide the necessary research.

3. There is a complex interleaving of fundamental research and focused de-
velopment (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 technology 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 the 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 sharcholders {or other investors) demand. It is harder for corpora-
tions to justity funding long-term, fundamental research. Economists

¥In some cases, the Semiconductor Research Corporation provided the funding. For
additional information, see the Web site <bttp://www.sre.org/member/about/
history.asp>. Accessed June 2, 2003.
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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 ‘fhey 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 ldt,as and workforce that result
from federally sponsored resecarch, 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 tormtrlv 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.'?

Several of the companies that have recently emerged as dominant in
their sectors, such as Intel and Microsoft, have increased their support for
tundamental 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.

YWCSTB launched a study of the future of telecommunications R&D in 2003.
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represents a relatively small proportion of overall corporate R&D. In
2002, Microsoft 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 U.S.
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—both 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 technologies and architectural issues), organizational
and sociological dimensicns of such security, forensic and recovery tools,

and best policies and practices. Given the failure of the market to ad-
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. Characteristic of social applications of 1T 15 the embedding of 1T into a large orga-
. nizational or social system 1o form 2 “sociotechnical system in which peopie and
_ techriology interact to achieve a commion purpose-—aven if that purpose s ot
- obviously So_c;ai, such as efficient Dperats_on of a manufactu{;ng fine {which iz a
. vonjunction of technological automation and human workers) or rapid and decisive
- battisfield management {which is a conjunciion of command-and-control technoln-
gy and the judgment and expertise of commanders). Social applications of 11—
 especially those supporting organizational and societal missions—tend to be large-
_ scale and complex. mixing technical abd nontechnical design ‘and operatinnal
 slemants and involving omn{i;fﬁcu%t msai :smd poiahy ;saues such as those reiutv
ﬁ ed o pravacy and access. : : : : : :

SOURCE: Heprinted froni Computer Stience and Télscommunications Board, National

| Research Councll. 2000, Making IT Better: Expanding infoimation Technology Researci" to
: !v«?s« Soaw‘/ 5 Necqs' Ndi:anaﬁ A»at,err'v Press, Wast

':*km Df‘,p 3

dress security challenges adec ]flateiv 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 committee {composed of people from both academia and indus-
try) believes that while some of the questions raised in this report may

HComputer Science and Telecornm

mications Board, National Research Council. 2002.

Cybersecurity Today and Tomorrow: Pay Now or Pay Later. National Acaderny Press, Washing-
ton, D.C., pp. 14-15.
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BOX 5
Ravseamh on the Social Ag&pimatmns e:sf
Enmrmatmn Teshmmgy '

_ Reseamh on ihe scmiaﬁ appiaoaﬁwns of mfﬁrmatmn ieahnciogy (ET) cambmss
Sowarkiin tachnival dismpﬁmas such as computing and communicalions, wﬁh 18-
. search in the social sciences to understand how people, argamzat;ons and {7
_ syslems can be mmbaned to most effemweiy parform & sel of tasks, Such re-
 search can address a mnge of § issues reidted 10 i1 systemms, as demonstrated by
ﬁihoexampie,sbeiow LR

: ND\?G/ activiti‘es and shiffs in ar'ganiz‘ational soanomic, and social struce
| turas—What will poople do (al work, in school at play, in govermiment, and 86 on)
. when computers can ses and hear beiter than people can? How will activities and
. organizations change when robotic techniclogy is widespread and cheap? Haw will
- individual and arganizational activities change when surveiliance vig 17 becormes
| esffsctively universal? New technnlogias will affsct all kinds of peoples In many ways,
- and they hold particular promiise for those with special situations v capabilities,
. because they will give thern broader access to social and sconomic activities.

'  Elegtranic cammunities—How can il systems be best designed o fac:iistaie
ﬁ ihe communication and coordination of graups of people working toward & com-
mon goai’? Pmc;re 5 requ;ree an understanding of the sosiology and dynamios of
. groups of users, as well as of the tasks they wish 1o performi. Psychologisis and
saciologists could aifer insight for the conceptualization and refinement of these

: socsai applications, and teuhnoiogasts could moid their tezhnological sspects.
_ *  Flectronic commerce—How can buyers and sellers be best brought togeth-
L erlo uonduct business iransactmns on the intermet? What kinds of security tech-
 nologiss will provide adequate assurances of the Wentities of both partics and
. proteci the confidentiality of thelr transactions without imposing unnecessagy hur-
. dens on sither? How will elecironic commerce affect the competitive advantage of
~firps, their business shralegies, and the structure of industries (e.q., thexr horzon-
 lal and vertical linkages)? Such work requires the insight of economists, arganiza-
_ tional theorists, business strategisls, and psychoiogssts who undfrvtand consumer
: behavsor, as well as of iechnciagists

_ Critical infrastructures—How can 1T bs baﬁer embadded mto the nation s
ﬁ tram;.poﬁatzon energy, Hinancial, telecommunications, and other infrasiructies to
_ make thern more efficient and effective without makmg them less refiable or more
- prone o human error? For example, how can an air braffic condrol systery be de-
_ signed lo mrovide cantrollars with sufficient information 1o make crtical devisions
 without overwhadming them with data? Sueh work requifras the insight of cognitive
: psycholoth and PXDPFE% in air traffic contiol, as well a5 of technologists.
_  Complogity—How can the benefits of 1T be brought 1o the citizenry without
- ihe exiinding complexity characteristic of pmfes; jonal usex of {17 Althouah net-
- wiorks. computers, and software can be assembled and configured by prfession-
_ als to support the mission-eritical comnpiting needs of large organizations, the tech-
-~ nigues thal make this possible ars inadequade for infarmation appliancas desioned
_ for the home. cor, or individual. Hesearh is needed o simplify and aulomais

conlindes
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__BOxs
 Continued

_ system vonfiguration, change and repair. Such research will require insight from
| lechnologists. cognitive psychologists, and those skilled in user intetface design.

_ SOURCE: Reprintsd fram Camputer 's«zenén and Telecommunications Board, National
Resedrch Councll, 2000, Making IT Better: ExXganding information Iae,ﬁnoiagy flesearch o
:s.‘iesz‘ SOC{E’*)(S f\reeds Nat!onai Auac*emw Prsss V\!‘zs'ﬂr-mfon, B G Lpi

be answered without a concerted, publicly funded research agenda, leav-
ing this work solely to the private sector raises a mumber of troubling
possibilities. Of great concern is that individual comumercial 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 governmeni funding will slow dow 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 veport The Infernet’'s Coming of Age examined the role of the
government in funding research that leads to open standards, exempli-
tied 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 government’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 funﬁ'mg for the networking research

community, which has led to both innovative networking ideas as well

Copyright © National Academy of Sciences. All rights reserved.
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"'..smw...-"'
The Gngms 0? Eiectmmc Magi and instam Messagmg

. -The im?eniic}n of iimeSharir}g -systems in t_he- 1_8603 jnoi dniy cjoniributed impjarﬁ
_ tant technical developmenis i hardwars software, Gnd system security bt also
- provided the snvironment that led io the developmaent of the most useful and wide-
_ spread of popular applications, namely, e-mall and nstant messaging (1),
 Timesharing allowed concarrent mullipie users to share the powerof a comput
 or, which provided g fresh way for colleagues to interact. By 1970 programimers
 in fedarally funded ressarch laboralories had developed both asynchmnous elec-
. tronic miaif and facilities for realime interaction belween usars, in researuh aper~
 ating systems such as Tenex, Multics, and CalTSS. _
: ‘Thise modsifies—now w;driv known as s-mail and instant mess agingw«é
. proved so powerful that they have spread far and wide with the availability of low-
. cost personal cornpulers, public networking, and client-server compuling. These
 popular and visibie tools, as well as all of the other forms of colisboradive comput-
| ing, Have truly transiormed odr work and our fives They owe thelr origins 1o the
. funding of IT research by the Dafanse Advanced HF“‘;E&K‘h ijech Agelnc‘y and
: the Naiianai Sc&ence Faundat;nn { 1 3) :

as xpLuhL technologies that can be translated intc new open stan-
dards.!

A 2002 report, Broadband: Bringing Home the Bits, outlines an even
broader role for federally fundgd 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.!

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

12("omputef Science and Telecommunications Board, National Research Council, 2001,
The Interniet’s Coming of Age. National Academy Press, Washington, D.C., p. 18.

13Ca snputer Sclence and Telecommunications Board, National Research Council. 2002.
Breadband: Bringing Home the Bits. National Academy Press, Washington, D.C., p. 40,
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calls for the support of research on economic, social, and regulatory fac-
tors relating to broadband technologie:
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, teiecomn‘ unications, and biotechnology, evidence of
the correlation abounds—in Boston (Harvard University and the Massa-
chusetts Institute of Technology); Research Triangle Park (Duke Univer-

, the University of North Carolina, and Norih Carolina 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, ax‘d 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 itnportant 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 far the most effective vehicle for technol-

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.

Copyright © National Academy of Sciences. All rights reserved.
969



innovation in information Technoalogy
hitp:/iwww nap.edu/catalog/10798. himil

INNOVATION IN INFORMATION TECHNOLOGY

' . - SQX ? .
The Dweme Beﬂef;ts 0? i}mversaty Res@amh

: Umversﬁses have a member cf impcﬁam characteristacs thai coninbute io thear
_ SUGCess as engmes of annovatmn Among ihom are thix foiiowmg :

_ L‘e‘nibe'rsffie's can focus on iong—ierm res@arcf" Fc‘cusing on ign'g letm ro-
: searc,h is tha sperial role of iniversities—one that IT companies cannot be wipect
_adiotilin any esa:gmﬁcant extent (1-3) Amevica's [T companias are extraorcimaniy
. adept at improving current products, but the track recard is at best mixed o the
nvention ang adaptaon of “disruplive. technciogies and cmporaie research m i
- has been beroming more appliad (21 -
'  Universities provide a neutral ground for co;’!abmat;on Un wroztsas encour-
j aqe movement and callaboration among facuiw thmuqh leave and sabbatical poi~
_igies that allow professors fo visit mdusiry govarnment. and oiher univarsity de-
_ parimenis or lsboraiories.  These uniquely valusble components of the R&D
_ struciure in the United States are not generally prasent in industry. Universities
also provide sites at which researchers from competing companies can come fo-
_ gsiher 1o explore technical ssues. At the sare time that indusiry people share
. their wisdom and expeneme with umvers;ty resmmhem ‘mey have ih«e oppcrtuna~
oy ?0 leam from one another (86).
'  Universities mz‘egrafe ressarch and educaz‘!on Un;verssties pmv;da a farum
_ br educatmg the skiliad 11 workers of the fulure (53). The orasence of research
 activities in an educational seiting creates very powerful synengy (24). T s a
_ rapidly changing ield. Many of the specific facts and techniques that a student
. ieams become cbsalete sary in his or her carser. The edicational foundation for
. continuous leanying— keeping up with the field'—is a crucial component of 1T ed-
. ucation (5. Students, even. begmmng undergraduatcs gﬁi that education not only
_ in the dlassroom, but also by serving as apprenticds on leading edge redsarch
_ projects, whers knowledge is being discovered, not read from a book. Oftan, new
 Heas area by product of what goes on in the classronm: in an atiempt to aiplain
_ the solutions to emerging problems, teachars often despen their own understand-
ing, while discavermg interesting research questivns whose answers are as vet
 unknown  Addtionally, students are the most powerful vehicis for technoiogy
_ transfer. not only from university to industey bt also between univarsity laboratn-
_ ries and departments, ihmugh thﬂ hsrmq of po«;tdoctorai fe%earchem and as%;stam
: prcfessors s

 Universities are 1rzhererzfiv mulﬂd;sup!mary Umve psity reseamher& ars weii
3 satuat&d to draw on expens from a vaniety of other flelds (83, There are often
_ cultural barriers to cross-disciplinary collaboration, but physical proxsmaiy and ool
j !egzai values 9o a long way in enabling collaboration. The muit;d;smpiinary nature
_ of universities is of historic and grawing smportame 10 camputcr suience, Which
- anterfacms with s many other fields. .
Z  Universitios are "open” This charactensiac 0f unwersst;es whsch i5 ime
j bot_h literally and figura‘iévéiy £an pay ennrmous uranticipated dividends. Chance
interactinns in an open environmant can change the world: for exampie when
. Microsoft founders Paul Allen and Bill Gates wete students at Ssattle’s Lakeside
ﬁ Schuoi in ihe eariy 19?05 ihey were expased to compui;ng and computer scsence
atthe Umver::ziy of V\;ashmgt»:}n and 3 umver ity s;par)off campany, (_/ornputer Cen-
-ierCmporatson
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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. Industry 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 technological approaches (1-3).

Somie 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
efforts. DARPA’s decision to construct a packet-switched network (called
the ARPANET) to 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 ultirnately 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 transfer 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 NGF, 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 NGF and the Otfice 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 Ofter awards in a variety of sizes (small, medium, and large) to
support individual investigators, small teams of researchers, and larger
collaborations;

¢ 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-
temns for studying and demonstrating new approaches.
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OcY

- BOX 8
Federai Agency Evaiutmn

in reﬁpcnﬁe m pmposa!s bv \/annevar Rwsh and m‘hercs fczr an argammtsan m

. fund basic research espacially in unzversaiies the S, Cangfess established the
- National Science Foundation (NSF) in 1950 (1) Alew years eari;er tha U5 Navy
. had founded the Office of Naval Research tc: draw an sc:ence and enqmeermc;
 resources in the universities. : :

_Inthe early 1950s, during an inijensejphaae of i_he (g&iﬂ War( t_he. mjiiiiary sewjac-z
as became the preeminant fundars of computing and communications ressarch.

. The Soviet Union's launching of Sputnik in 1957 raised fears in Congress and the
eauniry that the Soviels had forged ahead of the Uniled Stales in advanced tech-
 nology. In rasponise. the U8 Depariment of Defenise, pressurad by the Eisen-
_ hower adminisiration, established the Advanced Research Projscts Agenc"
 {ARPA, now DARFA) to fund technological projects with military implications. In
. 1962 DABPA created the! Information Processing Techmques Office (P10,
. whose inilial rasearch agenda gave prionty fo furiher ﬁev&iﬁpnmnt of computera
 for command-and-control systems.

‘With the passage of time, riew arg*mizaimns have emerged amd aid anes have

_ often baen reformed or reinvented to respond to new nations! imperatives and
. counter byreaucradic trends (23 DARPAS IPTO hay transformed Hsell several
_ times fo bring greater coherence to its ressarch efforts mnd to resoond to {efshna»
_ logical developments and changes in perr'eived national peeds for 1,

in 1967 NSF sstablished the Offics of ampuisng Activities, and in 1986 it

- formmed the Uomplter and Information Science and Engineering Directorate 1o
. advarice and coordinate suppor for research, education, and infrastructure in come
: puiing (1) in the 19808 NSF, which uusmmar&iy has focused on fundamental
_ masearch in univarsities, also bagan to encourags joint unwerstty industry research
_ centers through s Enginesting Research Cenlers program (thess centers focus
. on research and education in the context of long-time-horizon, camplex engineer-
g chaiienges Y and its Science and Technoiogy Cenler program (aimed at long-
 lemm ressarch in areas that are néw or that Ldi’} bndge d:sx:epﬁme;s and or En’:stiiué
_ tions and sextirs?). L

With the growth in 'ihe i sector and currespondmg ET deveiopment tcgeiher

 with the maturation of the field of computar science, more recent federal funding
_ has been characierized by a seriss of multingency, lontterm, high-risk initiatives.
 The first was the. Hiqh Ferformance Computing and Communications fnataaiwe
- which emergad in the lale 1980s and broadened through the mid-1590s (1,3}, By
_ the late 1990s and the esiablishmant of the multiagency Information Technology
_ Tor the Twenty-First Century initiative (in NSF, the Information Technology Re-
_ search inftiative), social science research-—ralating 1T innovation to the peapie
 who yse IT—was an impotlant campiemeni to the science and technuiugy e

eurt,h per 8 (3 8)

;’&ee \hma /{mvw eng nst. govfeac,fers i‘ztm Awes ed iune ’3,.2003
2Sep <hfl i nst, gof:/od'qia/programsistcb Aﬁceosed Ju ns 2
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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. Smh involvement could
provide a means for researchers to 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 mary of the highest-impact federal vesearch initiatives (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 u,\,rum,d 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.

Thla style of funding and manag ement allowed researchers room to
pursue new venues of inquiry. The funding style resulted in advances in
areas as diverse as computer graphics, artificial 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 accommodate 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 econoric 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
telecommumications 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 