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Figure 13
The Layout of the Upper Left Optical Mouse Cell
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One other layout feature of note is the regular structure used for the "random" timing logic. It
is essentially just like onc planc of a PLLA, except that it can also be programmed with contacts
between the lines running orthogonally through it. With a bit of optimization, this becomes
topologically identical to 2L style gate-matrix layout. Look for more on this in a future report.

13. Tracking dark spots, instead of light spots

If we redefine the logic of the sensor cells, we can make an array that looks for a set of images
of dark spots in a light field; this approach has some different and interesting properties. In the
design previously described (light-spot detector), the cells race to see which can be the first within a
neighborhood to get enough light and inhibit the others; in this new technique, the cells want to see
which can be the last to get enough light—which requires quite a different logical approach. To
define the logic of this new cell, we use five logic variables in cach cell: Sensor-Node, Pixel-Light,
Pixel-Dark, Spot-Detected, and Cell-Done. Start by resetting to the state Sensor-Node = 1, Pixel-
Light =0, Pixel-Dark =1, Spot-Detected =0, and Cell-Done=0. Then, with the following logic,
wait until Cell-Done =1 in all the cells (Sensor-Node goes slowly from 1 to O as light hits):

Pixel-Light NOR ( Sensor-Node, Spot-Detected )

Pixel-Dark = Invert ( Pixel-Light )

Spot-Detected = NOR ( Pixel-Light, Pixel-Dark’s from other cells in neighborhood )
Cell-Done = High-Threshold-OR ( Pixel-Light, Spot-Detected )

A simple three-pixel example, diagrammed in figure 15, will serve to clarify the properties of
this kind of detector array. Note that when all cells have received light, it is possible for the array
to arrive at a stable state in which no dots were detected (Spot-Detected =0, Pixel-Light=1 in all
cells). Any set of dots which is a subset of an image that would have been detected by the
equivalent inhibition pattern in a light spot detector array is a possible stable image.

Therefore, for the three-pixel neighbor-inhibiting dark spot sensors, we get these stable images:

101 (1) 010 (1) ("complete" images)

100 (2) 0 00 (1) ("subset" 1images)

For four-by-four arrays, the additional stable "subset images" are illustrated in figure 16. One
result is that with the radius 2.9 inhibition pattern, sceing spots on opposite corners does not force
the four-corners image, but is actually most likely to give the correct two-corners image. A more
general result is that the spot pattern to be tracked does not need to be so closely matched to the
inhibition pattern, since the circuit is willing to wait for spots to really be there before it claims to
see them; a pseudo-random distribution of dots would probably work quite well.

With this technique, it would be possible to make a linear motion tracker with only three cells,
each inhibiting all the others, with a dark line spacing of three cells or greater; similarly, a 2-D
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Details of the Logic of the Prototype Optical Mouse Chip
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tracker might be built with just a three-by-three array of cells. For the lincar tracker, the image
sequence for uniform motion could be cither the 100, 010, 001, 000 cycle or the 100, 010, 001 cycle.
These trackers would have to assume that a dot disappearing from one edge and/or appearing on
the other represents a step of motion (or a half step, depending on what assumptions are made
about the linc spacing).

14. Of mice and pens

The optical mouse’s compact internals will allow it to be repackaged into various other forms.
For cxample, a pen-like device with a big base that keeps it from falling over might be desirable. A
"ball-point” tracking device that watches a golfball-like pattern of dots on a rolling ball in the tip of
a pen may also be useful.

15. Summary

The optical mouse embodies several ideas that are not obvious extensions of standard digital or
analog design practices, but which contribute to the design of robust sensors of the analog-to-digital
sort. Using the concept of lateral inhibition, sensor cells that are trivial and useless alone become
powerful in their synergism. A sensor array that forces itself into a useful and informative stable
digital state is very easy to deal with, through standard digital techniques. It is especially useful if it
can decide when it has reached such a stable state, and when it has been reset enough to be ready
to start over, for then it can be regarded as self-timed, and clocks can be generated that cycle it
quickly yet reliably.

The optical mouse is just one simple example of an application of smart digital sensors, which
happens to involve a few stages of logic to arrive at the answer in the desired format. Fortunately
for this project, the NMOS technology that we know and love for logic is also well suited for
sensing photons; so once the ideas and algorithms were firm, the chip design was relatively routine,
and quick-turnaround implementation was available through the standard well-greased path.

The interrelated inhibition neighborhoods, contrasting patterns, sets of stable images, and
tracking strategies for the optical mouse application have been thoroughly discussed in the text, and
do not seem amenable to summarization here.
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16. Concluding remarks

We have cxamined a family of smart digital sensors, specifically including motion-sensing
imagers, which may find applications in places other than the mouse. Other applications of
mutually-inhibiting and/or sclf-timed light detectors can be imagined, such as in character
recognizers, edge detectors, light-controlled oscillators, etc. Other kinds of sensors can benefit from
some of the same techniques.

A complete optical mouse has been in use for many months, with only one minor problem:
when one is forced to use a workstation with an electro-mechanical mouse after becoming
accustomed to the optical mouse, the erratic performance is an annoying contrast.




AND-PLLANE OR-PLLANE

22 TERMS:
B-TERM DOWN HALF RIGHT HALF
TERM DOWN HALF LEFT HALF
D-TERM UP HALF RIGHT HALF
TERM UP HALF LEFT HALF
B-TERM DOWN-RIGHT HALF
TERM DOWN HALF
TERM DOWN-LEFT HALF
B-TERM RIGHT HALF
TERM LEFT HALF
D-TERM UP-RIGHT HALF
TERM UP HALF
TERM UP-LEFT HALF
B-TERM DOWN-RIGHT
TERM DOWN
TERM DOWN-LEFT
D-TERM RIGHT
-TERM LEFT
-@-TERM UP-RIGHT
TERM UP
TERM UP-LEFT
TERM STAY
D TERM JUMP

a0
o
kS

o

a D
3\
Fa s WarW
3\

D
'z
Fan)
A7

L
o
3

Va
AV
A
\
Ve
At
ya
\

PaaWa
T
\NZANVANVANY
PN
\\PANIANVANY)
D
TP

o
N

Fan)
N
N D DD DD
(SRR VAN VAN VAR VAN ¥/
N
L
ParWa o Wa sl
\RVANTANY;
A
3/
Va2 WarWaa WL Way
N\
D D

A
pu

o nWa nWa s Wan)

\YZAYZAN R

P rWa W ar W arWasWarWar)
\NPANFAUFATIANYAN VAT

\NZANFANs AT
P\ WaaWa \WanWarWesWasWany
\NZANVANVAN VAN ZAN AN ZAN Y,
P n
T

o

a2 Wa s WarWan
Fan)
AV

N
L/

Ja 2 W 2 W42 Wa 2 a2 W e 2 W8 2 W a s WA Y
NVANVERVANVANVANVAN VRN VANV

A\SZZARPAAR VAN VAR VAN 7
Vs
J

Fa s Wa 2 Wa 2 Wa aWa 2 Wa 2
a s Wa s Wa s Was

AU ZANN AN P AN PN VN v

o

fa s Wa 2 War W a W AW\ WL WarWaaWaaWany
ARZANPAR VAR VAN VAN AN PN VAN VAR VAN V)

L
a2 WaasWarWarWarWaaWaa)

P\ \V P\

Ve Wa nWa
T

Ve WaaWas)
\\ AN

o
\J
)

P2 AW aWx 2 W2 AW a W 2 W2 0
\NVANVARFACVAVALATY)

D
Ay 4
Fan)

S VAR VAR VAR VAR VAR VAN V)
ra
A

Hf‘\f\f‘\f‘\f"\f‘\{'\

N

P W W aWa A Wa 2 Wa 2 e b)
\' ZANZAN VAN VANZAN VAN

o
N ZAAN VN

P Wa nWa s Wa aWa s Wa s Wa Y
Ay

AR 2AAN VAR VAN PAAN VAN VRN V)

FaaWarWar Wa 2 Wa s WarWan)
(AN VAN VAN VAN VAN VAN V)

Fa 2 WarWe 2 WasWa s WarWar ¥
N

AR ZAAR VAR VAN VAR VAN AN ¥
(f\f'\f\
\Y ZAAN VAN VAN o

Fan)

e

P s \Wa o Wa s W20 W2 2 W2
\NZANFARFANFANPANVANY)
fany
v
Vo W 2 W 2 WarWa W0 W2 a0 2
\SPANFZANVANUFAN VAN VAN VAN
D

fa 2 Wa s Wai
\RPARVIAN v
W 2 Wa 2 Wa 0
AR ZAAN VAN

L/
0

Fasy
9
3

o W a Ve s Wa 2 Wa e s W e 200 s W2 W AW r W AW W s W s W e A WA AW 2 8 N4 T 20
AV ZANPARVIAR VAN PR VN VAN VAN VAN VAN VAR VAR ZAAN PN VAN PR VAR DA VAR VAN

Faa)
37
AN ZAAN VAR VAN V) \r U\

fa o Wa aWa

\NZANAN

Pa \Wa W W oY

NNV ANVEANY)

P s W0a s Wa W2 2 Wa
\NZANVANZANIANYS

P WarWa \Wa rWa 2 Wa
\NZANPANVANVAN VAN

ParWa e\ Wa 2 Wa \Wa W0

\11 AYVARN VAR SVE "4~ “A N 74

Pa W 2 W s W% 2V AW AW W2
\*YANVANVANVAN VAN VANV AN
Ja s Wa s Wa Va2 Wa 1 W2 2 W2 Wa o Wa oY

fa s Waal
P\

)

3
O
”

8 OUTPUTS:

X RIGHT
BULLOXG 5] INPUT LATCH X HALF
9 INPUTS: X FULL
MOVED UP-LEFT] Y UP
MOVED UP Y HALF
MOVED UP-RIGHT Y FULL
MOVED LEFT ANY GOOD
STAYED HERE JTUMP
MOVED RIGHT
MOVED DOWN-LEFT
MOVED DOWN
MOVED DOWN-RIGHT

Lpo
Lo
T
Lo
Lo
Lo
Lo
Lo
— Lpo

CIRCLES INDICATE GATE INPUTS TO AND-GATES (TERMS) AND OR-GATES (OUTPUTS).
LOGIC EQUATIONS CAN BE READ OFF BY INSPECTION.

EXAMPLE AND-PLANE EQUATION: EXAMPLE OR-PLANE EQUATION:
TERM DOWN HALF RIGHT HALF = (NOT MOVED UP-LEFT) X RIGHT = (TERM DOWN HALF RIGHT HALF)
AND (NOT MOVED UP) OR (TERM UP HALF RIGIT HALF)
AND (NOT MOVED UP-RIGHT) OR (TERM DOWN-RIGHT HALF)
AND (NOT MOVED LEFT OR (TERM RIGHT HALF)
AND (NOT STAYED HERE) OR (TERM UP-RIGHT HALF)
AND ( MOVED RIGH OR (TEERM DOWN-RIGHT)
AND (NOT MOVED DOWN-LEFT) OR (TERM RIGHT)
AND (MOVED DOWN OR (TERM UP-RIGHT).

AND (NOT MOVED DOWN-RIGHT).

Appendix A. -
Symbolic Representation of the Tracker Conflict Resolution PLA.



The Optical Mouse, 15
and an Architectural Methodology for Smart Digital Sensors

References

[Business 1981]
Business Week, "Will the boss go clectronic, too?" pp 106-108, May 11, 1981.

[Card et al 1977]
S. K. Card, W. K. English, and B. Burr "Evaluation of mouse, rate-controlled isometric

joystick, step keys, and text keys for text selection on a CRT", Xerox Palo Alto Research
Center SSL-77-1, April, 1977.

[Conway et al 1980]
L. A. Conway, A. G. Bell, and M. E. Newell, "MPC79: The Large-Scale Demonstration of a
New Way to Create Systems in Silicon," Lambda—The Magazine of VLSI Design. pp. 10-19,
Second Quarter, 1980.

[Englebart 1970]
D. C. Englebart, "X-Y position indicator for a display system”, U. S. Patent 3,541,541. Nov. 17,
1970.

[Englebart & English 1968]
D. C. Englebart and W. K. English, "A Research Center for Augmenting Human Intellect”,
FICC 1968, Thompson Books, Washington Books, Washington, D. C., p. 395.

[Englebart ef al 1967]
D. C. Englebart, W. K. English, and M. L. Berman, "Display-selection techniques for text
manipulation”, IEEFE Transactions on Human Factors, HFE-8, 1, 5, 1967.

[Hawley er al 1975]
J. S. Hawley, R. D. Bates, and C. P. Thacker, "Transducer for a display-oriented pointing
device", U. S. Patent 3,892,963. July 1, 1975.

[Hon & Sequin 1980]
R. W. Hon and C. H. Sequin, 4 Guide to LSI Implementation, Xerox PARC Technical Report
SSL-79-7, Palo Alto, California, 1980.

[Koster 1967]
R. A. Koster, "Position control system employing pulse producing means indicative of
magnitude and direction of movement"”, U. S. Patent 3,304,434. Feb. 14, 1967.

[Lyon 1981]
R. F. Lyon, "A Bit-Serial VLSI Architectural Methodology for Signal Processing”, VLSI 81
Very Large Scale Integration, (Conference Proceedings, Edinburgh, Scotland. John P. Gray,
editor), Academic Press, August, 1981.

[Mead & Conway, 1930]
C. A. Mead and L. A. Conway, Introduction to VLSI Systems, Addison-Wesley, Reading,
Mass., 1980. '

[Newman & Sproull 1973]

W. M. Newman and R. F. Sproull, Principles of Interactive Computer Graphics, McGraw Hill,
1973.

[Opocensky 1976]
W. J. Opocensky, "Cursor position device"”, U. S. Patent 3,987,685. Oct. 26, 1976.




AND-PLANE OR-PLANE

BA
VanY Vs Y r‘L\ Fa nY an Fa nY TI: "
A N il S TERM RIGHT HALF 1
AY \V \}/ 3/ \V AN ) \ "
D——p—P—1—P- 45 --TERM STAY 11
O-P D—h—1—D b D—P-P-TERM LEFT HALF 11
S+ P-r—P-1P H—+—P Cf Cp ¢p-TERM LEFT FULL 11
& S7asy DD S7 &--TERM RIGHT FULL 10
P+ B PSP 87 D—P--TERM RIGHT HALF 10
(} B S B P-D—PP-TERM STAY 10
DD b D O—P-Pp—P——TERM LEFT HALF 10
O DD P P TERM LEFT FULL 10
85 Pt & 822 & B-b—P--TERM RIGHT FULL 01
P1p O— B D—P-P—P——TERM RIGHT HALF 01
D——p— - &> P avy; TERM STAY 01
DD b—F & H—ep- TERM LEFT HALF 01
H—1-H-P & & a5 TERM LEFT FULL 01
1T 1P o1 S1T—SP TERM RIGHT FULL 00
D1 D D1 > PP TERM RIGHT HALF 00
DD S1p & TERM STAY 00
B D—1b1P ) ¢)-TERM LEFT HALF 00
P1-Pp S @ ¢D-P-TERM LEFT FULL 00
87 D B—1—P—-TERM X L0
D -D—-P—1P-TERMXL1
\ y i
¢ ) T ) AREANDED TOGETHER O
_%i _{k } } IN THIS "FOLDED" PLA.
PHI-SHORT., | INPUT LATCH | | outpuTLATCH |-<LHLLONG
STATE
FEEDBACK
X RIGHT XL
XHALEF o XB > OUTPUT X B
X FULL XA OUTPUT X A

CIRCLES INDICATE GATE INPUTS TO AND-GATES (TERMS) AND OR-GATES (OUTPUTS).
LOGIC EQUATIONS CAN BE READ OFF BY INSPECTION.

EXAMPLE AND-PLANE EQUATION: EXAMPLE OR-PLANE EQUATION:
TERM RIGHT FULL 11 = ( X RIGHT) XL = ((TERM X L1)
AND (NOT X HALF) OR ( TERM RIGHT HALF XX)
AND (X FULL) ' OR ( TERM LEFT HALF XX) )
AND (XA AND (( TERM X L 0)
AND (X B). OR ( TERM RIGHT FULL XX)

OR ( TEERM STAY X
OR ( TERM LEFT FU LXXL).
(OR-ING TERMS FOR ALL VALUES OF XX)

Appendix B.
Symbolic Representation of the Eight-State X Counter PLA.
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