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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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Figure 14.
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.
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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.
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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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