







































































A NEW APPROACH TO IMAGING IC LAYOUT AND SCHEMATICS

Plate XI. The layout for the CMOS inverter shown in plate VI revisited. This figure is imaged using a
palette of discriminable colors.

Plate XIl. Same inverter layout as in plate XI, but plotted with a conventional state - of - the - art
checkplot program. See page 23 for a discussion of the print quality.

Plate XIIl. The same layout as in plate XI, but with the rectangles in the VLSI image outlined. The rec-
tangles are not unique, but depend on how the designer lays out the circuit.

Plate XIV. The same layout as in plate XI, but with the regions outlined.
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A NEW APPROACH TO IMAGING IC LAYOUT AND SCHEMATICS 19

5.2.2. Problematic Colors: Blue

The rendition of vLSI layout on a printer is problematic for two colors: blue and yellow. To
understand why blue is problematic, the difference between an additive and a subtractive color model
must be understood (see plate I).

A color monitor is an example of the additive color model. The screen is a black matrix. There is
a raster of three distinct phosphor dots for red, green, and blue. A primary color like red is generated
by activating the phosphor dots for red. To generate a secondary color, for example yellow, green is
added by also activating the green dots. The pitch (distance between the shadow-mask apertures) of
the color monitor is sufficiently small that the human eye cannot discern the single dots and integrates
the red and green stimuli into a single yellow stimulus. If the blue phosphor dots are activated too,
blue is added to the yellow and white is obtained.

A set of dichroitic filters in the colors cyan, magenta, and yellow is an example of the subtractive
color model. We observe a white object. A primary color, for example cyan, is generated by holding
the cyan filter in front of the object. The filter reflects the complementary color, red in this case.
Subtracting red from the white object, it is seen as cyan. To generate a secondary color, for example
blue, a magenta filter is added to subtract green also. If the yellow filter is added too, blue is subtracted
from the blue and black is left.

The reason that cyan, magenta, and yellow are used for printing is historical. In the printing
industry, plates have been primarily produced by a negative/positive process. Before the availability of
color scanners, the negative color separations were produced photographically using a set of filters in
the colors red, green and blue. To print the plates produced with these separations, inks of the
complementary colors had to be used [Strauss, 1967].

In color printing, a mixture of the additive and the subtractive color models is used. An ink has
only one lightness value. Lighter colors are obtained by applying ink spots of multiple sizes and/or
varying the distance between spots. Since the ink coverage is not continuous, sometimes two ink spots
of different colors are printed one on top of the other and sometimes they are printed one next to the
other. For a first discussion, let us assume that the inks combine ideally in the subtractive color model.

The inks are not light emissive, but filter the light reflected by the paper. This reflected light is not
white. Most papers reflect least light in the blue, more in the green, and most in the red zones of the
spectrum. As a result the colors of the printed image are shifted towards the red [ibid., p. 166].

Inks are lacking in the beamsplitting dichroitic quality that dichroitic filters have. Instead of
absorbing only green, magenta inks also absorb some blue and some red. Cyan inks are the worst, be-
cause they absorb some green light, do not reflect enough blue, and reflect some of the red light they
should absorb [ibid., p. 192]. Yellow inks are almost perfect and do not represent a problem per se.

The paper substrate on which inks are deposited is not illuminated from behind but by reflection.
If a cyan mark is deposited on a white sheet of paper, the illuminating white light traverses the mark, is
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20 COLORING THE INTERSECTIONS

reflected by the paper, traverses the cyan mark again, and is observed. If a magenta mark is deposited
over or under the cyan mark, the light illuminating the lower mark is no longer white.

In summary, blue cannot be produced by applying equal amounts of cyan and magenta. The
solution is to perform a color cofrection, i.e., to use less magenta than cyan, so that the resulting color is
blue. This technique is well understood and has been incorporated in electronic color scanners since
their advent on the market in 1955 [ibid., p. 163].

Unfortunately, different printers use quite different inks, so there can be no device-independent
color correction. The only solution is to use blue to represent a layer that is not critical, such as vias.
Since it is sufficient that it be different from the black used for cuts, a blue is obtained by using an
arbitrarily higher proportion of cyan than magenta. This color will never be mixed with other colors
because vias always “‘win” over the representation of the other VLSI layers, so there is no possibility of
confusion.

5.2.3. Problematic Colors: Yellow

A few paragraphs ago, it was claimed that yellow inks are almost perfect. In fact, the problem for
yellow is not in the inks but in the color itself. For spectral colors, only the narrow range around 0.57
pm to 0.59 pum is categorized as yellow [Murch, 1987]. If this frequency is increased, the color is
quickly categorized as yellow-green; if the frequency is decreased, the color is quickly categorized as
orange. If plates VIII and IX are compared, it becomes clear that the perception of yellow “degrades”
quickly to-orange and brown as it is darkened. Yellow is so light that in a chromaticity diagram or in
plate IX you cannot clearly see the edges that delimit it.

For this reason, it is not a good idea to use yellow to represent wires, as the wires would become
hard to recognize when they run above or below a wire of a different layer. Also, yellow inks are quite
vivid, even more saturated than the yellow that can be produced.on a color monitor. Combined with
the fact that yellow is lighter than the other inks, a yellow feature will always stand out.

When VLSI layout is read, the most important features are the transistors, the active devices.
Transistor gates should be recognized quickly and unmistakably. If a metal wire passes over a gate, this
wire is easily identified because most transistors are short and wide; therefore, the color of the gate does
not have to be strongly modified to show coverage by metal. -

The best use of yellow is therefore to represent transistor gates. If 100% yellow is used to this
purpose, a *“very lighi vivid yellow,” say 30%, can be used to represent wells in CMOS or ion implant in
NMOS layout, as suggested by Mead and Conway [1978]. In particular, it is not a good idea ‘to use
yellow to represenf metal-2 layers, where wide wires are run on top of diffusion, polysilicon, and
transistor gates. ' o

5.24. Basic Colors
So far, colors have been found to represent cuts (black), vias (blue), and gates and wells (yellow).

Colors have to be determined for the remaining layers, namely diffusion, polysilicon, and two or more
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metal layers. Which color is used to represent each layer is not so important, although it is a good idea
to follow some standard such as that proposed by Mead and Conway.

The above list contains at least four layers and cyan, magenta, red, and green are four colors that
could be used to represent them. However, if an additional layer must be represented, such as a third
metal layer, there are not enough colors. The narrowness of the range of yellow can be exploited to
obtain two additional colors to represent layers. Towards green, yellow-green can be added as an addi-
tional color. Similarly, towards red, orange or brown can be added.

Plate X shows a chromaticity diagram with a possible palette of basic colors. Note that, to accom-
modate the small color gamut of printers, green has been replaced by “lightish very strong yellow
green” and red byv“lightish vivid red orange red”.

5.2.5. Traceability and Discriminable Colors

The palette of the basic colors allows the representation of the single layers. In section 5.1, an
informal physical model was chosen and the colors of the layer’s intersections were calculated using
weighted means. When designers read layout, they do not rely on a physical model. This fact can be
exploited to reduce the number of colors in the complete palette, thus making the task of finding
discriminable colors easier.

One solution could be to select the colors in the palette so that their coordinates in CIELAB-space
were all equidistant. However, layout rendered using such a palette is not very readable.

Designers read layout by tracking wires. Therefore, the main criterion for selecting colors for the
intersections is to make wires traceable.

It is convenient to divide wires into two classes. The first class consists of the wires on the
polysilicon and the two diffusion layers. These wires are usually narrow and are dense in areas of active
logic. The second class consists of the metal wires. These wires are usually wide and run on top of cells
to distribute V4q4, ground, and the clock(s). Class two wires are used for the routing.

The human visual system is more sensitive to changes in lightness than to changes in hue or
saturation [Foley and Van Dam, 1982]. For this reason, the colors in the basic palette are not only dif-
ferent in their chromaticity (see plate X), but also in their lightness (as is shown in figure 3).

Figure 3. Lightness distribution of the colors in the basic palette shown in plate X. The dis-
tance of two tick marks on the abscissa is 10 units in L*.
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22 COLORING THE INTERSECTIONS

When the colors for the intersections of layers are selected, three principles are used:
1. The lightness of class one wires is kept constant.
2. The dominant wavelength of class two wires is varied as little as possible.

3. When it is important to discriminate two different intersection types, the coordinates co-
lors in the CIELAB-space plane are kept as distant as possible.

The first principle allows the designer to trace a class one wire by its intensity alone, making it very
easy to follow such a wire when it runs under a class two wire. Remember that the intersection of two
class one wires is-a gate, which is handled separately as described in sections 5.2.3 and 5.2.6.

The second principle takes advantage of the width of class two wires. Such wires are global in na-
ture and their hue is sufficient to track them. The dominant wavelength of a color can be determined
graphically using the CIE 1931 (x, y)-chromaticity diagram. White is used as the achromatic reference
color. When the point corresponding to the basic color of a class two wire is connected with a straight-
line to this reference color, the intersection of this line with the spectrum locus is the dominant
wavelength. The colors along this line between the achromatic reference color and the spectrum locus
differ only by saturation.

The third principle complements the second. As I explained in section 5.2.1, the (x, y)-chromatic-
ity diagram is not uniform, thus two colors differing slightly in saturation may not be discriminable. As

Discriminable conrac catibeation

[ 1ol il

Figure 4. Lightness distribution of the colors Figure 5. Lightness distribution of the colors
in the palette of discriminable colors. The used by a VLSI editor and shown in plate Vil
distance of two tick marks on the abscissa is The distance of two tick marks on the abscissa
10 units in L*. This histogram is printed at the is 10 unitsinL*.

same scale as figure 5.

XEROX PARC, EDL-88-3, APRIL 1988



A NEW APPROACH TO IMAGING IC LAYOUT AND SCHEMATICS 23

a first step, the lightness of the colors obtained by the second principle is distributed more uniformly, as
shown in figure 4. It is interesting to compare this lightness distribution with the one used by a VLSI
editor for display on a monitor and shown in figure 5 (see also the discussion in the introduction of sec-
tion 5).

Note that the use of discriminable colors, maximizing the traceability of layout, permits the use of
a much smaller palette, which allows for more room in the distribution of hues and saturations. The
palette of discriminable colors used in the implementation described in section 6 contains only 25 diffe-
rent colors. In particular, wells are often shown only between wires and not always combined with the
colors of wires, as in the simple method described in section 5.1. The distribution of the colors in
CIELAB-space is depicted in figure 6.

Figure 6. The palette of discriminable colors
projected on the a*b* plane of the CIELAB -
space . The abscissa is a* and the ordinate b*.

Plate X1 revisits the CMOS inverter shown in plate VI. For comparison, plate XII shows the same
layout plotted by a conventional state-of-the-art checkplot program. In the original offset print of this
report, plate XII probably looks better than plate XI. This came as an accident during the lithography
phase. The separations for the color plates have been printed directly on film using a high resolution
laser printer [Starkweather, 1985]. For fairness, I masked out the location for plate XII and had a pro-
fessional lithographer from Kedie/Orent Inc. in Sunnyvale (California) reproduce the separations
photographically from a good plot made on a Versatec Electrostatic Color Plotter. While I used a
resolution of 106 dpi, Kedie/Orent used 150 dpi; moreover, the original was oversized by a factor of 2,
further improving the quality. Trust me, the original Versatec plot is inferior to the original for plate
XI, exactly the opposite of the Cromalin proofs I received from the Kedie/Orent.
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5.2.6. A Note on Transistor Gates

In section 5.2.3, I advocated the use of vivid yellow for rendering transistor gates. My motivation
was to give them prominence, since transistors are the active devices in the circuit. Thus, when a VLSI
designer looks at the layout of a cell, he can quickly recognize the cell’s function by matching the
pattern the gates form.

When the layout is used as a checkplot, the designer already knows the function of a cell and wants
to verify its correctness. As elucidated in the previous section, he does so by tracking wires. In this
case, the fact of polysilicon over diffusion forming a transistor gate is less important than the ability to
easily assess the ramifications of the polysilicon wire.

In the implementation described in section 6, the color palette is loaded dynamically. I supply a
choice of two predefined palettes; one rendering the gates in yellow and one rendering them in the
same hue as the polysilicon wires. The first palette is being more frequently used.

5.3. Detail Enhancement for Improved Traceability

The human visual system is pipelined in three stages. In the eyes, reception is performed, which
consists of statistical photon counting. Extraction takes place in the cortex and comprises among other
functions, edge detection, color identification, and measurement of orientation and motion velocity.
The third stage, inference, is commonly called the “mind’s eye” and accomplishes the perceptual
inferences — educated guesses —about the state of the outside world.

In section 5.2, I discussed these three stages in this order. In practice, section 5.2 can be
summarized as ascertaining the perceptual inferences drawn by a VLSI designer (traceability, transistor
functions), easing the extraction task by facilitating color identification, and selecting the colors that
produce the required reception.

Hubel and Wiesel have shown [1968, Hubel et al., 1978] that the most prominent process in the
extraction stage is edge detection. In section 5.2, I discussed how the continuity of wires could be ren-
dered by appropriately choosing lightness and hue. In this section, I present a simple method that
allows quick recognition of regions (that is, discontinuities) by facilitating edge detection.

Due to lateral interactions in the neural network of the visual system, Mach bands are perceived
near the border of two. juxtaposed fields of different luminance [Wyszecki and Stiles, 1982]. On the
dark field, a darker band is perceived and on the light field, a lighter band is perceived. Figure 3
demonstrates that a black line separating any two regions that are not cuts will assure that Mach bands
are perceived, thus aiding edge detection.

This technique is well known in animated cartoons and comic strips, where regions are outlined in
black. In the printing industry, a mask is used to exaggerate the edges between fields of different lumi-
nance, a technique known as detail enhancement (or peaking, in the case of electronic color scanners)
[Southworth, 1979].
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Some tools to create checkplots attempt to use this stratagem by outlining all geometric figures in
the layout, especially when they use cross-hatching to fill the regions. Although this works to some
extent if the underlying VLSI editor is based on polygons, it fails if the VLSI editor is based on rectan-
gles, as is shown by plate XIII. The regions of a given color are not rectangular, so outlines clutter the -
interior of regions.

Since the data is already stored in a corner stitched plane, it is easy to devise a region-finding algo-
rithm. As the tessellation is enumerated and each tile is painted into the master, the neighborhood of
the tile is explored. If a neighboring tile’s index into the color table is different than the tile’s index, a
black outline is painted along their boundary. The result is shown in plate XIV.

6. An Implementation

This section describes the platform on which a prototype implementation called Nectarine has
been realized and how this implementation has been integrated.

6.1. The Cedar Platform

Cedar is a programming environment whose primary purpose is to increase the productivity of
programmers whose activities include experimental programming and the development of prototype
software systems [Swinehart et al., 1986].

Nectarine processes images produced with the vLSI editor ChipNDale [ibid., p. 458], which can
contain both schematics and layout. For the intermediate master, the Interpress [Xerox, 1984] page de-
scription language has been used. The use of the Interpress Electronic Printing Standard [Xerox, 1986]
(for a summary, refer to Bhushan and Plass [1986}) allows Nectarine to take advantage of all the Cedar
imaging tools available for Interpress.

Interpress is a standardized page description language. More precisely, it is an interchange stan-
dard which specifies a set of instructions for print software to generate an image of a document page.
“Interchange standard” refers to the property Interpress has of being independent of a particular envi-
ronment or of characteristics of computers or printers. An Interpress master is a program that can be
executed on any machine for which an Interpress interpreter —called a decomposer—is available. Spe-
cifying how to generate images instead of specifying the images themselves—e.g., describing a rectangle
as an instruction to print a rectangle of a given dimension at a given position, instead of a bitmap and
some printer control commands—leaves an Interpress master independent of such idiosyncrasies as
resolution and control commands.

6.2. Nectarine’s Program Structure

The program is structured in three modules: the user interface, the color blending implementa-
tion, and the main module which calls the corner stitching package to tessellate the layout and subse-
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quently calls the Interpress package to produce masters to submit to the various print servers. Nectari-
ne makes five passes over the data.

In the first pass, the VLSI image is traversed to identify all fonts used and to determine the outline
print fonts corresponding to the bitmap screen fonts. This information is employed to construct the
preamble of the Interpress master.

In the second pass, all intersections are found and the image plane is decomposed into a
tessellation using the corner stitching algorithm. The rectangles are assigned numbers according to the
layers intersecting in them. The color table, in which the intersections are classified by their resulting
color, is created.

In the third pass, the color table is traversed and a color (from the color table, the entry represent-
ing the particular intersections occurring in the rectangle class) is blended for each entry when the
simple method described in section 5.1 is employed. Instead, when discriminable colors are utilized,
these are read from a palette stored on the disk. It is in this pass that color corrections to improve
“printability” are performed.

In the fourth pass, the tessellation is traversed. Each rectangle’s color is looked up in the color
table that was prepared in the third pass and a corresponding colored rectangle is painted into the In-
terpress master. In the case of layout, regions are outlined with a black border.

In the fifth and last pass, the annotations are handled. As shown in plate III, painting them into
the Interpress master in a separate last pass makes them appear superimposed on the marked paper.
The Interpress standard allows one to set a so-called “priority toggle” which enforces the model shown
in the first example of plate I. This is described in detail in the Interpress standard [Xerox, 1986, sec-
tion 4.1} and in the paper by Warnock and Wyatt [1982].

Where appropriate, caches are maintained to avoid recomputations of the same data in successive
invocations of the Nectarine command.

6.3. User Interface

In concept, including a particular symbol from a vLSI image into a specific location of a text do-
cument is the same operation as copying a portion of text from one document to another. In Tioga,
Cedar’s text editor [Swinehart et al., 1986, p. 451], text is copied by selecting the destination position
and the source text, and applying the copy command.

A paradigm of Cedar user interfaces is the control panel. This is a member of a window class con-
taining collections of menu buttons. The user executes a command by clicking a mouse button when
the cursor is located on the menu button of the desired command. Figure 7 shows the control panel
ChipNDale associates with each VLSI image.
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Logic  ChlosE top lewel

current layer: ndif | new view save menu help
ndif wpdif pol met p-wCnt n-wCnt nwell met2 comment
2 2 2 3 2 2 0 4 (4/8)
select new: 1 step move size: 2

font: Helweticall (1/8)

generator: DIRECTORY name: < interactive

What: Selection Where: Tioga doc Copies: 1

Figure 7. A ChipNDale control panel. Nectarine uses the last line to provide a trigge-
ring menu button and three simple questions with the current answers. The user
can flip through the possible answers by clicking with the mouse over the questions.

Nectarine uses the last line in the ChipNDale control panel. The three buttons labelled What,
Where, and Copies correspond to the three parameters discussed in section 3.2. Since the set of values
that the parameters can assume is known in advance, a new class of menu buttons has been implemen-
ted. This class is called flip button, because when the user clicks a mouse button over one of them, the
answer flips cyclically through the set of possible values. The values of the parameters are retained
until they are changed explicitly, because such a change is required infrequently.

Once the parameters are specified, the copy command can be triggered. In figure 7, the high-
lighted menu button, which is labelled Nectarine and outlined with a box, is the menu button that
actually triggers action. This button is referred to as the action button.

In section 3.3, the need of so-called ““advanced” functions hidden to the casual user was postulated.
They have been implemented as additional parameters, which have well-behaved defaults. The fields
for these parameters are in a second line in the ChipNDale control panel, which becomes visible only
when the panel is scrolled up. Casual users do not suspect that the control panel is scrollable, hence the
user interface is not complicated by these advanced features.

6.4. Coalescing ChipNDale Images with Tioga Documents

As shown in figure 1, it should be possible to coalesce a ChipNDale image with a Tioga document
by repetitively copying portions of the VLSI image at given text positions. At the same time, the image
should be scaled to fit the text document.

Tioga documents are tree-structured, with each node approximately corresponding to a paragraph.
Tioga allows the definition of special node classes, such as the display of Interpress masters on the
screen.

When a node is to be displayed on the screen —or, more generally, formatted — the paint procedu-
re from the node’s class is called by Tioga. Using this mechanism, it would have been possible to insert
ChipNDale data structures directly into the Tioga document, thus allowing the figures to be edited.
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However, this would require that the vLSI editor be loaded each time a document containing such fig-
ures was examined. Since many people reading documents with illustrations from ChipNDale are not
designers and, therefore, not running DA tools on their workstations, this was considered an undesirable
solution.

Instead, the existing Interpress artwork class was improved. The adopted implementation allowed
the examination of a document with ChipNDale illustrations on any machine for which an Interpress
implementation exists. This method has been favorably accepted by the VLsI designers. Due to Necta-
rine’s powerful user interface, the designers have chosen to keep figures in a separate ChipNDale
database and to copy a figure again into a Tioga document whenever the figure is amended.

Coordinates in an Interpress master are fixed values expressed in meters, so that a master is always
printed the same size. This presents a difficulty since the field of the page into which a Tioga document
is rendered is not static, but determined from a style sheet and local properties at the time of
formatting. In order to reflect this flexibility in an illustration copied with the aid of Nectarine, Necta-
rine places program instructions in the information for the formatter, instead of associating static
formatting information (such as a bounding box) as a property of the figure.

These instructions access the formatter’s state information to determine the current margins. The
known size information of the illustration is employed to compute a scaling factor such that the illustra-
tion is fitted flush to the local margins of the document. This scaling factor is in turn used to modify
the formatter’s state information to achieve the desired effect. In particular, if a document is printed
with a different number of columns per page, the illustrations do not have to be regenerated.

This mechanism has required only a minor change in the Interpress artwork class, yet producing
active documents in this way is a major timesaver for authors. The reason the implementation of this
improvement required only a minor programming effort is that Cedar makes available an interpretive
language that can be used to implement formatting procedures in artwork classes. This simple stack-
oriented language is called JaM [Warnock and Newell, 1980]). JaM uses a postfix notation and is
similar to Interpress.

JaM interprets a stream of tokens by placing those that are data on a stack; the tokens that are in-
structions are executed operating on the data in this stack. Since a Tioga document as seen by a
formatter is such a stream, all that needs to be done is to insert appropriate JaM instructions in this
stream.

6.5. Local Fidelity in Schematics

In the applications described in this report, the size of each printed rectangle is more important
than its absolute position. For instance, in schematics, a bus is represented by a family of parallel
straight-line segments. For the designer, it is important that the width of each segment of the family is
represented with the same number of pixels. This is achieved by translating the origin to the lower left
corner of the tile before painting it, because the Interpress coordinate system always has its origin on a
grid point (see “Coordinate precision” [Xerox, 1986, p. 47] for more details). The procedure PrintTile,
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which is called for every tile when the tessellation is enumerated to paint tiles into the master, has the
following simple structure for a rectangle of width w and height 4, with its lower left vertex at (x;, y1):
if the color is different from the previous one then set new color
Interpress.SetXY (x4, y1)
Interpress.Trans () (* resets the origin to the current position *)
Interpress.MaskRectangle (0.0, 0.0, w, h)

6.6. Fine Tuning the Color Printer Operation

In section 5, the values of the cyan, magenta, yellow, and black components of a color were
considered to be real values in the interval [0, 1]. It is clear how to produce the binary values 1 and 0:
ink and no ink. How are the intermediate grey values generated?

It might be of interest to learn first how the RGB signals fed into the color monitor are generated in
most of today’s workstations, since this is relevant for continuous tone printing. From an electrical
point of view, the different voltage values that can be applied to an electron gun above the noise level
can be expressed with 8 bits of information. For an RGB image, this would require 24 bits. However,
on a color monitor, only 7000 colors can be discriminated when displayed in non-adjacent fields
[Murch, 1987].

To avoid waste in memory space and bandwidth, digital-to-analog converter-chips comprise a
look-up table, loaded by software, that allows the indexing of a predeclared 24 bit RGB triplet with an 8
bit index. These chips also perform the y-correction. The luminance of the phosphors is not
proportional to the voltage applied to an electron gun. Proportionality is achieved by taking the y-th
root from the tristimulus values, where y € [2.5, 3.0] [Meyer and Greenberg, 1987]. A better model is
to consider the logarithms of luminance and voltage, so that y becomes the slope of a curve related to
the tone reproduction curve. Images displayed with a low y are perceived to have “pastel colors,”
while those displayed with a high y are perceived to have highly saturated colors.

Most printers do not permit continuous tone printing. An additive model is used to mix the colors
of the inks with the white of the paper. This additive model combines with the subtractive model of
the ink mixing.

One technique, called halftoning, consists in using ink spots of variable area. Conceptually, for
each of the four color separations (cyan, magenta, yellow, and black) the image is subdivided in a raster
of square bins, which is called a halftone screen. For each bin, a spot with area proportional to the
lightness of the color is deposited on the film or paper. ,

The subsequent printing of the four separations causes the screens to produce interference pat-
terns, known in the printing industry as moiré patterns. The solution is to rotate the four halftone
screens by different angles, a technique called angling [Strauss, 1967]. The interference patterns de-
pend on the lightness distribution in the image, thus there is no universal set of values for angling. The
standard angles are such that moiré patterns are minimized for flesh tones [Southworth, 1979].
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The colors for VLSI layout are not related to flesh tones, hence the standard angling will always
create moiré patterns. One solution is to find a set of angles for every printer used, a task which is not
hard, given that the palette of discriminable colors for VLSI layout presented in section 5.3 contains only
25 colors. A more general solution is to distribute the lightnesses of the colors uniformly in the palette,
so that the additive effect is pronounced, and distinct moiré patterns are formed. Since vLSI layout is
examined with a relatively large angular subtense, the moiré patterns can actually improve the readabi-
lity.

Many digital printers cannot produce ink spots of variable area. On such printers, a group of
pixels can be used to approximate a dot. This technique is called halftone approximation [Foley and
Van Dam, 1982]. Accurate algorithms have been devised to obtain the same halftoning quality as in
traditional methods [Holladay, 1986). Unfortunately, halftone approximation substantially reduces the
resolution of the printer. For instance, if the printer has a resolution of 1200 pixels per inch and 12
pixels are used to approximate a dot, the resulting resolution is 100 dots per inch.

While such a resolution may be sufficient for realistic images, it is often not acceptable for VLSI
layout. Wires can be thinner than a spot of such size, hence the wires become fuzzy and very hard to
track. Distributing the lightnesses of the colors in the palette uniformly in each color separation allows
the use of smaller groups of pixels per dot, thus increasing the device resolution.

The fuzziness of the wires can be further reduced by using a halftoning algorithm where, for
increasing lightness, the pixels are “turned on” from left to right and top to bottom in a regular pattern.
If a 3 X 3 pixel matrix is used for each dot, the following threshold matrices have been used in con-
junction with the discriminable colors presented in section 5.3:

456 6.1.7 583 164
C. 132 M: 5338 Y: 926 K: 729
J89 429 174 583

Such dots or, more appropriately, cells have the advantage of degrading gracefully in images with
elements of sub-dot size when they are observed at large magnifications. The disadvantage is that
putting marks of this size on paper is much more difficult than for the traditional halftone dots. For
most inks, the image will look smeary, because not all pixels will receive the same amount of ink. A
careful choice of the color palette is mandatory. In particular, these cells are not suitable for realistic
images.

This technique still falls in the category of halftoning for full-color printing; it is not to be con-
fused with the “stipple technique” [Trimberger, 1987], which was developed centuries ago to render
coats of arms in black-and-white or relief. A stipple pattern represents a given color or VLSI layer, and
its tristimulus value cannot be changed. Intersections of stipple patterns are hard to predict and they
require a multi-color process to print. While they play an important role for rendering VLS! layout on
black-and-white plotters, they are an anachronism in the world of color printing.

For applications in which an even larger resolution is needed, such as illustrating books with im-
ages of entire chips, line art can be used. The separations are then printed in multi-color instead of full-
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color, avoiding halftoning. In conjunction with a high resolution printer [Starkweather, 1985], this
allows the printing of VLSI layout at a resolution of A = 31.75 um, in which even the layout of a large
chip is readable with the use of a good magnifying glass when it is printed the size of a book page.

Using multi-color printing, it is desirable to use only four separations to control printing costs, be-
cause non-opaque quality inks are required. The following colors have yielded good results:

polysilicon: RT6 red
diffusion: GT4 green
metal-1: C28 blue

metal-2: M35/2 magenta
Cuts and vias can be imaged in three of the separations to appear black. At the scale at which line
art becomes interesting, the other layers, such as wells, can be omitted without hampering readability
for a VLSI designer.

7. Conclusions

Nectarine has changed the way designers work in the Cedar environment. Circuits were previous-
ly described using a hardware description language, while today the designer’s office walls are covered
with block diagrams and schematics. The few project document specimens were done awkwardly using
plain English text. A technical writer used to spend days with a calculator and a measuring ruler trying
to insert very simple illustrations into Tioga documents. Today, the projects are characterized by com-
prehensive and easy-to-read documentation with many illustrations, and are printed with professional
quality.

Project meetings have become more effective. Before the availability of Nectarine, details of cir-
cuits were painted ad hoc on a whiteboard from memory — frequently with errors that had far-reaching
effects. Nowadays, dossiers are circulated and discussed, while diagrams of the system and the
subsystems are pinned on the walls.

Nectarine is a good example of serendipity. None of the described benefits had been anticipated
in the project, which started with the goal of implementing a quick hack to submit checkplots automa-
tically to print servers whenever a chip was assembled. Instead of immediately writing the required
code, actual user’s needs were investigated, indicating that the missing tool in the system was not a hack
to submit checkplots but a tool that knew how to image IC schematics and layout.

The use of the Interpress standard has allowed us to take advantage of a large portion of existing
imaging code. Also, the images can be transferred to a variety of machines, which would not be the
case if the print files were bitmaps or if a vLSI editor was needed to examine and manipulate figures in
a document editor.

The clean factorization of the code, which resulted in the five pass implementation organized in
three modules, has made it easy to enhance Nectarine. New applications, such as printing only one
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layer (overglass) to obtain pad-bonding specifications from a chip layout, or printing at a given scale to
produce films for printed circuit boards, could be implemented in just a few hours.

To handle massive inputs, Nectarine processes the ChipNDale images in horizontal strips called
bands. The bands do not overlap, forming a geometrical decomposition of the image. This means that
Nectarine’s five passes could be executed in parallel on independent data exploiting a MIMD (multiple
instruction multiple data) workstation with coarse granularity. The data pertinent to a band would be
pipelined through a sequence of processors, each executing static code. On bus-oriented architectures,
this should avoid the problem of excessive bus traffic due to the cache inconsistencies observed in task-
queue implementations. This speculation has yet to be proven experimentally.
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Colors for some layer combinations. RGB values: displayed on monitor; L*a*b* values: printed on Versatec plotter.

A-2



Index

0 0.0000
1 1.0000
2 1.0000
3 0.8588
4 0.7608
5 0.0431
6 0.1765
7 0.9137
8 0.5529
9 0.5765
10 0.8275
1 0.1490
12 0.8314
13 0.4824
14 0.5451
15 0.3686
16 0.4431
17 0.1647
18 0.9569
19 0.8039
20 0.7882
21 1.0000
22 0.4824
23 1.0000
24 1.0000
25 1.0000
26 1.0000
27 1.0000
28 1.0000
29 0.7882

RGB

0.0000
0.1333
0.2392

0.2706
0.2706
0.2549

0.6706
0.2667
0.5686

0.5137
0.8431
0.9569

0.8902
0.7725
0.9686

0.8549
0.6039
0.7451

0.9137
0.7843
0.5255

1.0000
0.6824
1.0000

1.0000
1.0000
1.0000

1.0000
1.0000
0.5255

0.0000
0.1020
0.2667

0.4157
0.4784
0.9255

0.4431
0.9765
0.7176

0.8314
0.1529
0.3490

0.1216
0.5373
0.1569

0.4863
0.8941
0.8196

0.1216
0.4706
0.9529

0.0000
0.9020
0.7020

0.0000
0.0000
0.0000

0.0000
0.0000
0.9529

Xy
0.3143

0.4198
0.3779

0.3550
0.3457
0.2880

0.2869
0.3356
0.3113

0.3129
0.3247
0.2795

0.3234
0.3031
0.3038

0.2950
0.3031
0.2861

0.3287
0.3196
0.3203

0.3297
0.3029
0.3174

0.3297
0.3297
0.3297

0.3297
0.3297
0.3203

0.3300
0.3358
0.3286

0.3191
0.3143
0.2831

0.3451
0.2938
0.3219

0.3134
0.3719
0.3652

0.3760
0.3425
0.3782

0.3497
0.3156
0.3258

0.3750
0.3462
0.3105

0.3872
0.3197
0.3416

0.3872
0.3872
0.3872

0.3872
0.3872
0.3105

0.00
58.84
67.61

70.34
70.51
70.94

77.27
81.17
82.42

82.89
83.61
83.94

84.46
84.66
84.70

85.15
85.21
85.54

86.16

86.67
86.88

86.98
87.72
96.43

86.98
86.98
86.98

86.98
86.98
86.88

L*a*b*
0.00

30.62
23.40

19.79
18.33
8.31

-17.81
26.14
2.19

6.73
-12.27
-30.25

-14.44
-10.51
-23.93

-17.28
1.20
-11.68

-12.02
-4.58
11.93

-16.27
-0.76
-3.95

-16.27
-16.27
-16.27

-16.27
-16.27
11.93

0.00
15.82
8.75

2.65
-0.18
-18.00

0.58
-9.02
-3.18

-5.83
15.24
5.79

16.41
2.35
13.78

3.4
-6.76
-5.92

17.33
6.40
-5.90

21.57
-5.49
4.89

21.57
21.57
21.57

21.57
21.57
-5.90

cut met2 nwel pdif
red
met pol

met2 pol nwel
met2 met pol
cut2 nwel

met nwelCont
met2
met2 pwelCont

met2 met nwel
met2 met pol nwel pdif
nwelCont

met pol ndif

met2 met nwel pdif
pdif

green blue

met2 met pwelCont
blue

met2 pol ndif
met2 met pol ndif
met2 ndif

yellow
met2 met nwelCont nwel
nwel

green red
gate
pol ndif

pol pdif
pol nwel pdif
met2 nwel pdif

Colors for some layer combinations. RGB values: displayed on monitor; L*a*b* values: printed on Versatec plotter.
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Colophon

This report was produced by the author using exclusively an experimental Interpress 3.0 imple-
mentation in Cedar. The text was composed in Tioga. The chromaticity diagrams were created with
Meta-Palette. Except for plates V and X VI, the remaining artwork was created in ChipNDale and coa-
lesced with the text using Nectarine. The camera-ready copies for the text and the separations on film
for the color plates were produced on the Erie laser printer. The separations for plate V were produced
by Kedie/Orent Inc. in Sunnyvale (California) on a Crosfield scanner from a micro-photograph and
those for plate XII from a Versatec plot. Composition of the color pages was performed with a custom
built program that electronically pastes up Interpress masters, while the separations for the form con-
taining the color pages have been stripped by Kedie/Orent, Inc.

Muller Printing Co. in Santa Clara, California, printed the color plates with a five-color 40" Hei-
delberg press on 70 1b. Productolith Gloss Book paper using Thomas inks in the SOP colors for cyan,
magenta, yeilow, and black. Fong Brothers Printing in Brisbane, California, printed the text with an
A.B. Dick 1600 System on 60 1b. White Vellum paper and bound the reports.

Renée Butruce of Xerox, Nancy Bryant of Fong Brothers Printing, Charles Perry of Muller Prin-
ting, Don Sheridon and Fran Stout of Kedie/Orent were instrumental in making the production possi-
ble. The Manager of the Electronic Document Laboratory, Rick Beach, encouraged the experiment of
producing a technical report in color. Tim Diebert and Dan Murphy of Xerox gave the author some
useful advice on the printing industry.
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