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'RELATED PATENT DOCUMENTS

Three closely related documents are other, coowned
U S. utility-patent appllcatlons filed in the United

v“States Patent and Trademark Offlce substantially contempo-

raneously with this document -- and also hereby incorpo-
rated by reference in its entirety into this document.
One is in the names of Ronald A. Askeland et el., and

identified as Hewlett Packard Company docket number PD-

1093053-1, and entitled "INKING FOR COLOR-INKJET PRINTERS,
USING NONINTEGRAL DROPS, MEDIA-DEPENDENT INKING, OR MORE

THAN 2 DROPS/PIXEL" -~ and subsequently assigned utility-
- patent application serial 08/

. and issued as
U. S. Patent 5, .y on , 199__.

Another such document is in the names of Gregory D. Raskin

et al., and identified as Hewlett Packard Company docket
number PD-189492, and entitled "DIRECTION-INDEPENDENT
ENCODER READING; POSITION LEADING & DELAY, & UNCERTAINTY
TO IMPROVE BIDIRECTIONAL PRINTING" ~-- and subsequently as-

signed utility-patent application serial 08/ s and
" issued as U. S. Patent 5, ’ on s
199__ . A third related document is in the names of Broder

et al., and identified as Hewlett Packard Company docket
PD-1092153~1, and entitled "COMBINED CENTRAL AND LATERAL
HOLD-DOWN PLATES, AND END-OF-PAGE ADVANCE-DISTANCE DE-

CREASE, IN LIQUID-INK PRINTERS" -~ and subsequently as-

signed utility-patent application serial 08/ s ; and
igsued as U. S. Patent 5, ' on )
189___.
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1. FIELD OF THE INVENTION
This invention relates generally & machines and
procedures for printing text or graphics on printing media

such as paper, transparency stock, or cther glossy medla,
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and more particularly to a scanning thermal-inkjet machine
and method that construct text or images from individual
ink spots created on a printing medium, in a two-dimen-
sional pixel array. The invention employs print-mode
techniques to optimize image quality (primarily on trans-
parent and glossy media) vs. operating time, and also to
minimize image distortion (primarily on paper) imposed by
an ink-drying heater. —

This Sheet Has Been R

2. oton aan LTI

To achieve vivid colors in inkjet printing with
aquecus inks, and to substantially fill the white space
between addressable pixel locations, ample quantities of
ink must be deposited. Doing so, however, requires subse-
gquent removal of the water base -- by evaporation {and,
for some printing media, absorption) -- and this drying
step can be unduly time consuming.

In addition, if a large amount of ink is put down all
at substantially the same time, within each section of an
image, related adverse bulk-colorant effects arise: so-
called "bleed"” of one color into another (particularly
noticeable at color boundaries that should be sharp),
"blocking" or offset of colorant in one printed image onto
the back of an adjacent sheet with consequent sticking of
the two sheets together (or of one sheet to pieces of the
apparatus or to slipcovers used to protect the imaged
sheet), and "cockle" or puckering of the printing medium.’
Various techniques are known for use together to moderate
these adverse dfying-time effects and bulk- or gross-
colorant effects.

(a) Prior heat-application technigues -- Among these
techniques is heating the inked medium to accelerate

evaporation of the water base or carrier. Heating, howev-

er, has limitations of its own; and in turn creates other

Clevelsnd et sl. / April 13, 1893 3 P. Lippmaa / PD- 1093389 xﬂPC =20
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difficulties due to heat-induced deformation of the print-
ing medium.

Glossy stock warps severely in response to heat, and
transparencies too can tolerate somewhat less heating than
ordinary paper. Accordingly, heating has provided only
limited improvement of drying characteristics for these
plastic media.

As to paper, the application of heat and ink causes
diimensional changes that affect the quality of the image
or graphic. Specifically, it has been found preferable to
precondition the paper by application of heat before
contact of the ink; if preheating is not provided, so-
called "end-of-page handoff” quality defects occur -- this
defect takes the form of a straight image-discontinuity
band formed across the bottom of each page when the page
bottom is released.

Preheating, however, causes loss of moisture coatent
and resultant shrinking of the paper fibers. To maintain
the paper dimensions under these circumstances the paper
is held in tension by a system of pinchwheels used in con-
juncticn with paper-advance drivewheels.

Unfortunately these provisions have their maximum
effect, in preventing image-quality defects, only while
the paper is constrained by the wheels. As soon as the
bottom of the page has been printed and the paper leaves
the constraint of the wheels, the paper contracts.

This happens very quickly, and as it does the paper
and the dots of ink on it move in at the edges and up in
the center. The quality defect caused by this sudden
releasing of stress can be identified as an "end-of-page
paper-shrink defect"; it appears as a thin arched gap of
reduced color density.

Prior efforts to eliminate this arched gap have
included avoiding the page-long accumulation of stress by
cyclically lifting or releasing the constraining force of
the pinchwheels. This works to decrease the paper-shrink
defect by allowing the internal stress to be released or

equalized incrementally -- rather than cumulatively.

T
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Unfortunately, however, this cyclical-release tech-

nique sacrifices control over paper position at each of
the release points along the way. This loss of paper-
position control can create numerous misalignment regions

that are a greater problem than the paper-shrink defect.

(b) Prior print-mode technigues ~- Another useful

technique is laying down in each pass of the pen only a
fraction of the total ink required in each section of the
image -- so that any areas left white in each pass are
filled in by one or more later passes. This tends to
control bleed, blocking and cockle by reducing the amount
of liquid that is all on the page at any given time, and
also may facilitate shortening of drying time.

The specific partial-inking pattern employed in each
pass, and the way in which these different patterns add up
to & single fully inked image, is known as a "print mode".
Heretofore three-pass print modes have been used success-
fully tec reduce bulk-colorant problems on paper -- but
less successfully on glossy and transparency stock, which
are much less absorbent and so rely to a greater extent
upon evaporation.

Attempts have also been made to use print modes for
hiding the paper-shrink error discussed in subsection (a)
above. Heretofore such efforts have had relatively little
effectiveness, or have caused still other problems.

For example, some print modes such as square or rect-
angular checkerboard-like patterns tend to create objec-
tionable moire effects when frequencies, harmonics etc.
generated within the patterns are close to the frequencies
or harmonics of interacting subsystems. Such interfering
frequencies may arise in dithering subsystems sometimes
used to help control the paper advance or the pen speed.

Checkerboard print-mode patterns alssc are subject to
objectionable so-called "banding" -- horizontal stripes
across the finished image. These arise because between

each swath the paper advances by substantially the full

s e ot i
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1 ‘height of a swath, in effect another type of cumuiative-
2 error display.
3 Print-mode patterns that are instead made up of
4 either mostly all horizontal or mostly all vertical ele-
5 ments can still produce similar interference effects, but
6 only along that direction of the pattern (the direction
7 along which most of the pattern elements are aligned) -~
8 and also tend to exaggerate other print-quality defects in
EJ the directional lateral to the pattern. Such problems
10 have defeated earlier efforts to find print-mode solutions
11 to the end-of-page paper-shrink problem.
12
13 {c) End-of-image print-medium advance errors --
14 Another problem, related to the end-of-page defect intro-
15 duced above, arises when printing near the beginning or
16 end of a sheet of printing medium -- but arises in a
17 somewhat simpler or more mechanical fashion. As suggested
18 earlier, in representative modern printing machines de-
19 signed for fine resolution and high image quality, the
20 printing medium is generally held taut in the print zone,
21 between twe sets of rollers or the like.
22 This arrangement promotes very high precision and
23 accuracy of printing-medium advance, and thus of printing-
24 medium positioning relative to the pen. Near both longi-
25 tudinal ends of each sheet or page of printing medium,
26 however, necessarily the medium is held only by one set of
27 rollers etc.
28 This arrangement leads to relatively less precise
29 positioning of the printing medium in those two regions.
30 This situation may be troublesome in particular when
31 printing near the bottom end of a sheet, as there the
32 sheet is held only by a tensioning roller -~ which for
33 other reasons is advantageously made rather small in
34 diameter, but such sizing may be adverse to best
35 precision.
36 One current development (not prior art with respect
37 to the present invention) importantly mitigates that
38 relative diminution of precision by taking ngller steps
§'L T HAS 1 ;:*7
Lo hefiacin
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in the printing-medium advance, particularly near the
botpom or end of each page. That system and its benefits

are described in the Broder et al. document mentioned

earlier; although that system represents a major contribu-
tion to attainment of good print quality near the botton
of the page, nevertheless precision is not improved to the

level enjoyed in regions where the medium is held taut.

{d) Known technology of print modes: general imtro-
duction -- One particularly simple way to divide up a
desired amount of ink into more than one pen pass is the
checkerboard pattern mentioned above: every other pixel
location is printed on one pass, and then the blanks are
filled in on the next pass.

To avoid the banding problem (and sometimes minimize
the moire patterns) discussed above, a print mode may be
constructed so that the paper advances between each ini-
tial-swath scan of the pen and the corresponding fill-
swath scan or scans. 1In fact this can be done in such a
way that each pen scan functions in part as an initial-
swath scan (for one portion of the printing medium) and in
part as a fill-swath scan.

Once again this technique tends to distribute rather
than accumulate print-mechanism error that is impossible
or expensive to reduce. The result is to minimize the
conspicuousness of -- or, in simpler terms, to hide --
the error at minimal cost.

For instance a two-pass print mode may start a page
by printing with only some of the nozzles in an array of
only half of the pen's nozzles, all positioned at one end
of the pen -- as an example, selected ones of the nozzles
consecutively numbered one through fifty, on a hundred-

nozzle pen. This first pass may be in a checkerboard

pattern -- thus actually using, e. _g., for example, exclu-
sively odd-numbered nozzles 1, 3, . . . in the first row,
and then only even-numbered nozzles 12, 14, . . . in the

second row, next selecting only odd-numbered nozzles 21,

-
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23, . . . again in the third row, etc. -- and thus print-
ing in half of the pixel locations ifi the swath area.

The paper then advances by a distance equal to the
length of the half-array of nozzles (in other words, the
height of fifty nozzles), and the pen would print in both
ends of its nozzle array -- but again only printing a
fifty-percent checkerboard pattern. Now, however, while
the forward end of the pen (selected cnes of nozzles one
through fifty) as before prints on fresh paper, the rear-
ward end (selected ones of nozzles numbered fifty-one
through one hundred) fills.in the area already printed.

This behavior is then repeated all down the page
until the last swath -- which is a fill-in swath only,
again using selected nozzles of those numbered fifty-one
through one hundred.

(e} Space- and sweep-rotated print-mode masks -- The
pattern used in printing each nozzle section is known as
the "print-mode mask". The term "print mode” is more
general, usually encompassing a description bf a mask, the
number of passes required to reach full density and the
number of drops per pixel defining "full density".

In the two-pass example above, the second half of the
pen (certain cnes of nozzles numbered fifty-one through
one hundred) filled in the blank spaces left by the first
half. For each pass, this may be symbolized using a

"

letter "x’ for each pixel that is printed and a letter "o
for each pixel that is not, as follows.

pattern 1: pattern 2:

nozzles 1 through 50 nozzles 51 through 100
XOXOXO0XO0OXO0 OXOX0XOXOX

0XOXOXO0XO0X XOXOXOXOXO0 This Sheet Has Been Replac
| [}
OXOXOXO0X0X XOXOX0X0X0

XOXOXOX0XO0 OXOXOXOXOX

KEPLACED
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In each of these diagrams, the xs appear in diagonal
lines -- which are angled, if the vertical and horizontal
spacings are the same, at forty-five degrees (to both the
columns and rows). These lines Sf Xs represent pixels
that are printed (if the desired image calls for anything
to be printed in each of those pixels respectively), and
the os represent diagonal lines of pixels that are not
printed.

To conserve space in this document, the diagrams
above represent only eight pixel rows, out of fifty creat-
ed by each half of the hundred-nozzle pen that is under
discussion. The nozzles are laid out along the pen in
substantially only one vertical row, one hundred nozzles
long -- although as a practical mechanical matter they are
staggered laterally to permit very close spacing along the
vertical axis. Therefore to obtain the checkerboard (or
other) patterns described in this document the various
nozzles are fired selectively and rapidly many times, in
careful synchronism with scanning of the pen across the
Printing medium -- taking intc account not only the scan-
ning motion across the page but also the nozzle staggering
across the pen. -

In the "pattern 1" diagram, one line of xs begins in
the upper left-hand corner, and at pixel positions gffset
by two pixels along both top and left-hand edges of the
pattern. In the "pattern 2" diagram, however, it is
instead a line of ps that begins in the corner, whereas
lines of xs begin at positions offset from the corner by
Just one pixel along the top and left-hand edges -- and so
fitting between the lines of xs put down by "pattern 1".

Hence these diagrams show that pixel positions left
unprinted by the first ("pattern 1") pass are filled in by
the second. In other words, looking all the way across
any row -- and taking into account all the xs formed by
both "pattern 1" and "pattern 2" in the aggregate -- all
positions in the row are filled.

One way to achieve this pattern is to always keep

nozzles one through fifty in "pattern 1", and always keep
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In this mode,
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This is known as

pass 2 pass 3

OX0X

X0Xo

OX0X

X0x0

%XOoXxo oX0X

oXox X0xo

XOX0 OX0X

OXOX X0OXO0
X0Xo
oX0oXx
XOX0
oXoX

e
e ——,
e

e
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nozzles rather than one hundred:

nozzles fifty-one through one hundred in "pattern 2".
"space rotated” masking; using this
method to print down the page would progressively produce
these patterns -- illustrated here too using an abbreviat-

ed vertical nozzle-array representation of just eight

pass 4 pass §

oXox
Xo0xo
0XO0X
X0Xo
X0X0
O0X0X
X0X0o

OXOoX

<~ first printed row

<~ fifth printed row

oX0oX
XOoXo
0X0X

X0X0o

- @i wmam
-— e e

the pen uses the same pattern all down the

Cleveland et 21, / April 23, 1893
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page, but the mask is different in different portions of
the pen: "pattern 1" for nozzles one through fifty (rep-
resented in the abbreviated drawing by th

P. Lippasn / PD-1083389 xHPC-20
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positions in each eight-nozzle group); vs. "pattern 2" for
nozgles number fifty-one through one hundred (represented
by the upper four positions in each group).

The availability of this method of masking for vari-
ous printing devices depends in part on the basic mechani-
cal and firmware architecture of each device. In partic-
ular, it depends upon whether the basic operating system
provides for efficient addressing of different mask pat-

terns to different segments of the overall nozzle array.

This is so-~cslled "sweep

pass 4 pass 5

<~ first printed row

K- fifth printed row

*\% H /‘“

[P,

10 Another way to use the same print mode is to apply
11 cne mask pattern to the entire pen, but to change that
12 mask pattern from pass to pass.

13 rotated" masking -- still using the same abbreviated
14 representation for purposes of illustration:

15

16 pass 1 pass 2 pass 3

17

18 ———

19 HE-

20 N

21 .

22 XoXo oxox

23 ©X0X xoxo

24 Xoxo oxox

25 oxox X0Xo0

28 0XxoXx xX0x0

27 Xoxo oxox

28 OXO0X X0X0

29 X0XO 0X0X

30 X0XO0 OXOX

31 oXox X0X0

32 Xoxo oXox

33 oxX0X XOXO0

34 e — oXoXx

35 This Shest Has 5 X0X0

36 0X0X
N

38
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In both these diagrams -- as in the basic "pattern 1"
and "pattern 2" diagrams discussed just before, it can be
seen by reading all the way across any row that after both
passes at each row all positions in that row are filled --
but by comparing the space- and sweep-rotation diagrams it

will now be appreciated that the order in which gsome of

the positions are filled in sweep rotation is opposite to
that in which they are filled in space rotation. For
example, in the fifth printed row the left-hand column is
printed in the second pass (and the adjacent column left
blank for printing later) in space rotation -~ but is
printed in the third pass (after the adjacent column} in

sweep rotation.

This can be shown more compactly by a different
notatién that allows comparison of space and sweep rota-
tion side by side. 1In this nectation, "0" represents
nozzle groups that are not fired at all -- at the top and
bottom scans of the page -- while "1" and "2" represent
not individual pixel rows but rather half-swaths, in

"pattern 1" and "pattern 2" as defined above.

Space rotation Sweep rotstion
———
1
This Sheet Has.p

L.

Now in these abbreviated forms it is easier to see that
within the printed image every half-swath receives one "1"

and one "2" -- but not always in the same order. Thus in




N
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the second half-swath the “1" goes down first in space

rotation, but second in sweep rotation.

(f) Autorotating print-mode masks -- Operating

parameters can be selectsed in such a way that, in effect,
rotation occurs even though the pen pattern is consistent
over the whole pen array and is never changed between

passes. Figuratively speaking this can be regarded as

b 0 NN s NN e

"automatic"” -rotation or simply “"autorotation".

[y
<

To understand what produces this condition, it is

[
s

necessary first to take note of what constitutes a basic

-
[N

cell or unit of the print-mode mask, and then to note its

height bt

number of pixels (or the length measured in number of

[
(7

in pixels. It is also necessary to note the

e
n o

nozzles) by which the paper moves m, in each of its ad-

vances. Ffor example, in the simple cases diagrammed

o
~N O

above, since each mask repeats every two rows, h, = 2; and

the paper advances by fifty nozzles at a time, so mv = 50

(or as in the abbreviated-notation diagram the paper

N e
O V@

advances four diagrammed nozzles at a time, so m, = 4).

The next step is to determine whether the ratio @/ b,
of these two parameters is integral. If so, as in this
case, since myt% = 50/2 = 25 actually (or 4/2 = 2 as
illustrated), the mask will not autorotate.

If however, in the two-pass example the paper advanc-

NN NN NN
U N

es by three diagrammed pixel rows instead of four -- but
the basic cell remains two pixels tall -- then for this
case as diagrammed the ratio @V%% = 3/2 is nonintegral

and at esach pass the mask will "automatically” fill in the
blank spaces left by the previous pass:

W W N NN
N » O 9 ®

pass_1 pass_2 pass 3 pass 4 pass_ S

W W
HW

XOX0O

JEOURSOEE

(o
n

OXOX
heet Has Been Replaced
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o oo (N

XOXO OX0OX

(2
~

Cleveland et al. / April 30, 1993 13 P. Lippsan / PD-1093389-1 xKPC-20



QS W W O AN e oo

W W W W W W W W W N B DN BN DN D DD N M e s ek e e e e e
W 3 & N WO NN e W N RO LW AW NN

OXO0X X0OX0O
a OX0X X0Xo
X0oXo oXoX
CX0X X0oX0
OX0oX XO0X0
X0oXo oXoX
0X0X X0oXo
oXoXx
X0Xo
CXoX

(This diagrammatic example symbolizes a real case of,
for instance, three passes, a total of ninety-six nozzles
ugsed in the pen, thirty-two nozzles used in each of three
sections of the pen, thirty-two-nozzle printing-medium
advance -- and a basic-pattern cell three pixels tall. 1In
algebraic notation, g%/h% = 32/3, a nonintegral ratio.
This three-pass mode is discussed in the next section.)

The print mode produced in this way is essentially a
space-rotation mode (though in a sense that condition is
not specifically called for). For example, if the pen is
a six-row pen as diagrammed above, the first three rows
are in "pattern 1" and the second three are in "pattern
2":

XOoX0o

oxox pattern 1
This Sheet Has Been Rep

- Hﬂllllll"llI!IHIH"I

X0Xo pattern 2

0¥o0X

For an autorotating case, either "pattern 1" or "pattern
2" may be used all down the pen. Thus the paper advance
turns one simple pattern into a space-rotated mask "auto-
matically”". 1In the shorthand notation introduced above,
the pen provides the following periodic behavior as the

paper advances.

Cleveland et sl, / dpril 23, 1993 14 P, prplan / PD 1093389 IHPC -20
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autorotation

——————
e

i

vored print mode has specified a one-third-density-per-

pass pattern that constructs dots in a diagonal pattern --

X00
0X0

00X

-- rather than the one-half-density-per pass checkerboard
modes discussed above. The diagonals, however, remain at
forty-five degrees as in the checkerboard mode.

This pattern has been considered advantageous because
it worked well with software dithering algorithms and had
minimal tendency to create moire patterns when printing
partial-density-shaded and gradient area fills. The use
of forty-five-degree diagonals was considered particularly
beneficial for its tendency to distribute error-hiding
capability egually between vertical and horizontal axes of
the pixel array to be constructed on the printing medium.

Generally a printing apparatus is characterized --
through its basic hardware and firmware design architec-
ture ~- by a general maximum-size print mask or mode
pattern that can be formed with the apparatus in one pen
pass; any mask pattern to be used with a printing appara-
tus must fit within its maximum pattern. For example, in
a particular one printing device (of the Hewlett Packard
Company) which produces high-quality images, that maximum

mask or pattern size is eight rows tall and four columns
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wide -- and will readily accommodate, among other possi-
bilities, a mask that is three rows tall (h, = 3) and
three columns wide.

Just such a mask produces the one-third~density
diagonal three-pass pattern introduced at the beginning of
this section. If that mask is used in conjunction with a
unit paper advance of thirty-two nozzles -- for a print-
ing-medium advance movement m, = 32 -- thgn the previously
introduced ratio my@k = 32/3, which is not integral.

This combination of conditions accordingly provides
autorotation of the three~row mask pattern shown above (as
noted parenthetically in the preceding section). No mask
rotation sequence is required; and a mask specification
for the three passes accordingly might read “111" to
indicate that the first column of the pattern should be
used in common to begin each sweep -- that is, printing
the pixel in column number one of the top row of the swath
(assuming that there is any image information to print
there). Equally well a mask specification might read
"222" or "000", as indeed the pattern may begin with
printing in any of the three columns of the basic cell.

If instead the number of dot rows were an integral
multiple of the pattern height, then as previously ex-
plained the printer would have to be instructed to use a
rotation sequence telling it how to build the pattern in
each succession of sweeps. For example, using the same
three-row pattern but thirty-three-nozzle advance -- which
is to say, a printing-medium-advance movement of thirty-
three dot rows -- the ratio my/h, = 33/3 is integral, and
a rotation sequence must be specified.

Such a sequence might be "012". The numbers are the

swath or pass numbers in which the respective columns of

the base pattern will start a page. The printer will form
so-called “swath number zero” (the first swath) using the

first column of the pattern as the first column at top of

the page, swath gne (the second swath) using the second

column as the first column at top of the page, and swath

two (the third swath) using the third column, @
POTHIS

follows

S BREN }
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10 "021", "102", and all the other six rotatioms ("120",

11 "201"; etec.) of these three root sequences. Now if a

12 printer is stopped halfway through a page, using this cell
13 and a diagrammatic six-dot-row paper advance, & pattern
14 something like the following will be found -~ regardless
15 of whether space or sweep rotation is in use.

16

17 XXXXXXKXXXXXXXX

18 XXXXXXXXXXXXXX

18 XXXXXAXXXXXKXXX

20 AXXXXXXXXXXKXXX completely filled

21 AXXXXXXXXXXXXX )

22 XXAXXXXXXXXXXK

23 XXOXXO0XXOXX0XX

24 OXXOXXOXXOXXOX

25 XOXXOXX0OXXOXXO0

26 XXOXXOXXOXXOXX two-thirds filled

21 OXXDXXOXXOXXOX

28 XOXXOXXOXXOXXD

This Sheet Has Been Replaced’

29 0X0O0X00X00X00X l"ﬂ”“ B

30 COXOO0X00X00XC0 ' | Ilnl lﬂ ""

31 XO0O0X0OO0XDOXDOX0D

32 OXOO0X0O0X00X00X one-third filled

33 0OOX0OX0OOX0O0X00

34 X0O0XCOXO0X00X0

35

38 As before, this abbreviated diagram symbolizes the modern-

37 ly more interesting practical case of thirty-three~-nozzle

38 advance. That case if fully pictured would appear as
T TG e |
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thirty-three rows fully filled, another thirty-three two-
thirds filled, and thirty-three more one-third filled.

{(h) Print-gquality defects on transparency and glossy

stock -- As mentioned earlier, known techniques have not
been entirely successful in eliminating bulk-colorant
problems on transparent and other glossy media. Dividing

the total desired amount of ink into three passes has been

‘considered the limit for epplication of print-mode tech-

nigques in attempts to solve this problemn.

As noted earlier, evaporation from these media --
because they are relatively much less absorbent -- is
necessarily more important that from plain paper. Some
evaporation can be cobtained straightforwardly by convec-
tion (stimulated by an air-circulating fan), but inducing
evaporation by applying radiative heat takes on greater
importance with plastic media.

Heat, however, is most straightforwardly applied from
below (the opposite direction from that of ink applica-
tion). These media present more thermal mass and there-
fore an effectively longer thermal path than does plain
paper.

Accordingly with these media a much greater fraction
of applied heat radiation ends up absorbed in the printing
medium as compared with the ink carrier; this adverse
energy distribution is compounded by the previocusly men-
tioned dimensional hypersensitivity of these media to
heat. Generally speaking, as can be seen from the forego-
ing discussion, the application of heat is more problemat-
ic for glossy and transparent stock than for plain paper.

Heretofore the lower liquid absorption, higher heat
absorption, and higher dimensional sensitivity to heating,
of these media has defied efforts to obtain adegquate
liquid removal. Accordingly the prior art has left con-

siderable room for refinement in this area.

(i} Black-ink detail -- Printing-machine users often
prefer to present lettering and certain other types of

oM
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finely detailed image elements in black, and the eye is

capable of discerning black-inked elements (and defects in
them) -quite sensitively -- as compared with elements and
defects marked in other colors. It would therefore be
desirable to use finer position control for black inking
than for other colors, even within the same image.

Such a strategy, however, is difficult to implement.
Generally speaking, the fineness of position contrel, or
to put it another way the pitch of the pixel array, is
commonly set by the frequency of a waveform derived by
electrooptically reading, while the pen scans, a special
scale extended across the printing medium,

Within a printing machine of reasonable cost it is
preferable to employ multiplexing techniques for control
of the pens. In other words, 2 single set of signal lines
-- and control signals time-sharing or otherwise coexist-~
ing in those lines ~-- is used to operate all of the pens.

Providing finer position control for printing of
black in direct conjunction with other colors would re-
quire somehow establishing a separate such waveform for
black. That waveform would have to be provided simulta-
neously with the position-establishing waveform for the
other colors -- but at a different, higher frequency.

It would also require arranging for the signals of
different frequencies to share the same basic position-
signal transmitting system. These special provisions, to
accommodate established multiplexing arrangements, would
be awkward or at least costly. In engineering jargon,
electrically it would be hard to "talk" to a color pen
(for instance, a cyan pen) and a black pen at the same
time.

An alternative would be to print black in a separate
sweep, between sweeps for the chromatic-color pens. This
alternative would pay a heavy price in reduced throughput

and accordingly would be very undesirable.

(j) Conclusion -- End-of-page print-quality defects

on paper, as well as bulk-colorant problems on glossy and

EELA (’}“m

————
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transparent media, heretofore have continued to impede
achievement of uniformly excellent inkjet printing -- at
high throughput ~- on 2ll industrially important printing
media, Awkwardness of overprinting fine detail in black
is another adverse limitation of the prior art. Thus
important aspects of the technology used in the field of

the invention remain amenable to useful refinement.

et e e
—
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The present invention introduces such refinement. In
its preferred embodiments, the present invention has
several aspects or facets that can be used independently,
although they are preferably employed together to optimize
their benefits.

In preferred embodiments of a first facet or aspect
of its aspects, the invention is a method of printing
desired images on a printing medium by censtruction from
individual marks formed in pixel arrays. The marks are
formed by a scanning print head that operates in conjunc-
tion with a printing-medium advance mechanism.

The method includes the step of scanning the head
repeatedly along e pen-scanning axis that is substantially
orthogonal to a printing-medium-advance axis. The method
also includes the step of, during each scan of the head
along the pen-scanning axis, forming marks in a pattern
that approximates at least portions of a large number of
generally parallel, séparated lines that are relatively
steeply angled relative to the pen-scanning axis and
relatively shallowly angled relative to the printing-
medium-advance axis.

This first facet or aspect of the invention also
includes the steps of (1) during one or more earlier scans
with respect to each segment of an image, leaving
unprinted regions between the angled lines; and (2) during
one or more later scans with respect to each segment,

filling in the unprinted regions.

BT BAS BEEN
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A second aspéect of the invention differs from the

first in that it expressly includes -- instead of the two

steps recited in the preceding paragraph:
- forming the marks with a liquid-based colorant; and

- substantially concurrently with the mark-forming
step, heating the medium to accelerate drying of the
liquid~based colorant -- this heating step having a
tendency to create an end-of-page paper-shrink defect
that accentuates positional error components parallel

to the printing-medium-advance axis.

The relatively steeply angled lines have a tendency to
minimize the positional error components parallel to the

printing-medium~advance axis.

The foregoing may constitute descriptions or defini-
tions of each of these two different facets of the inven-
tion in its broadest or more general form. Even in these
general forms, however, it can be seen that these aspectis
of the invention significantly mitigate the difficulties
left unresolved by the prior art.

In particular, the use of patterns with lines gener-

'ally close in orientation to the paper-advance direction

tends to minimize the conspicuocusness of positional errors
along that direction. This minimization of such errors in
turn permits use of heat to accelerate drying of the print
medium -- and thereby facilitates operation at high
throughput, but with minimal apparent degradation of image
guality.

Although the features or characteristics expressly
included in these two different aspects of the invention
are subject to practice independently of each other,
nevertheless as mentioned above they are preferably prac-
ticed together to maximize and optimize the benefits of

the invention. 1In addition, they are preferably practiced
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in conjunction with certain other features or characteris-

tics that further enhance enjoyment of overall benefits.

For example, it is preferred that the mark-forming
step include placing marks only at selected pixel loca-
tions where marks are desired for construction of a par-
ticular such desired image. By virtue of this provision,
the angled lines are incomplete where marks are not de-
sired for construction of such particular desired image.
Similarly it is preferred that the filling-in step include
placing marks only at other selected pixel locations where
marks are desired for construction of a desired image.

It is also preferred that the mark-forming step
include forming the angled lines at substantially a steep-
est angle possible within design architecture of the
scanning print head and printing-medium-advance mechanism.
Stated more generally, it is preferred that the mark-
forming step include forming the angled lines at substan-
tially a steepest angle possible that:

- is within design architecture of the scanning print

head and print-medium-advance mechanism;

- alsoc provides at least approximately an equal number
of marks per print-head scan, for desired images in

which all pixel locations are to be marked;

- does not contribute significantly to other types of

error.

Such other error types include, for example, interference
with dithering patterns; and diagonal lines that are so
vertical as to introduce significant print-guality aberra-

tions relative to the print-head scanning axis.

Preferably the mark-forming step includes forming the
angled lines at a slope much greater than 1:1 relative to
the pen-scanning axis. Even more highly preferable is

forming the angled lines at a slope of at least 2:1 rela-

[ i
T,
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--tive to that axis. As will be seen, the specific pattern

that is now most highly preferred provides a slope in the
range of at least approximately 2.5:1 to 3:1 -- or very
roughly 3:1 -- relative to the pen-scanning axis.

In this now-most-highly-preferred embodiment of the
invention, the mark-forming step includes forming the
angled lines in a basic pattern cell that is three pixels
wide and eight pixels tall, Within this embodiment,
advantageously during one of the scans the cell is printed
with:

- a mark in one column of the cell for each of three

rows in direct succession;

- a mark in another column of the cell for each of

three other rows in direct succession; and

- a mark in still another column of the cell for each

of two other rows in direct succession.

The same embodiment can be implemented in another way that
is particularly advantageous in printing on glossy or
transparent media. Here the total number of pen scans
with respect to each segment of the image is multiple,

i. e., a relatively high number, in any event greater than
about four; and the mark~forming step comprises, during
each of selected pairs of said multiple scans, printing
the cell with:

-~ two marks in one column of the cell for esach of three

rows in direct succession,

- two marks in another column of the cell for each of

three other rows in direct succession, and

- two marks in still another column of the cell for

each of two other rows in direct succession.

Cleveland et al. / April 23, 1993 23 P, Lippman / PD-1083389 zAPC-20
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This manner of practicing the invention provides superior

drying properties; if in addition the printing medium is
advanced relative to the marking head between each pair of
successive scans, of the multiple scans, then positional
error along the direction of the medium-advance direction
is relieved numerous times per swath, yielding very high
image quality.

At least four and preferably more scans are needed to
obtain the benefits of this manner of practicing the in-
vention. The number of scans now regarded as most highly

preferred is six.

In a third basic aspect or facet, the invention is an
apparatus for printing desired images on a printing medium
by construction from individual marks formed in pixel
arrays. The apparatus includes some means for supporting
such a printing medium; for purposes of generality and
breadth in expressing the invention these means will be
called simply the “"supporting means".

The apparatus further includes a2 print head mounted
for motion along a direction across the medium; and some
means for scanning the head across the medium. Once again
for breadth and generality these will be designated the
"scanning means”.

Also included are some means for providing relative
motion of the printing medium with respect to the print
head (the "relative-motion-providing means”) along a
direction of movement that is substantially orthogonal to
the print head motion. The apparatus of this third facet
of the invention als¢o includes some means for heating the
medium ("heating means"); and some means for forming marks
in a particular pattern ("mark-forming means").

More specifically that pattern is one which was
introduced in regard to the first two aspects of the
invention. It is a pattern that approximates at least
portions of a large number of generally parallel, separat-
ed lines that are relatively steeply angled relative to

the print-head motion and relatively shallowly angled
| :
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relative to the direction of relative movement of the

printing medium with respect to the print head.

As to the apparatus of the third facet of the inven-
tion, the mark-forming means form this pattern while the
relative-motion-providing means are not operating, 1In
other words, while the pen forms a particular swath of
dots or ink spots constituting a partially inked pixel
array having the lines just described, there is no rela-
tive motion -- along the orthogonal direction ~- of the

printing medium with respect to the pen.

In preferred embodiments of a fourth of its aspects,
the invention is a method of printing desired images on a
low-liquid-absorption printing medium, by construction
from individual marks formed in pixel column-and-row
arrays by a scanning multiple~nozzle pen that operates in
conjunction with a printing-medium advance mechanism. The
method includes the step scanning the pen repeatedly along
a pen-scanning axis across the medium, to place marks on
the medium within a swath of pixel rows that is exposed to
the multiple nozzles of the pen; in this system each
nozzle'corresponds to one pixel row.

The method also includes the step of periodically
advancing the printing medium relative to the pen, along a
printing-medium-advance axis that is substantially orthog-
onal to the pen-scanning axis, to bring a fresh portion of
the medium within the swath that is exposed to the pen.
The method further includes the step of; in each scanning
of the head across the medium, firing at most one-third of
the nozzles in each pixel-position column and thereby
depositing, over the total number of scans at each pixel
row, at least two drops of ink in each pixel position that
is inked.

This method is thus in effect a double-density or
200% form.of a six-pass printing mode, which has been
found to effectuate a particularly advantageous balance

between high quality and throughput. Indeed for optimum

Cleveland et al. / dpril 23, 1831 25 P. Lippaan / PD- 1093489 xHPC 20
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benefit this method is preferably practiced in conjunction

with six printing-medium advances per full swath height.

As to preferred embodiments of a fifth of its as-
pects, the invention is similarly a method of printing
desired images on a low-liquid-absorption printing medium,
by construction from individual marks formed in pixel
column-and-row arrays by & scanning multiple~-noczzle pen
that operates in éonjuncticn with a printing-medium ad-
vance mechanism. This method too includes the step of
scanning the pen repeatedly along a pen-scanning axis
across the medium, to place marks on the medium within a
swath of pixel rows that is exposed to the multiple noz-
zles of the pen, each nozzle corresponding to one pixel
row; and periodically advancing the printing medium rela-
tive to the pen, along a printing-medium-advance axis that
is substantially orthogonal to the pen-scanning axis, to
bring a fresh portion of the medium within the swath that
is exposed to the pen.

This method differs from that of the fourth aspect or
facet of the invention, however, in that it includes the
step of -- in each scanning of the head across the medium
-- firing at most one-sixth of the nozzles in each pixel-
position column. This method is thus more straightfor-
wardly recognized as a six-pass printing mode, and like
the fourth is preferably practiced with a one-sixth-swath

advance distance.

A sixth aspect or facet of the invention is, in its
preferred embodiments, a method of printing a2 desired
image, which has two ends, on a printing medium by con-
struction from individual marks formed in pixel column-
and-row arrays by a scanning multiple-nozzle pen that
operates in conjunction with a printing-medium advance
mechanism, The printing medium is held taut beneath the
pen between two sets of rollers except while printing near

top and bottom edges of the printing medium, when it is

U rris sHuIT S8
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constrained from only one direction by one of said sets of

rollers.

This method includes the step of scanning the pen
repeatedly along a pen-scanning axis across the medium, to
place marks on the medium within a swath of pixel rows
that is exposed to the multiple nozzles of the pen. Here
as before, each nozzle corresponds to cne pixel row.

In addition the method includes the step of -- when
the pen is not substantially at either end of the desired
image, and while the medium is held taut between two sets
of rollers -- periodically advancing the printing medium
relative to the pen, along a printing-medium-advance axis
that is substantially orthogonal to the pen-scanning axis.
Each such step operates to bring a fresh portion of the
medium within the swath that is expocsed to the pen, where-
by the pen moves stepwise from one end of the image to the
other.

The method also includes a further step that is
performed when the pen is substantially at either end of
the desired image, and at least until completion of full
inking for the swath of pixel rows that is exposed toc the
nozzles of the pen. This step is holding the printing
medium substantially stationary relative to the pen while
performing a plurality of said scanning steps.

This step is performed at least if the medium is
constrained from only one direcﬁion by one set of rollers.
Preferably this step is performed only while the medium is
constrained by one set of rollers, since its performance
is less robust with respect to tolerance of nozzle fail-
ures; however, this step need not be strictly limited to
performance under these conditions, as stationary-medium
operation can also be performed in a generally
satisfactory fashion at the end of the image even if the
paper is still taut.

The method of this sixth facet of -the invention is
particularly beneficial in suppressing print-quality
defects that arise from print-medium positioning errors

due to mechanical tolerances. The method has this benefi-

bomisig
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cial effect because -- while the stationary-medium opera-
tioq is being used -~ in fact no print-medium positioning

takes place, and accordingly no error in positioning can

- gccur.

Although this method even as thus broadly couched
serves an excellent purpose, nevertheless preferably it is
performed with certain additional features or characteris-
tics. During the holding-statiénary step, the scanning
steps preferably include empioying a sequence of print
masks in rotation to progressively provide full inking for
the swath of pixel rows that is exposed to the nozzles of
the pen; and preferably that sequence of masks is such as
to compensate for absence of printing-medium advance.

Also it is preferred that the mask-sequence-employing
step conprise changing nozzle printing patterns between

substantially every pair of scans of the pen.

All of the foregoing operational principles and
advantages of the present invention will be more fully
appreciated upon consideration of the following detailed

description, with reference to the appended drawings, of

which:

This Sheet Has Been Replaced

Fig. 1 is a block-diagrammatic representation of a

BRIFF DESCRIPTION OF THE DRAWINGS l

hardware system according to the invention; and

Figs. 2a through 2d are diagrammatic print-mask
representations of inking patterns used in, respectively:
(a) special top-of-page sweep mask rotation to enable sup-
pression of printing-medium advance in that region, (b)
midpage space rotation with one-third advance, (c) bottom-
of-page handoff space rotation with one-sixth advance, and
(d) special bottom-of-page sweep rotation to enable sup-

pression of advance in that region.
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DETAILED DESCRIPTION
OF THE PREFERRED EMBODIMENTS

1. STEEPER DIAGONAL

The print mask of the present invention forms diago-
nal lines that are skewed more toward the printing-medium
advance direction than those of priof—art masks. This is
beneficial because in this direction there tends to be
more error due to paper advancement and paper shrinkage.

In at least some commercial printers the above-men-
tioned largest permissible pattern, within the basic
architectural constraint of the printing apparatus that is
in use, is rectangular and vertically oriented -- in other
words, longer in the direction of the printing-medium
advance. In this case, preferably the diagonals formed
by the invention approximate the longest diagonal line
possible within that vertically oriented largest perﬁissi—
ble pattern. |

Within the previocusly mentiocned eight-by-four pattern
constraint of one Hewlett Packard printer, a particularly
desirable print mode creates the following eight-by-three
pattern cell or "base pattern”

xX00
X000
xo00 *\N“‘-~\\\\\N\\
oxo base pattern This Sheey T
0Xx0 or cell //II/I eplaceq
oxo IZ%MV”%MW
oox
oox
012 <{- column number within the base pattern

The resulting pattern still appears as diagonal lines
when printed on the page, but now they are angled at
roughly seventy degrees from the pen-scan axis -- or, as
{ THIS SHEET HAS BEEN |

Cleveland et al. / April 23, 1893 29 ’, L,ppm#gp\,mﬁgﬂ;fﬁ}g_.ﬂ_" i



R -3 & O W oo

W W W W W W W W W M N NN NN DN N R e md b b b e R e
O 3 o P WN D W 3D, B WN O DM OO B W N D W

Clevelsnd et al. / April 23, 199) 30 P. Lippsan / PD-1093389 zBPC-20

This Sheet Has Been Replaced

T

it may be called, the "horizontal". The pattern alignment

is now more vertical than horizontal, and this more effec-
tively maks dot dislocation due to error in printing-
medium shrinkage or advance.

The diagram above shows that within the eight-row
cell or base pattern there are three rows of the repeating
subpattern "xoo" and three of the subpattern "oxo", but
only two of the bottom subpattern "oox". This asyumetry
is without substantive consequence, or may possibly aid
slightly in suppressing undesirable moire patterns and the
like due to excessively regular cell structure.

The slope of the diagonal is probably best defined as
the angle from any point (for example, the first dot)
along the repeating unit to the same point on the next
diagonally adjacent repeating unit. Using this defini-
tion, the slope is the ratio of eight vertical units to
three horizontal units, or 8:3, corresponding to an angle
of about 69% degrees. Other reasonable candidate methods
of defining the slope generally will yield comparable
values between roughly 68 and 71% degrees.

In any event it will be understood that the apparent
slope of the diagonals created by this mask is roughly
(within ten percent) 2.67 -- which is much greater than
the 1:1 value provided by the checkerboard or three-by-
three cells of the prior art. The angle of the diagonals
relative to the pen-scan axis or "horizontal" is approxi-
mately (within three percent) seventy degrees.

While the invention in this preferable form accord-
ingly is very beneficial, a great advance over the perfor-
mance of the prior art in hiding paper-shrinkage and
paper-advance errors can be enjoyed even with considerably
less-emphatic vertical orientation. Any slope over about
2:1 (or angle over about sixty degrees), for instance,
produces much better error-hiding properties than the 1:1
forty-five-degree diagonals of the prior art.

If the above-illustrated eight-dot-row pattern is
used with a printing-medium advance of thirty-two nozzles,

then the determining ratio.r_rgp/hc is 32/8, which is inte-




1 gral -- so the mode is not autorotating. Therefore the
2 order in which the columns create the print patterns must
3 be specified. The order normally is not critical. One
4 acceptable sequence is shown in the following example.
]
6 ass pass 2 pass 3
-7 !
8 012 120 201 <- internal rotation
9 sequences
10 xX00 ocox oxo
11 xoo0 oox oxo
12 xo00 oox 0Xx0
13 oxo x00 oox
14 ox0 xX00 oox
15 oxo Xo0o0 oox
18 oox oxo xoo
,. 4‘1‘1\:{5 17 Mﬁ'../&},(i/oox 0x%0 x00 <~ lagt row i irst cel
18 V=eys5 0dx Xoec 0X0oox boo<- starting next 8-row cell
hfc 19‘&’29{Q?&/}L'/L‘f Yoo O .7

5’!
a(qlv‘(

sé‘C 20‘1&3/15‘5# ogx X0  oxh
9@21‘/2_5/?3%”’4 o OXO xo\q xeo

22
23
24

25

28
27
28
29
30
31
32
33
34
35
36
37

oxXo

- C
i

These patterns cofrespond to a rotation sequence of

O ¥ H A

"012". The phrase "rotation sequence” actually is used in
two different senses, but as will be seen 012 is the
rotation sequence for at least part of the above diagrams
in both senses.

One definition of "rotation seqﬁence" is entirely
internal to the cell -- that is to say, the rotation
sequence is the order in which pixel rows are printed
within the cell or basic pattern. Thus "sequence 012"

means that -- as shown above for the first pass:

- 0 is the number of the column in which the first
group of rows (rows 1 through 3) within the cell is

printed;
This Sheet Has Been R
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1 - 1 is the column (the second column) in which the

2 second group (rows 4 through 6) is printed; and

3

4 - 2 is the number of the column (the third) in which

5 the third group of rows (rows 7 and 8) is printed.

&

7 (As will be noted, in keeping with customary computer-

8 science practice the rows are numbered starting with

9 zero.) Correépondingly for the second pass, as marked in
10 the tabulation above, the (internal) rotation sequence is
11 120; and for the third pass the sequence is 201.

12 The other sense in which the phrase "rotation se-

13 quence"” is used is partly external to the base pattern.
14 Here the rotation sequence identifies a series of swath or
15 path numbers in which the consecutive columns of the base
16 pattern are used in starting positions, so defining the
17 swath pattern: thus in the tabulated case, swath number:
18

19 - 0 (the first pass) is assigned to begin with the

20 first column of the base pattern;

21

22 - 1 (the second swath) takes the second column of the
23 base pattern for its beginning column; and
24
2 - 2 (the third) uses the third column of the base

26 pattern as the first column of the swath.

27
28 Now if the printer is stopped halfway down a page, a
29 pattern generally like the following abbreviated diagram
30 can be seen (not starting at the left-hand edge of the

31 image) -- except that the eight-nozzle cell shown above
32 repeats four times within each swath, rather than occur-
33 ring only once as suggested by the diagram. Due to this
34 repetition the height of each band of fill, measured in

35 number of nozzles, is thirty-two dot rows rather than

36 eight as diagrammed.
37
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L This Sheet Has Begp Replaiied

1 X MK KKK XX \\“\‘\\\ “\\\\\“\\\\

2 KA KX KX

3 HHHHHAK N IHHXNXC

4 MOEHXHXHHHOR N KX

S KKK IO K KX completely filled

é XOERHHICKKHOH K NN

7 HHHXHH KKK HK XA

8 IO K KK XXX KN K

9 OXXOXXOXXOXXO

10 OXXOXXOXXOXXO
11 OXXOXXOXXOXXO

i2 HONXONKOXKOXX

13 HOXXOXXOXKOXX two-thirds filled

14 XOXXOXXOXXOXX

15 XXOXKOXXOXXOX

16 KXOXHKOKXXOXKOX

17 OXOOX0OOX0OXDO

18 OX0OX00OX00X00

19 OXOOX0OOXCOX00

20 COX0OOX0OX0OXO
21 OOX00OXOOX0O0XO0 one-third filled

22 0OX00OX0OX00OXO
23 XOOXOOXDOXOOX

24 XOOXDOXOOXOOX
25

26 Another potentially useful cell might be an eight-by-
27 four pattern -- the maximum permitted within the system

28 architecture mentioned earlier. Such a cell contains
29 thirty-two pixels, which cannot be divided up squally

30 among three passes.

31 Equal division among the number of passes selected is
22 desirable to aveid other types of artifacts. This princi-
33 ple might suggest that an eight-by-four pattern would work
34 moderately well with four passes; but for best throughput
35 on_plain paper four passes is less desirable because it

36 would be slower.

37 Also the slope in that case would be definitely 8:4 =
38 2 (an angle of about sixty degrees).
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a distinct improvement over the prior art -- but has not
been tested, and possibly would be noticeably less effec-
tivé than 8:3 in hiding vertically oriented errors. For
these various reasons an eight-by-four cell is now regard-
ed as at least no more advantageous -- and possibly less

advantageous -- than an eight-by-three.

This Sheet Hag Been R

o e e oo IR

As mentioned earlier, in the prior art three print
passes were considered ideal. The present invention,
however, recognizes that the number of passes used by a
system represents a tradeoff between throughput and quali-
ty (particularly distribution of paper-advance error over
a large number of passes so as to hide that error).

Thus in principle, if only quality were needed, each
swath could be printed using a thousand pen passes, with
one ink spot deposited in each pass; this print mode might
produce virtually flawless images but also might require
an hour per page. Typical draft-mode printing does the
opposite -- laying down an entire swath in just one pass.

The present invention further recognizes that in
balancing throughput and quality, it is desirable to take
into account the properties of different media. 1In other
words, the ideal compromise may call for a different
number of passes with some media than with other media.

In accordance with the present invention, for use on
transparent and glossy media, six passes has been found
highly preferable to three. A higher number of passes is
more optimal for glossies and transparencies than for
paper because -- as explained in the "PRIOR ART" section
of this document -- in practice the other parameters
(quantity of heat, and effectiveness of convection and
absorption) used to mitigate bulk-colorant problems cannot
be set as high for these media as for paper.

To put it another way, the present invention proceeds

from the recognition or discovery that the drying charac-

.
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This Sheet Has Been Replaced
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teristics of these media shift the optimum tradeoff point
toward a greater number of printing passes.

Different numbers of ink drops of the various prima-
ries are desirable for these two different media types
respectively. In this regard the ink application consid-
ered ideal is quite complicated -- encompassing use of
fractional average numbers of drops for certain colorants.
These best-known modes of practice of the invention are
gset forth in considerable detail in the Askeland et ail.
document identified above.

In addition to using six passes and employing the
inking arrangements set forth in that document, it is also
highly preferable tc incorporate the maximum-diagonal
aspects of the invention described in the preceding sec-
tion. The basic three-pass eight-row cells are in essence
repeated, making two passes over every pixel location
rather than one -- to provide double density.

In addition it is highly preferred to halve the
advance distance. Thus whereas the three-pass embodiiment
of the invention is now believed to operate ideally with
advance by thirty-two pixel rows (about 32/24 = 1.33 mm)
at each step, the six~-pass embodiment operates instead
with advance by sixteen rows (16/24 = 0.67 mm) per step.

The resulting masking patterns may appear as shown.

pass 1 pass 2 pass 3 pass 4 pass 5 pass 6

X000 00X oxX0o Xo0 00X oxo
X00 oox oX0 X00 00X oX0
X00 00Xx oXo X00 00X OX0
0X0 X00 1+103 4 OXo X000 cox
0X0 X000 o0X OXO0 X000 cex
O0XO X00 00X 0X0o X00 00X
oox oxo Xo00 00X oXo xXow
00X oxo X00 oox oxo Xoo
012 120 201 012 120 201

(rotation sequence)

Cleveland et al. / April 23, 1383 35 P. Lippsan / PD-1093789 wHPC-20



1 If as before the printer is halted partway down a page the
2 developing pattern can be seen from the following repre-
3 sentative rows. Capital letters represent double inking:
. :
5 XXXXXXXXXXXXXXX
6 ).9.9:0.9.9.9:9.9.9.6.4.9.9.9.4
7 IXXXXXAXXXXXXXX
8 ).9.9.0.9.0.9.0.0.9.0.0.9.0.9.4 200% filled,
] ) 0.90.9.90.0.0.0.0.0.0.0.0.6.4.4 after passes 1 through 8
10 IXXXXXXX XXX XXX
11 XXXXXXXXXXXXXXX
12 ).0.9.0.9.9.0.9.9.0.9.9.9.9.9.4
13 XXX XX xXXxXXxXX
i4 XX XA XX XX x XX
15 xXXxXXxXXxXXxXX
i6 XXX xXXxXXxXXxX 167% filled,
17 XA XExXXxXXxXXxX after passes 2 through 6
18 XxXXxXXxXXxXXxX
19 XXxXXxXXxXXxXXx
20 .9.9:9.9.9.9.0.6/9.9.69.9.¢.4
21 xXxxXxxXxxXxxXx
22 xXxxXxxXxxXxxXx
23 xXxxAxxXxxXxxXx
24 xxXxxXxxXxxXxxX 133% filled,
25 xxXxxXxxXxxXxxX after passes 3 through 6
26 xxXxxXaexXxxXxxX
27 XxxXsexXxxXxxXxx e —
28 XxxXxxXxxXxxXxx This Sheet Has Been Rep
29 XXXXXXXAXXXXXXX . *
30 XXXXXXXXXXXKXXXX ! ,"!'” l,"” m’ m !"I
31 XAXXXAXXXXXXXXAXK
32 AXXXXXXXXXXXXXX 100% filled,
33 XXXAXXXXXXKXXXXXX after passes 4 through 6
34 AAXXXAXXXXXXXXXX
35 XAXXXAXAXXXXXXXX
36 XXXXAXXXXXXXXXX
37 OXXOXXOXXOXXOXX
38 OXXOXXOXXOXXOXX

Cleveland et al. / 4pril 23, 1993
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OXXOXXOXX0OXXOXX

XOXXOXXOXXOXXOX 67% filled,

XOXXOXX0OXX0XX0X after passes 5 and 6
XOXXOXXOXXOXX0OX

XXO0XXO0XXO0XX0XX0 e
XXOXXOXXOXX0OXXO0 his Shect Has BeenReplaced
OX00X0OO0X00OX00X0 i ik ik
OXOOX00X00X00X0 ““\‘“ “\“\\“\\\“\
OX00X00X00X00X0

OOX0O0X00X00X00X 33% filled,

OOXOOX00OXD0X00X after pass € only
OO0X0O0X0D0OX00X00X

XO00X00X00X00X00

X00X00X00X00X00

The inking arrangements outlined ebove provide
double-drop-per-pixel coverage of all pixel positions.

For primary colors (in preferred embodiments those are
cyan, magenta and yellow), this is & now-preferred treat-
ment for images on transparency or glossy stock as well as
on paper.

In accordance with the aforementioned Askeland docu-
ment, however, it may be preferable to ink certain pixel
positions more than two times, for example three times, in
a single image ~-- or through use of spatial averaging ar-
rangements to provide a mean deposition of fractional
drops. More-than~double fractional inking has been found
particularly useful for secondary colers (red, green and
blue in preferred embodiments) on transparency and glossy'
stock -- and can be achieved by, for instance, "stripping”
selected data bits from the pattern.

Preferably such data stripping is introduced starting
in the fourth pass (pass 4 in the tabulation above). As
an example, suppose that a particular pixel is to receive
2.5 dots, on the average, of red ink.

In other words, in half of the passes that pixel is
to receive one yellow and one magenta {symbolized "YM")

and in the other half of the passes it is to receive one

G e s sk am b e’y e .

b oeppgree corrgarerme us 17
§OTHIS SHECRT HAS 388N {
REPLACED
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yellow and two of magenta (YMM), instead of the simplest-
case four dots (YMYM). To implement this plan, that pixel
would receive the first "YM" in the first three passes;
and in the remaining passes that pixel would be given a
single-bit-stripped treatment to add one more dot of
magenta and so yield YMM.

Secondaries ordinafily in each position receive two
drops (one of each of two different colors), so by this
treatment secondaries if not data-stripped would receive
four. Colors produced in this way are very rich, but such
excess colorant deposition produces blocking etc. as
described earlier; an extra alternating firmware switch or
so-called "filter” can be put into operation to suppress
or strip the alternate drops.

The result can be tailored to produce either tweo or
four drops at selected pixels -- and thus three, or two
and a half, etc. per position on the average. Further
detail appears in the Askeland document.

If in addition to inking each swath in six passes the
printing medium is advanced relative to the pen after esach
pass =-- in other words, if the medium is advanced six
times per swath -- then besides improved drying the inven-
tion also relieves medium-advance-direction positioning
error each one-sixth swath.

That is, advance errors are smaller since the step
size is only half as large (0.67 mm rather than 1.33 mm);
and the advance errors are averaged over six advances
rather than only three. 1In addition to these benefits,
six-pass modes as outlined above facilitate use of frac-
tional-dot techniques to optimize hues and chroma for each
color and printing medium.

An overall result of a six-pass method is to balance
the need for high quality and high throughput. Although
taking more passes {(eight, twelve, etc.) would accomplish
the same or better quality goals, throughput would be
significantly degraded. Conversely, as mentioned earlier
four, or preferably more than four, passes will produce

some improvement in gquality and are considered within the
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scope of ce .in of the appended claims sut the quality
provided by six passes is believed to be significantly
better.

3. DOUBLE-FREQUENCY BLACK ON RETRACE

It has been found that finer control of black inking
at high throughput can be pfovided with reasonable economy
through use of a higher~-frequency positioning waveform for
black -- and actual printing of black -- only during each
return sweep of the pen. The return pass of the pen is
known as the '"retrace"

An additional interpolation stage can be put into
operation -- and the resulting signal transmitted on the
pen signal bus ~-- straightforwardly on retrace. As no
other precise-pen-position signals are in use then, there
is no interference with control signals for other colors.

Preferably the position waveform for black on retrace
is at twice the frequency used for other colors on the
forward sweep. The result is twice as many pixel posi-
tions -- with corresponding ability to represent finer
detail -- and the pen discharge signals can be correspond-
ingly adjusted to make the resulting ink spots smaller.

Whereas a pixel spacing of about twelve per millime-
ter (three hundred dots per inch) is appropriate for the
color-ink spots, the double-frequency black-ink position-
ing signal produces a spacing of about twenty-four dots
per millimeter (six hundred per inch). In prlntlng of
text alone, in black and without any color prlntlng, the
higher frequency and the finer pixel spacing are pref-
erably used in both directions rather than onl&lon re-
trace. " '

While this system of printing blgék on retface, when
it is part of a color image, resolves the difficdult prob-
lem of multiplexing different pens that are opéfating at
different frequencies, other factors too mﬁlitéie in favor

L0 1 .
of this method. One such factor is that positlénal preci-
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1 sion in bidirecticnal operation is in fact adequate for
2 such operation; this high precision is obtained through
3 use of a related invention disclosed in the previously
4 mentioned document of Raskin et al.
5 Another factor is that this system very significantly
é enhances throughput, as the time required to print black
7 on retrace is considerably less than the time required to
8 print black in a separate forward sweep plus the time
S required for two nonprinting return slews. This advantage
10 is particularly notable in comparison with the major
11 alternative of printing black in a separate forward sweep,
12 between color passes. -
13 This Sheet Has Been Replaced
14
15 4. SUMMARY OF PRINT MODES lII‘I |I““ ”IH“
16
17 In its most highly preferred practice, the invention
18 makes use of several different, complicated combinations
19 of operating parameters and characteristics to accommodate
20 various operating requirements. These combinations are
21 summarized below.
22
23 thru- di- scan re- den-  wmax.freq.
24 put rec-  speed trace heat  si- khz split
25 node passes  pa/sin RET tions cafsec  ca/sec ¥ loe. CMY X text
26
27 FAST:
28 text 1 6 o bi §1.6  61.6 B yes B o
29 - . .
30 graph-
31 ics 1 1.4 o uni 3.8 889 713 yes 4
32 .
33 HORMAL: , _ )
34 text 1 6 o b ters 66t T nf"yes 8 no
36 graph- Lo e Y g
37 ics 3 ¢.5 ne um 50.8 88.9 13 yes 2 2
38
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HIGH-QUALITY: ¥

text 1 4 ves . bii 33.8 33.8 73 yes 8 no
araph-
ics 3 0.45 yes  bi: 50.8 50.9 B yes 2 4&_

= color forward;
is Sheet Has Been Replaced

R 1]

6 0.33 no uni 50.8 88.9 63 no 2 2

6LOSSY:
6 0.33 no uni 50.8  88.9 21 no 2 2

In this tabulation, the column heading "RET" repre-
sents "resolution-enhanced technology" -- the system
described above in which black is printed at a pixel
spacing of twenty-four pixels par millimeter along the
pen-scan axis, rather than the standard twelve. In the
preferred system described here, the pixel spacing along
the printing-medium-advance axis remains twelve whether
RET is in use or not.

The column heading "densitom." refers to a subsystem
by which the firmware preevaluates on a swath-by=-swath
basis the optical density’of image areas not yet reached
in actual printing -- but to be printed soon. If the
optical density (and therefore quantity of ink) will
shortly be high, then the printing is decelerated gradual-
ly to accommodate the anticipated higher dryin§-demands
while at the same time avoiding abrupt speed-é%ange-gener-
ated image discontinuities. In fast and normal modes the
turn-on threshold is much higher and the sloédown is much
smaller than those used for hlgh quallty mode.

The colbmn headings CMY“ and’ "K" refe#Lto ink color:
cMyY repre:ents the chromatlcs cyan,imagenta(ind yellow
respectlvely, and K represents biackh Thelﬁhchlne prefer-

ably switches to three-pass "graphics” printing automati-

cally in normal or high- qualxty mod§ qunever (a)_the

a? ‘(s\

.
i HEPLACED
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swath contains color or (b) black text or graphics cross
the swath boundary. The sole distinction between single-
pass "text" printing as between the fast and normal modes
appears in the right-hand column: only in the fast mode
is text split. _

As drying of transparencies and glossy media must
rely more heavily upon convection, a drying fan is operat-
ed in those modes. Transparency stock can accept consid-
erable warping; therefore in transparency mode the heater
power is almost as high as for the paper modes tabulated
above. Glossy stock, however, being hypersensitive to

warp; is best heated only slightly as indicated.

This Sheet Has Been Repl

11

Fig. 1 illustrates the general preferred layout of =a

5. HARDWARE FOR IMPLEMENTING THE INVENTION “"m”"'""

programmed-microprocessor-based printing machine according
to the invention. An input stage 41, which may include
manual controls, provides information defining the desired
image. The ocutput 42 of this stage may proceed to a dis-
play 43 if desired to facilitate esthetic or other such
choices; and, in the case of color printing systems, to a
color-compensation stage 44 to correct for known differ-
ences between characteristics of the display 43 and/or in-
put 41 system vs. the printing system 47-61-31-32-33.

An output 45 from the compensator 44 proceeds next to
a rendition stage 46 that determines how to implement the
desired image at the lével of individual pixel-position
printing decisions ~-- for each color, if applicable. The
resuling output 47 is directed to a circuit 61 that deter-
mines when to direct a firing signal 77 to each pen 31.

The pens discharge ink 32 to form images on paper or
some other printing medium 33. Meanwhile typically a
medium-advance module 78 provides relative movement 79 of
the medium 33 in relation to the pens 31.

In developing its firing-signal determination, the

firing circuit 61 must take into account the p051t10n of

Cleveland et 1. / April 23, 1993 42 b Li’p‘p.ﬁ 7 P-1093389 4PC-20
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the pen carriage 62, pen mount 75 and pen 31. Such ac-

counting is enabled by operation of an electroooptical
sensor 64 that rides on the carriage 62 and reads a code-
strip 10.

A timing module 72 is positioned in the line between
the sensor 64 and firing circuit 61. The timing module 72
provides for various special positioning functions, in-
cluding encoder-signal inversion or equivalent, during
scanning in one of two directions.

It also provides for backing off by one pulse and
then delay in pen firing, also during scanning in one of
two directions. Most particularly for purposes of the
pPresent invention the timing module 72 switches into use
the interpolated, double-frequency positioning signal
mentioned above, for use only in printing black on re-
trace, when colors are being printed in the alternating
forward sweeps. (As noted earlier, this signal is also
used in printing black bidirectionally, when colors are
not being printed; but in this case the use of the inter-
polated signal is not switched by the timing module.)

Operation of this timing module 72 thus is not de-
sired at all times, but rather only synchronously with the
directional reversals of the carriage 62. Specifically,
the timing module 72 is to be inserted during operation in
one direction only, and replaced by a straight-through
bypass connection 73 during operation in the other direc-
tion -- in other words, operated asymmetrically -- and
this is the reason the timing module 72 is labelled in
Fig. 1 "asymhetrical".

This synchronous insertion and removal is symbolized
in Fig. 1 by a switch 67 which selects between the conven-
tional connection 73 and a timing-module connection 71.
This switch 67 is shown as controlled by a signal 66 that
is in turn derived from backward motion 638 of the pen
carriage 62.

Thus the switch 67 is operated to select the timing-
module connection 71 during such backward motion 635, and
to select the bypass or conventional route 73 durlng

IA

L83
SRS
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forward motion 63;. This representdtion is merely symbol-
ic for tutorial purposes; people skilled in the art will
understand that the switch 87 may not exist as a discrete
physical element, and/or may instead be controlled from
the forward motion 63; and/or -- as will much more common-
ly be the case -- can be controlled by some upstream
timing signal which also controls in common the pen-car-
riage motion 633, 63g. Further the synchronous switch 67

W 0 ~F M N D W N

need not be at the input side of the timing module 72 but

10 instead at the output side -- where in Fig. 1 a common

11 converging signal line 74 is shown as leading to the

12 firing circuit 81 ~- or may in effect be at both sides.

13 Use of a system as illustrated in Fig. 1, at least as
14 most naturally interpreted, will result in the encoder-

15 signal inversion, the pulse "backing off" step and the

18 firing delay step all being performed during pen motion in
17 the same, common {"backward") direction. This limitation
18 while preferred is not required for successful practice of
18 the invention.

20 This Sheet Has Been Replaced
21 Il

22 6. TOP/BOTTOM~OF-PAGE MASK ROTATION ONLY lunlaulﬂl l" "l
23

24 At the bottom of each sheet of print medium, a rela-
25 tively tall region, that may be called the bottom-of-page
26 "handoff" zone, is defined by the distance between sets of
27 rollers that hold the medium taut. As noted earlier -~
28 and as explained in greater detail in the above-mentioned
29 Broder gt al. document -- preferably for printing on paver
30 in this region the printing-medium advance height is low-
31 ered to half (Fig. 2c) its normal midpage value (Fig. 2b).
32 For example, in a preferred embodiment each pen has
33 ninety-six nozzles and so makes a ninety-six-pixel swath;
34 the normal advance distance (except for plastic media, per
35 this invention) is one third of this height, or thirty-two
36 pixels -~ 1.33 mm, for a preferred pixel spacing of 1/24
37 mn (Fig. 2b). When the medium cannot be tensioned, as set

Cleveland et al. / April 24, 1993 44 P. Lippaan / PD-1093389 x#PC-20
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forth by Broder et al. the advance preferably is halved to

sixteen pixels or about 0.7 mm (Fig. 2c).

In shallower end zones consisting of the single top
(Fig. 2a) and bottom (Fig. 2d) swaths on each sheet of me-
dium, however, according to the present invention the ad-
vance height is reduced to zero -- i. e., eliminated
entirely. This is done when the pen (or set of pens) is
at either end of the data, but most preferably only if
that occurs while the medium is untensioned -- either in
the "handoff” zone or an analogous one a2t the top.

This operating mode is particularly important when
the pen is actually printing along the top or bottom edge
of the sheet. Ordinarily good performance is not obtained
with the pen skimming partly on and partly off the edge,
but space rotation would demand starting or ending in just
that condition, to provide three or six passes in a frac-
tional-swath zone along the edge. Under these circum-
stances, since space rotation can no longer be made to
occur, in effect, as & consequence of print-medium ad-
vance, it is provided through sweep rotation -- changing
the inking pattern between pen scans.

On each page the mask is first sweep-rotated on the
pen by firmware, for the first two sweeps, while the pen
is stationary (Fig. 2a); then the mask is fixed on the pen
and paper advance begins (Fig. 2b), producing space rota-
tion -~ that is, the mask does not change relative to the
pen -- and most of the page is printed in this normal
three~pass mode. In the handoff zone, but not yet at the
end of data, the system makes a transition to one-sixth
advance, and only half (forty-eight) of the nozzles print,
but the mask is still space rotated (Fig. 2c). When final
data are reached, advance again halts and the remaining
two passes are flushed out -- with firmware sweep-rotating
the mask (Fig. 2d).

The above disclosure is intended as merely exemplary,
and not to limit the scope of the invention -- which is to

be determined by reference to the appended claims.
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WHAT 1S CLAIMED IS:

1, A method cof printing desired images on a low~liquid-
absorption printing medium, by construction from individu-
al marks formed in pixel column-and-row arrays by a scan-
ning multiple-nozzle pen that operates in conjunction with
a printing-medium advance mechanism; said method compris-
ing the steps of:

scanning the pen repeatedly along a pen-scanning axis
across the medium, to place marks on the medium within a
swath of pixel rows that is exposed to the multiple noz-
zles of the pen, each nozzle corresponding to one pixel
TowW;

periodically advancing the printing medium relative
to the pen, along a printing-medium-advance axis that is
substantially orthogonal to the pen-scanning axis, to
bring a fresh portion of the medium within the swath that
is exposed to the pen; and

in each scanning of the head across the medium,
firing at most one-third of the nozzles in each pixel-
position column and thereby depositing, over the total
number of scans at each pixel row, at least two drops of

ink in each pixel position that is inked.

2. The method of claim 1, wherein:
for portions of a desired imege in which a mark is
desired in every pixel "position, the firing step comprises

firing substantially one-third of the nozzles in substan-

tially every pixel-position column.
This Sheet Has Been Replac
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the medium-advancing step comprises advancing the

3. The method of claim 2, wherein:

medium between substantially every pair of scans of the

I
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4, The method of claimLZ, wherein:

- the medium-advancing step comprises advancing the
medium by a number of pixel rows equal to substantially
one-sixth of the number of operating nozzles of the pen,

between substantially every pair of scans of the pen.

5, The method of claim 1, wherein:

the medium-advancing step comprises advancing the
medium by a'number of pixel rows equal to an integral
multiple of one~sixth of the number of operating nozzles

of the pen, between substantially every pair of scans of
the pen. '
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6. A method of printing desired images on a low-liquid-
absorption printing medium, by construction from individu-
al marks formed in pixel column-and-row arrays by a scan-
ning multiple-nozzle pen that operates in conjunction with
a printing-medium advance mechanism; said method compris-
ing the steps of:

scanning the pen repeatedly along a pen-scanning axis
across the medium, to place marks on the medium within a
swath of pixel rows that is exposed to the multiple noz-

zles of the pen, each nozzle corresponding to one pixel
il Tow;

O W 0 3 O N s w N

12 periodically advancing the printing medium relative
13 to the pen, along a printing-medium-advance axis that is
14 substantially orthogonal to the pen-scanning axis, to
15 bring a fresh portion of the medium within the swath that
16 is exposed to the pen; and
17 in each scanning of the head across the medium,
18 firing at most one-sixth of the nozzles in each pixel-
19 rosition column.
1 T. The method of claim ©, wherein:
2 for portions of a desired image in which a mark is
3 desired in every pixel position, the firing step comprises
4 firing substantially one-sixth of the nozzles in substan-
5 tially every pixel-position column.

1 8. The method of claim 7, wherein:
2 the medium~advancing step comprises advancing the
3 medium between substantially every pair of scans of the
4 pen.
o _F________‘__,,,Mw——--"""
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9. The method of claiml?, wherein:

~ the medium-advancing step comprises advancing the
medium by a number of pixel rows equal to substantially
one-sixth of the number of operating nozzles of the pen,

between substantially every pair of scans of the pen.

/0. The method of claim 6, wherein:

the medium-advancing step comprises advancing the
medium by a number of pixel rows equal to an integral
multiple of one-sixth of the number of operating nozzles

of the pen, between substantially every pair of scans of
the pen.
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}1.. A method of printing a desired image, which has two
ends, on a printing medium by construction from individual
marks formed in pixel column-~and-row arrays by a scanning
multiple-nozzle pen that operates in conjunction with a
printing-medium advance mechanism; said printing medium
being held taut beneath the pen between two sets of reoll-
ers except while printing near top and bottom edges of the

printing medium, when it is constrained from only one

W -3 & O, H» W Ny =

9 direction by one of said sets of rollers; said method com-
10 prising the steps of:
11 scanning the pen repeatedly along a pen-scanning axis
12 across the medium, to place marks on the medium within =2
13 swath of pixel rows that is exposed to the multiple noz-
14 zles of the pen, each nozzle corresponding to one pixel
15 TOW;

16 when the pen is not substantially at either end of

17 the desired image, and while the medium is held taut
18 between two sets of rollers, periodically advancing the
19 printing medium relative to the pen, along a printing-
20 medium-advance axis that is substantially orthogonal to
21 the pen-scanning akxis, to bring a fresh portion of the
22 medium within the swath that is exposed to the pen; where-
23 by the pen moves stepwise from one end of the image to the
24 other; and
25 when the pen is substantially at either end of the
28 desired image, at least if the medium is constrained from
27 only one direction by one set of rollers and at least
28 until completion of full inking for the swath of pixel
29 rows that is exposed té the nozzles of the pen: holding
30 the printing medium substantially stationary relative to
31 the pen while performing a plurality of said scanning
32 steps.
33
34 B
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IZ. The method of claim I, wherein:

during the holding-stationary step, said scanning
steﬁs comprise employing a sequencé of print masks in
rotation to progressively provide full inking for the
swath of pixel rows that is exposed to the nozzles of the
pen; and

said sequence of masks is such as to compensate for

absenca of printing-medium advance.

13. The method of claim /2, wherein:

the mask-sequence-employing step comprises changing
nozzle printing patterns between substantially every pair
of scans of the pen.

1. The method of claim /3, wherein:

each said scanning step comprises firing at most one-
third of the nozzles in each pixel-position column and
thereby depositing, over the total number of scans at sach
pixel row, at least two drops of ink in each pixel posi-
tion that is inked.

5. The method of claim !5, wherein:
each said scanning step comprises firing at most one-

sixth of the nozzles in each pixel-position column.

I6. The method of claim /!, wherein:

the periodically-advancing step comprises advancing
the printing medium between substantially every pair of
scans of the pen.
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INKJET PRINTING: MASK-ROTATION-ONLY AT PAGE EXTREHES;
MULTIPASS MODES FOR QUALITY & THROQUGHPUT ON PLASTIC MEDIA

ABSTRACT OF THE DISCLOSURE

Images are printed using maerks formed in pixel arrays
by a scanning print head. For transparent and glossy
media, with poor absorbance, drying is enhanced by a
multipass (preferably six-pass) print mode in which the
total number of ink drops or spot is allocated among
correspondingly multiple masks, though some may be dupli-
cates, To further hasten drying, heat' is applied --
through the medium, from the opposite side as that on
which ink is deposited -- but the amount of heat is
strictly moderated, particularly for nontransparent glossy
media, to accommodate the hypersensitivity of these media
to heat~induced warping. Heating for glossy media is
preferably restricted to about cone-third the power used
for drying plain paper. Convective drying too is promot-
ed, by operating a fan over the printed image. Certain
special techniques well-suited for plain-paper printing
have been found undesirable for use with plastic media;
these techniques include so-called "resolution-enhanced
technology", bidirectional printing (particularly of
blaeck), and optical-density controlled printing speed. At
top and bottom of each page or sheet of printing medium,
where it is undesirable to operate with the pen partly off
the edge of the sheet, and where alsc the printing medium
is constrained from only one direction rather than being
held taut beneath the pen, the print mask is rotated while
the printing medium is held stationary -- thereby entirely

avoiding reliance upon accuracy of print-medium advance.

(‘F{g,l)
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INKJET PRINTIN G:- MASK—ROTATION—ONLY AT PAGE EXTREMES;
‘.. “MULTIPASS MODES FOR QUALITY & THROUGHPUT ON PLASTIC MEDIA
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RELATED PATENT DOCUMENTS

Three closely related documents are other, coowned
U. S. utility-patent applications filed in the United
States Patent and Trademark Office substantially contempo-
raneously with this document -- and also hereby incorpo-
rated by reference in its entirety into this document.
One is in the names of Ronald A. Askeland et al., and
identified as Hewlett Packard Company docket number PD-
1093053-1, and entitled "INKING FOR COLOR-INKJET PRINTERS,
USING NONINTEGRAL DROPS, MEDIA-DEPENDENT INKING, OR MORE
THAN 2 DROPS/PIXEL" -- and subsequently assigned utility-
patent application serial 08/ , , and issued as
UJ. S. Patent 5, ' on s 199__ .
Another such document is in the names of Gregory D. Raskin
et _al., and identified as Hewlett Packard Company docket
number PD-189482, and entitled "DIRECTION-INDEPENDENT
ENCODER READING; POSITION LEADING & DELAY, & UNCERTAINTY
TO IMPROVE BIDIRECTIONAL PRINTING” -- and subsequently as-

signed utility-patent application serial 08/ » and
issued as U. 5. Patent §, . on ’
189_. A third related document is in the names of Broder

et al., and identified as Hewlett Packard Company docket
PD-1092153~-1, and entitled "COMBINED CENTRAL AND LATERAL
HOLD-DOWN PLATES, AND END-OF-PAGE ADVANCE-DISTANCE DE-

CREASE, IN LIQUID-INK PRINTERS" -- and subsequently as-

signed utility-patent application serial 08/ , and
igssued as U. S. Patent 5, ' on s
199__

BACKGROUND

1. _FIELD QF THE INVENTION

This invention relates generally to machines and
procedures for printing text or graphics on printing media
such as paper, transparency stock, or other glossy media;
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and more particularly to a scanning thermal-inkjet machin
and method that construct text or images from individual
ink spots created on a printing medium, in a two-dimen-
‘sional pixel array. The invention employs print-mode
techniques to optimize image quality (primarily on trans-
parent and glossy media) vs. operating time, and also to

minimize imege distortion (primarily on paper) imposed by
an ink-drying heater.

2. PRIOR ART

To achieve vivid colers in inkjet printing with
aquecus inks, and to substantially fill the white space
between addressable pixel locations, emple quantities of
ink must be deposited. Doing so, however, requires subse-
quent removal of the water base -- by evaporation (and,
for some printing media, absorption) -- and this drying
step can be unduly time consuming. _

In addition, if a large amount of ink is put down all
at substantially the same time, within each section of an
image, related adverse bulk-colorant effects arise: so-~
called "bleed” of one color into another (particularly
noticeable at color boundaries that should be sharp),
"blocking" or offset of colorant in one printed image onto
the back of an adjacent sheet with consequent sticking of
the two sheets together (or of one sheet to pieces of the
apparatus or to slipcovers used to protect the imaged
sheet), and "cockle" or puckering of the printing medium.
Various techniques are known for use together to moderate

these adverse drying-time effects and bulk- or gross-
colorant effects.

(a) Prior heat-application techniques ~- Among these
techniques is heating the inked medium to accelerate
evaporation of the water base or carrier. Heating, howev-
er, has limitations of its oﬁn; and in turn creates other

This Sheet Has Bee
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dlfflcultxes due to heat induced deformation of the print-
ing medium.

and
transparencies too can tolerate somewhat less heating than
ordinary paper. Accordingly, heating has provided oumly

limited improvement of drying characteristics for these
plastic media.

Glossy stock warps severely in response to heat,

As to paper, the application of heat and ink causes
diimensional changes that affect the quality of the image
“or graphic. Specifically, it has been found preferable to

precondition the paper by application of heat before
contact of the ink; if preheating is not provided, so-
called "end-of-page handoff" quality defects occur -~ this
defect takes the form of a straight image-discontinuity
band formed across the bottom of each page when the page
bottom is released.

Preheating, however, causes loss of moisture coatent
and resultant shrinking of the paper fibers. To maintain
the paper dimensions under these circumstances the paper
is held in tension by a system of pinchwheels used in con-
Junction with paper-advance drivewheels.

Unfortunately these provisions have their maximum
effect, in preventing image-quality defects, only while
the paper is constrained Sy the wheels. As soon as the
bottom of the page has been printed and the paper leaves
the constraint of the wheels, the paper contracts.

This happens very quickly, and as it does the paper
and the dots of ink on it meove in at the edges and up in
the center. The quality defect caused by this sudden
releasing of stress can be identified as an "end-of-page
paper-shrink defect”; it appears as & thin arched gap of
reduced color density.

Prior efforts to eliminate this arched gap have
included avoiding the page-long accumulation of stress by
cyclically lifting or releasing the constraining force of
the pinchwheels. This works to decrease the paper-shrink
defect by allowing the internal stress to be released or

equalized incrementally -- rather than cumulatively.
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Unfortunately, however, this cyclical-reléase tech-

nique sacrifices control over paper position at each of

the release points along the way. This loss of paper-
position control can create numerous misalignment regions

that are a greater problem than the paper-shrink defect.

(b) ior print-mode techniques ~- Another useful
technique is laying down in each pass of the pen only a
fraction of the total ink required in each section of the
image -- so that any areas left white in each pass are
filled in by one or more later passes. This tends to
control bleed, blocking and cockle by reducing the amount
of liquid that is all on the page at any given time, and
also may facilitate shortening of drying time.

The specific‘partial—inking pattern employed in each
pass, and the way in which these different patterns add up
to a single fully inked image, is known as a "print mode”.
Heretofore three-pass print modes have been used success-
fully to reduce bulk-colorant problems on paper -- but
less successfully on glossy and transparency stock, which
are much less absorbent and so rely to a greater extent
upon evaporation.

Attempts have also been made to use print modes for
hiding the paper-shrink error discussed in subsection (a)
above. Heretofore such efforts have had relatively little
effectiveness, or have caused still other problems.

For example, some print modes such as square or rect-
angular checkerboard-like patterns tend to create objec-
tionable moire effects when frequencies, harmonics etc.
generated within the patterns are close to the frequencies
or harmonics of interacting subsystems. Such interfering
frequencies may arise in dithering subsystems sometimes
used to help control the paper advance or the pen speed.

Checkerboard prinﬁ-mode patterns alsc are subject to
objectionable so-called "banding" -- horizontal stripes
across the finished image. These arise because between

each swath the paper advances by substantially the full

¢
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height of a swath, in effect another type of cumulative-

error display.

Print-mode patterns that are instead made dp of
either mostly all horizontal or mostly all vertical ele-
ments can still produce similar interference effects, but
only along that direction of the pattern {(the direction
along which most of the pattern elements are aligned) --

and also tend to exaggerate other print-quality defects in

the directional lateral to the pattern. Such problems

have defeated earlier efforts to find print-mode solutions

to the end-of-page paper~shrink problem.

(c) End-of-image print-medium advance errors --
Another problem, related to the end-of-page defect intro-
duced above, arises when printing near the beginning or
end of a sheet of printing medium -- but arises in a
somewhat simpler or more mechanical fashion. As suggested
earlier, in representative modern printing machines de-
signed for fine resolution and high image quality, the
printing medium is generally held taut in the print zone,
between two sets of rollers or the like,

This arrangement promotes very high precision and
accuracy of printing-medium advance, and thus of printing-
medium positioning relative to the pen. Near both longi-
tudinal ends of each sheet or page of printing medium,

however, necessarily the medium is held only by one set of

rollers etc.

This arrangement leads to relatively less precise
positioning of the printing medium in those two regions.
This situation may be troublesome in particular when
printing near the bottom end of a sheet, as there the
sheet is held only by a tensioning roller ~- which for
other reasons is advantageously made rather small in

diameter, but such sizing meay be adverse to best

precision.
One current development (not prior art with respect
to the present invention) importantly mitigates that

relative diminution of precision by taking smaller steps

¢
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in tﬁ?*ﬁ?iﬂtrngﬁmeﬁium advance, particularly near the
bot;om or end of each page. That system and its benefits

are described in the Broder et al. document menticned

earlier; although that system represents a major contribu-
tion to attainment of good print quality near the bottom
“ of the page, nevertheless precision is not improved to the

level enjoyed in regions where the medium is held taut.

(d) own technelo f print modes: ener intro-
duction -- One particularly simple way to divide up a
desired amount of ink into more than one pen pass is the
checkerboard pattern mentioned above: every other pixel
location is printed on one pass, and then the blanks are
filled in on the next pass.

To avoid the banding problem (and sometimes minimize
the moire patterns) discussed above, a print mode may be
constructed so that the paper advances between each ini-
tial-swath scan of the pen and the corresponding fill-
swath scan or scans. In fact this can be done in such a
way that each pen scan functions in part as an initial-
swath scan {for cne portion of the printing medium) and in
part as a fill-swath scan. |

Once again this technique tends to distribute rather
than accumulate print-mechanism error that is impossible
or expensive to reduce. The result is to minimize the
conspicuousness of -- or, in simpler terms, to hide --
the error at minimal cost.

For instance a two-~pass print mode may start a page
by printing with only some of the nozzles in an array of
only half of the pen’'s nozzles, all positioned at one end
of the pen -- as an example, selected ones of the nozzles
consecutively numbered one through fifty, on a hundred-

nozzle pen. This first pass may be in a checkerboard

pattern -- thus actually using, e._g., for example, exclu-
sively odd-numbered nozzles 1, 3, . . . in the first row,
and then only gven-numbered nozzles 12, 14, . . . in the

second row, next selecting only odd-numbered nozzles 21,




PO R HS ADD
VA QR ATEL e

i | Substitute sheet - 27 August 1996

-7-

23, . . . again in the third row, etc. -- and thus print-
ing in half of the pixel locations in the swath area.

The paper then advances by a distance equal to the
length of the half-array of nozzles (in other words, the
height of fifty nozzles), and the pen would print in beoth
ends of its nozzle array -- but again only printing a
fifty-percent checkerboard pattern. Now, however, while
the forward end of the pen (selected ones of nozzles one
through fifty) as before prints on fresh paper, the rear-
ward end (selected ones of nozzles numbered fifty-one
through one hundred) fills in the area already printed.

This behavior is then repeated all down the page
until the last swath ~-- which is a fill-in swath only, -

again using selected nozzles of those numbered fifty-one
through one hundred.

(e) Space- and sweep-rotated print-mode masks -- The
pattern used in printing each nozzle section is known as
the "print-mode mask". The term "print mode" is more

general, usually encompassing a description of a mask, the
number of passes required to reach full density and the
number of drops per pixel defining "full density".

In the two-pass example above, the second half of the
pen (certain ones of nozzles numbered fifty-one through
one hundred) filled in the blank spaces left by the first
half. For each pass, this may be symbolized using a
letter "x’ for each pixel that is printed and a letter "o"
for each pixel that is not, as follows.

pattern 1: pattern 2:
nozzles 1 through 50 nezzles 51 through 100
XOXOXOXO0XO OXOXOX0X0X
OXOXOXOXOX XOXOXOX0X0
XOX0OX0XOXO : OXOXOXOXOX
OXOXOXOXOX XOXOX0X0XO0
X0X0X0X0X0 0X0X0X0X0X

This; Sheet Has Been Replaced
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In each of these diagrams, the xs appear in diagonal
iines -~ which are angled, if the vertical and horizontal
spacings are the same, at forty-five degrees (to Poth the
columns and rows). These lines §f X5 represent pixels
that are printed (if the desired image calls for anything
to be printed in each of those pixels respectively), and
the gs represent diagonal lines of pixels that are not
printed.

‘To conserve space in this document, the diagrams
above represent only eight pixel rows, cut of fifty creat-
ed by each half of the hundred-noczzle pen that is under
discussion. The nozzles are laid out along the pen in
substantially only one vertical row, one hundred nozzles
long -~ although as a practical mechanical matter they are
staggered laterally to permit very close spacing along the
vertical axis. Therefore to obtain the checkerboard {or
other) patterns described in this document the various

- nozzles are fired selectively and rapidly many times, in
careful synchronism with scanning of the pen across the
printing medium -- taking into account not only the scan-
ning motion across the page but alsc the nozzle staggering
across the pen.

In the "pattern 1" diagram, one line of xs begins in
the upper left-hand corner, and at pixel positions offset
by two pixels along both top and left-hand edges of the
pattern. In the "pattern 2" diagram, however, it is
instead a line of gs that begins in the corner, wheress
lines of xs begin at positions offset from the corner by
Just one pixel along the top and left-hand edges -- and so
fitting between the lines of xs put down by "pattern 1".

Hence these diagrams show that pixel positions left
unprinted by the first ("pattern 1") pass are filled in by
the second. In other words, looking all the way across
any row -- and taking into account all the xs formed by
both "pattern 1" and "pattern 2" in the aggregate -- all
positions in the row are filled.

One way to achieve this pattern is tc always keep

nozzles one through fifty in "pattern 1", and always keep

Thls Sheet Has Been Re I ‘

PR i S REW 3

RN
. R 5 X4 ”~ 3
o L PLACED i




This Sheet Ha

i

Substitute sheet - 27 August 1996

i = s’ e, e Pl b et B

nozzles fifty-one through one hundred in "pattern 2".

This is known as "space rotated" masking; using this

method to print down the page would progressiveiy produce
these patterns -- illustrated here too using an abbreviat-
ed vertical nozzle-array representation of just eight
nozzles rather than one hundred:

pass 1 pass 2 pass 3 pass 4 pass $
I
-
-
xXoxo 0X0X _ <- first printed row
oXoX X0X0
X0oxo0 oxox
oxox X0X0
XOoXo 0X0oX <~ fifth printed row
oxox xoxo
Xxoxo oxox
0X0X X0Xo0
xoxo oxox
ox0Xx xoxo
X0XO0 oX0X
oX0X XOXo
X0X0 oxox
oxox xoxo
Xoxo oxox
TTTTe— OXOoX xoxo

————

In this mode, the pen uses the same pattern all down the
page, but the mask is different in different portions of
the pen: ‘"pattern 1" for nozzles one through fifty {(rep-

resented in the abbreviated drawing by the lower four
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positions in each eight-nozzle group); vs. "pattern 2" {or
nozzles number fifty-one through one hundred (represented
by the upper four positions in each group).

The availability of this method of masking for vari-
ous printing devices depends in part on the basic mechani-
cal and firmware architecture of each device. In partic-
ular, it depends upon whether the basic operating system
.provides for efficient addressing of different mask pat-
terns to different segments of the cverall nozzle array.

Another way to use the same print mode is to apply
one mask pattern to the entire pen, but to change that
mask pattern from pass to pass. This is so-called "sweep
rotated” masking ~-- still using the same abbreviated

representation for purposes of illustration:

pass_1 pass 2 pass_ 3 pass 4 pass §

H

xoxo oXoX <- first printed row
oX0X X0Xo0
X0XO0 0X0X
oxXox X0Xxo
0X0X Xoxo <- fifth printed row
X0xX0 oXxox
0X0X Xoxo
XoXo oX0oX
X0X0 oOXoX
0XOX X0XO0
X0X0 0X0X
oXoX X0Xxo
0X0X X0Xo0
XOXo OXO0oX
o0xox X0x0
Xoxo 0X0X

‘IThls Sheet Has Been Replaced ! !
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In both these diagrams -- as in the basic "pattern 1"
and "pattern 2" diagrams discussed just before, it can be
seen by reading all the way across any row that after both
passes at each row all positions in that row are filled --
but by comparing the space- and sweep-rotation diagrams it
will now be appreciated that the order in which some of
the positions are filled in sweep rotation is opposite to
that in which they are filled in space rotation. For
example, in the fifth printed row the left-hand column is
printed in the second pass (and the adjacent column left
blank for printing later) in space rotation -- but is
printed in the third pass (after the adjacent column) in
sweep rotation.

This can be shown more compactly by a different
notation that allows comparison of space and sweep rota-
tion side by side. In this notation, "0" represents
nozzle groups that are not fired at all -~ at the top and
bottom scans of the page -~ while "1" and "2" represent:
not individual pixel rows but rather half-swaths, in

"pattern 1" and "pattern 2" as defined above.

Space rotation Sweep rotation

i
//
IS
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Now in these abbreviated forms it is easier to see that
within the printed image every half-swath receives one "1”

and one "2" -- but not always in the same order. Thus in
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the second half-swath the "1" goes down first in space

rotation, but second in swaep rotation.

(f) Autgrotating print-mode masks -~ Operating

parameters can be selected in such a way that, in effect,
rotation occurs even though the pen pattern is consistent
over the whole pen array and is never changed between
passes. Figuratively speaking this can be rasgarded as
“automatic”-rotation or simply “autorotation”.

To understand what produces this condition, it is
necaessary first to take note of what constitutes a basic
cell or unit of the print-mode mask, and then to note its
height Dc in pixels. It is also necessary to note the
number of pixels (or the length measured in number of
nozzles) by which the paper moves'mp in each of its ad-
vances. For example, in the simple cases diagrammed
above, since each mask repeats every two rows, he = 27 and
the paper advances by fifty nozzles at a time, so mv = 50
(or as in the abbreviated-notation diagram the paper
advances four diagrammed nozzles at a time, so m, = 4).

The next step is to determine whether the ratio q%/hc
of these two parameters is integral. If so, as in this
case, since mv/hc = 50/2 = 25 actually (or 4/2 = 2 as
illustrated), the mask will not autorotate.

If however, in the twa-pass example the paper advanc-
es by three diagrammed pixel rows instead of four -- but
the basic cell remains two pixels tall -- then for this
case as diagrammed the ratio mwﬁ% = 3/2 is nonintegral
and at each pass the mask will “automatically" fill in the
blank spaces left by the previous pass:

eass.l pass 2 pass 3 pass 4 pass S .

———

= i
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0XQoX X0Xo
0Xox Xoxao
XoXxo oxXox
0X0X X0Xo
0X0OX X0Xo
XOoXxXo OX0X
oxox XOXO0
OXOoX
Xoxo
OX0oX

(This diagrammatic example symbolizes a real case of,
for instance, three passes, a total of ninety-six nozzles
ugsed in the pen, thirty-two nozzles used in each of three
sections of the pen, thirty-two-nozzle printing-medium
advance -- and a basic-pattern cell three pixels tall. In
algebraic notation, mw@k = 32/3, & nonintegral ratio.

This three-pass mode is discussed in the next section.)

The print mode produced in this way is essentially a
space-rotation mede (though in a sense that condition is
not specifically called for). For example, if the pen is .
a six-row pen as diagrammed above, the first three rows

are in "pattern 1" and the second three are in "pattern
2%

XOX0
oX0oX pattern 1

XOXO

OXoXx -

X0Xo pattern 2
oxXox

For an autorotating case, either "pattern 1" or "pattern
2" may be used all down the pen. Thus the paper advance
turns one simple pattern into a space-rotated mask “"auto-
matically”. 1In the shorthand notation introduced above,

the pen provides the following periodic behavior as the
paper advances. )

This Sheet Has Been Replaced
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autorotation

{g) Three~-prass modes -- Heretofore, one highly fa-
vored print mode has specified a one-third-density-per-

pass pattern that constructs dots in a diagonal pattern --

xXoo This Sheet Has Been Replaced
T34 i '

-~ rather than the one-half-density-per pass checkerboard

modes discussed above. The diagonals, however, remain at
forty-five degrees as in the checkerboard mode.

This pattern has been considered advantagecus because
it worked well with software dithering algorithms and had
minimal tendency to create moire patterns when printing
partial-density-shaded and gradient area fills. The use
of forty-five-degree diagonals was considered particularly
beneficial for its tendency to distribute error-hiding
capability equally between vertical and horizontal axes of
the pixel array to be constructed on the printing medium.

Generally a printing apparatus is characterized --
through its basic hardwere and firmware design architec-
ture -- by a general maximum-size print mask or mode
pattern that can be formed with the apparatus in one pen
pass; any mask pattern to be used with a printing appara-
tus must fit within its maximum pattern. For examplg, in
a particular cne printing device (of the Hewlett Packard
Company) which produces high-quality images, that maximum

mask or pattern size is eight rows tall and four columns

3
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wide -- and will readily accommodate, among other possi-

bilities, a mask that is three rows tall (hc = 3) and
three columns wide.

Just such a mask produces the one-third-density
diagonal three-pass pattern introduced at the beginning of

this section. If that mask is used in conjunction with a

unit paper advance of thirty-two nczzles -- for a print-

ing~medium advance movement m, = 32 -~ then the previously

introduced ratio mybﬁ = 32/3, which is not integral.

This combination of conditions accordingly provides
autorotation of the three-row mask pattern shown above (as
noted parenthetically in the preceding section). No mask
rotation sequence is required:; and a mask specification
for the three passes accordingly might read "111" to
indicate that the first column of the pattern should be
used in common to begin each sweep -- that is, printing
the pixel in column number one of the top row of the swath
(assuming that thare is any image information to print
there). Equally well a mask spacification might read.
"222" or "000", as indeed the pattern may begin with
printing in any of the three columns of the basic cell.

If instead the number of daot rows were an integral
multiple of the pattern height, then as previously ex-
plained the printer would have to be instructed to use a
rotation sequence telling it how to build the pattern in
each succession of sweeps. For example, using the same
three-row pattern but thirty-three-nozzle advance -- which
is to say, a printing-medium-advance movement of thirty-
three dot rows -- the ratio @hlbc = 33/3 is integral, and
a rotation sequence must be specified,

Such a sequence might be "012". The numbers are the
swath or pass numbers in which the respective columns of
the base pattern will start a page. The printer will form
so-called “"swath number zero" (the first swath) using the
first column of the pattern as the first column at top of
the page, swath gne (the second swath) using the second
column as the first column at top of the page, and swath

twa (the third swath) using the third column, as follows.

€

1
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Xo0 { cox Yoo @ P X O XRo ¢
oxo 00X xo00 0 o X & X0 Ao o7

oo‘ X000 oxXo = l

i 2
&

0 1 2 <- starting column 0&, Mre bac 0
Pateuw g

The other equally acceptable sequences would be
"021", "102", and all the other six rotatiocns ("120",
"201"; etc.) of these three roeot sequences. Now if a
printer is stopped halfway through a page, using this gell
and a diagrammatic six-dot-row paper advance, a pattern
something like the following will be found ~- regardless

of whether space or sweep rotation is in use.

XXXXXAXXKXXXXX
XXXXXXXXKXKXXX
XXXXXXXXKXAXXX
XXXXXXXXAXXXXX completely filled
XXXXXXXXXHKXEXX

XEEAXXXRXAXXXXXX

XXOXXOXXOXXOXX
0XXOXXOXXOXX0X
XOXXOXXOXXOXXO
XXOXXOXXOXXOXX two-thirds filled
OXXOXXOXXOXXOX

XOXXOXXOXXOXXO

0XCOX0oOX00XooxK

QUX0QX00X00X00

X00X00X00OX00OX0

OX00X0OOX00X00X one~-third fille TmsﬁmﬂthBﬂmRs

R — I

As before, this abbreviated diagram symbolizes the modern-
ly more interesting practical case of thirty-three-nozzle

advance. That case if fully pictured would appear as

0
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thirty-three rows fully filled, another thirty-three Ewo-
thirds filled, and thirty-three more cne-third filled.

(h}) Print-quality defects on transparency an
stock -- As mentioned earlier, known technigues have not
been entirely successful in eliminating bulk-colorant
problems on transparent and other glossy media. Dividing
the total desired amount of ink into three passes has been’
considered the limit for application of print~mode tech-
niques in attempts to solve this problen.

As noted earlier, evaporation from these media --
because they are relatively much less absorbent -- is
necessarily more important that from plain paper. Some
eQaporation can be obtained straightforwardly by convec-
tion (stimulated by an air-circulating fan), but inducing
evaporation by applying radiative heat takes on greater
importance with plastic media.

Heat, however, is most straightforwardly applied from
below {the opposite direction from that of ink epplica-
tion). These media present more thermal mass and there-
fore an effectively longer thermal path than does plain
paper. '

Accordingly with these mediea a much greater fraction
of applied heat radiation ends up absorbed in the printing
medium as compared with the ink carrier; this adverse
energy distribution is compounded by the previously men-
tioned dimensional hypersensitivity of these media to
heat. Generelly speaking, as can be seen from the forego-
ing discussion, the application of heat is more problemat-
ic for glossy and transparent stock than for plain paper.

Heretofore the lower liquid absorption, higher heat
absorption, and higher dimensional sensitivity to heating,
of these media has defied efforts to obtain adequate
liquid removal. Accordingly the prior art has left con-

siderable room for refinement in this area.

(i) ack-ink tail -- Printing-machine users often

prefer to present lettering and certain other types of

This Sheet Has Been Replace
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finely detailed image elements in black, and the eye is
capable of discerning black-inked elements (and!defects in
them) quité sensitively -- as compared with elements and
defects marked in other colors. It would therefore be
desirable to use finer position control for black inking
than for other colors, even within the same image.

Such a strategy, however, is difficult to implement.
Generally speaking, the fineness of position control, or
to put it another way the pitch of the pixel array, is
commonly set by the frequency of a waveform derived by
electrooptically reading, while the pen scans, a special
scale extended across the printing hedium.

Within a printing machine of reascnable cost it is
preferable to employ multiplexing techniques for control
of the pens. In other words, a single set of signal lines
~- and control signals time-sharing or otherwise coexist-
ing in those lines -- is used to operate all of the pens.

Providing finer position control for printing of
black in direct conjunction with other colors would re-
quire somehow establishing a separate such waveform for
black. That waveform would have to be provided simulta-
neously with the position-establishing waveform for the
other colors -~ but at a different, higher frequency.

It would also require arranging for the signals of
different frequencies to share the same basic position-
signal transmitting system. These special provisions, to
accommodate established multiplexing arrangements, would
be awkward or at least costly. In engineering jargon,
electrically it would bBe hard to "talk” to a color pen
(for instance, a cyan pen) and a black pen at the same
time, '

An alternative would be to print black in a separate
sweep, between sweeps for the chromatic-color pens. This
alternative would pay a heavy price in reduced throughput
and accordingly would be very undesirable.

(i) Conclusion -- End-of-page print-quality defects

on paeper, as well as bulk-colorant problems on glossy and

This Sheet Has Been Rep laced )
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transparent media, heretofore have continued to impede
achievement of uniformly excellent inkjet printing -- at
high throughgut -- on all industrially impoertant printing
media. Awkwardness of overprinting fine detail in black
is another adverse limitation of the prior art. Thus
important aspects of the technology used in the field of
the invention remain amenable to useful refinement.

This Sheet Has Been R
The present invention introduces such refinement. In

its preferred embodiments, the present invention has
several aspects or facets that can be used independently,
although they are preferably employed together to optimize
their benefits.

In preferred embodiments of a first facet or aspect
of its aspects, the invention is a method of printing
desired images on a printing medium by construction from
individual marks formed in pixel arrays. The marks are
formed by a scanning print head that operates in conjunc-
tion with a printing-medium advance mechanism. '

The method includes the step of scanning the head
repeatedly along a pen-scanning axis that is substantially
orthogonal to a printing-medium-advance axis. The method
also includes the step of, during each scan of the head
along the pen~scanning axis, forming marks in a pattern
that approximates at least portions of a large number of
generally parallel, separated lines that are relatively
steeply angled relaﬁive to the pen-scanning axis and
relatively shallowly angled relative to the printing-
medium-advance axis.

This first facet or aspect of the invention also
includes the steps of (1) during one or more earlier scans
with respect to each segment of an image, leaving
unprinted regions between the angled lines; and (2) during

one or more later scans with respect to each segment,
filling in the unprinted regions.
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A second aspect of the invention differs from the
first in that it expressly includes -- instead of the two
steps recited in the preceding paragraph:

[

- forming the marks with a liquid-based colorant; and

- substantially concurrently with the mark-forming
step, heating the medium to accelerate drying of the
liquid-based colorant -- this heating step having a
tendency to create an end-of-page paper-shrink defect
that accentuates positional error components parallel
to the printing-medium-advance axis.

The relatively steeply angled lines have a tendency to

minimize the positional error components parallel to the
printing-medium-advance axis.

The foregoing may constitute descriptions or defini-
tions of each of these two different facets of the inven-
tion in its broadest or more general form. Even in these
general forms, however, it can be seen that these aspects
of the invention significantly mitigate the difficulties
left unresolved by the prior art.

In particular, the use of patterns with lines gener-
ally close in orientation to the paper-advance direction
tends to minimize the conspicuousness of positional errors
along that direction. This minimization of such errors in
turn permits use of heat to accelerate drying of the print
medium -- and thereby facilitates operation at high
throughput, but with minimal apparent degradation of image
quality.

Although the features or characteristics expressly
included in these two different aspects of the invention
are subject to practice independently of each other,
nevertheless as mentioned above they are preferably prac-
ticed together to maximize and optimize the benefits of

the invention, In addition, they are preferably practiced
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in conjunction with certain other features or characteris-

tics that further enhance snjoyment of overall benefits.

For example, it is preferred that the mark-forming
atep include placing marks only at selected pixel loca-
tions where marks are desired for construction of a par-
ticular such desired image. By virtue of this provision,
the angled lines are incomplete where marks are not de-
sired for construction of such particular desired image.
Similarly it is preferred that the filling-in step include
placing marks only at other selected pixel locations where
marks are desired for construction of a desired image.

It is also preferred that the mark-forming step
include forming the angled lines at substantially a steep-
est angle possible within design architecture of the
scanning print head and printing-medium-advance mechanism.
Stated more generally, it is preferred that the mark-
forming step include forming the angled lines at substan-
tially a steepest angle possible that:

is within design architecture of the scanning print

head and print-medium-advance mechanism;

also provides at least approximately an equal number
of marks per print-head scan, for desired images in

which all pixel locations are to be marked;

does not contribute significantly to other types of
error.

Such other error types include, for example, interference
with dithering patterns; and diagonal lines that are so
vertical as to introduce significant print-quality aberra-

tions relative to the print-head gcanning axis.

Preferably the mark-forming step includes forming the
angled lines at a slope much greater than 1:1 relative to
the pen-scanning axis. Even more highly preferable is

forming the angled lines at a slope of at least 2:1 rela-
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tive to that axis. As will be seen, the specific pattern
tha; is now most highly preferred provides a slope in the

range of at least approximately 2.5:1 to 3:1 =+~ or very

roughly 3:1 -- relative to the pen-scanning axis.

In this now-most-highly-preferred embodiment of the
invention, the mark-forming step includes forming the
angled lines in a basic pattern cell that is three pixels
wide and eight pixels tall. Within this embodiment,
advantageously during one of the scans the cell is printed
with:

- a mark in one column of the cell for each of three

rows in direct succession;

a mark in another column of the cell for each of

three other rows in direct succession; and

a mark in still another column of the cell for each

of two other rows in direct succession.

The same embodiment can be implemented in another way that
is particularly advantageous in printing on glossy or
transparent media. Here the total number of pen scans
with respect to each segment of the image is multiple,

i. e., a relatively high number, in any event greater than
about four; and the mark-forming step comprises, during

each of selected pairs of said multiple scans, printing
the cell with:

- twe marks in one column of the cell for each of three

rows in direct succession,

- two marks in enother coclumn of the cell for each of

three other rows in direct succession, and

- two marks in still another column of the cell for

i

i

each of two other rows in direct succession.

This Shiet Has Been Replaced™ .
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This manner of practicing the invention provides superior
drying properties; if in addition the printing medium is
advanced relative to the marking head between each pair of
successive scans, of the multiple scans, then positional
error along the direction of the medium-advance direction

is relieved numerocus times per swath, yielding very high
image quality.

D e e

At least four and preferably more scans are needed to
optain the benefits of 'this manner of practicing the in-

vention. The number of scans now regarded as most highly
preferred is six.

In a third basic aspect or facet, the invention is an
apparatus for printing desired images on a printing medium
by construction from individual marks formed in pixel
arrays. The apparatus includes some means for supporting
such a printing medium; for purposes of generality and
breadth in expressing the invention these means will be
called simply the "supporting means"”.

The apparatus further includes a print head mounted
for motion along a direction across the medium; and some
means for scanning the head across the medium. Once again
for breedth and generality these will be designated the
"scanning means”.

Also included are some means for providing relative
motion of the printing medium with respect to the print
head (the "relative-motion-providing means”) along a
direction of movement that is substantially orthogonal to
the print head motion. The apparatus of this third facet
of the invention also includes some means for heating the
medium ("heating means"); and some means for forming marks
in a particular pattern ("mark-forming means").

More specifically that pattern is one which was
introduced in regard to the first two aspects of the
invention. It is a pattern that approximates at least
portions of a large number of generally parallel, separat-
ed lines that are relatively steeply angled relative to

the print-head motion and relatively shallowly angled

¢
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relative to the direction of relative movement. of the
printing medium with respect to the print head.

As to the apparatus of the third facet qf the inven-
tion, the mark-forming means form this pattern while the
relative-motion~-providing means are not operating, In
other words, while the pen forms a particular swath of
dots or ink spots constituting a. partially inked pixel
array having the lines just described, there is no rela-
tive motion -- along the orthogonal direction -- of the

printing medium with respect to the pen.

In preferred embodiments of a fourth of its aspects,
the invention is a method of printing desired images on a
low-liquid-absorption printing medium, by construction
from individual marks formed in pixel column-and-row
arrays by a scanning multiple-nozzle pen that operates in
conjunction with a printing~medium advance mechanism. The
method includes the step scanning the pen repeatedly along
a pen-scanning axis across the medium, to place marks on
the medium within a swath of pixél rows that is exposed to
the multiple nozzles of the pen; in this system each
nozzle corresponds to one pixel row.

The methed also includes the step of periodically
advancing the printing medium relative to the pen, along a
printing-medium-advance axis that is substantially orthog-
onal to the pen-scanning axis, to bring a fresh portion of
the medium within the swath that is exposed to the pen.
The method further includes the step of, in each scanning
of the head across the ‘medium, firing at most one-third of
the nozzles in each pixel-position column and thereby
depositing, over the total number of scans at each pixel
row, at least two drops of ink in each pixel position that
is inked.

This method is thus in effect a double-density or
200% form of a six-pass printing mode, which has been
found to effectuate a particularly advantageous balance

between high quality and throughput. Indeed for optimum

This Sheet Has Been Rep laced
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benefit this method is preferably practiced in conjunction

witb six printing-medium advances per full swath height.

As to preferred embodiments of a fifth of its as-
pects, the invention is similarly a method of printing
desired images on a low-liquid-absorption printing medium,
by construction from individual marks formed in pixel
column-and-row arrays by a scanning multiple-nozzle pen
that operates in conjunction with .a printing-medium ad-
vance mechanism. This method too includes the step of
scanning the pen repeatedly along a pen-scanning axis
across the medium, to place marks on the medium within a
swath of pixel rows that is exposed to the multiple noz-
zles of the pen, each nozzle corresponding to one pixel
row; and periodically advancing the printing mediuﬁ rela-~
tive to the pen, along a printing-medium~advance axis that
is substantially orthogonal to the pen-scanning axis, to
bring a fresh portion of the medium within the swath that
is exposed toc the pen.

This method differs from that of the fourth aspect or
facet of the invention, however, in that it includes the
step of -- in each scanning of the head across the medium
-- firing at most one-sixth of the nozzles in each pixel-
position celumn. This method is thus more straightfor-
wardly recognized as a six-pass printing mode, and like

the fourth is preferably practiced with a one-sixth-swath
advance distance.

{

A sixth aspect or facet of the invention is, in its
preferred embodiments, a method of printing a desired
image, which has two ends, on a printing medium by con-
struction from individual marks formed in pixel column-
and-row arrays by a scanning multiple-nozzle pen that
cperates in conjunction with a printing-medium advance
mechanism. The printing medium is held taut beneath the
pen between two sets of rollers except while printing near
top and bottom edges of the printing medium, when it is

This Sheet Has Been Replaced
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constrained from only one direction by one of said sets of
rollers.

This method includes the step of scanning the pen
repeatedly along a pen-scanning axis across the medium, to
place marks on the medium within a swath of pixel rows
that is exposed to the multiple nozzles of the pen. Here
as before, each nozzle corresponds to one pixel row.

In addition the method includes the step of -- when
the pen is not substantially at either end of the desired
image, and while the medium is held taut between two sets
of rollers -- periodically advancing the printing medium
relative to the pen, along a printing-medium-advance axis
that is substantially orthogonal to. the pen-scanning axis.
Each such step operates to bring a fresh portion of the
medium within the swath that is exposed to the pen, where-
by the pen moves stepwise from one end of the image to the
other.

The method also includes a further step that is )
performed when the pen is substantially at either end of
the desired image, and at least until completion of full
inking for the swath of pixel rows that is exposed to the
nozzles of the pen. This step is holding the printing
medium substantially stationary relative to the pen while
performing a plurality of said scanning steps. _

This step is performed at least if the medium is
constrained from only one direction by one set of rollers.
Preferably this step is performed only while the medium is
constreined by one set of rollers, since its performance
is less robust with respect to tolerance of nozzle fail-
ures; however, this step need not be strictly limited to
performance under these conditions, as stationary-medium
operation can also be performed in a generally
satisfactory fashion at the end of the image even if the
paper is still taut.

The method of this sixth facet of the invention is
Particularly beneficial in suppressing print-quality
defects that arise from print-medium positioning errors

due to mechanical tolerances. The method has this benefi-

1




Substitute sheet - 27 August 1996

.27-

cial effect because ~- while the stationary-medium opera-
tion is being used -- in fact no print-medium positioning
takes place, and accordingly no error in positioning can
occur.

Although this method even as thus broadly couched
serves an excellent purpose, nevertheless preferably it is
performed with certain additional features or characteris-
tics. During the holding-statidnary step, the scanning
steps preferably include employing a sequence of print
masks in rotation to progressively provide full inking for
the swath of pixel rows that is exposed to the nozzles of
the pen; and preferably that sequence of masks is such as
to compensate for absence of printing-medium advance.

Also it is preferred that the mask-sequence-employing
step comprise changing nozzle printing patterns between
substantially every pair of scans of the pen.

All of the foregoing operational principles and
advantages of the present invention will be more fully
appreciated upon consideration of the following detailed

description, with reference to the appended drawings, of
which:

This Sheet Has Been Repl
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Fig. 1 is a block-diagrammatic representation of a
hardware system according to the invention; and

Figs. 2a through 2d are diagrammatic print-mask
representations of inking patterns used in, respectively:
(a) special top-of-page sweep mask rotation to enable sup-
pression of printing-medium advance in that region, (b)
midpage space rotation with one-third advance, (c) bottom-
of-page handoff space rotation with one-sixth advance, and
(d) special bottom-of-page sweep rotation to enable sup-
pression of advance in that region.
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DETAILED DESCRIPTION
H REFERRED EMBO TS

1. STEEPER DIAGONAL

The print mask of the present invention forms diago-
nal lines that are skewed more toward the printing-medium
advance direction than those of prior-art masks. This is
beneficial because in this direction there tends to be
more error due to paper advancement and paper shrinkage.

In at least some commercial printers the above-men-
tioned largest permissible pattern, within the basic
‘architectural constraint of the printing apparatus that is
in use, is rectangular and vertically oriented -- in other
words, longer in the direction of the printing-medium
advance. In this case, preferably the diagonals formed
by the invention approximate the longeat diagonal line
possible within that vertically oriented largest permissi-
ble pattern.

Within the previously mentioned eight~-by-four pattern
constraint of one Hewlett Packard printer, a particularly

desirable print mode creates the follow1ng eight-by-three
pattern cell or "base pattern”

KOO
XQQ

X000

0Xx0 base pattern
oxo or cel is Sheet Has Been Replaced

> BT

oO0X

012 <~ column number within the base pattern

The resulting pattern still appears as diagonal lines
when printed on the page, but now they are angled at

roughly seventy degrees from the pen-scan axis -- or, as

’
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it may be called, the "horizontal”. The pattern alignment
is now more vertical than horizontal, and this more effec-

tively maks dot dislocation due to error in printing-
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medium shrinkage or advance.

The diagram above shows that within the eight-row
cell or base pattern there are three rows of the repeating
subpattern "xoo" and three of the subpattern "oxo", but
only two of the bottom subpattern "oox". This asymmetry
is without substantive consequence, or may possibly aid
slightly in suppressing undesirable moire rpatterns and the
like due to excessively regular cell structure.

The slope of the diagonal is prébably best defined as
the angle from any point (for example, the first dot})
along the repeating unit to the same pPoint on the next
diagonally adjacent repeating unit. Using this defini-
tion, the slope is the ratio of eight vertical units to
three horizontal units, or 8:3, corresponding to an angle
of about 694 degrees. Other reasonable candidate methods
of defining the slope generally will yield comparable
values between roughly 68 and 71% degrees.

In any event it will be understood that the apparent
slope of the diagonals created by this mask is roughly
(within ten percént) 2.87 -- which is much greater than
the 1:1 value provided by the checkerboard or three-by-
three cells of the prior art. The angle of the diagonals
relative to the pen-scan axis or "horizontal" is approxi-
mately (within three percent) seventy degrees.

While the invention in this preferable form accord-
ingly is very beneficial, a great advance over the perfor-
mance of the prior art in hiding paper-shrinkage and
paper-advance errors can be enjoyed even with considerably
less-emphatic vertical orientation. Any slope over about
2:1 (or angle over about sixty degrees), for instance,
produces much better error-hiding properties than the 1:1
forty-five-degree diagonals of the prior art.

If the above-illustrated eight-dot-row pattern is
used with a printing-medium advance of thirty-two nozzles,

then the determining rat.io_n_\P/hc is 32/8, which is inte-
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gral -- so the mode is not autorotating. Therefore the
order in which the columns create the print patterns must
be specified. The order normally is not critical. One

acceptable sequence is shown in the following example.

pass 1 pass 2 pass 3
|

012 120 201 <- internal rotation
sequences
x00 oox oxo '
Xx00 oox oxe -
X00 ocox oxo ' o
axo xao oox This Sheet Has Becn Replaced
LT
oxo X00 oox |
oox 0Xx0 xo00
G/ 4l 90X oxo x00 <- last row i irst ce
ng?#—ﬁ-3 31X Xoa 040 oox Xgowo<d~ starting next 8-row pell
T26(658 A2 %09 o< xdooxo '
Yegpn 0] OFK X0O  oxpbox  xdo oxo
Yedses &}i: o 0% e ofic oo -

i

These patterns cofrespond to a rotation sequence of
"012". The phrase "rotation sequence” actually is used in
two different senses, but as will be seen 012 is the
rotation sequence for at least part of the above diagrams
in both senses.

One definition of "rotation sequence” is entirely
internal to the cell -- that is ta say, the rotation
sequence is the order in which pixel rows are printed
within the cell or basic pattern. Thus "sequence 012"

means that -- as shown above for the first pass:

- 0 is the number of the column in which the first

group of rows (rows 1 through 3) within the cell is
printed;

REPLACED
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- 1 is the column (the secand column) in which the

second group (rows 4 through 6) is printed; and

ok e ot i . A - o AV WA e

- 2 is the number of the column (the third) in which

the third group of rows (rows 7 and 8) is printed.

(As will be noted, in keeping with customary computer-
science practice the rows are numbered starting with
zero.) Correspondingly for the second pass, as marked in
the tabulation above, the (internal) rotation sequence is
120; and for the third pass the sequence is 201.

The other sense in which the phrase "rotation se-
quence” 1s used is partly external to the base pattern.
Here the rotation sequence identifies a series of swath or
path numbers in which the consecutive columns of the base
pattern are used in starting positions, so defining the

swath pattern: thus in the tabulated case, swath number:

- 0 (the first pass) is assigned to begin with the
first column of the base patteén;

1 (the second swath) takes the second column of the

base pattern for its baeginning column; and

- 2 (the third) uses the third column of the base
pattern as the first column of the swath.

Now if the printer is stopped halfway down a page, a
pattern generally like the following abbreviated diagram
can be seen (not starting at the left-hand edge of the
image) -- except that the eight-nozzle cell shown above
repeats four times within each swath, rather than occur-
ring only once as suggested by the diagram. Due to this
repetition the height of each band of fill, measured in

number of nozzles, is thirty-two dot rows rather than
eight as diagrammed.
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XK K XA K
1.0, 9.9 9.8, 9.9.9.9.9.8 ¢ ¢
HKHHH AKX HKAHXKHNK
FOXK MO XK XX
XOXKHIOCHRNHNHK XX completely filled
KHHHIOHL KX HHHHKK
IR K AN XK

L. 0.0 9. 9. 8. 9.8. 0.9,

OXXOXXOXKOKXO
OXXOXKOXKOXXO
OXXOXXAXKOXXO
KOXKXOXKOKKOXKX
KOXKORXROXXOKXK two~thirds filled
XOXXOXXOHXOXX
HXXOXKOXXOXXO K

KXORUKOKXKOXNKONK

OXPOX0OX00X00
OX00OXQ00OX00QX00
OXOOXOOXOOX0O

QOXOOXO0OX00OX0

0OX0OXO00X00X0 one-third filled
This Sheet Has Been Replaced
OOXDOX0OXQOX0

IR

XOOX0OX0QX00X

Another potentially useful cell might be an eight-by-
four pattern -- the maximum permitted within the system
architecture mentioned earlier. Such a cell contains

thirty-two pixels, which cannot be divided up aqually
among three passes.

Equal division among the number of passes salected is
desirable to avoid other types of artifacts. This princi-
ple might suggest that an eight-by-four pattern would work
moderately well with four passes; but for best throughput

gn_plain paper four passes is less desirable because it
would be slower,

Also the slope in that case would be definitely 8:4 =
2 {an angle of about sixty degrees). That slope would be

4
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a distinct improvement over the prior art =-- but has not
beep tested, and possibly would be noticeably less effec-
tive than 8:3 in hiding vertically oriented errors. For
these various reasons an eight-by-four cell is now regard-

ed as at least no more advantageous -- and possibly less
advantageous -- than an eight-by-three. e ——

This Sheet Hag Been Rep.
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As mentioned earlier, in the prior art three print
passes were caonsidered ideal. The present invention,
however, recognizes that the number of passes used by a
system represents a tradeoff between throughput and quali-
ty (particularly distribution of paper-advance error over
a large number of passes so as to hide that error).

Thus in principle, if only quality were needed, each
swath could be printed using a thousand pen passes, with
one 1Ink spot deposited in each pass; this print mode might
produce virtually flawless images but also might require
an hour per page. Typical draft-mode printing does the
opposite -- laying down an entire swath in just one pass.

The present invention further recognizes that in
balancing throughput and quality, it is desirable to take
into account the properties of different media. In other
words, the ideal compromise may call for a different
number of passes with some media than with other media.

In accordance with the present invention, for use on

transparent and glossy media, six passes has been found

highly preferable to three. A higher number of passes is

more optimal for glossies and transparencies than for

paper because -- as explained in the "PRIOR ART" section

of this document -- in practice the other parameters

(quantity of heat, and effectiveness of convection and
absorption) used to mitigate bulk-colorant problems cannot
be set as high for these media as for paper.

To put it another way, the present invention proceeds

from the recognition or discovery that the drying charac-

¢
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teristics of these media shift the optimum tradeoff point
toward a greater number of printing passes.

Different numbers of ink drops of the various prima-
ries are desirable for these two different media types
respectively. In this regard the ink application conmsid-
ered ideal is quite complicated -- encompassing use of
fractional average numbers of drops for certain colecrants.
These best-known modes of Practice of the invention are
set forth in considerable detail in the Askeland et al.
document identified above.

In addition to using six passes and employing the
inking arrangements set forth in that document, it is also
highly preferable to incorporate the maximum-diagonal
aspects of the invention described in the preceding sec-
tion. The basic three-pass eight-row cells are in essence
repeated, making two passes over every pixel location
rather than one -- to provide double density.

In additieon it is highly preferred to halve the
advance distance. Thus whereas the three-pass embodiiment
of the invention is now believed to operate ideally with
advance by thirty-two Pixel rows (about 32/24 = 1.32 mm)
at each step, the six-pass embodiment operates instead
with advance by sixteen rows (16/24 = 0.67 mm) per step.

The resulting masking patterns may appear as shown.

pass ] pass 2 pass 3 pass 4 pass § gaés 6

Xoo cox oXxo Xo00 cox oxo
Xoco oox oxo Xo00 00X oxo
Xxo00 cox oxo Xoo oox oxa
oxo Xo00 oox oxo b 3-1.) oox
oXxo xoco cox oXo Xoo cox
oxo xoo0 00X oXxo Xoo oox
cox oxo Xo0 00X oxo Xoo
oox oxo Xoo cox oxo Xxco
012 120 201 012 120 201

(rotation sequence)
This Sheet Has Been Replace

L =
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If as before the printer is halted partway down a page the
developing pattern can be seen from the following repre-

sentative rows. Capital letters represent double inking:

6.9.9.0.0.0.0.0.0.0.0.0.0.0.¢

).9.9.9.9.9.9.6.0.0.0.0.0.0.9.4

1.9.9.9.6.9.9.9.0.0.0.0.0.9.9.4

) 9.0.6.9.9.0.6.9.6.0.0.5:0.9 4 200% filled,

) 0.6.9.0.9.9.9.9.0.9.0.06.¢:4 after passes 1 through 6

},0.9.9.0.9.0.4.9.6.9.0.9.9.9.4

XLXAXXAXXAXXXXX
JD.9.9.9.9.9.9.9.9.9.9.4.9.9.9.4

XL x XX XXX XLxXX

XX XA XX xXXxXX

XXX xXXxXXxXXxXX

§.99.9.69.9:4.9.6:63.9. 654 167% filled,

XXX xXXxXXxXXxX after passes 2 through 6
XX xXXx XA XAxX
A XX xXXxXXxXXx
I .9..9.9.9.9.9.9.3.9.9.9.9,¢ 4
xXxxXxxXxxXxxXx

XXxxXxxXxxXxxXx
xXxxXxxXxxXxxXx
XxxXxxXxxXxxXxxX 133% filled,

I

xxXxxXxxXxxXxxX after passes 3 through 6
xxXxxXxxXxxXxxX

XxxXxxXxxXxxXxx

KxxXxaxXxaXexXxx

EXXXXKXXXXXEXXXX

XXAXXXXXXXXXXKXX

XXAXAXKXXXXXXXXX

KXXXXAXXLXXXXXX 100% filled,

KAXXAXXAKXXXXXXX after passes 4 through 6
XXXXXXXXXXXXAXX

XAXXXXXXXXXXXXX

12 9. 9.9.9. 9.9 9. 9. 9.9, 5,¢.4:4

OXXOXXOXXOXXOXX
OXXOXXOXX0OXX0XX T ——

This Sheet Has Beeg
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OXXOXXOXXOXX0XX
XOXXOXXOXXOXXOX 67% filled,

XO0XX0XX0XXOXX0X after passes 5 and 6

XOXXOXXOXX0OXX0X

XXOXXOXXOXXO0XXO

XXOXXOXXOXXOXXO This Sheet Has Been Replaced

o LT

OXO00X0O0X0OX00X0O

00X0OX00X00X00X 33% filled,
QOX00X00X0OXOO0X after pass 6 only
COXOO0X0O0X00X00X

X00X00X00X00X00

X00oX00X0gX0o0Xo0Q

The inking arrangements ocutlined above provide
double-drop-per-pixel coverage of all pixel positions.

For primary colers {(in preferred embodiments those are
cyan, magenta and yellow), this is a now-preferred t:éat~
ment for images on transparency or glossy stock as well as
on paper.

In accordance with the aforementioned Askeland docu-
ment, however, it may be preferable to ink certain pixel
positions more than two times, for example three times, in
a single image -- or through use of spatial averaging ar-
rangements to provide a mean deposition of fractional
drops. More-than~double fractional inking has been found
particularly useful for secondary colars (red, green and
blue in preferred embodiments) on transparency and glossy
stock -- and can be achieved by, for instance, "stripping"
selected data bits from the pattern.

Preferably such data stripping is introduced starting
in the fourth pass (pass 4 in the tabulation above). As
an example, suppose that a particular pixel is to receive
2.5 dots, on the average, of red ink.

In other words, in half of the passes that pixel is
to receive one yellow and one magenta (symbolized "YM")

and in the other half of the passes it is to receive one

T - i,
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yellcw and two of magenta (YMM), instead of the simplest-
case four dots (YMYM). TYTo implement this plan, that pixel
would receive the first "YM" in the first three passes;
and in the remaining passes that pixel would be given a
single-bit-stripped treatment to add one more dot of
magenta and so yield yYmMm.

Secondaries ardinarily in each positicon receive two
drops (one of each of two different colors), so by this
treatment secondaries if not data-stripped would receive
four. Colors produced in this way are very rich, but such
excess colorant deposition produces blocking etc. as
described earlier; an extra alternatiné firmware switch or
so-called "filter” can be put into operation to suppress
or strip the alternate drops.

The result can be tailored to produce either two or
four drops at selected pixels -- and thus three, or tmo
and a half, etc. per position on the average. Further
detail appears in the askeland document.

If in addition to inking each swath in six passes the
printing medium is advanced relative to the pen after each
pass -- in other words, if the medium is advanced six
times per swath -- then besides improved drying the inven-
tion also relieves medium-advance-direction positioning
error each one-sixth swath.

That is, advance errors are smaller since the siep
size is anly half as large (0.7 mm rather than 1.33 mm);
and the advance errors are averaged over six advances
rather than only three. In addition to these benefits, -
six~pass modes as outlined above facilitate use of frac-
tional-dot techniques to optimize hue and chroma for each
colar and printing medium.

An overall result of a six-pass method is to balance
the need for high quality and high throughput. Although
taking more passes (eight, twelve, etc.) would accomplish
the same or better quality goals, throughput would be
significantly degraded. Conversely, as mentioned earlier
four, or preferably more than Ffour, passes will produce

some impraovement in quality and are considered within the

This,Sheet Has Been Replaced . ‘
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scope of ce in of *he appended claims ut the quality

provided by six passes is believed to be significantly
bebter.

3. DOUBLE-FREQUENCY BLACK ON RETRACE

[t has been found that finer control of black inking
at high throughput can be provided with reasonable economy
through use of a higher~-frequency positioning waveform for
black -- and actual printing of black -- only during each
return sweep of the pen. The return pass of tpe pen 1is
knaown as the "retrace".

An additional interpolation stage can be put into
operation =-- and the resulting signal transmitted on the
pen signal bus -- straightforwardly on retrace. As no
other precise-pen-position signals are in use then, there
is no interference with control signals for other colors.

Preferably the position waveform for black on retrace
is at twice the frequency used for other colors on the
forward sweep. The result is twice as many pixel posi-
tions -- with correspaonding ability to represent finer
detail -- and the pen discharge signals can be correspond-
ingly adjusted to make the resulting ink spots smaller.

Whereas a pixel spacing of about twelve per millime-
ter (three hundred dots per inch) is appropriate for the
color-ink spots, the double-frequency black-ink position-
ing signal produces a spacing of about twenty-four dots
per millimeter (six hundred per inch). 1In printing of
text alone, in black and without any cblor priﬁting. the
higher frequency and the finer pixel spacing are pref-
erably used in both directions rather than only'on re-
trace. ) .

While this system of printing bléék on retface. when
it is part of a color image, resolves the difficult prob-
lem of multiplexing different pens that are opéfating at
different frequencies, other factors too ﬁilitéfe in favor

» ‘ L] .
of this method. One such factor is that positiénal preci-

This Sheet Has Been Replaced
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sion in bidirectional operation is in fact adeguate far
such operation; this high precision is obtained through
use of a related invention disclosed in the previously
mentioned document of Raskin et al.

Another factor is that this system very significantly
enhances throughput, as the time required to print black
on ratraca is considerably less than the time required to
print black in a separate forward sweep plus the time
raquired for two nonprinting return slaws. This advantage
is particularly notable in comparison with the major

altarnative of printing black in a separate forward sweep,
between color passes. —

e

e e

This Sheet Has Been Replaced
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4. SUMMARY OF PRINT MODES \\‘

In its most highly prefarhed practice, the invention
makes use of several different, complicated combinations
of operating parameters and characteristics to accommodate

various operating requirements. These combinations are
summarized below.

thry- di- scan re- den- aax.freq.

put rec-  speed trace heat  si- __kHz _ split
ode passes  pa/ein RET  tions  cafsec  cafsec ¥ toa, CHY R text
FAST:
text ! 6 o bi 6.6 618 13 yes 3 o
graph-
ics | 1.4 e uni 3.8 889 13 yes 4
HORNAL :
text L 6 o bi e 616 " 13 Tyes 8 o
graph-
ics 3 0.56 fo uni 50.8 88.9 13 yes 22

SRR TS B ]
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RIGH-QUALITY:
taxt 1 4 ys  bii 338 31.8 B oyes 8 no
graph-
ics 3 0.45 yes  bi: 50.8 50.8 13 yes 2 4
- color forward;
R 118
TRANSPARENCY:
) 0.33 no eni 50.8 88.9 6 no 2 2
GLOSSY:

6 0.33 no uni 50.8 88.9 27 ne 2 2

In this tabulation, the column heading "RET" repre-
sents “resolution-enhanced technology" -- the system
described above in which black is printed at a pixel
spacing of twenty-four pixels par millimeter along the
pen-scan axis, rather than the standard twelve. In the
preferred system described here, the pixel spacing along
the printing-medium-advance axis remains twelve whether
RET 1is in use or not.

The column heading “densitom.” refers to a subsystem
by which the firmware preevaluates on a swath-by-swath
basis the optical density of image areas not yet reached
in actual printing -- but to be printed socon. If the
optical density (and therefore quantity of ink)" will
shortly be high, then the printing is decelerated gradual-
ly to accommodate the anticipated higher dryin%-demands
while at the same time avoiding abrupt speed-éhange~genar-
ated image discontinuities. In fast and normil modes the
turn-on threshold is much higher and the sloédown is much
smaller than those used for hxgh quality mode.

The colen headings ' CMY" aHd\“K" refe#gto ink color:
cMY repre:ents the chromatlcs cyan magenta(and vellow
respect1ve1y. and K represents black The ﬁhch1ne prefer-
ably switches to three-pass "graphics” printing automati-

cally in noqmal or high-quality mode whenever (a) the

[
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swath coantains color or (b) black text or graphics cross
the swath boundary. The sole distinction between single-
pass "text" printing as between the fast and normal modes
appears in the right-hand column: only in the fast mode
is text split.

As drying of transperencies and glossy media must
rely more heavily upon convection, a drying fan is operat-
ed in those modes. Transparency stock can accept consid- -
erable warping; therefore in transparency mode the heater
power is almost as high as for the paper modes tabulated
above. Glossy stock, however, being hypersensitive to
warp, is best heated only slightly as indicated.

e

This Sheet Has Been R
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Fig. 1 illustrates the general preferred layout of a
programmed-microprocessor-based printing machine according
to the invention. An input stage 41, which may include
manual controls, provides information defining the desired
image. The output 42 of this stage may proceed to a dis-
play 43 if desired to facilitate esthetic or other such
choices; and, in the case of color printing systems, to a
color-compensation stage 44 to correct for known differ-
ences between characteristics of the display 43 and/or in-
put 41 system vs. the printing system 47-61-31-32-33.

An output 45 from the compensator 44 proceeds next to
a rendition stage 46 that determines how to implement the
desired image at the lével of individual pixel-position
printing decisions -- for each color, if applicable. The
resuling output 47 is directed to a circuit 61 that deter-
mines when to direct a firing signal 77 to each pen 31.

The pens discharge ink 32 to form images on paper or
some other printing medium 33. Meanwhile typically a
medium-advance module 78 provides relative movement 79 of
the medium 33 in relation to the pens 31.

In developing its firing-signal determination, the

firing circuit 61 must take into account the position of
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the pen carriage 62, pen mount 75 and pen 31. Such ac-
counting is enabled by operation of an electroooptical
sensor 64 that rides on the carriage 62 and reads a code-
strip 10.

A timing module 72 is positioned in the line between
the sensor 64 and firing circuit 61. The timing module 72
provides for various special positioning functions, in-
cluding encoder-signal inversion or equivalent, during
scanning in one of two directions.

It also provides for backing off by one pulse and
then delay in pen firing, also during scanning in one of
two directions. Most particularly for purposes of the
present invention the timing module 72 switches into use
the interpolated, double-frequency positioning signal
mentioned above, for use only in printing black on re-
trace, when colors are being printed in the alternating
forward sweeps. (As noted earlier, this signal is also
used in printing black bidirectionally, when colors are
not being printed; but in this case the use of the inter-
polated signal is not switched by tﬁe timing module.)

Operation of this timing module 72 thus is not de- .
sired at all times, but rather only synchronously with the
directional reversals of the carriage 62. Specifically,
the timing module 72 is to be inserted dufing operation in
one direction only, and replaced b& a straight-through
bypass connection 73 during operation in the other direc-
tion -- in other words, operated asymmetrically -- and
this is the reason the timing module 72 is labelled in
Fig. 1 "asymmetrical".

This synchronous insertion and removal is symbolized
in Fig. 1 by a switch §7 which selects between the conven-
tional connection 73 and a timing-module connection 71.
This switch 67 is shown &s controlled by a signal 66 that
is in turn derived from backward motion 63B of the pen
carriage 62.

Thus the switch 67 is operated to select the timing-

module connection 71 during such backward motion 63,, and

to select the bypass or conventional route 73 during

This Sheet Has Been Replaced
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forward motion.63r This representation is merely symbol-
ic for tutorial purposes; people skilled in the art will
understand that the switch 67 may not exist as a discrete
physical element, and/or may instead be controlled from
the forward motion 63; and/or -- as will much more common-
ly be the case -- can be controlled by some upstream
timing signal which also controls in common the pen-car-
riage motion 63;, 63;. Further the synchronous switch 67
need not be at the input side of the timing module 72 but

instead at the output side -- where in Fig. 1 a common
converging signal line 74 is shown as leading to the
firing circuit 61 -- or may in effect be at both sides.

Use of a system as illustrated in Fig. 1, at least as
most naturally interpreted, will result in the encoder-
signal inversion, the pulse "backing off" step and the
firing delay step all being performed during pen motion in
the same, common ("backward") direction. This limitation

while preferred is not required for successful practice of
the invention.

6. TOP/BOTTOM-OF-PAGE MASK ROTATION ONLY

At the bottom of each sheet of print medium, a rela-
tively tall region, that may be called the bottom-of-page
"handoff"” zone, is defined by the distance between sets of
rollers that hold the medium taut. As noted earlier --
and as explained in greater detail in the above-mentioned
Broder et al. document -- preferably for printing on paper
in this region the printing-medium advance height is low-
ered to half (Fig. 2c) its normal midpage value (Fig. 2b).

For example, in a preferred embodiment each pen has
ninety-six nozzles and so makes a ninety~six-pixel swath;
the normal advance distance (except for plastic media, per
this invention) is one third of this height, or thirty-two
pixels -- 1.33 mm, for a preferred pixel spacing of 1/24
mm (Fig. 2b). When the medium cannot be tensioned, as set

This Sheet Has Been Replaced
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forth by Broder et _al. the advance preferably is halved to
sixteen pixels or about 0.7 mm (Fig. 2¢).

In shallower end zones consisting of the single top
(Fig. 2a) and bottom {Fig. 2d) swaths on each sheet of me-
dium, however, according to the present invention the ad-
vance height is reduced to zero -~ j. e., eliminated
entirely. This is done when the pen (or set of pens) is
at either end of the data, but most preferably only.if
that occurs while the medium is untensioned -- either_in
the "handoff" zone or an analogous one at the top.

This operating mode is particularly important when
the pen is actually printing along the top or bottom edge
of the sheet. Ordinarily good performance is not obtained
with the pen skimming partly on and partly off the edge,
but space rotation would demand starting or ending in just
that condition, to provide three or six passes in a frac-
tional-swath zone along the edge. Under these circum-
stances, since space rotation can nc longer be made to
occur, in effect, as a consequence of print-medium ad-
vance, it is provided through sweep rotation -- changing
the inking pattern between pen scans.

On each page the mask is first sweep-rotated on the
pen by firmware, for the first two sweeps, while the pen
is stationary {(Fig. 2a); then the mask is fixed on the pen
and paper advance begins (Fig. 2b), producing space rota-
tion -- that is, the mask does not change relative to the
pen -- and most of the page is printed in this normal
three-pass mode. In the handoff zone, but not yet at the
end of data, the system makes a transition to one-sixth
advance, and only half (forty-eight) of the nozzles print,
but the mask is still space rotated (Fig. 2c). When final
data are reached, advance again halts and the remaining

two passes are flushed out -~ with firmware sweep-rotating
the mask (Fig. 2d).

The above disclosure is intended as merely exemplary,

and not to limit the scope of the invention -- which is to

be determined by reference to the appended claims.

This Sheet Has Been Replac ‘
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1. A method of printing desired images on a low-liquid-
absorption printing medium, by construction from individu-~
al marks formed in pixel column-and-row arrays by a scan-
ning mdltiple—nozzle pen that operates in conjunction with
e printing-medium advance mechanism; said method compris-
ing the steps of:

scanning the pen repeatedly along a pen-scanning axis
across the medium, to place marks on the medium within a
swath of pixel rows that is exposed to the multiple noz-
zles of the pen, each nozzle corresponding to one pixel
row;

periodically advancing the printing medium relative
to the pen, along a printing-medium-advance axis that is
substantially orthogonal to the pen-scanning axis, to
bring a fresh portion of the medium within the swath that
is exposed to the pen; and

in each scanning of the head across the medium,
firing at most one-third of the nozzles in each pixel--
position column and thereby depositing, over the total
number of scans at each pixel row, at least two drops of
ink in each pixel position that is inked.

2. The method of claim 1, wherein:
for portions of a desired image in which a mark is
desired in every pixel position, the firing step comprises
firing substantially one-third of the nozzles in substan-
tially every pixel-position column.

This Sheet Has Been Replac
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the medium-advancing step comprises advancing the

3. The method of claim 2, wherein:

medium between substantially every pair of scans of the

pen. ee—
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4, The method of claimLZ, wherein:
- the medium-advancing step compriées advancing the
medium by a number of pixel rows equal to substantially
one-sixth of the number of operating nozzles of the pen,

between substantially every pair of scans of the pen.

5. The method of ¢laim 1, wherein:

the medium-advancing step comprises advancing the
medium by a number of pixel rows equal toc an integral
multiple of one-sixth of the number of operating nozzles

of the pen, between substantially every pair of scans of
the pen.

m——
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6. A method af printing desired images on a low=-liquid-
absorption printing medium, by construction from individu-
al marks formed in pixel column-and-row arrays by a scan-
ning multiple~nozzle pen that operates in conjunctiocn with
a printing-medium advance mechanism; said method compris-
ing the steps of: _

scanning the pen repeatedly along a pen-scanning axis
across the medium, to place marks on the medium within a
swath of pixel rows that is exposed to the multiple noz-
zles of the pen, each nozzle corresponding to one pixel
row;

periodically advancing the printing medium relative
to the pen, along a printing-medium-advance axis that is
substantially orthogonal to the pen-scanning axis, to
bring a fresh portion of the medium within the swath that
is exposed to the pen; and

in each scannlng of the head across the medium,

firing at most one-sixth of the nozzles in each plxel-
position column.

T. The method of claim ©, wherein:

for portions of a desired image in which a mark is
desired in every pixel position, the firing step comprises
firing substantially one-sixth of the nozzles in substan-
tially every pixel-position column. [

gy

the medium-advancing step comprises advancing the

medium between substantially every pair of scans of the
pen.

2. The method of claim 7, wherein:
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9. The method of claimz:, wherein:

the medium-advancing step comprises advancing the
medium by a number of pixel rows equal to substantially
one-sixth of the number of operating nozzles of the pen,

between substantially every pair of scans of the pen.

/0. The method of claim 6, wherein:

. the medium-advencing step comprises advancing the
medium by a number of pixel rows equal to an integral
multiple of one-sixth of the number of operating nozzles

of the pen, between substantially every pair of scans of
the pen.
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l}{. A method of printing a desired image, which has two
ends, on a printing medium by construction from individual
marks formed in pixel column-and-row arrays by a scanning
multiple-nozzle pen that operates in conjunction with a
printing-medium advance mechanism; said printing medium
being held taut beneath the pen between two sets of roll-
ers except while printing near top and bottom edges of the
printing medium, when it is constrained from only one
direction by one of said sets of rellers; said method com-
prising the steps of:

scanning the pen repeatedly'along a pen~scanning axis
across the medium, to place marks on the medium within a
swath of pixel rows that is exposed to the multiple noz-
zles of the pen, each nozzle corresponding to one pixel
row;

when the pen is not substantially at either end of
the desired image, and while the medium is held taut
between two sets of rollers, periodicaliy advancing the
printing medium relative to the pen, along a printing-
medium-advance axis that is substantially orthogonal to
the pen-scanning axis, to bring a fresh portion of the
medium within the swath that is exposed to the pen; where-
by the pen moves stepwise from one end of the image to the
other; and

when the pen is substantially at either end of the
desired image, at least if . the medium is constrained from
only one direction by one set of rollers and at least
until completion of full inking for the swath of pixel
rows that is exposed té the nozzles of the pen: holding

the printing medium substantially stationary relative to

the pen while performing a plurality of said scenning
steps.

This Sheet Has Been R

T LT

T



Substitute sheet - 27 August 1996

-50 -

[2.. The method cf claim ||, wherein:

during the haolding-staticnary step, saia scanning
steﬁs comprise employing a sequence of print masks in
rotation to progressively provide full inking for the
swath of pixel rows that is exposed to the nozzles of the

pen; and

said sequence of masks is such as to compensate for
absenca of printing-medium advance.

/]3. The methcd of. claim IZ, wherein:

the mask-saequance-employing step comprisas changing

nozzle printing patterns between substantially every pair
of scans of the pan.

4. The methaod of claim /3, wherein:

each said scanning step comprises firing at most one-
third of the nozzles in each pixel=-position column and.
thereby depositing, over the total number of scans at each

pixel row, at least two drops of ink in each pixel posi-
tion that is inked.

/5. The methad of claim !3, wherein:

each said scanning step comprises firing at most one-
sixth of the nozzles in each pixel-position column.

{G. The method of claim [!, wherein:

the periodically~advancing step camprises advancing

the printing medium between substantially every pair of
scans of the pen.
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ABSTRACT
MULTIPASS MODES FOR QUALTITY & THROUGHPUT ON PLASTIC MEDIA

. Images are printed using marks formed in pixel arrays
by a scanning print head. For transparent and glossy
media, with poor absorbance, drying is enhanced by a
multipass (preferably six-pass) print mode in which the
total number of ink drops or spot is allocated among
correspondingly multiple masks, though some may be dupli-
cates. To further hasten drying, heat is applied --
through the medium, from the opposite side as that on
which ink is deposited -~ but the amount of heat is
strictly moderated, particularly for nontransparent glossy
media, to accommodate the hypersensitivity of these media
to heat-induced wapping. Heating for glossy media is
preferably restricted to about one-third the power used
for drying plain paper. Convective drying too is promct-
ed, by coperating a fan over the printed image. Certain
special techniques well-suited for plain-paper printing
have been found undesirable for use with plastic media;
these techniques include so-called "resclution-enhanced
technology"”, bidirectional printing (particularly of
black), and optical-density controlled printing speed. At
top and bottom of each page or sheet of printing medium,
where it is undesirable to operate with the pen partly off
the edge of the sheet, and where also the printing medium
is constrained from only one direction rather than being
held taut beneath the pen, the print mask is rotated while
the printing medium is held stationary -- thereby entirely

avoiding reliance upon accuracy of print-medium advance.
(Figure 2)
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It. A meéﬁsd of printing a desired image, which has two
ends, ¢en a

inting medium by construction from individual
marks formed \n pixel column-and-row arrays by a scanning
multiple-nozzle\ pen that operates in conjunction with a
printing-medium advance mechanism; said printing medium
being held taut begyeath the Pen between two sets of roll-

ers except while printing near top and bottom edgés cf the

~ . printing medium, when\it is constrained from only one
' ' direction by one of sa

prising the steps of:

sets of rollers; said method com-~

scanning the pen rep atedly.along 2 pen-scanning axis
across the medium, to place\marks on the medium within a

gswath of pixel raows that is posed to the multiple noz-

zles of the pen, each nozzle < rresponding to one pixel
row;
, when the pen is not substantally at either end of
the desired image, and while the m
between two sets of rollers, periodi
printing medium relative to the pen,

ium is held taut
elly advancing the
ong a printing-
medium-advance axis that is substantial y orthogonal to
the pen-scanning axis? te bring a fresgh rtion of the
medium within the swath that is exposed to\the pen; where-

by the pen moves stepwise from one end of th
‘ other; and

image to the

when the pen is substantially at either end of the
desired image, at least if. the medium is constralned from
only one direction by one set of rollers and at least
until completion of full 1nk1ng for the swath of pikxel
rows that is exposed té the nozzles of the pen: hol
the printing medium substantially statidnary relative

the pen while performing a -plurality of said scanning
steps- :
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2. 7 meched of claim [, whaersein:

auring the holding-staticnary step, saxd scanning
s:eps compyrise empleying a sequence of print masks in
rctation to\grogressively provide full inking for the
swath of pix rcws that is axposaed toc the nazzles cf the
pen; and

said seqguence of masks is such as ta compensate for
absenca of printing-medium advance.

!13. The methcd of. claim I2, wherein:

tha mask-sequsnce-amploying stsp comprises changing
nozzle printing pattarns Yetween substantially every pair

of scans af the pen. T ) O

each said scanning step comirises firing at most one-

14-. The method of claim (3, wPherein:

third of the nozzles in each pixel-position cclumn and.
thereby depaesiting, ovar the tatal Wumber of scans at each

pixel row, at least two drops of ink\in each pixel pesi-~
tion that is inked.

!5. The method of claim /3, wherein:

each said scanning step comprises firing at mcst agne-

sixth of the nozzles in each pixel-position c&lumn.

!G. The method of claim I, wherein:

the periodically-advancing step comprises advaRcing
the printing medium between substantially every pair \of

A \
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INKJET PRINTING:-MASK-ROTATION-ONLY AT PAGE EXTREMES;

MULTIPASS MODES FOR QUALITY & THROUGHPUT ON PLASTIC MEDIA

RELATEDSATENT DOCUMENTS - = 7
/

' Three closely related documents are other, cooxned
U. S. utility-patent applications filed in the United
States Patent and Trademark Office substantiall
ranecusly with this document -- and alse hereldy iancorpa-

contempo-
rated by reference in its entirety into thid document.

et al., aad
identified as Hewlett Packard Company ddcket number PD-
1093053-1, and entitled "INKING FOR CZLOR-INKJET PRINTERS, .
USING NONINTEGRAL DROPS, MEDIA-DEPENDENT INKING, OR MORE
THAN 2 DROPS/PIXEL" -~ and subse) ently agssigned utility-
patent application serial 08/ /,
U. S. Patent §, ' on _/ y 189___.
Another such document is in/the names of Gregory D. Raskin
et al., and identified ag Hewlett Packard Caompany docket
number PD-189432, aand eptitled "DIRECTION-INDEPENDENT
ENCODER READING; POSIPION LEADING & DELAY, & UNCERTAINTY

TO IMPROVE BIDIRECTIONAL PRINTING" -~ and subsequently as-
. and

One is in the names of Ronald A. Askeland

, and issued as

signed utility-patént application serial 08/ '

issued as U. §. Fatent 5, s on ’
199__. A thi related document is imn the names of Broder

PD-1082153~1, and entitled "COMBINED CENTRAL AND LATERAL
PLATES, AND END-OF-PAGE ADVANCE-DISTANCE DE-

, and

G ND

1. FIELD OF THE INVENTION
Thig invention relates generally to machines aad
procedures for printing text ar graphics on printing media

such as paper, transparency stock, or other glossy media;
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in the priating-@édiuh advance, particularly néar the

bottom or end of each page.

although that system represgnts a major comtribu-

earlier;

(d) Kpnown technologvy of print modes: general intro-
duction -- One particularly simple way to &ivide up a
desired amount of ink into more than one pen pass is the
checkerboard pattern medtioned above: every other pixel
location is printed on one pass, and then the blanks are
filled in on the next pass. '

To avoid the banding problem (and sometimes minimize
the moire patterns) discussed above, a print mode may be
constructed so that the paper advances between each ini-
tial-swath scan of the pen and the corresponding fill-
swath scan or scans. In fact this can be done in such a
way that each pen scan functions in part as en initial-
swath scan (for one portion of the printing medium) and in
part as a fill-swath scan. . |

Once again this technique tends to distribute rather
than accumulate print-mechanism error. that is impossible
or expensive to reduce. The result is to minimize the
conspicuocusness of -- or, in simpler terms, to hide --
the error at minimal cost.

For instance a two-pass print mode may start a page
by printing with aenly some of the nozzles in an array of
only half of the pen’s nozzles, All positioned at one end
of the pen -- as an example, selected ones of the nozzles
consecutively numbered one through fifty, on a hundred-

nozzle pen. This first pass may be in a checkerboard

pattern -- thus actually using, e. g., for example, exclu-
sively odd-numbered nozzles 1, 3, . . . in the first row,
and then only even-numbered nozzles 12, 14, . . . in the

second row, next selecting only odd-numbered nozzles 21,
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23, . . . again in the tRird row, etc. -- and thus print-
ing In half of the pixel locations in the swath area.

The paper then advances by a distance equal to the
length of the half-array of nozzles (in other words, the
height of fifty nozzles), and the pen would print in both
ends of its nozzle array -- but again only printing a
fifty-percent checkerboard pattern. Now, however, while
the forward end of the pen (selected cnes of nozzles one
through fifty) as before prints ‘on fresh peper, the rear-
ward end (selected ones of nozzles numbefed fifty-one
through one hundred) fills in the area already printed.

This behavior is then repeated all down the page
until the last swath -- which is a fill-in swath only,

again using selected nozzles of those numbered fifty-one
through one hundred.

(e) Space~ and sweep-rotated print-mode masks —-- The
pattern used in printing each nozzle section is known as
the "print-mode mask”. The term "print mode®™ is more
general, usually encompass;ng a description of a mask, the
number of passes required to reach full density and the
number of drops per pixel defining "full density”.

In the two-pass example above, the second half of the
pen (certain ones of nozzles numbered fifty-one through
one hundred) filled in the blank spaces left by the first
half. For each pass, this may be symbolized using a
letter "x' for each pixel that is printed and a letter "o"
for each pixel that is not, as foellows. as shown in Fugure 3.

ea—i pattern d«
e
nozzles 1 through 50 nozztes 51 through 100
/

X0XO0X0XOX0 0XO0OXOXoXox
O0XO0OXOX0X0OX XOXO0X0oXoXxo
XOXOXOX0X OXAX0OXOX0OX

XOX0X0X0X0
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~

nozzles fifty-one through one hundred in "pattern 2".

This is known as "space rotated"” masking; using this

methed to print down the Qage_waul
these patterns --

2]

E progressively produce
_ In Fiqure '
illustrate too using an gbhbreviat-

ed vertical nozzle-array representation of just eight

nozzles rather than one hundred:

-Rass_1 ——pass—3 —pass—3I

—- - -
- =

X0X0Q
QxXox
Xoxo

oXoXx

oOXOX
Xoxo
oxox
XO0Xo0
Xoxao
oOXox
XOXO

OXoX

#

/

/i'

y

<-/;{;st printed row

0Xox /’

CXoX
xXoxo
oxXox
cXoX XoXxo
X0oXo
QXOoX
XQoxo

OXOX

/

<~ fifth printed row

OXOX
Xoxo
oxXox

XO0Xo

-

In this mode, the pen uses the same pattern all down the

page, but the mask is different in different portions of

the pen:

"pattern 1"

for nozzles on

e through fifty (rep-

reseated in the abbreviated drawing by the lower four
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pasitiocns ia each eight-nazzle group); vs. "pattern 2" far
nozzles number fifty-one through one hundred (represented
by the upper four positions in each group). i

The availability of this method of masking for vari-
ous printing devices depends in part on the basic mechani-
cal and firmware architecture of each device. In partic-
ular, it depends upsn whether the basic operating system
provides for efficient addressing of différent mask pat-
terns to different segments of the overall nozzle array.

Another way to use the same print mode is to apply
one mask pattern to the entire pen, but to change that
mask pattern from pass to pass. This is so-called "sweep
rotated” masking -- still using the same abbreviated
representation for purposes of illustration+is shown in

Figure 5.

pass—1—pass 2 ——pass I ——pass4 ——pass 5 —

S/
o e

AN

N

. .
Koxo oxaox <-/first printed row
oxXOX X0Xo Ve
7
X0X0 oxox f/
oXox Xoxo f//
0X0oX xoxo <- fifth printed row
7 .
Xoxo oxaX
i
oxox xOxo
e
Xxoxco /. oxax
Ve Xo0xo oxox
/ oxXox Xoxa
xoxo 0xX0X
oxXox Xoxo
oxoX X0X0
Xoxo axox
oXox X0Xx0

X0Xo o0X0X
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In both these diagrams -- as in the basic "pattern 1"
and "pattern 2" diagrams discussed just before, it can be
seen by reading all the way acress any row that after both
passes at each row all positions in that row are filled =--
but by comparing the space~ and sweep-rotation diagrams it
will now be appreciated that the order in which gome of
the positions are filled in sweep rotation is opposite to
that in which they are filled in space rotation. For
example, in the fifth printed row the left-hand column is
printed in the second pass {and the adjacent column left
blank for printing later) in space rotation ~-- but is

printed in the third pass (after the adjacent column) in

sweep rotation.

,in Figure 6,
This can be shown more compactly,by a different

notation that allows comparison of space and sweep rota-
tion side by side. In this notation, "0" represents
nozzle groups that are not fired.at 2ll -~ at the top and
bettom scans of the page -- while "1" and "2" represent-
not individual pixel rows but rather half-swaths, in

"pattern 1" and "pattern 2" as defined above.

e
-

e

P ’//

0 o A/#‘__,J"‘
//f/b
1 2 21
12 1 2
1 21
1 2 12
e ST o ~

Now in these abbreviated forms it is easier to see that
within the printed image every half-swath receives one "1”

and one "2" -~ but not always in the same order. Thus in
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the second half-swath the "1" goes down first in space

rotatiagn, but second in swaep rotation.

(f) Aytgrotating orint-mode masks -~ Operating

parameters can be selectad in such a way that, in effect,
rotation occurs even though the pen pattern is consistent
aver the whole pen array and is never changed between
passes. Figuratively speaking this can be ragarded as
"automatic” - rotation or simply “autorotation”.

Ta understand what produces this condition, it is
necassary first to take note of what constitutes a basic
cell or unit of the print-mode mask, and then to note its
height h, in pixels. It is also necessary to note the
number of pixels (cr the length measured in number of
nazzles) by which the paper mcves'm9 in each of its ad-
vances. Foar example, in the simple cases diagrammed
above, since each mask repeats every two rows, h, = 2; and

e
the paper advances by fifty nozzles at a time, so m, = SO ’
(or as in the abbreviated-natation diagram the paper
advances four diagrammed nozzles at a time, sO m, = 4).

The next step is to determine whether the ratic a h.
of these two parameters is integral. 1If so, as in this
case, since m/h. = S0/2 = 25 actually (or 4/2 = 2 as

illustrated), the mask will not autorotate.

If however, in the two-pass example the paper advanc-
es by three diagrammed pixel rows instead of four -- but
the basic cell remains two pixels tall -- then for this
case as diagrammed the ratio m¢ﬂ% = 3/2 is nonintegral

and at each pass the mask will "automatically” fill in the

blank spaces left by the previous pass+, as shown in Figure 7.




XQXQ
Qxox
xX0Xo
oxXox
e e e e e+ e o e oo D MG~

oxXox

(This diagrammatic example symbolizes a real case of,
for instance, three passes, a total of ninety-six nozzles
used in the pen, thirty-two nozzles used in each of three
sections of the pen, thirty-two-nozzle printing-medium
advance -- and a basic-pattern cell three pixels tall. In
algebraic notation, mrq% = 32/3, a nonintegral ratio.

This three-pass mode is discussed in the next section.)

The print mode produced in this way is essentially a
gpace-rotation mode (though in a sense that condition is
not specifically called for). For example, if the pen is -
a8 six-row pen as diagrammed above, the first three rows

are in "pattern 1" and the second three are in "pattern
2" 4, a5 shown in Figure 8.

RORD ¥
Hr‘

oxox pattera’l
X0X0 g

QXox -

%0 pattern 2

For an autorotating case, either "pattern 1" or "pattern
2" may be used all down the pean. Thus the paper advance
turns one simple pattern into a space-rotated mask "auto-
matically”. In the shorthand notation introduced above,

the pen provides the following periodic behavior as the
paper advances., 35 Shown in Figure 9.
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{g) Three-pess modes -~ Heretofore, one highly fa-
vored print mode has specified a one-third-density-per-

pass pattern that constructs dots in a diagonﬁl pattern, —
" as shown in Figure 10,

e
-%Q-

p-2-2

#7 rather than the one-half-density-per pass checkerboard
modes discussed above. The diagonals, however, remain at
forty-five degrees as in the checkerbocard mode.

This pattern has been coasidered advantageous because
it worked well with software dithering algorithms and had
minimal tendeacy to create moire patterns when printing
partial-density-shaded and gradient area fills. The use
of forty-five-degree diagonals was considered particularly
beneficial for its tendency to distribute error-hiding
capebility equally between verticel and horizontal axes of
the pixel array to be constructed on the printing medium.

Generally a printing epparatus is characterized --
through its basic hardware and firmware design architec-
ture -- by a general meximum-size priat mesk or mode
pattern that can be formed with the apparatus in one pen

pass; any mask pattern to be used with a printing appara-

tus must fit within its maximum pattern. For example, in

a particular one printing device (of the Hewlett Packard
Company) which produces high-quality images, that maximum

mask or pattern size is eight rows tall and four coluans
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wide -- and will readily acccmmodate, amang ather possi-
bilitiss, a mask that is three rows tall (h, = 3} and
three columns wide,

Just such a mask procduces the ane-third-density
diagcnal three-pass pattern introduced at the beginning of
this section. If that mask is used in conjunction with a
unit paper advance af thirty-two nozzles -- for a print-
ing-medium advance movement m, = 32 -~ thgn the previously
introduced ratio m{bc z 32/3, which is nat integral.

This cambination of conditicns accordingly praovides
autorotation of the three-row mask pattern shown abaove (as
noted parenthetically in the preceding section). No mask
rotation sequence is required; and a mask specification
for the three passes accardingly might read "llL" to
indicate that the first column of the pattarn should be
used in common to begin each sweep -- that is, printing
the pixel in column number ane of the top row of the swath
(assuming that there is any image information to print
there). Equally well a maskbspac1f1catlon might read.
"222" or "000", as indeed theipattern may begin with
printing 4m any of tha three columns aof the basic cell.

If instead the number of dot rows were an integral
multiple of the pattern height, then as previously ex-
plained the printer would have to be instructed to use a
rotation seaquence telling it how to build the pattern in
sach succession of sweeps. For example, using the same
three-row pattern but thirty-three-nozzle advance -- which
is to say, a printing-medium-advance movement of thirty-
three dot rows -- the ratio q%/gc z 33/3 is integral, and
a rotatian sequance must be specified.

Such a seguence might be “012". The numbers are the
swath or pass numbers in which the respective columns of
the base pattern will start a page. The printer will form
sa-called "swath number zerg” (the first swath) using the
first column of the pattern as the first column at top of
the page, swath gna (the secand swath) using the second
column as the first column at top of the page, and swath

two (the third swath) using the third column, as fellews-
as shown in Figure 11.
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The other equally acceptable sequences would be
"021", "102", and all the other six rotatioms ("120",
"201"; etc.) of these three roat sequences. Now if a
priqter is stopped halfway through a page, uzing this gell
and a diag;ammatic six-dot-row paper advance, a patiern
something like the following will be found -- regardless
of whether space or sweep rotatiaon is in use.,_as shown in
Figure 12.

FEIIEIRICITGCTeNNR

XAAXXKXXNLRXLKY i/

/s

REXXXRXLXXXRXKXX 4

LAXXXXXXXXKXXX //

rd
XXX EXXXXX KKK y

XXXXXXXXXXXKXXL completely;éilled

XXOXXAXROXKOXX
CXXAXXOXXoxXXoX
XOXXO0XXOoXXoxXxo Ve

7 .
XXOXXIXXOXXOXX f/ two-thirds filled

x}'
oxxcxxoxxax:;;f
XO0XXO0XXOXXOX%K0o

7
0X00X00X00Xk00X

QUXQ0X09Xaaxao
&

XaoXxo

Q0QXoaxo

0XOPX0AaXoaXxaax one-third filled

0XQOXQQAXQOXQQ

Figure 12
As before, this—abbreviated diagram symbolizes the modern-

ly more interesting practical case of thirty-three-nozzle

advance. That case if fully pictured would appear as
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transparent media, heretofore have continued to impede
achievement of uniformly excellent inkjet printing -- at--
high thraughput -- aa all iadustrially important priating
media. Awkwardness of overprinting fine detail ia hlack
is anaother adverse limitaticn of the pricr art. Thus
important aspects of the technology used in the field of

the invention remain amenable to useful refinement.

SUMMARY OF THE DISCLOSURE

The present invention introduces such refinement.
According to the present invention there are provided methods
of printing desired images as defined in independent claims 1
and 6. In its preferred embodiments, the present invention has
several aspects or facets that can be used independently,

although they are preferably employed together to optimize
their benefits.

In preferred embodiments of a first facet or aspect
of its aspects, the invention is a method of printing
desired images on a printing medium by construction from
individual marks formed in pixel arrays. The marks are
formed by a scanning print head that operates in conjunc-
tion with a printing-medium advance mechanism. -

The method includes the step of scanning the head
repeatedly along e pen-scanning axis that is substantially
orthogonal to a printing-medium-advance axis. The method
alsc includes the step of, during each scan of the head
elong the pen-scanning axis, farming marks in a pattern
that approximates at least paorticns of a large number of
generally parallel, separated lines that are relatively
steeply angled relative ts the pen-scanning axis anad
relatively shallowly angled relative to the printing-
medium-advanace axis,

This first facet or aspect of the invention also
iacludes the steps of (1) during one or mere eaclier scans
“ith respect to each segment of an image, leaving
unprinted regions belween the angled lines; and (2) during
one or more later scans with respect to each segment,

filling in the unpriated regions.
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cial gfﬁﬁﬂrﬂnmmmsema:hwhile the-sta:ionary-medium opera-
tion is being used -~ in fact no print-medium positioning
takes place, and accordingly no error in positioning can

occur.

Although this method even as thus broadly couched
serves an excellent purpose, nevertheless preferably it is
performed with certain additional features or characteris-
tics. During the holding-stationary step, the scanning
steps preferably include employing a sequence of print
masks in rotation to progressively provide full inking for
the swath of pixel rows that is exposed to the nozzles of
the pen; and preferably that sequence of masks is such as
to compenssate for absence of printing-medium advance.

Also it is preferred that the mask-sequence-employing
step comprise changing nozzle printing patterns between

substantially every pair of scans of the pen.

All of the foregoing operational principles and
advantages of the present invention will be more fully
appreciated upon consideration of the following detailed

description, with reference to the appended drawings, of
which:

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 is a block-diegrammatic representation of =
hardware system according to the invention; and

Figs. 2a through 2d are diagrammatic print-mask
representations of inking petterns used in, respectively:
(a) special top-of-page sweep mask rotation to enable sup-
pression of printing-medium advance in that region, (b)
midpage space rotation with one-third advance, (c) bottom-
of-page handoff space rotation with one-sixth advance, and

(d) special bottom-of-page sweep rotation to enable sup-
pression of advance in that region.

Figs. 3 to 17A and 178 are diagrams oﬁ“garigg§ﬁggipyhga;gerns.
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1. STEEPER DIAGONAL

The print mask of the present inventicn forms diago-
nal lines that are skewed more toward the printing-medium
edvance direction than those of prior-art masks. This is
beneficial bBecause in this direction there tends to be
more error due to paper advancement and paper shrinkage.

In at least some commercial printers the above-~men-
tioned largest permissible pattern, within the basic

architectural constraint of the printing apparatus that is

in use, is rectangular and vertically oriented -- in other

words, longer in the direction of the printing-medium

advance. In this case, preferably the diagonals formed

by the inveantion epproximate the longest diagonal line
possible within that vertically oriented largest permissi-
ble pattern.

Within the previously mentioned eight-by-four pattern
constraint of one Hewlett Packard printer, a particularly

desirable print mode creates the following eight-by-three
pattern cell or "base pattern".. &S shown in Figure 13.

oo

The resulting pattern still appears as diagonal lines
when printed on the page, but now they are angled at

roughly seventy degrees from the pen-scan axis -- or, as
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it may be called, the "horizontal"”. The pattern alignment
is now more vertical than horizontal, and this more effec-
tively maks dot dislocation due to error in printing-
medium_shrinkage or advance.

Fiqure 13 .
Eﬁé%€¥i§$ém—abo¥e shows that within the eight-row
cell or base pattern there are three rows of the repeating

subpattern "xoco" and three of the subpattern "oxo”, but
only twe of the bottom subpattern "oox". This agsymmetry
is without substantive consequence, or may possibly aid
slightly in suppressing undesirable moire patterns and the
like due to excessively regular cell structure.

The slope of the diagomal is prébably best defined as
the angle from any point (for example, the first dot)
along the repeating unit to the same point on the next
diagonelly adjacent repeating unit. Using this defini-
tion, the slope is the ratio of eight vertical units to
three horizontal units, or 8:3, corresponding to an angle
of about 69} degrees. Other reasonable candidate methods
of defining the slope generally will yield comparable
values between roughly 68 and 71} degrees.

In any event it will be understood that the apparent
slope of the diagonals created by this mask is roughly
(within ten percént) 2.67 -- which is much greater than
the 1:1 value provided by the checkerboard or three-by-
three cells of the prior art. The angle of the diagonals
relative to the pen-scan axis or "horizoantal” is approxi-
mately (within three percent) seventy degrees.

While the invention in this preferable form accord-
ingly is very beneficial, a great. advance over the perfar-
mance of the prior art in hiding paper-shrinkage and
paper-advance errors can be enjoyed even with considerably
less-emphatic vertical orientation. Any slope over abaout
2:1 (or angle over about sixty degrees), for instance,
.produces much better errar-hiding properties than the 1:1
forty-five-degree diagonals of the prior art.

If the abeve=illustrated eight-dot-row pattern is
used with a printing-medium advance of thirty-two nozzles,

then the determining ratio g%/hc is 312/8, which is inte-
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gral -<"¥8 tHe mode is not autarstating. Thersfare the
order in which the cslumns create the print patterns must

be specified. The order normally is nat critical. One

Fiqure 14,
acceptable sequence is shown in &heu§3£¥35$§§—e*aﬂ?%e‘

gass L —pass 2 pass 3 —
"l
012 120 201 ¢<- internal r \A.an
3 uences
XQ0 QAX Qxo
X0Q QOxX
XQQ pOX
QX0 XQqQ
QxXQ b 4=1-]
QOXQ Xao
QoxX QXaQ X0aQ
| /bﬁ_u/g)'q’fox x0g <= st _row i irst cell
Yzep s IX Yoo

Xdome<- starting next B—ruw.cell
Pord xdb 0% '
p.4 oxXo
0fAx co X (
777

These patterns correspond to a rotation sequence of

"012". The phrase "rotation sequence” actually is used in
two different senses, but as will be seen 012 is the

rotation sequence for at least part of the abaove diagraams
in both senses.

One definition of "rotation sequence” is entirely
internal to the cell -- that is to say, the rotation
sequence 1is the order in which pixel rows are printed
within the cell or basic pattern. Thus "sequence 012"

means thet -- as shown above for the first pass:

0 is the number of the column in which the first

group af rows (rows 1 through 3) within the cell is
printed;
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L is the caolumn (the secend column) in which the

second group (rows 4 through 3) is printed; and

2 is the number of the column (the third) in which

the third group of rows (rows 7 and 8} is printed.

(As will be noted, in keeping with customary computer-
science practice the rows are numbered starting with
zero.) Correspondingly for the second pass, as marked in
the tabulation abcve, the (internal) rotation sequence is
120: and for the third pass the sequence is 201.

The other sense in which the phrasa'“rotation se-
quence” is used is partly external to the base pattern.
Hﬁﬁ% the rctaticn sequence identifies a series of swath or
gath numbers in which the consecutive columns of the base
pattern are used in starting positions, so defining the

swath pattern: thus in the tabulated case, swath nuaber:

0 (the first pass) is assigned toc begin with the
first column of the base pattefn;

1 (the second swath) takes the secbnd column of the

base pattern for its beginning column; and

2 (the third) uses the third column of the base

_pattern as the first column of the swath.

Now if the printer is stopped halfway down, a.page, a
PP Y of %1puf%mI§
pattern generally like the fellewingabbreuiated dlagram,

can be seen (not starting at the left-hand edge of the

image) -- except that the eight-nozzle cell shown abaove

repeats four times within each swath, rather than occur-

ring only ance as suggested by the diagram. Oue to this

repetition the height of each band of fill, measured 1in

number of nozzles, s thirty-two dot rows rather than

elght as diagrammed.
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SHEEIIERIEHEH

HRHK KK KK K XK XN XK

IR RHNK N XXM

XNHHHHKKHHNKK K

5 X0 M KN H K KK completely filleg
XX I H KK XK XK

KIHHH K XN KKK K

P2 3.9, 9.0.9.9.9.9.9.1

OXXOXKAXKXOKXO
OXXOXXOXXOXXAO
OXXOXXAXXAXXO
XORKAXXARKOXX /
ROXNONXOXKORK o-thirds filled
KOXXAXXAXXOXX
XXOXXAXKRGHKKOIX

KROARKORKOXK

OXQOXQAXQOXAQ

OXOCOXQOXCIXOQ

COXQOXAOXQQXO

QOXOGXOOKOOXD one-third filled
ooXb0o>00X00X%0

XLANQOXKOOKOOX

Another potentially useful cell might be an eight-by-
four pattern -- the maximum permitted within the system
architecture mentioned earlier. Such a cell contains
thirty-two pixels, which cannct be divided up aqually
among three passes.

gqual division among the number of passes selected is
desirable ta avaid ather types aof artifacts. This princi-
ple might suggest that an eight-by-four pattern would work
moderataely well with four passes; but for best throughput
on_plain paper four passes is less desirable because it
would be slower.

Also the slope in that case would be definitely 8:4 =

2 (an angle of about sixty degrees). That slope would be
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teristics of these Wedia shift the optimum tra&eoff point
toward a greater number of printing passes.

Different numbers of ink drops of the various prima-
ries are desirable for these two different media types
respectively. In this regard the ink application comsid-
ered ideal is quite complicated -~ encompassing use of

fractional average numbers of drops for certain colorants.

e--¢f--the-invention are
in the Askeland et al.

In addition to using six passes and employing the
inking arrangements set forth in that document, it is .also
highly preferable to incorporate the maximum-diagonal
aspects of the invention described in the preceding sec-
tien. The basic three-pass eight-row cells are in essence
repeated, making two passes over every pixel location
rather than one -- to provide double density.

In addition it is highly preferred to halve the
advance distance. Thus whereas the three-pass embodiment
of the invention is now believed to operate ideally with
‘advance by thirty-two pixel rows (about 32/24 = 1.33 mm)
at each step, the six-pass embodiment operates instead
with advance by sixteen rows (16/24 = 0.67 mm) per step.

The resulting masking patterns may appear as shown-

in Fiqure 16.
pass_1—pass2 —pass—3 uﬁﬁw

Xo00 Qox oxa Xoo c0X /}Hﬁg
Xoo oox oxo xXo00 oox " oxo
X0 oox oxo xo0 oxo
oxo Xoo 0ox oxo X000 oox
oxa Xoo0 oox xa Xo00 ocx
- oxo Xo00 oox
0oX oxo Xoo
oox oxo Xco

012 120 201
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If as before the Printer is halted artwa;
is Figure 17A and 1
be—seen Lrom—the Fo,

developing patcernh.—u [l -y 2
seatative pows. Capital letters represent double inking:

vvvvvvvvvvvvvnp A4
LT3 W% W2 T 8 5 W i o w2 7

£0.0.9.9.0.06.0.0.6.09.6.9.¢ ) ////
$.0.6.0.6.6.0:0.9.0.0.0.0.6.9.¢

20.0.0.90.0.0.0.0 000 h 004 200% filled,

00.6.0.0.0.9$.9.0.0.0 999 ¢ after passes 1 t Tough §
20.0.0.9.0.0.090.9.0.¢ 004

0.9.9.9.9.0.6.90.0.0.0.90 9 s
19.9.9.9.9.9.9.9.900.09¢ 4 //

XAX XXX XXX XKL XX e
XX XXX XX XXX '
XXX XXX xXXxXXxXX /
XxXXxXXxXXxXXxX  167% filled, /

XxXXxXXxXXxXXxX afyér passes 2 through §
XxXXxXX XXX xXXxX / /

XXX XAXXX XX XX x //

.9.9.9.9.413.0.09.0.09.9 ¢

xXxxXxxXxxXxxXx

XXxxXxxXxxXxxXx
- RXxxXxxXxxXxxXx

xxXxxXxxXxxXxxX 133% filled,

xxXxxXxxXxxXxxX

after passes 3 through 6

XXX xxXexXxxXxxs

100% filled,
: after passes 4 through 6

-----

OXXOKXOKXOXXOKX

" PPV, "
SRR OO - e e e e e
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XOXXOXXO0XXO0XXOX 8T% filled, /
XOXXOXXOXXOXXOX after passe and 6
ROXXOXXOXXOXXOX
XXOXXO0XXOXXO0KXO

XXOXXO0XXOXXO0XX0

0X00X00XQ0XoaoXxao
0X00X00XQO0X00X0
0X00XQO0XQQX00X0

00X00X00X0OXO 33% filled,

after pass 6 only

The inking arrangements outlined above provide
double-~-drop-per-pixel coverage of all pixel positions.
For primary colers (in preferred embodiments thase are
cyan, magenta and yellow), this is a now-preferred t;éat-

ment for images on transparency or glossy stock as well as
on paper.

meat—however,

ﬁ&?may be preferable to ink certain pixel

positions more than two times, for example three times, in

£ O rarman i O 2.0

a single image -- or through use of spatial averaging ar-

rangemeats to provide a meen depasition of fractional

drops. More-than~double fractionél inking hes been found

particularly useful for secondary colers (red, green and
blue in preferred embodiments) on transparency
stock -- and can be achieved by,

and glossy
for instance, "stripping”
selected data bits from the pattern.

Preferably such data stripping is introduced starting

in the fourth pass (pass 4 in the tabulation above). As

an example, suppose that a particular pixel is to receive

2.5 dots, on the average, of red ink.

In other words, in half of the pesses that pixel is

to receive one yellow and one magenta (symbolized "YM")

and in the other half of the passes it is to receive one
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vellew and two 2t magenta (YMM), instsad of the simplesctc-
case faur dots (YMYM). To implement this plan, Fha: pixel
wauld receive the first "YM" in the first thrae passes;
and in the remaining passes that pixel would be given a
single-bit-stripped treatment to add ane mara dot af
magenta and so yield YMM. _

Secandaries ardinarily in each position recaive two
drops (one of each of two different colaors), sa by this
treatment secondaries if not data-stripped would receive
four. Colors produced in this way are very rich, bubt such
excass colorant depesition produces blocking etc. as
described earlier; an extra alternating firmware switch or
so-called "filter” can be put into operation to suppress
or strip the alternate draops.

The result can be tailaored to produce either two or
four drops at selected pixels - and thus three, or tao
and a half, etc. per positicn on the average. +further
detailappears—inthe-Askeland documeat.

If in addition to inking sach swath in six passes the
printing medium is advanced relative to the pen after each
pass -- in other words, if the medium is advanced six .
times per swath -- then besides improved drying the Lnven--
tion also relieves medium-advance~direction positioning
error each one-sixth swath.

That 1s, advance errors are smaller since the step
size is only half as large (0.47 mm rather than 1.33 mm);
and the advance errors are averaged over 3ix advances
rather than only three. In addition to these benefits, .
six-pass modes as outlined above facilitate use of frac-
tional-dot techniques to cptimize hus and chroma for each
colar and printing medium,

An overall result of a six;pass method is to balance
the need for high guality and high-throughbut. Al though
taking more passes (eight, twelve, etc.) would accomplish
the same or better guality goals, throughput would be

significantly degraded. 6Genrversely,—as—menticned eaclier

some—iaprovensni—ia-—gquatity gnd-are-considered withinm-the
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3. DOUBLE-FREQUENCY BLACK ON RETRACE

(t has been found that finecr control of black inking
2t high throughput can be provided with creasonable economy
theough use of a higher-frequency positioning waveform for
black -- and actual printing of black -- only during each
retucrn sveep of the pen. The return pass of the pen is
known as the ''retrace”. ,

An additional interpolation stage can be put into
opecacicn -- and the resulting signal transmitted on the
pen signal bus -- straightforwardly on retrace. As no
cther pcecise-pen-position signals are in use then, there
is no interfecrence with control signals focr other colors.

Preferably the position waveform for black on retrace
is at twice the Erequenc} used for other colers on the
forward sweep. The result is twice as many pixel posi-
tions -- with corresponding ability.to represent finer
detail -- and the pen discharge signals can be correspond-
ingly adjusted tu make the resulting ink spots smaller.

Whereas a pixel spacing of about twelve per millime-
ter (three hundred dots per inch) is appropriate for the
colar-ink spots, the double-frequency black-ink position-
ing signal produces a spacing of about tweaty-four dots
pec millimetecr (six hundred per inch). In printing of
text alone, in black and without any cblor priﬁting. the
higher frequency and the finer pixel spacing are praf-
ecably used in bhoth directions rather than only'on re-
trace. ' '

While this system of printing bléék on retface. when
it is part of a color image, resolves the difficult prob-
lem of multiplexing different pens that are operating at
diffecent frequencies, other factocrs too militate in favar

. L, . .
of this method. One such factoc is that positional preci-
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sian in bidireccional operation is in fact adeduate far
such operation:, this—high preeisieon—is—obtained through
Se—of-a related -inventcion disclosed -in-the-pravicusly

mentioned—deeument—of Raskin et-al.

Another factar is that this system very significantly
enhances thraoughput, as the time required to ;rint black
an retrace is considerably less than the time required to
print black in a separate forward sweep plus the time
required for two nonprinting return slaws. This advantage
is particularly notable in comparison with the major

altarnative of printing black in a separate forward sweep,
betwaen colar passes,

4. SUMMARY OF PRINT MODES

In its most highly preferred practice, the invention
makes use of several different, complicated combinations
aof operating parameters and characteristics to accommodate

various coperating requirements. These combipations are
summarized below.

thru- di- scan re- dsn- sax,freg.
put rec-  speed  trace heat  si- __kHz  split
sode passes  gg/ain Q€T tions cufsec  cafsec % toa.  CHY R lext
FAST:
text ! 6 b 6.6 47.6 73 yes 8 0%
graph-
ics ! 14 no uni 3.8 889 73 yes 4
HORMAL
text ! b e b RIS ene T3 Tyes 8 no
gragh-

ics $ 9.56 fno uni 50.8 88.9 13 yes 1 2
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forward motion.ﬁﬂr This representation is merely symbal-
ic fcr.tutarial purposes; people skilled in the art will
understand that the switch 67 may not exist as a discrete
physical element, and/or may instead be controlled from
the forward motion 63; and/or -- as will much more common-
ly be the case -- can he controlled by scme upstreanm
timing signal which also controls in common the pen-car-
riage motion 63r 63g. Further the synchronous switch 87
need not be at the input side of the timing module 72 but
instead at the output side -- where in Fig. 1 a common
converging signal line 74 is shown as leading to the
firing circuit 61 -- or may in effect be at both sides.
Use of a system as illustrated in Fig. 1, at least as
most naturally interpreted, will result in the encoder-
signal inversion, the pulse "backing off" step and the
firing delay step all being performed during pen motion in
the same, common ("backward”) direction. This limitation

while preferred is not required for successful practice of
the invention.

6. TOP/BOTTOM-OF -PAGE MASK ROTATION ONLY

At the bottom of each sheet of print medium, a rela-
tively tall region, that may be called the bottom-of-page
"handoff"” zone, is defined by the distance between sets of
rollers that hold the medium taut. As-—neted-eerlier———
Bfeéee—gg:gk:—éeeﬁmeﬂﬁé———££%¥%§ggi¥ for printing on paper

~
in this region the printing-medium advance height is low-
ered to half (Fig. 2c) its normal midpage value (Fig. 2b).

For example, in a preferred embodiment each pen has

ninety-six nozzles and so makes a ninety-six-pixel swath;
the normal advance distance (except for plastic media, per
this invention) is one third of this height, or thirty-two
pixels -- 1.33 mm, for a preferred pixel spacing of 1/24

mm (Fig. 2b). When the medium cannot be tensioned, as—set
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forth by Broder et _al . the advance preferably is halved to
sixteen pixels or about 0.7 mm (Fig. 2¢).

In shallower end zones consisting of the sihgle top
(Fig. 2a) and bottom (Fig. 2d) swaths on each sheet of me-
dium, however, according to the present invention the ad-
vance height is reduced to zero -~ j. e., eliminated
entirely. This is done when the pen (ar set of pens) is
at either end of the data, but most preferably only . if
that occurs while the medium is untensioned ~- either in
the "handoff" zone or an analogous one at the top.

This operating mode is particularly important when
the pen is actually printing along the top or bottom edge
of the sheet. Ordinarily good performance is not obtained
with the pen skimming partly on and partly off the edge,
but space rotation would demand starting or ending in just
that condition, to provide three or six passes in a frac-
tional-swath zone along the edge. Under these circum-~
stances, since space rotation can no longer be made to
occur, in effect, aé a consequence of print-medium ad-
vance, it is provided through swaep.rotation -~ changing
the inking pattern between pen scans.

On each page the m;sk is first sweep-rotated on the
pen by firmware, for the first twe sweeps, while the pen
is stationary (Fig. 2a); then the mask is fixed on the pen
and paper advance begins (Fig. 2b), producing space rota-
tion ~- that is, the mask does not change relative to the
pen -- and most of the page is printed in this normal
three-pass mode. In the handoff zone, but not yet at the
end of data, the system makes a transition to one-sixth
advance, and only half (forty-eight) of the nozzles print,
but the mask is still space rotated (Fig. 2c). When final
data are reached, advance again halts and the remaining

two passes are flushed out -- with firmware sweep-rotating
the mask (Fig. 2d).

The above disclosure is intended as merely exemplary,
and not to limit the scope of the inventioan -- which is to

be determined by reference to the appended claims.
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1. A method of printiQ%3?esired images on a low-liquid-
absorption printing medium, by construction from individu-

al marks formed in pixel column-and-row arrays by a scan-
ning multiple-nozzle pen_ that oper?ﬁﬁs in conjunction with
a printing-medium advance mechanism& said method compris-

ing the steps of:
P (31)

scanning the pen, repeatedly along a pen-scanning axis
across the medium; to place marks on the medium,within a
swath of pixel rows that is exposed to the multiple noz-
zles of the pen, each nozzle corresponding to one pixel
row+, wherein the total number of scans at each pixel row is exactly
Six; periocdically advancing the printing mediuéf@élative
to the peqélglong a printing-medium-advance axis that is
substantially orthogonal to the pen?% anning axis, to
bring a fresh portion of the mediumAWLEhin the swath that
is exposed to the pPen; and

] en(31) ' (33)
in each scanning of theA across the mediumf

firing at most one-third of the nozzles in each pixel--
position column and thereby depositing, over the total
number of scans at each pixel row, at least two drops of

ink in each pixel position that is inked.

2. The method of claim 1, wherein:

for portions of a desired image in which a mark is
desired in every pixel ‘position, the firing step comprises
firing substantially one-third of the nozzles in substan-

tielly every pixel-position column.

3. The method of claim 2, wherein:
the medium-advancing step comprises advancing the

mediu&%getween substantially every pair of scans of the
pen~ (31).

W
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4. The methed of claimLZ, wherein:

the medium-advancing step comprises advancing the
medium, by & aumber of pixeél rows equal ta substantiall¥él)
one-sixth of the number of operating nozzles of the pen,

between substaatially every pair of scans of the.peqc

5. The method of claim 1, wherein:

tge medium-advancing step comprises advancing the
mediud,By & number of pixel rows equal toc an integral
multiple of one-sixth of the number of operating nozzles

of the Peésl%etween substantially every pair of scans of
the pen. (31).
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6. A method of grinting(%gfired iﬁageswanmawlgﬂzéiikid“
absorptiacn printing mediu%;wby coanstruction from iadividu-
al marks formed ian pixel calumn-and-row arrays by a scan-
aing multiple~nozzle pen ,that operates in comnjunctica with
a printing-medium advance mechsnismé said method compris-
ing the steps of: (31) : .
scaaning the enkrépeatedly alcng a pen—-scanning axis
across the mediugc to place marks ca the medium Withia a
swath of pixel réws that is exposed to the multiple noz-
zles cf the pefl, each nozzle correspcnding to one pixel

rows,_wherein the total number of scans at each pixel row is
exactly six

perio%iiflly advancing the printing mediuéfgilative
to the pea, along a printing-medium~advance axis that is
substantially aorthogeonal to the penziﬁanning axis, to
bring a fresh portion of the mediumzafthin the swath that
is exposed to the peég and en (33)
in each scanniag of the %E&d across the medigmx
firing at most one-sixth of ghe nozzles in each pixelf'
positicn column. '

7. The method of claim &, wherein:

for portions of a desired image in which a mark is
desired in every pixel position, the firing step comprises
firing substantially one-sixth of the nozzles in substan-

tially every pixel-position celumn.

8. The method of claim 7, wherein:

th% medium-advancing step comprises advancing the

mediumﬂ etween substaantially every pair of scans of the
pen. (31).
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9. The method of claimL7, wherein:

the medium-advancing step comprises advancing the

medium by a number of pixel rows equal
one-sixt
bet

to substantiall%3l)
A of the numbher of operating nozzles of the en,

ween substantially every pair of scans aof the pen,

/0. The method of claim 6, wherein:

. the medium~advancing step comprises advancing the

medium,By a number of pixel rows equal to an integral

nmultiple 35 one-sixth of the number of operating nozzles
ﬁ 1)
of the peH ~bet

the pen. (31),

ween substantially every pair of scans of

N o



