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Abstract

Heat diffusion within a thermal printhead leads to
interactions between printed image pixels over both long
and short distances, and results in a sharpness degradation
and a distortion of the tone-scale. The loss in image quality
is severe, especially if the thermal printhead is efficient and
is printing at high speed. We present a novel multi-
resolution thermal history control algorithm that delivers a
requested print density via a physical model of heat
propagation and an empirical model of the media response.
The algorithm comprises three recursions, two in scale and
one in time. This multi-scale recursive formulation leads to
a computationally efficient real-time implementation.
Experimental results demonstrate: 1) significantly improved
SQF, 2) accurate dynamic and steady-state tone-scale
reproduction and 3) equalization of leading, trailing and
lateral edge sharpness.

Introduction

Thermal printers typically contain a printhead with a linear
array of resistive heaters, and media that is thermally
activated. The heaters can be independently turned on or off
to adjust the printed density along a row of pixels. An image
is produced by printing one line at a time as the printhead
moves down the page.

Since the printing is enabled by heat, the printed pixel
density is sensitive to ambient temperature. Furthermore, as
printing proceeds, the printhead structure heats up, and also
affects the printed density. Accurate control of the printing
process therefore depends on a knowledge of the energy
applied in the past. An algorithm that modifies the input
energy so that the resulting print is independent of the
ambient temperature and past printing is known as thermal
history control (THC)."?

Thermal history control is particularly important when
the printhead is efficient or when fast printing speed is
desired. The efficiency of a printhead is controlled by the
thickness of an insulating glaze layer between the resistive
heaters and a heat sink. Thicker glaze permits less heat loss
to the heat-sink, and results in higher temperatures for the
same applied energy, but it also makes the printer more
sensitive to the previously printed lines because residual
heat from those lines is not dissipated as quickly.

Fast printing also increases the sensitivity of printing to
thermal history. In this case, a smaller line time allows

insufficient time for the printhead to cool between the
printing of one line and the next. This also affects the ability
to print low densities immediately after high den-sities
(trailing edges) or high densities immediately after low
densities (leading edges). When the printhead is mov-ing
quickly over the medium, even a small thermal time-
constant translates into a large distance on the medium, and
results in noticeable blurring of printed edges.

Model for Thermal History Control
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Figure 1. Block diagram of THC model

Figure 1 illustrates the components of our THC
algorithm. The thermal model predicts the temperature rise
of the printhead elements over time, given the applied
energy, while the media model determines the energy
needed to achieve a desired printed density.

Thermal Model

A typical thermal printhead has a layered construction
comprising different materials such as glaze, ceramic and
aluminum (See Fig. 2).

The temperature of the aluminum heat-sink can be
assumed to be approximately constant during the printing of
a single image due to its large thermal mass. A sensor is
attached to the heat-sink to measure its temperature.
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Figure 2. Schematic of a printhead showing the layered
construction
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The thermal model attempts to predict the temperature
of the heater elements (pixels) based on the applied energy.
Rather than modeling the pixel temperature directly, we
divide the structure, with the heat sink on top and the pixels
on the bottom, into layers and model the temperature
differences between these layers. Each layer has an
associated relative temperature with respect to the layer
above it. The absolute temperature of a pixel is then
obtained by summing the relative temperatures for all the
layers, and adding the heat-sink temperature measured by
the sensor.

Such a formulation has two distinct advantages that
result in a very efficient algorithm: First, the relative
temperature of each layer can be modeled by a simple
recursion in time and space. Second, the layers that are
further away from the heaters may be modeled at lower
resolution (in both space and time) than layers that are
closer to the heaters, giving rise to an efficient multi-
resolution recursive computation.

Note that the model layers need not have a one-to-one
correspondence with the physical layers of the printhead.
Indeed, each physical layer in the head may be represented
by multiple layers in the thermal model or vice versa.

Notation

Let d represent an image of density values to be
printed, and E the input energy to the head. T, and 7 will
denote the absolute and relative temperature respectively.
The superscript " denotes the layer number, and also the
associated resolution of that layer, e.g. T". Layer I=0
corresponds to the finest resolution and layer /=L-1 to the
coarsest resolution. The value /=L is also used, and refers to
the heat-sink, which has a single temperature value 7,
obtained from the sensor attached to the heat-sink. Let n be
the discrete time index and j the discrete space index, e.g.,
T(”(n, J) denotes the relative temperature of spatial element
Jj at time n in layer I. The number of time and spatial indices
in each layer decreases with increasing / and are given as
N and J" respectively. I;" denotes the interpolation or
decimation operator from layer / to layer m. Since the
lowest-numbered layer has the highest resolution, and the
highest-numbered layer has the lowest resolution, ;" is an
interpolation operator when />m and it is a decimation
operator when I<m.

Relative & Absolute Temperature

During printing, heat generated by the heater elements
propagates to the heat-sink. Each layer in the model has a
net loss of heat to the layer above it. This heat loss is
proportional to the temperature gradient, and therefore to
the relative temperature as defined above. Each layer is also
receiving heat in proportion to the applied energy at the
heater elements. The following time update formula
therefore applies to the relative temperature of each layer

T, j)=T"m -1, o, + EV(n-1,)A,, n=1,...N" -1, (1)

where ¢, and A, are layer parameters and E'” is the applied
energy at resolution /. Note that E is the energy applied to
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the pixels whereas £ for [>0 is a lower resolution version
of E” that can be recursively computed in scale as

ED =1LEP, 1>0. )

The algorithm for determining the energy to apply to the
pixels, E, is dealt with in the “Media Model” section.

In addition to the upward heat flow, there is also heat
flow in the lateral dimension within each layer. We account
for this by computing a spatial heat diffusion on the relative
temperatures following the time update of Eq. (1). The
spatial update is given as

T (n, ) =A=2k)T" (n, )+ k(T (n, j=D+T(n, j+1)),  (3)
j=1,..,J9 =2,

where £, is a lateral diffusion layer parameter. The absolute
temperature of the pixels can finally be computed by
propagating the absolute temperatures downwards through
the layers starting from the temperature measured by the
temperature sensor. This results in a recursive computation
in scale given as

, T,(n), I=L,
7. (n,j) =

“
(1T Yy +T" (n,j), I =L—1,...,0.
Note that T, (n) does not have a spatial index since
there is only a single value that is read from the temperature
Sensor.

Media Model

The role of the media model is to determine the energy
required to achieve a desired density, given the absolute
temperature of the heater element. In general, this will be a
two-dimensional function given as

E”(n,j)= fT," (n, j),d(@n, ). )

However, estimation of the function f(:) directly from
measured data is difficult since the number of parameters
required to represent the function is large. Furthermore,
computation of the energy from Eq. (5) would represent a
significant computational burden. This problem is addressed
by approximating energy Eq. (5) with two terms of a Taylor
series expansion, as follows

E®(n, )=G(d(n, ))+S(d(n, ))T"(n, j).  (©6)

Here, G(-) and S(-) are one-dimensional functions that
give the base energy and its sensitivity to temperature,
respectively, at any given density.

Thermal History Control Algorithm

The THC model formulated in the previous section requires
feedback as shown in Fig. 1. The energy to be applied to a
pixel is determined from the media model using the current
temperature of the pixel. This energy is then fed back to the
thermal model to determine the temperature of the pixel at
the next time instant. The inter-dependency of equations is
clearly seen in Egs. (1)-(6). Computations must be
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Global E” =0, T" =0, T =T.(0), n=0
While(n< N(O)) ComputeEnergy (L-1) // process image

ComputeEnergy(/) {
/I Update T" using Eqs. and

if (12 0){
iner" = (I;+177u(l+1) +T _7_:1”) )/Dl,l—l
EV =0
repeat D,, , times {

fa(l) :fam +iner®
ComputeEnergy(l-1)
E"=E"+1 ,E“/D,,, (Eq.)
if (n>N®) return

}
} else {

TO =1T"+T©

(Eq. 4))

Compute E© using (Eq. )
n=n+1

}
}

Figure 3.Pseudo code for the THC algorithm

performed in a certain order to ensure the availability of all
variables contributing to the quantity being computed. This
section presents pseudo code that achieves this via a
recursion in scale that is initiated at the coarsest resolution.

The recursion in scale applies both to the time and
spatial dimensions of the image. However, as the
calculation proceeds stepwise along the time dimension,
interpolations and decimations are performed only on the
spatial dimension. All of the two-dimensional variables
used in the above equations, such as 7, E, and T, are
consequently stored as one-dimensional variables that
simply change in value from one time-step to the next. At
any time step, the interpolation or decimation operators I,
used in the pseudo code operate only on the space
dimension.

The interpolation of absolute temperature from scale /
to /-1 along the time dimension is handled in the following
way: The array incr” is used to store the current increment
of the absolute temperature of layer / per unit time-step in
layer [-1. The time-interpolated value of the absolute
temperature at the next time instant for the layer below is
obtained by adding this increment to the current absolute
temperature. The decimation in time for the energy of any
layer />0 is obtained by accumulating the energies of the
layer /-1 in the energy array E”. p,, , is used to denote the
decimation factor between layers / and [/-/. The pseudo code

" Symbol names with overbars denote 1-D arrays. e.g. i%r(”, E® s
T and 7_:1(’) are all arrays of length JO.

202

shown in Fig. 3 uses linear interpolation for operator 1"
when />m and simple averaging when /<m.

Parameter Estimation

To make use of this THC model, the parameters
o,,A,-k-G() and S(-) functions must be estimated. This is
done by formulating a printer model that predicts the
printed density when a known energy image is applied to
the printer. In this case, the thermal model may be used as
is, but the media model must be used in an inverse sense.
That is, instead of determining the energy given the
temperature and desired density, we need to determine the
density given the temperature and applied energy. This is
accomplished by finding the root 4 of non-linear Eq. ,
given E” and T.”, using a bisection method.” THC
parameters are then obtained by minimizing the mean
square error between the printer model predictions and
measured density data.

A parametric representation of the functionsG(-) and
S(-)is desirable to facilitate their estimation. The function
G(-) maps density to energy, which is inverse of the printer
system response function I'(-) that maps input energy to
output density. Since typical I'(-) functions of thermal
printers are “S” shaped, we choose the following parametric
representation

d

m

1+exp(—40 (a(E-E,) +b(E—E,)’ +(E-E,))’

d=T(E)= @)

where d,, represents the maximum density the printer is
capable of producing and o is the slope of the function at
the point of symmetry, E., when a =b = 0. Non-zero values
of a and b distort the energy axis yielding an asymmetrical
function that permits a better fit to the data. We choose
G(d)=T""(d). The shape of the sensitivity function S(-) is
much more variable and depends on the characteristics of
the thermal media. For generality, S(-) is modeled by a
polynomial whose order is typically chosen to be 3 or 4.

Results

The THC algorithm described has been very successful in
correcting for thermal effects for a number of different
thermal media, including D2T2,' a proprietary thermal
transfer medium known as OPAL’ and a direct thermal
medium. In this Section, we present results for the OPAL
medium.

The OPAL system consists of a donor ribbon coated
with a thermally sensitive dye layer, and a porous receiver.
The dye layer is a self-supporting dye glass that allows a
very high writing speed. OPAL printers, in fact, are capable
of printing photographic quality 4 x 6 images in 2 seconds
each. Efficient thermal printing at this speed requires
accurate thermal history compensation, for reasons stated
above.
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Figure 4. The density response of an OPAL thermal printer with (a) no THC and (b) with THC. There were four unique densities in the
target 0.2, 0.6, 1.0 and 1.2. These desities are accurately reproduced in (b) but drift significantly in (a).

Figure 4 shows the results of applying the THC
algorithm to an OPAL thermal printer, printing at 3 in/sec
with a resolution of 266 dpi in the down-web direction. The
test image was made up of horizontal bars. The density of
each bar was randomly chosen from a set of 4 unique
densities. The printed image was scanned and averaged in
the horizontal direction to produce a one-dimensional
density profile of the test image in the print direction.
Figure 3(a) shows the density profile when no THC was
performed. The plot shows that as the printer heats up, the
printed density also increases rendering the requested 4
unique densities incorrectly. Furthermore, the edges of the
bars are smooth giving an overall fuzzy appearance to the
printed image. Fig. 3(b) shows that both of these problems
are corrected when we process the image with THC. The 4
unique densities are reproduced on the print with high
fidelity and the bar edges have distinct transitions giving the
print a very sharp appearance.

To test the reproduction of edges with THC, we created
a target that had edges of various contrasts and orientations.
A low density region followed by a high density region in
the print direction creates a leading edge (low-high
transition) while a high-low transition creates a trailing
edge. Fig. 5 plots the edge sharpness in the test target in
terms of its SQF." These results, and equivalent
measurements for lateral edges are tabulated in Table 1.

Table 1. Sharpness (SQF) with and without thermal

history control
Without THC | With THC
Leading Edge 55 84
Trailing Edge 60 85
Lateral Edge 73 85
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Figure 5. The sharpness of edges with different contrasts is plotted
with and without THC. Edges 1-4 are leading edges and edges 5-8
are trailing edges.

The figure shows that without THC the sharpness of the
edges depends on the contrast, and the average SQF is only
about 57, resulting in a “blurry” appearance. On the other
hand, with THC the edge sharpness is almost independent
of contrast and edge type. The average SQF produced with
THC is about 84, giving a sharp image.



1S& T's NIP18: 2002 International Conference on Digital Printing Technologies

Conclusion

We have described an efficient algorithm for compensating
the thermal interactions that compromise the sharpness and
accuracy of images produced by a thermal printer. Using a
multi-resolution recursive algorithm, the corrections may be
made in real-time, and they result in substantial
improvements in the sharpness, tone-scale accuracy and
reproducibility of images
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