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Abstract 
This paper presents results of reducing color patches printed 

during a calibration using a variable selection approach for color 

electrophotography (EP).  During a calibration, primary color 

patches at different halftone levels are printed on a belt and 

measured using on-board sensors.  Regression models are used to 

predict primary color tone values on output media from these on-

board sensor measurements.  Then necessary adjustments using 

tone correction or other control variables can be applied to 

compensate tone deviation.  Laying down and measuring color 

patches consumes time and toner.  It is desired to determine a 

minimal set of color patches for the regression models while 

ensuring their prediction accuracy.  This work proposes a 

procedure that reduces color patches in regression model 

development.  The procedure applies variable selection algorithms 

to identify the appropriate number of color patches and their 

associated halftone levels.  Results demonstrate that the proposed 

method can use 45% fewer color patches for the regression models 

while maintaining prediction accuracy effectively the same as that 

of models using all the available color patches. 

Introduction 
A color electrophotographic (EP) printing system typically 

uses four primary colors – cyan, magenta, yellow, and black.  

Calibrations are performed to maintain consistent color 

reproduction under different operating conditions [1].  During a 

calibration, multiple color patches at different halftone levels of 

the same primary color are printed on a transfer belt inside the 

printer and are measured with on-board sensors.  Calibration 

models then are used to predict the primary color tone values on 

output media from these on-board sensor measurements.  Printing 

and measuring color patches consume time and toner and are not 

economically preferred.  In this study, our aim is to reduce the 

number of color patches used for the calibration models while 

maintaining a desired tone prediction accuracy of the models for 

color EP systems. 

The calibration models are developed with data collected in 

printer life tests.  During these tests, color patches are printed on 

output media immediately following a calibration and are 

measured with spectrophotometers.  Calibration models are then 

developed as a mapping of the on-board sensor measurements to 

output tone values measured on media [2].  When a calibration is 

performed while the product is in use in the field, on-board sensor 

measurements are taken to predict tone values with the calibration 

models.  Appropriate tone correction is then performed by 

adjusting bias voltages or modifying the tone correction mapping.  

Since laying down and measuring color patches consumes time 

and toner, it is crucial to use a minimal set of color patches for the 

calibration models while ensuring their reliability. 

Recent research [3] has shown improved prediction accuracy 

of the calibration models using a principal component regression 

(PCR) approach.  The work included all the available on-board 

sensor measurements as explanatory variables of the calibration 

models to improve their prediction accuracy, and used a principal 

component regression (PCR) approach to tackle the numerical 

challenges introduced by the multicollinearity among the on-board 

sensor measurements.  While this approach significantly improved 

model prediction accuracy, the issues of redundant on-board 

sensor measurements were not addressed.  Some of the color 

patches may provide very trivial contribution to model accuracy 

improvement.  Not printing and measuring these color patches can 

reduce calibration process time and cost without losing significant 

prediction accuracy. 

In this work, we propose a procedure to select a set of color 

patches and their associated halftone levels that are significant to 

model prediction accuracy using the least absolute shrinkage and 

selection operator (LASSO) [4].  The LASSO method provides a 

trade-off between model prediction accuracy and color patch 

economy.   To illustrate the utility of the proposed approach, a 

first-order linear calibration model for an off-the-shelf in-line color 

EP printer is developed using existing life test data.  Cross-

validation results demonstrate a 45% reduction in the number of 

color patches required in calibration model development while a 

desired prediction accuracy of the calibration models can be 

maintained. 

Method 
A calibration model is a mapping from a set of on-board 

sensor measurements to a set of tone values obtained during and 

immediately after a calibration.  Let x = [xj] ∈ ℜ1×p denote a set of 

on-board sensor measurements from color patches printed on the 

transfer belt at halftone levels h = [hj] ∈ ℜ1×p, and y = [yj] ∈ ℜ1×q 

denote a set of tone values from color patches printed on the 

output media at halftone levels g = [gj] ∈ ℜ1×q.  Note that these 

halftone levels h and g are usually fixed after the development 

stage of the product.  In this work, the calibration model is 

606 ©2011 Society for Imaging Science and Technology



 

 

formulated as a linear transformation relating the tone values on 

the output media to the on-board sensor measurements, i.e., 

y = xΒΒΒΒ, (1) 

where ΒΒΒΒ ∈ ℜp×q is the calibration model matrix.  Without loss of 

generality, it is assumed that the tone values are standardized 

columnwise.  Hence no intercept vector is required in the 

formulation.  Note that, typically, a calibration model is developed 

separately for each primary color since the primary colors are 

reproduced independently in in-line single-pass color EP printers. 

Calibration Model Development 
Calibration models are developed using regression analysis.  

Suppose that n ∈ N repetitions of calibration are made in the life 

test.  Denote xij ∈ ℜ and yij ∈ ℜ as the jth on-board sensor 

measurement and the jth tone value measurement, respectively, in 

the ith repetition.  The regression analysis can be performed 

separately for an individual tone value associated with a specific 

halftone level.  Denote x(j) = [xij] ∈ ℜn×1 as all the on-board sensor 

measurement repetitions associated with the halftone level hj in a 

form of a column vector, and y(j) = [yij] ∈ ℜn×1 as all the tone value 

repetitions associated with the halftone level gj in a form of a 

column vector.  Let ββββ (j) = [βij] ∈ ℜp×1 represent the jth column of 

the calibration model matrix ΒΒΒΒ, i.e., 

ΒΒΒΒ = [ββββ (1) ββββ (2) … ββββ (q)]. (2) 

The calibration model column ββββ (j) represents the regression model 

coefficients to predict a tone value associated with a halftone level 

gk.  The loss function to be minimized in the regression is 
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The calibration model is the concatenation of the individual 

columns ββββ (j) obtained by solving Eq. (3). 

Since there exists a high degree of multicollinearity among 

the on-board sensor measurements of the same primary color at 

different halftone levels [3], some on-board sensor measurement 

columns x(j)s in Eq. (3) that are associated with halftone levels hjs 

may provide redundant information.  Removing these on-board 

sensor measurements x(j)s in the regression may not significantly 

reduce the model prediction accuracy.  The objective of this work 

is to find a minimal common set of halftone levels ⊂h h and 

their associated on-board sensor measurement columns x(j)s, where 

hj ∈ h , that should be retained in the regression to maintain the 

prediction accuracy of the model.  Once the selected halftone 

levels are determined, printing the color patches associated with 

the remaining halftone levels can be skipped in a calibration and 

hence time and consumable usage can be reduced. 

LASSO Calibration Model 
The LASSO method is applied to achieve color patch 

reduction and halftone level selection.  The LASSO formulates the 

regression as a problem of the loss function in Eq. (2) in addition 

to the constraint that the L1-norm of ββββ (j) be no greater than a given 

tuning parameter 0 ≤ t ∈ ℜ, i.e., 
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When the tuning parameter t is small enough, some of the βijs can 

be shrunk to zero.  This constrained least-squares formulation is 

useful in this application due to its tendency to prefer solutions 

with fewer nonzero parameter values, effectively reducing the 

number of on-board sensor measurements used in the regression.  

The LASSO problem can be solved using quadratic programming. 

A two-step color patch reduction procedure is proposed in 

this work.  In step I, the LASSO is performed separately for each 

individual tone value to obtain a set of on-board sensor 

measurements and their associated halftone levels to be included in 

the calibration model for that tone value.  In step II, a common set 

of on-board sensor measurements to be used in the final calibration 

model is then determined as a trade-off between prediction 

accuracy and color patch economy. 

Step I – On-board Sensor Measurement Selection 
for Individual Tone Values 

The LASSO formulation of Eqs. (3) and (4) is applied to 

determine a subset of on-board sensor measurements and their 

associated halftone levels to be retained in the model for each tone 

value.  Consider a tone value yj associated with halftone level gj is 

examined.  In the process, the tuning parameter t is gradually 

reduced from the sum of the absolute coefficients
1

p

i ij
β

=
Σ  of a full 

model down to zero.  Along with the reduction of the tuning 

parameter t, more and more coefficients in ββββ (j) are shrunk to zero.  

The on-board sensor measurement subsets associated with 

different numbers of non-zero coefficients βij are recorded. 

After the LASSO solutions are obtained, a tenfold cross-

validation (CV) is performed to estimate the prediction accuracies 

of the models using different numbers of on-board sensor 

measurements as explanatory variables.  In the process, the data is 

split into roughly ten equal-sized parts.  Parts of the data are used 

in the regression to obtain the model coefficients ββββ (j), and a 

different part of the data is used to test the model accuracy.  Errors 

between prediction and true values and their aggregated root-

mean-squared values (RMSE) are computed.  Standard errors of 

the individual RMSE for each of the ten parts are also calculated.  

Then a "one-standard error" rule [5] is used to choose the subset of 

on-board sensor measurements.  Typically, the most parsimonious 

model whose error is no more than one standard error above the 

RMSE of the most accurate model is chosen. 

Step II – Common On-board Sensor Measurement 
Selection for the Calibration Model 

Frequencies of the LASSO selected on-board sensor 

measurements x(j) and their associated halftone levels hj for all the 

tone values are listed.  The frequencies are used to prioritize the 

significance rank for these on-board sensor measurements.  After 

that, accuracies of calibration models using different numbers of 

on-board sensor measurements as explanatory variables are 

NIP 27 and Digital Fabrication 2011     Technical Program and Proceedings 607



 

 

calculated using CV.  Then the final calibration model is selected 

based on specified criteria. 

The proposed color patch reduction procedure is performed 

on an off-the-shelf single-pass color EP printer to develop the 

calibration model.  The printer prints and measures seventeen 

calibration patches at different halftone levels for each primary 

color during a calibration, i.e., p = 17.  These halftone levels are 

labeled as hj, j = 1…17, from light to dark.  Calibration patches 

identical to those printed in a calibration are printed on output 

media for each primary color immediately following a calibration, 

i.e., g = h.  Their tone value measurements are made with 

spectrophotometers (X-Rite® DTP-70).  In this study, a tone value 

is defined as the Euclidian distance (∆E) in CIE L*a*b* space 

between the color point of a primary color printed at a particular 

halftone level and the substrate appearance color.  A commercial 

white paper (Xerox® 4200 Business) is used as the output media.  

The experiment is performed on five printers with several 

consumable sets under a wide range of environmental conditions.  

The temperature ranges from 15 to 30°C, and the relative humidity 

ranges from 10 to 80%.  Totally four hundred and twenty 

observations, i.e., n = 420, are collected.  The models are identified 

following the proposed procedure using Matlab®. 

Figures 1(a) and 1(b) shows the halftone levels of the on-

board sensor measurements to be retained in the calibration model 

and the corresponding CV RMSEs, respectively, for the tone value 

associated with the halftone level g9 for Magenta.  In this example, 

the model with five explanatory variables – h2, h7, h14, h15, and h16 

– is chosen.  Note that during the shrinkage, some coefficients of 

on-board sensor measurements at different halftone levels may be 

reduced to zero simultaneously (for example, see in Fig. 1(a) that 

h7 and h16 are reduced to zero at the same time).  Figure 2 shows 

the frequencies of the LASSO chosen halftone levels for all the 

tone values.  It is shown that for some primary colors, more than 

half of the on-board sensor measurements are not chosen.  This 

verifies the potential to reduce the number of color patches printed 

during a calibration. 
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Figure 1. (a) The LASSO selected halftone level subsets and (b) their cross-
validation root-mean-squared errors (CVRMSE) for tone values associated 
with the halftone level g9 for Magenta.  In Fig. 1(b), the error bars represent 
the standard errors of the CV RMSEs.  The red dashed line represents the 
one standard error above the RMSE of the most accurate model, which is 
the model with seventeen on-board sensor measurements in this example. 
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Figure 2. Frequencies of the LASSO selected on-board sensor measurements at different halftone levels (hj) for each primary color.
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Model Performance Comparison 
The LASSO models using all the selected on-board sensor 

measurements shown in Fig. 2 as the explanatory variables are 

developed through the proposed procedure and are compared with 

existing models and full models.  In the existing models, each tone 

value is regressed with a single on-board sensor measurement 

printed at the same halftone level.  In the full models, each tone 

value is regressed with all the available on-board sensor 

measurements using the PCR approach [3].  The LASSO models 

use a total of thirty-nine on-board sensor measurements, compared 

to sixty-eight measurements for the full models.  Figure 3 shows 

the CV RMSEs of the three models.  Statistical t-tests are 

conducted to compare the CV squared errors of the LASSO and 

full models.  The results show that there exists no significant 

difference in their CV squared errors at all halftone levels for all 

colors at 95% confidence level. 

Conclusion 
A color patch selection procedure using the LASSO approach 

is proposed in this work to reduce the number of color patches 

printed during a calibration while maintaining the desired 

prediction accuracy for the calibration model.  The effectiveness of 

the proposed method is verified with experimental data collected 

under different environmental conditions and consumable usage 

levels from several single-pass in-line color EP printers of the 

same model.  The performance of the proposed LASSO models is 

compared to that of the full models which use all on-board sensor 

measurements as the explanatory variables.  The accuracy of the 

LASSO models effectively is the same as that of the full models 

based on statistical t-tests while it uses 45% fewer color patches. 
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Figure 3. Cross-validation root-mean-squared errors (CVRMSE) of the existing(■), LASSO(○), and full (x)models at each halftone level (hj). 
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