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(57) Abstract: A method for calibrating a dyeing machine, comprising: for each of multiple colors: performing a maximizing stage
to determine an effective maximum ink dispensing rate corresponding to an effective maximum colorimetric value for the dyeing
machine; performing a linearizing stage, comprising: determining multiple ink dispensing rates for performing the linearizing stage
by dividing the effective maximum ink dispensing rate into multiple intervals, calculating from the effective maximum colorimettic
value, a linear correspondence between the multiple ink dispensing rates and multiple calculated colorimetric values, dyeing a set of
substrates according to the multiple ink dispensing rates, acquiring color values of the dyed set of substrates, interpolating a non-linear
correspondence between the multiple ink dispensing rates and the acquired color values, and mapping the linear correspondence to

the non-linear correspondence.
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COLOR CALIBRATION ALGORITHM

CROSS-REFERENCE TO RELATED APPLICATIONS

This application claims the benefit of priority of U.S. Provisionsal
Application No. 52552415, filed Aug. 31% 2017, and entitled “Color Calibration
Algorithimy”, the contents of which are incorporated hersin by reference in their

entiraty.

FIELD OF THE DISCLOSED TECHNIQUE
The disclosed technique relates {o color calibration in general, and o

color calibrating a dyeing machine, in particular.

BACKGROUND OF THE DISCLOSED TECHNIQUE

Dveing machines have many mechanical components that are prone
to misalignment due to drift, movement, and the like. Thess misalignments may
cause aberrations, and lack of uniformity in the dyeing process, leading to color
mismalches. The color in the dyveing process is affected by a number of
parameters, among them: ink, dyed subsirate parameters, such as ink
absorption, whiteness and thickness, process parameters; process speed;
ambient temperature; maximal ink dispensing rate; and drving parameters.
These parameters and other may vary over time vielding variable dyeing resulis.
For example, inconsistent ink dispensing rates may result in over or under
dyeing, vielding a dyed shade that is sither too light or {oo dark.

Thus, to ensure accurately maiched dyeing results at a cuslomer site,
dyeing machines require regular tuning and calibration. Color calibration is the
process of adjusting a dyeing process of a dyeing machine to a known color
state, such as a pre-sel color slate that was measured at the faclory. An
effective calibration process can ensure consistent dyeing resuits from the
dyeing machine, from run o run, from day to day and between different dyeing

machines. Color calibration is the basis for consistent color matching.
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SUMMARY OF THE PRESENT DISCLOSED TECHNIQUE

it is an object of the disclosed technigue fo provide a novel method
and system for calibrating a dyeing machine.

in accordance with the disclosed technique, there is thus provided a
method for calibrating a dyeing machine, comprising: for each of multiple ink
channels: performing a maximizing stage fo determine an effective maximunm ink
dispensing rale corresponding to an effective maximum colorimetric vaiue for
the dyeing machine; performing a linearizing stage, comprising: determining
muliiple ink dispensing rates for performing the linearizing stage by dividing the
effective maximum ink dispensing rate into mulliple intervals, calculating a linear
correspondence between the mulliple ink dispensing rates and multiple
measurad colorimetric values, dyeing a first set of substraies according to the
multiple ink dispensing rates, acquiring color values of the dyed first set of
substrates, building a non-linear comrespondence between the multiple Ink
dispensing rates and the acquired color values, and mapping the linear
correspondence 1o the non-linear correspondence.

In soime embodiments, the maximizing stage and the linsarizing stage
are performed at sach of a faciory phase and an onsile phase, wherein resulls
from the factory phase are used for performing the onsite phase.

in some embodiments, the maximizing sitage further comprises:
dyeing a second set of substrates according to multiple ink dispensing rates for
performing the maximizing stage for the dyeing machine, acquiring color values
of the second set of substrates with respect to a maximizing calibration card,
and adjusting the multiple ink dispensing rates for performing the madimizing
stage uniil a color value of the second set of dyed subsirates maiches the
effective maximum colorimetric value for the dyeing machine.

in some embodiments, determining the effective maximum ink
dispensing rate for the dyeing machine comprises interpolating multiple
maximum ink dispensing rates and mulliple maximum color values of multiple
subsirates dyed at the multiple maximum ink dispensing rates.

In some embodiments, dividing the effective maximum ink dispensing

rate into mulliple intervals comprises dividing according to a color response of
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multiple subsirates dyed at the muiltiple ink dispensing rales delermined for
performing the linearizing stage.

in accordance with the disclosed technique, there is thus provided a
system for calibrating a dyeing machine, comprising: a dyeing machine
configured to dye multiple substrates according to mulliple ink channels; and a
processor configured to calibrate the dyeing machine for each of multiple ink
channels by: performing a maxinizing stage to determine an effective maximum
ink dispensing rate corresponding to an effective maximum colorimeiric value for
the dyeing machine, performing a linearizing stage, comprising: determining
muliiple ink dispensing rates for performing the linearizing stage by dividing the
effective maximum ink dispensing rate into mulliple intervals, calculating a linear
correspondence between the mulliple ink dispensing rates and mulliple
calculated colorimetric values, oblaining color values of a first set of subsirates
dyed according to the mulliple ink dispensing rates, building a non-linear
correspondence between the mulliple ink dispensing rates and the acquired
color values, and mapping the linear correspondence o the non-linear
correspondence.

In some embodiments, the system further comprises an optical
detector configured to acquire said color values.

in some embodiments, the system further comprises a
spectrophotometer configured to acquire said color values.

in some embodiments, the system further comprises a maximizing
calibration card for performing the maximizing stage, wherein the maximizing
calibration card is provided with an area for placing mulliple subsirates dyed at
multiple maximum ink dispensing rates for sach of the ink channals, and mulliple
areas comprising mulliple grayscale features interleaved with mulliple areas for
placing substrates dyed at variable ink dispensing rates for each of the ink
channels.

in some embodiments, the system further comprises a maximizing
dispensing calibration card for performing the maximizing stage, wherein the
maximizing dispensing calibration card is provided with an area for placing

multiple substrates dyed at multiple maximal ink dispensing rates for each of the
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ink channels, and wherein the background of the maximizing calibration card
presents rultiple opposing grayscale gradients.

in some embodiments, the system further comprises a linearizing
calibration card for performing the linearizing stage, wherein the linearizing
calibration card is provided with an area for placing mulliple subsirates dyed at
the mulliple ink dispensing rales for performing the linearizing stage, and
multiple areas comprising mulliple grayscale features interleaved with multiple
areas for placing subsirates dved al the multiple ink dispensing rates for
performing the linearizing stage.

in some embodiments, the system further comprises a linearizing
dispensing calibration card for performing the linearizing stage, wherein the
linearizing dispensing calibration card is provided with an area for placing
multiple subsiraies dved at multiple ink dispensing rates for performing the
linearizing stage for each of the ink channels, and wherein the background of
the linearizing calibration card presents multiple opposing grayscale gradients.

in accordance with the disclosed technique, there is thus provided a
computier program product comprising a non-fransifory  computer-readable
storage medium having program code embodied thereon, the program code
execulable by at least one hardware processor {o: for each of multiple inks:
perform a maximizing stage to determine an effective maximum ink dispensing
rate corresponding o the effective maximum colorimetric value for a dyeing
machine; and perform a linearizing stage for the dyeing machine, comprising:
determining multiple ink dispensing rates for performing the linearizing stage by
dividing the effective maximum ink dispensing rate info multiple intervals,
calculating from the effective maximum colorimetric value, a linear
correspondence between the multiple ink dispensing rates and mulliple
calculated colorimetric values, oblaining color values of a first set of subsirates
dyed according to the mulliple ink dispensing rates, interpolating a non-linear
correspondence between the mulliple ink dispensing rates and the acguired
color values, and mapping the linear correspondence to the non-linear

CQW@SPOHGBHC@.
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BRIEF DESCRIPTION OF THE DRAWINGS

The disclosed technique will be understood and appreciated more
fully from the following detailed description taken in conjunciion with the
drawings in which:

Figures 1A-1B, taken fogether, are a schemaltic illusiration of a
system for calibrating a dyeing machine in a two-phase calibration process,
constructed and operative in accordance with an embodiment of the disclosed
technique;

Figure 1C is a schemaltic illustration of a mobile device, such as the
mobile device of Figure 18, constructed and operative in accordance with an
embodiment of the disclosed technique;

Figure 2A illustrates exemplary results for dyeing a thread according
to the three different maximal ink dispensing rates, operative in accordance with
an embodiment of the disclosed technigus;

Figure 2B is a schematic illustration of an exemplary maximizing
calibration card, consiructed and operative in accordance with an embodiment
of the disclosed technique;

Figure 2C illustrates exempiary results for dyeing a thread according
to the multiple linearizing ink dispensing rates, operative in accordance with an
embodiment of the disclosed technique;

Figure 20D is a schematic illustration of an exemplary linearizing
calibration card, conslructed and operative in accordance with an embodiment
of the disclosed technigue;

Figure 2E is a schematic illustration of an exemplary manimizing
dispensing calibration card, constructed and operalive in accordance with
another embodiment of the disclosed technique;

Figure 2F is a schematic illusitration of an exemplary linearizing
dispensing calibration card, consitructed and operalive in accordance with
another embodiment of the disclosed technique;

Figure 3 illustrates a conceptual iliusiration for an exemplary linear
dispensing versus color correspondence mapped to a non-linear dispensing
versus color correspondence for the purpose of calibrating a dyeing machine

operative in accordance with an embodiment of the disclosed technique;

5
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Figures 4A-4B logether are schematic illustrations of a two-phase
calibration method for a dyeing machine, constructed and operative in
accordance with an embodiment of the disciosed fechnique, where Figure 4B
relates to an onsite calibration phase and Figure 4A relales o a faclory
calibration phase;

Figure 4C is g schematic illustrgtion of a two-phase calibration
method for a dyeing machine, constructed and operative in accordance with an
embodiment of the disclosed technique;

Figure 4D is a schemalic illustration of g method for performing the
maximizing stage of Figure 4C, constructed and operalive in accordance with
another embaodiment of the disclosed technigue;

Figure 4E is a schematic illustration of a method for performing the
linearizing stage of Figure 4C, constructed and operalive in accordance with
another embodiment of the disclosed technique;

Figure 5 is schematic illustration of a color detection system for a
dyeing machine, construcled and operative in accordance with another
embodiment of the disclosed technigue; and

Figure 6 is a schematic illustration of a color dstection methed, in

accordance with an embodiment of the disclosed technique.
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DETAILED DESCRIPTION OF THE EMBODIMENTS

The disclosed technigue overcomes the disadvantages of the prior art by
providing a system and g method for calibrating a dyeing machine onsite. The
calibration iechnigue ensures that the colorimetric vaiue of a substrate dyed
onsite with respect to an ink dispensing rate corresponds {o the colorimetric
color values set in g faclory prior {0 shipping the dyeing machine. The calibration
technique includes g two-stage factory calibration phase, referred to herein as
the “factory phase”, followed by any number of two-siage onsite calibration

phases, raeferred 1o herein as the “onsite phase”, on an as needed basis.

Each of the factory phase and onsite phase include a maximizing siage
and a linearizing stage, referred to herein as the faclory maximizing stage and
factory linearizing siage, and onsite maximizing stage and onsite linearizing
stage, respectively. In each of the faclory maximizing stage and onsile
maximizing stage, a maximum ink dispensing rate is determined for the dyeing
machine. One or more subsirates are dyed at candidate maximal ink dispensing
rates until a target maximum colorimetric value is achieved. In each of the
factory linearizing stage and onsite linearizing stage, a range of ink dispensing
rates for the dyeing machine and corresponding colorimetric values for
substrates dved accordingly are mapped in a manner o provide a linearizing
correspondence. In any stage for each phase, the colorimetric values may be
measured either using a spectrophotometer, or alternatively using a mobile
device configured with a camera and a color detection application. Typically, a
spectrophotometer is used in the factory phase for determining the colorimetric
values, and the mobile device is used in the onsite phase for determining the

colorimetric values.

Thus the faclory maximizing stage determines a maximum effeclive ink
dispensing raie for each ink color of the ink set of the dysing machine. The
maximum effective ink dispensing rate is matched {0 the corresponding
maximum colorimetric value for a substrale dyed al the respective maximum
effective ink dispensing rate. The ink dispensing rates of the dyeing machine
corresponds to the resulting flow rate of the inks from the dyeing machine. The

factory Hnearizing stage produces a linearizing funclion belwesn mulliple

7
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different ink dispensing rates, ranging from zero to the effective maximum rale
determined above, and the corresponding colorimelric values of a substrale
dyed at each of the mulliple different ink dispensing rates. The colorimeiric
values determined in the factory calibration phase are measured using a
spectrophotometer. The resuits of the faciory calibration phase, i.e. the effective
maximum ink dispensing rate and maximum colorimetric values for each ink
color, and the respective linsarizing functions are stored with the dyeing

machine.

Prior fo using the dyeing machine onsiie, the dyeing machine is calibrated
in a two-stage calibration using a similar technigue as described above, using
the results of the factory calibration phase as a reference. in the onsite
maximizing stage, the onsite maximum effective ink dispensing rate is
determined for the dyesing machine for sach ink channel. This is accomplished
by dyeing a subslrate onsite, determining a colorimetric value of the dved
subsirate, and adjusting the ink dispensing rale until the colorimetric value of the
subsirate dyed onsite maiches the effective maximum colorimetric vaiue stored

with the dyeing machins..

Similarly, the onsile linearizing stage produces a linearization function
between multiple different ink dispensing rates, ranging from zero io the onsite
maximum effective ink dispensing rate, and comresponding colorimetric values
for a substrate dyed at each of the multiple different ink dispensing rates. in one
embodiment, the colorimetric values may be delermined onsite using an
application installed with a standard mobile device. Alternatively, the colorimaetric

values may be determined onsite using a spectrophotometer.

Reference is now made o Figures 1A-1B which, when taken together,
are a schematic illustration of a sysiem, generally referenced 100, for calibrating
a dyeing machine in a two-stage calibration process for each of a factory
calibration phase and a subsequent onsite calibration phase, consiructed and
operative in accordance with an embodiment of the disclosed technique. Figure
1A Hllustrates components of system 100 for the factory calibration phase for the
dveing maching at a faclory location, and Figure 1B illustrates components of

system 100 for the onsite calibration phase for the dyeing machine at an onsite

8-
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location, such as at a customer location. Typically, the calibration of the dyeing
machine at the factory location takes place prior to the calibration of the dyeing
machine at the onsite location. The onsite calibration of the dyeing maching may
be performed any number of times, such as before each printing batch by the

dyeing machine.

With reference to Figure 1A, system 100 includes dyeing machine 102, a
factory maximizing calibration card 104, a factory linearizing calibration card
106, a spectrophotomeler 108, at least one factory processor 110, and a
dyeable substrate 112, such as thread. Although the term ‘thread’ is used herein
to refer to dyeable substrate 112, this is not meant to be limiting, and it is to be
understood that any dyeable substrale may be similarly used. Dyeing machine
102 is configured to dye multiple portions of thread 112 muitiple colors, such as
cyan, magenta, vellow, and black at varying ink dispensing rates. The rates at
which the dyes are dispensed by dyeing machine 102 are controllable via a user
interface, such as a mechanical or selectronic control {not shown). In one
embodiment, the rates at which the dyes are dispensed by dysing maching 102
are coniroilable via factory processor 110, and which may be communicatively

coupled with dyeing machine 102.

Factory maximizing calibration card 104 and factory linearizing calibration
card 106 are each configured to display segments of thread 112 that have been
dyed by dyeing machine 102. The segmenis of thread 112 may be wound onio
factory maximizing calibration card 104 and factory linearizing calibration card
106 using a timing bell drive (TBD) technique. Alternatively the segments of
thread 112 may be embroidered onto factory maximizing calibration card 104

and factory linearizing calibration card 106, or otherwise displayed on a surface.

Spectrophotometsr 108 is opiically coupled with factory maximizing
calibration card 104 and factory linearizing calibration card 108. Factory
processor 110 is communicatively coupled with spectrophotometer 108, and
with dyeing machine 102. In one embodiment, factory processor 110 is
integrated  with spectrophotometer 108. In another embodiment, factory

processor 110 is integrated with dveing machine 102.

PCT/IL2018/050944
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The factory calibration phase includes two stages: a factory maximum ink
dispensing rale (DR} stage for delermining the maximum effective ink
dispensing rate for dyeing machine 102, and a factory linearization stage for
determining a linearizing relationship for dyeing machine 102 beiween a range
of ink dispensing rates and colorimetric values of a substrate dved accordingly.

A description of the factory maximum ink dispensing rate stage now follows:

Dyeing machine 102 may include three color channels corresponding o
the standard ink set colors of cyan, magenta, and yvellow, and optionally a fourth
black {key) color channel. However, it is to be understood that dyeing machine
102 is not limited fo the standard ink set color, and may include fewer or more
color channels, corresponding to alternative ink sets. For each color channel of
dyeing machine 102, muitiple segments of thread 112 are dyed via dyeing
machine 102 according to multiple candidate ink dispensing rates (DRs), such
as the three ink dispensing rates DRy, DR, DR, where DRy corresponds to a
Nominal ink dispensing rate yielding a colorimelric value that is equivalent fo
100% ink dispensing, DR, corresponds to a Nominal-A ink dispensing raie
vielding a colorimetric value that is equivalent to 100%-A ink dispensing; and
DR, corresponds to a Nominal+A ink dispensing rate yielding a colorimetric
value that is equivalent to 100%+A ink dispensing. The colorimetric value may
be evaluaied with respect to any suitable device independent colorimelric space,
such as ClELab, ClE XYZ, CiE LUV, CIE UVYW, and the like. Optionally, if the
behavior of the dyeing process is highly nonlinear, dyeing machine 102 may dye
thread 112 at five different ink dispensing rates, such as corresponding o

Clizt.ab colorimetric values equivalent to 100%, 100%zx A, and 100%1 2A.

Reference is how made Figure 2A which iliusirates exemplary resulis for
dyeing a thread 112, according to the three different maximal ink dispensing
rates, operative in accordance with an embodiment of the disclosed technique.
Column 250A indicates three different maximal ink dispensing rates for cyan:
100%, 100%2% Acan; column 250B indicates three different maximal ink
dispensing rates for magenta: 100%, 100%2% Amagens; and column 250C

indicates three different maximal ink dispensing rates for vellow: 100%, 100%zx

-1~
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Ayeiiow. 1 N dyed threads are wound, or embroidered to maintain a relatively flat

shape, to avoid illumination distortions, such as shadowing.

Referring back to Figure 1A while still referring to Figure 2A, for each
color channel, the samples of thread 112 dyed st the three different ink
dispensing rales {i.e. Nominal, Nominal+A, Nominal-A) are disposed on factory
maximizing calibration card 104. The samples are generally indicated in Figure
1A as features 112Aq, 112A¢+A, and 1124A0-A representing the three cyan dyed
samples corresponding to column 250A of Figure 2A; as features 112By,
112But+A, and 112Bu-A representing the three magenia dyed samples
corresponding to column 2508 of Figure 2A, and features 1120y, 112Cv+A, and
112Cyv-A, representing the three vellow dyed samples corresponding o column
2500 of Figure 2A. For each of the color channels, specirophotomeier 108
measuras the colorimetric ClELab value for each of the multiple dyed samples
112Ac, 1M12Ac+A, and 112Ac.A; 1128y, 112By+A, and 112Byw-A; and 1120y,
112Cv+A, and 112Cy-A. Thus, in this example there are nine dyed samples,
three for each color channel (100%+4A, 100%, 100%-A). Oplionally, each
measurement per dyed sample may be performed multiple times and at different
orientation angles, and the respeclive colorimetric values for each of the nine
dved samples may be determined by averaging over the mulliple measurements
respective of the orientation angles. Next, factory processor 110 determines the
effective maximum colorimetric value and corresponding ink dispensing rate,
herein referred to as the factory effective maximum ink dispensing rate for each
color channel by interpolating (function £} or otherwise approximating between
the three values (100%+A, 100%, 100%-A):

pRY = feyan{CV_, CV,, CV,)

eff-factory

DRIFETM™ = fyapenta(CVL, CVo, €V, )

eff-factory

nYellow . £ ~ Y STaR
DReff---factery - IYe‘:low@'v—; CV¥y, Cng_),

where CV is the colorimetric value, i.e. the CIELab colorimetric value.

-11-
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A second iteration may be performed if the factory effective maximum ink
dispensing rale excesds the preset olerance and its posilion is at one of the

function limits.

Factory processor 110 determines mulliple ink dispensing rates for
performing the factory linearizing stage, referred to herein as linearizing ink
dispensing rates, based on the previously determined factory effective maximum
ink dispensing rate. For example, for each color channel, factory processor 110
may divide the ranges of the ink dispensing rales between 0 and the factory
effective maximum ink dispensing rate into N equally spaced intervals, where N
may vary depending on the color channel. Altermnatively, factory processor 110
may divide the ranges of the ink dispensing rates betlween § and the faclory
effective maximum ink dispensing rate for each color channel into N intervals,
the size of which depend on the colorimetric response of the thread to the ink

dispensing rate.

Factory processor 110 calculates a factory linearizing ink dispensing raie
versus color correspondence. This correspondence is  a linear relationship
between the mulliple ink dispensing rales calculated for performing the factory
linearizing stage and the corresponding  colorimeiric ClELab values frrac(DR)

of threads dyed according to these ink dispensing rates.

For each color channel, dyeing machine 102 dyes portions of thread 112
according to the multiple faciory linearizing ink dispensing rates determined
above. For example, with reference o Figure 2C, row 2620 indicates multiple
threads dyed cyan at ink dispensing rates ranging from zero to a maximum, or
near maximum (95%) effeclive ink dispensing rate for cyan; row 262E indicates
mulitiple threads dyed magenia at ink dispensing rates ranging from zero o a
maximum or near maximum (85%)} effective ink dispensing rate for magenta;
and row 262F indicates multiple threads dyed vellow at ink dispensing rales
ranging from zero to a maximum or near maximum (95%) effective ink

dispensing rate for yeliow.

Referring back to Figure 1A, for each color channel, the dyed threads are
wound or embroidered accordingly, and disposed on factory linearization
calibration card 106, indicated as features 112D+, 1120, 11205 ... 112Dy, The

-2
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dyed threads may be ordered according fo the concentration of the ink

dispensing rates, i.e. from 0% ink dispensing rate {0 100% ink dispensing rate.

Spectrophotometer 108 measures the colorimetlric value of threads
11284, 1128, 112D; ... 112D, dyed according to the ink dispensing rales
calibrated for performing the factory linearizing stage. In one embodiment, each
color channel is acquired by spectrophotometer 108 separaiely. For each color
channel, specltrophotometer 108 measures the colorimetric ClELab values of the
N dyed threads, accordingly, 1o get (DR, CiELaby), i=1,...,n. Optionally, the
measuremenis per dyed sample may be performed mulliple times and ai
different orientation angles, and the respective colorimetric values for each of
the dyed samples may be delermined by averaging over the mulliple
measurements respecltive of the orienfation angles. Faclory processor 110
builds an imterpolating curve based on the measuremenis obtained from
specirophotometer 108, resulting in a factory non-linear ink dispensing rate
versus color correspondence, Lab= fourverac(DR). Factory processor 110 maps
the factory linear ink dispensing rate versus color correspondence, fwraclDR),
to the factory non-linear ink dispensing rate versus color correspondence, using
the inverse of the factory linear ink dispensing rate versus color correspondence
calculated above: l.e. DRunsacs fl{Labin). Facltory processor 110 uses the
linearizing function DR— DRy n.rac to determine a linearizing ink dispensing rate

DR for a desired colorimetric value.

Reference is now made to Figure 3, which illustrates a conceptual
Hlustration of an exemplary linear ink dispensing versus color correspondence
mapped o a non-linear ink dispensing versus color correspondence for the
purpose of calibrating dyeing machine 102, operative in accordance with an
embodiment of the disclosed technique. Figure 3 depicis color value, or CV (y-
axis} which may refer to colorimetric values with respect to ink dispensing rates,
or DR {x-axis). For example, when using the CitElab color space, the
colorimetric value may relate o the L7, 8" or b* value. Curve 300 is a linear
relationship that depicts the linear ink dispensing rate versus color value

correspondence. For example, curve 300 represenis the faclory linear ink

PCT/IL2018/050944
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dispensing rate versus color correspondence, fineac{DR). Let | be the linear

response relationship between linear ink percentage and CV,
CV = f(DRy )

Curve 302 depicis the non-linear ink dispensing rate versus color value
correspondsnce, such as the curve interpolated above. In Figure 3, curve 302 is
convex, however this is nol meant to be limiting, and curve 302 can indicate
other non-linear relationships. Let g be the non-linear relationship between the

ink percentage and CV, the calibration parameter,
CV = g(DRNL)9

then the relationship, or linearizing mapping 304 between the linear DR
color correspondence and the nonlinear DR color correspondence is given by

the following linearizing function:
DRy = ' (g(DRx1)),

The onsite calibration phase includes an onsite maximizing stage for
determining the maximum effective ink dispensing rate for dyeing machine 102,
and an onsite linearization stage for determining a lnearizing relationship for
dyeing machine 102 between a range of ink dispensing rates and resulting
colorimetric values of a subsirate dyed accordingly. A description of the onsite

maximizing stage now follows:

Reference is now made {o Figure 1B which illusirates components for
system 100, for implementing an onsite calibration phase, following the faciory
calibration phase describe above. This arrangement for system 100 is used to
calibrate dyeing machine 102 at a cusiomer site following the factory calibration.
System 100 of Figure 1B additionally includes an onsite maximizing calibration
card 124, an onsite linearizing calibration card 126, and a dyeable thread 132
Onsite maximizing calibration card 124 has prinied thereon at least mulliple
conirasting and varving grayscale features 124A, and mulliple contrasting and
varying color-scale features 124B. Onsite linearizing calibration card 126 has
printed thereon at least multiple contrasting and varying grayscale features
128A, and multiple contrasting and varying color-scale features 126B. Onsite
maximizing calibration card 124 and onsile linearizing calibration card 126 are

[
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each configured to display portions of thread 132 that have been dyed by dyeing
machine 102. The portions of thread 132 may be wound onto onsite maximizing
calibration card 124 and onsite linearizing calibration card 126 using a timing
belt drive (TBD) technique. Alternatively the portions of thread 132 may be
embroidered and placed onto onsite maximizing calibration card 124 and onsite
linearizing calibration card 126. For example, in one embodiment, card 254 of
Figure 2B is representative of onsite maimizing calibration card 124 and card
256 of Figure 20D is representative of onsile linearizing calibration card 124. In
another embodiment, card 260 of Figure 2E is representative of onsile
maximizing dispensing calibration card 124, and card 262 of Figure 2F is
representative of onsite linearizing dispensing calibration card 124. System 100
further includes an optical detector 144, an onsite processor 140, and a

transceiver 146 integrated with a mobile device 142,

Reference is now made o Figure 1C which illustrates an exemplary
implementation of mobile device 142 of Fig. 1B, in accordance with an
embodiment of the disclosed technique. Mobile device 142 includes at leasi
onsite processor 140, optical detector (camera) 144, a user interface (L) 148, a
memory 150, and transceiver 146. Camera 144, Ul 148, memory 150, and

transceiver 146 are each electromagnetically coupled fo onsite processor 140.

Onsite processor 140 may include any combination of a central
processing unit (CPU), graphical processing unit (GPU), digital signal processor
(DSP), accelerator processing unit (APU) and the like. Onsite processor 140 is
operative to siore one or more program code instructions and data, such as raw
images and processed images in memory 150. Transceiver 148 may include
one or more of a respective medium range RF fransceiver (e.g., WIF), a
respective short range iransceiver {e.g., Bluetooth), and a respective cellular
comynunication transceiver (e.g., GSM, LTE, WIMAX). Transceiver 146 is
operative to send and receive radio frequency {RF} signals relating to data and
execuiable instructions. For example, fransceiver 146 is operative 1o
communicate with dyeing machine 102 of Figure 1B. Ul 148 is a touch-based
graphical user interface (GU} operative to display images acquired via camera

144, and received touch-based input from a user.

-15-
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Optical detector 144 of mobile device 142 is optically coupled with onsite
maximizing calibration card 124 and onsite linearizing calibration card 126.
Optionally, onsite processor 140 of mobile device 142 is communicatively

coupled with dyeing machine 102, such as via transceiver 146.

Referring back to Figure 1B, for each color channel, i.e. cyan, magenta
and veliow of dyeing machine 102, multiple threads 132 are dved via dyeing
machine 102 according fo muitiple candidate ink dispensing rates corresponding
to the effective maximum colorimetric value. For example, dyeing machine 102
dyes samples of thread 132 according to three candidate ink dispensing rates
DRgies, DRater, DRaier1 for performing the onsite madimizing stage, where
DRaeo should correspond fo a Nominal ink dispensing rate vielding a ClklLsb
colorimeiric value that is equivaient o 100% ink dispensing, DRege+1 COrresponds
to & Nominal+A ink dispensing rate vielding a ClklLab colorimetric value that is
equivalent to 100%+A ink dispensing; and DRget corresponds to a Nominalk-A
ink dispensing rate vielding a CiELab colorimelric valug that is squivalent {o
100%-A ink dispensing. Optionally, if the behavior of the dyeing process is highly
nonlinear, dyeing machine 102 may dye thread 132 at five different candidate
ink dispensing rales, such as corresponding to CikELab colorimetric values
equivalent to 100%, 100%zx A, and 100%x% 2A.

Reference is now made Figure 2A which illustrates exemplary resuiis for
dyeing thread 132 according fo the three different candidale maximal ink
dispensing rates. Column 250A indicates three different maximal ink dispensing
rates for cyan: 100%, 100%2% Acyan; column 250B indicates three different
maximal ink dispensing rates for magenta: 100%, 100%z Amagents; and column
250C indicates three different maximal ink dispensing rates for yellow: 100%,
100%* Ayeicw. The dyed threads 250A, 250B, and 250C are wound or
embroidered onto a surface {o maintain a relatively flat shape, to avoid

fllumination distortions, such as shadowing.

Referring back {o Figure 1B while still referring o Figure 2A, the samples
of thread 132 dyed at the three different candidate maximal ink dispensing rates
{i.e. Nominal, Nominal+A, Nominal-A corresponding to respeciive columns 2504,

2508, and 250C) are placed on onsite maximizing calibration card 124. For the

-16-~
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purpose of clarity, the samples are generally indicated in Figure 1B as feature
132A, representing the three cyan dyved samples corresponding to column 2504
of Figure 2A; feature 132B, representing the three magenta dyed samples
corresponding to column 2508 of Figure 2A, and 132C, represeniing the three
yvellow dyed samples corresponding o column 250C of Figure ZA. For each of
the color channels, onsite processor 140 obtains the colorimetric ClELab value
for each of the mulliple dyed samples included in features 132A, 1328, and
132C with respect to onsile maximizing calibration card 124. For example,
optical detector 144 may acquire an RGB image of the mulliple dyed samples
included in features 132A, 132B, and 132C with respect to onsite maximizing
calibration card 124. Onsite processor 140 may apply a color detection methed,
such as described in greater detail hereinbelow with respect to Figures 5-6 to
the acquired RGB image lo delermine the corresponding colorimetric values.
Alternatively, the colorimetric values may be measured using an onsite

spectrophotometer (not shown).

Thus, in this example there are nine dyed samples, three for each color
channet (100%+4A, 100%, 100. Onsite processor 140 determines each
colorimetric value for each of the nine dyed samples by interpolating or
averaging over these three different measuremenis respective of orientation.
Next, onsile processor 140 determines the onsile effective maximum ink
dispensing rate corresponding to the effective maximum colorimetric value for
each ink channel of the dyeing machine by interpolating (function f} or otherwise

approximating between the three values (100%+4, 100%, 100%-A):

DRI site = foyan €V €V, CV )

ef f—ousite

Magenta
DRe_ff—onsite - fMagenta

(CV_,CVe,CV,)

Yellow — o e
DRaff»--Unsite erl!ow(CV“‘-‘ €y by C V+)
wheare CV is the colorimetric value, La. the CIELab colorimetric valus.

A second iteration may be performed if the ink dispensing rale exceeds
the tolerance and its position is at one of the edges. The acquired images are
further provided to onsite processor 140, which applies grayscale feature 124A

and color-scaie feature 124B to correct the image for distortions due shadows,
47~
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fllumination, and the like. A description of an exemplary implementation of this

technique is described in greater detail below with respect o Figures 5.

The above steps are repeated, adjusting the candidate ink dispensing
rates for performing the onsite maximizing stage for dyeing machine 102 at each
repefition until the onsite effective maximum colorimetric value of the dyed
threads match the factory effective maximum celorimetric value associaied with
dyeing machine 102, calculated above with respect o Figure 1A. In one
embodiment, onsite processor 140 adjusis the ink dispensing rales for dyeing
machineg 102 automatically, by communicating an electromagnetic conirol signal
to dyeing machine 102 via fransceiver 146. In another embodiment, onsite
processor 140 adjusts the ink dispensing rates for dyeing machine 102 by
indicating a control setling for dyeing machine 102 {o a user via a user interface
148. iIn this case, the user adjusts dyeing machine 102 according fo the

indicated control setting.

Onsite processor 140 delermines multiple ink dispensing rates for
performing the onsile linearizing stage based on the determined onsite effective
maximum ink dispensing rate determined above. For example, onsite processor
140 may divide the range between 0 and the onsite effective maximum ink
dispensing rate for each color channel into n even intervals, where n may vary
depending on the color channel. Alternatively, onsite processor 140 may divide
the range betwsen 0 and the onsite effective maximum ink dispensing raie for
each color channel into N intervals, the size of which depend on the colorimetric
response of thread 132 to dyeing by dyeing machine 102 at the respective ink

dispensing rate.

As described above with respect to Figures 1A and curve 300 of Figure 3,
onsite processor 140 calculates the onsite linear ink dispensing rate versus color
correspondence as a linear relationship between the onsile ink dispensing rales,
DR, and the corresponding colorimetric ClELab value Fuonsire(DR). Onsiie
processor 140 calculates the linear relationship between the mulliple onsite ink
dispensing rales for the onsite linearizing slage delermined above and

respective colorimetric values.

-1 8-~
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For each color channel, dyeing machine 102 dyes portions of thread 132
according fo the mulliple ink dispensing rates determined for the onsile
linearizing stage, similar the technique described above with respect to figure
2C. For example, with reference to Figure 2C, row 262D indicates mulliple
threads dyed cyan at ink dispensing rates ranging from zero to a maximum, or
near maximum (95%) effeclive ink dispensing rate for cyan; row 262E indicates
multiple threads dyed magenta at ink dispensing rates ranging from zero to a
maximum or near maximum (96%) effective ink dispensing rate for magents;
and row 256F indicates multiple threads dyed vellow at ink dispensing rales
ranging from zero to a maximum or near maximum (95%) effective ink

dispensing rate for yeliow.

Referring back to Figure 1B, for each color channel, the threads dyed at
the ink dispensing rates determined for the onsite linearizing stage are wound or
embroidered accordingly, and placed on onsite linearization calibration card 126,
indicated as features 132D, 132E, and 132F. The dved threads may be
positioned according o the respective onsite linearizing ink dispensing rates, i.e.
from 0% ink dispensing rate to 100% ink dispensing rate. For exampls, with
reference to Figure 20, linearization calibration card 256 is shown disposed with
multiple cyan threads, dved according to varying ink dispensing rates, from a
minimal ink dispensing rate (256Cuw) fo maximum ink dispensing rate
(256Cuax). As another example, with reference to Figure 2F, linearizing
dispensing calibration card 262 is shown disposed with multiple cyan, magenta,
and vyellow threads, dyed according to varying ink dispensing rates, from a
minimal ink dispensing rate (262Cuin-c, 262Cun-m, 2820wy} to masimum ink
dispensing rate (262Cnwax, 262Cuaxn, 262Cuaxy). In one embodiment,
linearization calibration card 256 of Figure 2D is representative of onsite
linearization calibration card 126. In another embodiment, linearizing dispensing
calibration card 262 of Figure 2F is representative of onsile linearization

calibration card 126.

Referring back to Figure 1B, optical detector 144 acquires images of
factory linearization calibration card 126 with the wound threads 1320, 132k,

and 132F dyed according to the ink dispensing rates determined for the onsite
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linearizing stage. Onsile processor 140 analyzes the acquired images to
determine corresponding colorimelric Lab values for wound threads, 132D,
132E, and 132F, such according to the technique described below with respect
to Figures 5-6. In one embodiment, each color channel is acquired by optical
detector 144 separately. For each color channel, the colorimetric ClELab values
of the N dyed threads are acquired accordingly, to get (DR, ClELaby), i=1,.. N,
Optionally, sach measurement per dyed sample may be acquired multiple imes
and at different orientation angles, and the respective colorimetric values for
each of the dyed samples may be determined by interpolaling or averaging over
muliiple measurements respective of orientation. Onsite processor 140 builds a
curve by interpolating the measurements obtained from oplical detector 144,
resufting in an  onsite non-linear ink dispensing rate versus color
correspondence, Lab= fournveonare{DR). Onsite processor 140 maps the onsite
linear ink dispensing rate versus color correspondence, fnonsite{DR), to the
onsite non-linear ink dispensing rate versus color correspondence, using the
inverse of the onsiie linear ink dispensing raie versus color correspondence
calculated above: i.e. DRinvonsTe™ f"{!;abu,\;). Onsite processor 140 uses the
linearizing function DR— DR w.onsite 1o determine a linearizing ink dispensing

rate DR for a desired colorimetric value.

Reference is now made o Figure 2B which is a schematic llustration of
an exemplary implementation for maximizing calibration card 254, construcled
and operative in accordance with an embodiment of the disclosed technique.
Maximizing calibration card 254 includes a ceniral portion 254C configured for
placing multiple wound portions of dyed threads, such as threads 132A, 1328
and 132C dyed in the onsite calibration phase. In one embodiment, the mulliple
dved threads may be placed along central column 254C: Le. by veriically
aligning multiple threads dyed cyan, magenta, and vellow at the ink dispensing
rates determined for any of the factory or onsite maximizing stage. For example
three dved samiples for each color channel may be positioned along central
column 254C. Additional or alternative ink sets corresponding to alternative color
channels may be used. In another embodiment, the threads dyed for the
maximizing stage for esach color channel may be placed on maximizing
calibration card 254, and analyzed separalely. On either side of central portion

-2~
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254C are mulliple grayscale features 254A, arranged as columns 254A4.. 25444
and mulliple color-scale features 2548, arranged as columns 2548y, 254By,
254Bc., 254Bv,, 254Bu.,, 254Bqgand organized in an interleaving, and
conirasting manner according to lighter to darker color and grayscale gradients.
in one embodiment, grayscaie features 254A,.. 25444 and color-scale features
2548y, 254Bu, 254Bcs, 254Bv:, 254Bnz, 254Bc; correspond to grayscale
features 124A and color-scale features 1248 of onsite maximum calibration card
124 of Figure 1B. Grayscale columns 254A4, 2544, 2544, are interleaved with
color-scale columns 2548y, 2548y, 2548¢, and arranged in opposing order of
light-to-dark gradient on one side of central column 254C, and grayscale
columng 25444, 254As, and 254A; are interleaved with color-scale columns
2548y, 2548wy, and 254B¢, and arranged in opposing order of light-to-dark
gradient on the other side of central column 254C. Maximizing calibration card
254 additionally includes mulliple fiducials 254D, 254D,, 254D;, 254Dy, and
which may be used {o identify properties of maximum calibration card 254,
accordingly, such as priniing batch, paper type and the like. It may be noted thal
the implementation for maximizing calibration card 254 is nol meant to be
limiting, and other implementations may be used. For example, additional or
different color scale features may be printed onto maximizing calibration card
254, relating o a different color ink set for dveing machine 102. Alternatively,
additional or fewer grayscale features 254A may be printed on maximizing
calibration card 254, and the arrangement of grayscale features 254A and color

scale features 254B on maximizing calibration card 254 may vary.

Reference is now made to Figure 2D which is a schematic illustration of
an exemplary linearizing calibration card 256, constructed and operative in
accordance with an embodiment of the disclosed technique. In one embodiment,
linearizing calibration card 256 is substantially similar to maximizing calibration
card 254. In one embodiment, onsife linearizing calibration card 126 of Figure
18 is represented by linearizing calibration card 258. Linearizing calibration card
256 includes an area, i.e. central portion 256C configured for placing mullipie
wound portions of dyed threads 132D, 132k and 132F dyed according to the
multiple onsite linearizing ink dispensing rates for the onsile calibration phase of

Figure 1B. In one embodiment, the dyed threads (i.e. shown in cyan) may be
21~
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aligned along central column 256C from the lightest shade (256Cyn) to the
darkest shade (256Cyax), corresponding 1o the minimal ink dispensing rate and
the maximum ink dispensing rate, respectively. In another embodiment, the
threads dyed for the maximizing stage for each color channel may be placed on

maximizing calibration card 254, and analyzed separately.

On either side of central portion 254C are multiple grayscale features,
arranged as columns 2Z58A and mulliple color-scale features arranged as
columns 256B and organized in an interleaving, and contrasting manner
according to lighter {o darker color and grayscale gradienis. In one embodiment,
grayscale feaiures 256A and color-scale features 256B correspond to grayscale
features 126A and color-scale features 1248 of onsile linearizing calibration
card 126 of Figure 1B. Grayscale fealures 256A include six grayscale columns
256A4, 286A,, 2B6A;, 256A4, 256As, and 256Ag. Color-scale features 256B
include six color-scale colunins 2568y, 2568w+, 2568, 256By., 2568, and
256B¢;. Grayscale columns 256A4, 256A,, 256A; are interleaved with color-
scale columns 2568y, 2568y, 256B¢, and arranged in opposing order of light-
to-dark gradient on one side of central column 256C, and grayscale columns
25647y, 256As5, and 256Ag are interleaved with color-scale columns 2568y,
2588w, and 256B¢; and arranged in opposing order of light-to-dark gradient on
the other side of central column 256C. Linearizing calibration card 256
additionally includes multiple fiducials 25684, 258D, 256D, 2560., and which

may be used to identify linearizing calibration card 256, accordingly.

Reference is now made fo Figure 2E, which is a schematic llustration of
an exemplary maximum dispensing calibration card, generally referenced 260,
construcied and operative in accordance with another embodiment of the
disclosed technigue. Maximum dispensing calibration card 260 may be used for
determining the onsite effective maximal ink dispensing rate in conjunction with
the system of Figure 1B. The background of maximum dispensing calibration
card 260 presents at least one grayscale stripe, shown in Figure 2E as two
grayscale stripes 260A and 2608, spanning the width of maximum dispensing
calibration card 260 in opposing grayscale gradients. Overlaid on grayscale

stripes 260A and 260B, and placed on an area, such as a ceniral area of
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maximum dispensing calibration card 260 are threads 260C,, 260C,, 260C;,
260M,, 260M,, 260M;, and 260Y,, 260Y,, 260Y; dyed according to three
respective different maximal ink dispensing rates for the color channels, cyan,

magenta, and yellow.

Reference is how made o Figure 2F, which is a schematic Hiustration of
an exemplary lingarizing dispensing calibration card, generally referenced 262,
constructed and operative in accordance with another embodiment of the
disclosed technique. Lingarizing dispensing calibration card 262 may be used (o
perform the onsite linearizing siage, in conjunction with the system of Figure 1B.
The background of linearizing dispensing calibration card 262 presenis at leasi
one grayscale stipe, shown in Figure 2F as two grayscale stripes 262A and
2628, spanning the width of linearizing dispensing calibration card 262 in
opposing grayscale gradients, Le. the direction of the gradient of the two stripes
is opposite such that the lightest and darkest gray shades of the two siripes are
in alignment. Overlaid on grayscale siripes 262A and 2628, and placed on an
area, such as a central area of linearizing dispensing calibration card 262 are
threads 262uinc, 262uinem , 202miny ... 282maxc, 262maxm, 262maxy, dyed
according o the varying ink dispensing rates, from minimal fo maximal ink
dispensing rates for the three respective color channels, cyan, magenta, and
yellow. Dislortions fo the acquired color intensity of the threads due to
fllumination are comrected using the variable grayscales, by positioning the
differently died threads against multiple grayscale stipes having conirasting
grayscale gradienis from dark to light, and light to dark.

A description of a method for calibrating a dyesing machine now
follows. Reference is now made to Figures 4A-4B, which together are schematic
fliustrations of a two-phase calibration method for a dyeing machine, in
accordance with an embodiment of the disclosed technique. Figure 4A
describes the factory calibration phase for the dyeing machine, and Figure 4B
described the onsite calibration phase for the dyeing machine.

Typically, the factory calibration phase is performed prior to the onsiie
calibration phase however this is not intended to be limiting. Each calibration
phase includes two stages. The factory calibration phase inciudes a faclory
maximizing stage and a factory linearizing stage. The onsite calibration phase

33
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includes an onsile maximizing stage and an onsite linearizing stage. In the
factory maximizing stage and the onsite maximizing stage, an effeclive
maximum ink dispensing rate corresponding to a target maximum colorimetric
value for a dyed substrate is determined. In the factory linearizing stage and the
onsie linearizing stage, a linearized mapping is determined between a range of
ink dispensing rates and corresponding colorimelric values of substrates dyed
accordingly. The term “maximizing substrate” relates to those substrates dyed
for the purpose of determining the effective maximum ink dispensing rate. The
term “lingarizing substrate” relates to those substrates dved for purpose of
determining the linearized mapping. Thus, the “maximizing subsirate” and
Yinearizing substrate” may be different ssgments of the same spool of thread,
having the same underlying physical characteristics, but dyed differently for the
different stages of each calibration phase.

Reference is now made o Figure 4A which is a schematic Hlustration
of a method for a factory calibration phase for the dyeing machine, construcled
and operative in accordance with an embodiment of the disclosed technique.
The factory calibration phase may be performed prior {0 the onsite calibration
phase in order to determine the factory sffective maximum dispensing rate
corresponding fo an effective maximum colorimetric value for the dyeing
machine. The faclory eflfective maximum colorimelric value may be
subsequently provided onsile for performing the onsile calibration either by
storing the value with the dyeing machine, printing the value on the onsile
maximizing calibration card, or by otherwise communicating the value onsite.

in procedure 400, for each of the multiple ink channels, a maximizing
stage is performed to determine an effective maximum ink dispensing rate
corresponding io an effective maximum colorimetric value for the dyeing
machine. With reference o Figure 1A, faclory processor 110 performs the
factory maximizing stage on dyeing machine 102 to determine a factory effective
maximum ink dispensing rale corresponding to an effective maximum
colorimetric value for dyeing machine 102.

in procedure 402, for each of the multipie ink channels, the substrates
are dyed according to mulliple ink dispensing rates for performing the

maximizing stage. With reference {o Figure 1A, thread 112 is dyed according to

D
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multiple ink dispensing rates for performing the factory maximizing stage for
dyeing machine 102,

in procedure 404, multiple factory maximum colorimetric values
corresponding to the dved substrates are measured by a spectrophotometesr.
With reference to Figure 1A, dyeing machine 102 dyes mulliple segments of
thread 112 multiple colors according fo mulliple ink dispensing rales for
performing the faciory maximizing stage. Spectrophotometer 108 acquires
multiple factory maximum colorimetric values respective of the multiple
segmenis of thread 112 that were dyed according to the multiple ink dispensing
rates for performing the faciory maximizing stage. Additional thread iypes may
be similarly dyed by dyeing machine 102 and subsequently measured by
spectrophoiometer 108.

in procedure 406, the multiple factory maximum colorimetric values
are interpolated with the ink dispensing raies for performing the factory
maximizing stage. With reference fo Figure 1A, factory processor 110
interpolates the factory maximum colorimetric values with the ink dispensing
rates for performing the factory maximizing stage for dyeing machineg 102.

In procedure 408, mulliple ink dispensing rates for performing the
factory linearizing stage are determined based on the factory effective maximum
ink dispensing rate of the dyeing machine. With reference to Figure 1A, factory
processor 110 determines mulliple ink dispensing rates Tor performing the
linearizing stage for dyeing machine 102 by dividing the faclory effeclive
maximum ink dispensing raie inlo muitiple dispensing intervals.

in procedure 410, a factory linear ink dispensing rate versus color
correspondence is calculated between the multiple ink dispensing rates for
performing the factory linearizing stage and respective colorimetric values. With
reference o Figure 1A, factory processor 110 determines: i} the factory effective
maximum ink dispensing rate, i) multiple ink dispensing rates for performing the
factory linsarizing stage based on the factory effective maximum ink dispensing
rate, and iil} calculates a factory linear ink dispensing rale versus color
correspondence. An illustration of the linear correspondence is depicted by

linear curve 300 of Figure 3.
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in procedure 412, mulliple substrates are dyed according to the ink
dispensing rates calibrated for the factory linearizing slage. With reference 1o
Figure 1A, dyeing machine 102 dyes mulliple segments of thread 112 according
to the ink dispensing rates determined for performing the factory linearizing
stage.

in procedure 414, multiple factory linearizing colorimetric values of
the multiple dyed factory linearizing substrates are acquired. With references to
Figure 1A, specirophotometer 108 delects the colorimetric values of the
respective multiple segmenis of thread 112 dyed according to the ink dispensing
rates determined for performing the factory linearizing stage.

In procedure 416, a factory non-linear ink dispensing rate versus
color correspondence is interpolated based on the multiple factory linearizing
colorimeiric values and the multiple ink dispensing rales calibraled for the
factory linearizing stage. With reference to Figure 1A, factory processor 110
interpolates  a faciory nonHinear  ink  dispensing  rale  versus  color
correspondence based on the factory linearizing colorimeiric values acquired by
specirophotometer 108, An illustration of the non-linear correspondence is
depicted by non-linear curve 302 of Figure 3.

in procedure 418, the factory linear ink dispensing rale versus color
correspondsnce is mapped to the factory non-linear ink dispensing rate versus
color correspondence, thereby calibrating the dyeing machine in a factory
phase. With reference to Figure 1A, factory processor 110 interpolates a factory
non-linear ink dispensing rate versus color correspondence based on the
muliiple Tactory linearizing colorimetric values and the multiple factory linearizing
ink dispensing rates, and maps the linear ink dispensing rate versus color
correspondence  fo  the non-linear ink dispensing rate versus color
correspondence. In this manner, factory processor 110 performs a factory
calibration for dyeing machine 102. The above steps are repeated for gach ink
color channel of dyeing machine 102, and for each substrate type. An illustration
of the mapping between the linear and non-linear correspondences is depicted
by mapping 304 of Figure 3, mapping linear curve 300 to non-linear curve 302,

Thus determined, the effective maximal ink dispensing rates;

nonlinear and linear values for the different ink dispensing rates; and optionally
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ink concentrations per thread type are stored for sach color channel for
subsequent use, such as for the onsite calibrations. In one embodiment, these
values are siored together with additional machine paramelers inside a memory
store (not shown) provided with dyeing machine 102. In another embodiment,
the values are siored in a centralized database {not shown) that is accessibie
via a network, such that the vaiues may be obtained for the onsite calibration
phase by querying the database with a unigue identifier for dyeing machine 102.

Reference is now made to Figure 4B which is a schematic illustration
of a method for an onsite calibration phase for the dveing machine, in
accordance with an embodiment of the disclosed tfechnique. The onsite
calibration phase is typically performed after to the factory calibration phase,
using the factory effective maximum colorimetric value as a reference. The
factory effective maximum colorimetric value may be provided for the onsite
calibration phase either by printing the value on the onsite maximizing
calibration card, or by providing the value using electromagnetic or optical
communications.

in procedure 420, for each of mulliple ink channels and each thread
type, mulliple substrates are dyed according o multiple ink dispensing rates
calibrated for performing the onsite maximizing stage. With reference to Figure
1B and Figure 2B, dyeing machine 102 dyes multiple segments of thread 132
multiple colors according to mulliple ink dispensing rates calibrated for
performing the onsile maximizing stage. The muitiple dyed segments of thread
132 are positioned on onsite maximizing calibration card 124, corresponding fo
maximizing calibration card 254,

In procedures 422, the multiple ink dispensing rates determined for
performing the onsile maximizing stage for the dyeing machine are adjusted
until a colorimetric value of the respectively dved mulliple substrales matches a
faciory effective maximum colorimetric value associated with the dyeing
machine. in one embodiment, muitiple colorimetric values are acguired
respective of the multiple dyed substrates and an onsite maximizing calibration
card. The onsite effective maximum colorimetric value of the multiple dyed
substrates is determined by interpolating the muiltiple acquired colorimedtric

values with the mulliple ink dispensing rates delermined for performing the
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onsite maximizing stage. With reference to Figure 1B, oplical deleclor 144 of
mobile device 142 captures one or more images of the multiple dyed segments
of thread 132 positioned on onsite maximizing calibration card 124. Mobile
device 142 detects the colorimetric values of the multiple dyed segments of
thread 132, as described in greater detail below with respect to Figure 5. Mobile
device 142 determines an adjustment parameter for dyeing machine 102 unti
the onsite effective maximum colorimetric value of the multiple dyed substrates
132 maiches a faciory effective maximum colorimetric value associated with the
dyeing machine 102,

in procedure 424, an onsite effective maximum ink dispensing raie is
determined according fo the maiched onsite sffective maximum colorimetric
value. With reference to Figure 1B, mobile device 142 determines the onsite
effective maximum ink dispensing rale according o the matched onsite effective
maximum colorimetric value

in procedure 426, mulliple ink dispensing rates for performing an
onsite linearizing stage are delermined based on the onsite effective maximum
ink dispensing rate. With reference o Figure 18, mobile device 142 determines
multiple ink dispensing rates for performing the onsite linearizing stage by
dividing the onsite effective maximum ink dispensing rale into intervals.

in procedure 428, an onsite linear ink dispensing rate versus color
correspondence is calculated beiween the multiple ink dispensing rates
calibrated for performing the onsile linearizing stage and the corresponding
colorimetric values. With reference to Figure 1B, onsite processor 140 i)
determines the onsite effective maximum ink dispensing rate, i) delermines
multiple ink dispensing rates calibrated for performing the onsite linearizing
stage based on the onsite effeclive maximum ink dispensing rate, and iii)
calculaies an onsife linear ink dispensing rafe versus color corrgspondence An
iflustration of the linear correspondence is depicted by linear curve 300 of Figure
3.

in procedure 430, mulliple substrates are dyed according fo the
muliiple ink dispensing rates determined for performing the onsite linearizing

stage. With reference io Figure 1B, dyeing machine 102 dyes multiple segmenis
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of thread 132 according fo the multiple ink dispensing rates calibrated for
performing the onsite linearizing stage.

in procedure 432, mulliple colorimetric values of the muliiple dyed
linearizing substrates are acquired with respect to a linearizing onsite calibration
card. With reference o Figure 1B and Figure 2D, the multiple segments of
thread 132 dyed according to the multiple ink dispensing rates determined for
performing the onsite linearizing stage are positioned on onsite linearization
calibration card 126. Mobile device 142 captures an image of the mulliple dved
segmenis of thread 132 positioned on onsite linearization calibration card 126.
Mobile device 142 analyzes the image, such as described in greater detail below
with respect to Figure 5, to detect the colorimetric values of the respective dyed
multiple segmenis of thread 132. Although Figure 2D iliustrales onsite
linearization calibration card 128 disposed with multiple threads dyed 10 varying
intensities of cyan, corresponding o the different ink dispensing rates, it is {o be
understocd that the above sieps are repaated for sach color channel for the Ink
set of dyeing machine 102. In this case, the process is repeaied for magenia
and vyeliow or any other color inks used. Furthermore, onsite linearization
calibration card 126 is shown disposed with nine dyed threads per color
channei, this is meant to be illustrative only, and fewer or more dyed samples
may be measured.

in procedure 434, an onsite non-linear ink dispensing rate versus
color correspondence is interpolated based on the muiltiple onsite linearizing
colorimetric values and the mulliple ink dispensing rates determined for
performing the onsile linearizing stage. With reference to Figure 1B, onsile
processor 140 interpolates a non-linear comrespondence between the mulliple
onsite linearizing colorimetric values and the muitiple ink dispensing rales
determined for performing the onsite linearizing stage. An illustration of the non-
linear correspondence is depicted by non-lingar curve 302 of Figure 3.

in procedure 438, the onsite linsar ink dispensing rate versus color
correspondence is mapped to the onsite non-linear ink dispensing rate versus
color correspondence. With reference to Figure 1B, onsite processor 140
interpolates  an  onsite non-lingar ink dispensing rate versus color

correspondence based on the multiple onsite linearizing colorimetric values and
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the mulliple onsite linearizing ink dispensing rates, and maps the linear ink
dispensing rate versus color correspondence to the non-linear ink dispensing
rate versus color correspondence. An iliustration of the mapping between the
linear and non-linear correspondences is depicted by mapping 304 of Figure 3,
mapping linear curve 300 to non-linear curve 302. in this manner, onsite
processor 140 performs an onsite calibration for dyeing machine 102,

Reference is now made to Figure 4C which is a schematic illustration
of a method for calibrating a dyeing machine, constructed and operative in
accordance with ancther embodiment of the disclosed technigque.

in procedure 440, for each of multiple ink channels for a dysing
machine, a maximizing stage is performed {o determine an effective maximum
ink dispensing rate corresponding {o an effective maximum colorimetric value for
the dyeing machine. A more detailed description of a method for performing the
maximizing stage is given below with respect to Figure 4D. Procedure 440 is
performed for each of the factory calibration phase and the onsite calibration
phase. With reference to Figure 1A, factory processor 110 performs the factory
maximizing stage on dyeing maching 102 fo determine a factory effective
maximum ink dispensing rate corresponding to an effective maximum
colorimetric value for the dyeing machine. With reference to Figure 1B, onsite
processor 140 performs the onsite maximizing stage on dyeing machine 102 to
determine an onsite effective maximum ink dispensing rate corresponding {o the
effective maximum colorimetric value for the dyeing machine.

in procedure 442 a linsarizing stage is performed. A more detailed
description of a method for performing the linearizing stage is given below with
respect to Figure 4E.. Procedure 442 is performed for each of the factory
calibration phase and the onsite calibration phase. With reference to Figure 1A,
factory processor 110 performs the factory linearizing stage on dyeing machine
102. With reference o Figure 1B, onsite processor 140 performs the factory
linearizing stage on dyeing machine 102.

Reference is now made to Figure 4D which is a schematic illustration
of a method for performing the maximizing stage described in procedure 440

above, constructed and operative in accordance with another embodiment of the
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disclosed technique. The method of Figure 4D may be performed at any of the
factory calibration phase and the onsite calibration phase.

in procedure 444, for each of the multiple ink channels for the dyeing
machine, substrates are dyed according o mulliple ink dispensing rates for
performing the maximizing stage. With reference to Figure 1A, thread 112 is
dved according fo mulliple ink dispensing rales for performing the factory
maximizing stage for dyeing machine 102. With reference fo Figure 1B, thread
132 is dyed according to multiple ink dispensing rates for performing the onsile
maximizing stage for dyeing machine 102.

in procedure 446, the color values of the subsirates dyed in
procedure 442 are acquired with respect to a maximizing calibration card. The
color values comresponds fo either colorimetric values acquired by 3
spectrophotometer, or allernatively the color values may be RGB values
acquired with a camera. When the acquired color values are RGB values, Le. as
obtained by & standard camera, the colorimetric values corresponding o the
RGB values may be obtained by applying the method described hereinbelow
with respect to Figures 5 and 6. These corresponding colorimstric values may
be used as the color values for any of the onsite maximization or onsite
linearization stages described herein with respect to Figures 4A-4E. With
reference to Figure 1A, specirophotometer 108 acquires the colorimetric values
of thread 112 dyed by dyeing maching102 according to step 442 with respect to
factory maximizing calibration card 104. With reference to Figure 1B, optical
detector 144 acquires the color values of thread 132 dyed by dyeing
maching102 according 1o step 442 with respect {0 onsite maximizing calibration
card 124.

in procedure 448 the muiltiple ink dispensing rates for performing the
maximizing stage are adjusted until a color value of the dyed subsirates
matches the effective maximum colorimetric value for the dyeing machine. In
some embodiments, determining the effective maximum ink dispensing rate for
the dyeing machine comprises interpolating mulliple maximum ink dispensing
rates and multiple maximum color values of mulliple respectively dyed
substrates. With reference to Figure 1A, factory processor 110 adjusts the ink
dispensing rates for performing the maximizing stage on dyeing machine 102

21
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until the factory effective maximum ink dispensing rale meets a preset tolerance
for dyeing machine 102. The colorimetric value corresponding io the faciory
effective maximum ink dispensing rale is the effective maximum colorimeiric
value for dyeing machine 102. With reference to Figure 1B, onsile processor
140 adjusts the ink dispensing rates for performing the onsite maximizing stage
on dyeing machine 102 untit a color value of thread 132 malches the effective
maximum colorimetric value for dyeing machine 102.

Reference is now made to Figure 4k which is a schematic illustration
of a method for performing the linearizing stage described in procedure 442
above, construcied and operative in accordance with another embodiment of the
disclosed technique.

In procedure 450, for each of the muiliple ink channels of the dyeing
machine, multiple ink dispensing rates for performing the linearizing stage are
determined by dividing the effective maximum ink dispensing rate into multiple
intervals. With reference io Figure 1A, factory processor 110 determines multiple
ink dispensing rates for performing the factory linearizing stage on dyeing
machineg 102 by dividing the effective maximum ink dispensing rate into mulliple
intervals. With reference to Figure 18, onsite processor 140 determines mulliple
ink dispensing rates for performing the factory linearizing stage on dyeing
machine 102 by dividing the effective maximum ink dispensing raie inio multiple
intervals.

in procedure 452 a linear correspondence between the multiple ink
dispensing rates and multiple measured colorimetric values is calculated. With
reference o Figure 1A, faclory processor 110 calculates a linear
correspondence between the multiple ink dispensing rates and multiple
colorimetric values. With reference {o Figure 1B, onsite processor 140 calculates
a linear correspondence between the multiple ink dispensing rates and multiple
colorimetric values. An exemplary Hllustration of the linear correspondence is
presented by linear curve 300 of Figure 3.

in procedure 454, a first set of subsirates is dyed according to the
muliiple ink dispensing rates. With reference to Figure 1A, thread 112 is dyed by
dyeing machine 102 according fo the mulliple ink dispensing raies calculated in

procedure 450. With reference to Figure 1B, thread 132 is dyed by dyeing
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machine 102 according to the multiple ink dispensing rates calculated in
procedure 450.

in procedure 456, color values of the dyed first set of subsirates are
acquired. The color values corresponds to either colorimetric values acquired by
a spectrophotometer, or allernalively the color values may be RGB values
acquirad with a camera. When the acquired color values are RGB values, i.e. as
obtained by a standard camera, the colorimetric values corresponding o the
RGB values may be oblained by applying the method described hereinbeiow
with respect to Figures 5 and 6. These corresponding colorimetric values may
be used as the color values for any of the onsite maximization or onsite
linearization stages described herein with respect to Figures 4A-4E. With
reference o Figure 1A, spectrophotometer 108 acquires colorimetric values of
thread 112 dyed according fo procedure 454, With reference to Figure 1B,
optical detector 144 acquires color values of thread 132 dyed according o
procedure 454.

in procedure 458, a non-linear correspondence is built between the
muiiiple ink dispensing rates and the acquired color values. With reference o
Figure 1A, factory processor 110 builds a non-linear correspondence between
the muliiple ink dispensing rates determined in step 450 and the colorimetric
values acquired in step 456. With reference o Figure 18, onsite processor 140
builds a non-linear correspondence between the multiple ink dispensing rates
determined in procedure 450 and the color values acquired in procedure 456.
An exemplary illustration of the linear correspondence is presenied by non-linear
curve 302 of Figure 3.

In procedure 460, the linear correspondence is mapped to the non-
linear correspondence. With reference to Figure 1A, factory processor 110 maps
the linear correspondence calculated in procedurs 452 {o the non-linear
correspondence built in procedure 458, With reference to Figure 1A, onsite
processor 140 maps the linear correspondence calculated in procedure 452 o
the non-linear correspondence built in procedure 458. An exemplary illustration
of the mapping between the linear correspondence and the non-linear
correspondence is presentad by mapping 304 of Figure 3 which maps linear

curve 300 to non-linear curve 302.
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In one embodiment, one or more of the above steps are implemented
as a computer program product, i.e. a software application, configured with
moebile device 142, The instructions of the software application may be stored in
memory 150 and executed by at least one processor, i.e. onsite processor 140,
factory processor 110, and additional processors, such as cloud processors. On
executing the software application, the al least one processor executes the
following steps for each of multiple ink channels of dyeing machine 102:

=  Perform a maximizing stage o determine an effective maximum ink
dispensing rale coresponding to the effective maximum colorimetric
value for dyeing machine 102.
= Perform a linearizing stage for dyeing machine 102,
The linearizing stage for dyeing machine includes the following steps:
= delermine mulliple ink dispensing rales for performing said
lingarizing stage by dividing said effective maximum ink dispensing
rate into multiple intervals,

= calculale from said effective maximum colorimsiric value, g linear

correspondence between said multiple ink dispensing rates and
multiple calculated colorimetric values,

= obtain color values of a first set of subsirates dyed according to

said mulliple ink dispensing rafes,

= inferpolate a non-linear correspondence between said muitiple ink

dispensing rates and said acquired color values, and

= Map said linear correspondence to said  non-linear

cotrespondence.

Reference is now made fo Figure 5 which is schematic illustration of a
color detection systermn 500 for a dyeing machine, constructed and operative in
accordance with another embodiment of the disclosed technique. Figure 5
ilusirates system 500 including a card 502, a sample 504, a mobile device 506,
a storage device 508, a server 510, a network 5386, and a dyeing machine 512.
in one embodiment, dyeing machine 512 is a thread dyeing machine,
corresponding to thread dyeing machine 102 of Figures 1A-1B. Mobile device
508 is equipped at least with & camera 522, a processing unit 520 (not shown)

and a fransceiver 528. Mobile device 506 may correspond o mobile device 142

R
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of Figure 1B. Server 510 is equipped at least with a processing unit 530 (not
shown) and a transceiver 534. Card 502 has printed thereon at least a color
chart 514, fiducials 516A, 5168, and 516C, card identifier 518, and optionally, at
least one grayscale stripe, indicated as mulliple grayscale stripes 540A, 5408,
540C, and 5400. Sample 504 may correspond o any of the dyed segments of
thread 112 of Figure 1A or thread 132 of Figure 1B. The operation and
componentry of mobile device 506 and server 510 may be represenied by
respective mobile device 142 of Figure 1B, and factory processor 110 of Figure
1A

The technique described below may be used in conjunction with the
calibration technique described above, by replacing card 502 with any of card
254 of Figure 2B, 256 of Figure 2D, or card 262 of Figure 2F, any of which may
corresponding to cards 104, 106 of Figure 1A, and cards 124, 126 of Figure 18.
Thus, color chart 514 may correspond to any of color-scale features 2548 of
Figure 2B, or color-scale fealures 2568 of Figure 2D, and grayscale stripes
540A, 5408, 540C, and 540D may correspond o any of grayscale fealures
254A of Figure 2B and 256A of Figure 2D.

Mobile device 506 and server 510 are provided with respective
processing units 520 and 530, memories 526 and 532, and transceiver 528, and
534. Processing unit 520 may correspond {o onsile processor 140 of Figure 1B,
and processing unit 530 may correspond to factory processor 110 of Figure 1A.
Mobile device 506 is additionally provided with a user interface 524 and camera
522, corresponding fo Ul 148 and camera 144 of Figure 1C. Mobile device 506
and server 510 are operative io communicate with sach other via respective
transceivers 528 and 534 and network 536. Each of processing units 520 and
530 of respeciive mobile device 506 and server 510 are operative o siore one
or more program code instructions and data, such as images and processed
images, in memories 526 and 532.

Mobile device 506 is communicatively coupled to server 510 via
network 536 that may include any combination of a public network such as the
internet, as well as private, local and remote networks. Server 510 is in
communication with storage device 508, and with dyeing machine 512 via

transceiver 534. Optionally, server 510 communicates with dyeing machine 512
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via network 536. Mobile device 406 is positioned within visible range of card 502
and a sample 504. Sample 504 may a dyed and wound thread segment, such
as described above with respect to thread 112 of Figure 1A, or thread 132 of
Figure 1B. Sample 404 is placed adjacent to, or on card 402, in proximity to
color chart 414 and grayscale siripes 440C and 440D.

Camera 522 acquires an image of sample 504 positioned thus, flush
against color chart 514 of card 502. The disclosed technigue imposes no special
fllumination requirements for acquiring the image by camera 522 for the purpose
of detecting the color of sample 504. Mobile device 500 sfores the acquired
image in memory 526 of mobile device 506, where the acquired image is
defined as color pixel values (Ruye, Gus Bumg) in an RGB color space.
Processing unit 420 deleclts the pixel representation of color chart 514,
(Reeo Geer Bee), grayscale stripes 5404, 5408, 540C, and
540D, (Res, Ges, Bgs), and  the pixel represeniation of sample 504,
{(Rs, Gs, Bg),in the acquired image pixels (Riye,  Gimer  Bime), such as by
detecting the pixel representation of fiducials 516A, 516B, and 516C. Processing
unit 520 of mobile device 506 applies one or more pre-processing procedures o
the above detected pixel reprasentations of the respective features of card 502:

Processing unit 520 of mobile device 506 crops the pixel
representation of color chart 514, (Ree, Geo,  Bec), grayscale stripes 5404,
540B, 540C, and 540D, (Rgs, Ggsr Fgs), and sample 504, (Rs, Go  Bs)
from the acquired image pixels (Riye,  Grmies Brug)-

Processing unit 520 of mobile device 506 rectifies the cropped pixel
reprasentation of color chart 514, grayscale stripes 5404, 5408, 540C, and
540D and sample 504, such as such as by applying an affine transformation to
correct for distortion due o the angle of camera 522 with respect to card 502
and sample 504.

in another embodiment, to correct the pixel representation of color
chart 514, processing unit 520 of mobile device 506 determines a box defining
gach pixel representation of each color square (i, /) of color chart 514, where
the size of the box is a funclion of the resolution of the acguired image. For each

color square €, (i, /), processing unit 520 of mobile device 506 determines the
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average RGB value for the pixels within the defined box, while omilting pixels
situated at the border between any adjacent color squares € (i, j}. Processing
unit 520 of mobile device 506 assigns each respeciive pixel of each color square
€, (i, j) the average RGB value. Similarly, processing unit 520 of mobile device
506 determines the average pixel value for the pixel representation of sample
504, while omitting pixels situated at the border between sample 504 and color
chart 514 from the average value. Processing unit 520 of mobile device 506
assigns the average value {o the pixels of the pixel representation of sample
504. While computing the average RGEB value of sample 504, processing unit
520 of mobile device 506 may assess the distortion due to shadows inherent in
the pixel representation of sample 504. if the distortion due to shadows is within
a predefined threshold, processing unit 520 of mobile device 506 displays the
rectified, cropped pixel representation of color chart 514 at Ul 520 of mobile
device 506. Otherwise, if the distortion due to shadows crosses the predefined
threshold, processing unit 520 of mobile device 106 may alert the user of mobile
device 506 to acquire another image. The resulling pre-processed pixel

reprasentations of color chart 514, grayscale siripes 5404, 5408, 540C, and

5400, and sample 5034 are denoted as
npreProc ApTEPTOC L prefroc PYEFros  poProc preProcs ppreProc oPTERTOC pprelroc
R{:C v )(‘C(‘ ;BI(‘(‘ )! (VRGS‘ !(’Gj; -Bgi; ): (}?5 ‘ )(’5 :BS }1

respectively. Mobile device 5086 provides the pre-processed image data
including at least the rectified and correct image pixels of color chart
614(}?19;6?}"06 (‘éw'eProc Rg)é‘ef)mc) sampi@ 504 (R{Jrerc (wp’."eP'."oc‘ Bg}reProc)
< o s e ;L = AR s Ug ¥ 336 5

grayscale stripes 540A, 5408, 540C, and 540D,

. o Pre reProc
sppreProc prefroc Lprefroc pre
RCC 4 BCC )! (R

nreProc BpreProc {-}?prep‘_r(){; (.preProc Bpreproc
»Mee Vreg PGS )’ e » Mg LY }”

(G

and card identifier 518 to server 510 via respective fransceivers 528 and 534,

in another implementation, one or more of the aforementioned pre-
processing procedures are performed by server 510. For example, on one such
implementation, mobile device 506 transmils the raw image data acquired by
camera 522 to server 510 via respective transcelvers 528 and 534, and server
510 applies the respecitive pre-processing procedures describad herainabove o

the raw image data.
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Siorage device 508 stores ground truth (GT) reference data
corresponding o card 502 in associalion with card identifier 518. The reference
data for card 502 relates to faciors that may influence the visual perception of
the printed colors of color chart 514 and grayscale stripes 540A, 5408, 540C,
and 540D, such as data relating to the type of paper for card 502, the type of ink
used to print card 502, the printing batch number for card 502, and the like. The
GT reference data further includes colorimetric data acquired in advance under
confrolled illumination using a spectrophotometer {not shown), and stored in a
device independent color-space such as ClELab, CIEXYZ, and like, referred to
hereinafter as colorimetric “ground truth” {GT) data. In one embaodiment, the
colorimetric ground truth data for color chart 514 and grayscale siripes 540A,
5408, 540C, and 540D of card 502 correspond to the absolute colorimetric color
space data for each color square of color chart 514 in the GT color space
coordinates, as acquired by the spectrophotometer, Le.
(Lor—cer Ger—ces Ber_cc) for the GT data for color chart 514, and
(Ler—csy Ger-csy ber_gs) for the GT data for grayscale stripes 5404, 5408,
540C, and 540D. Storage device 408 additionally includes GT RGB reference
data for color chart 514, and grayscale stripes 540A, 540B, 540C, and
5400, (Rer oo, Gor_gs, Heor_gs), The GT RGE reference data for color chart
514, and grayscale slripes B40A, 5408, 540C, and 540D may be determined at
the time of manufaciuring card 502. In one embodiment, the RGB values of
color chart 514, and grayscale stripes 5404, 5408, 540C, and 540D may be
printed on card 402, and may be subsequently provided to server 510 in the
acquired image.

in another embodiment, siorage device 508 stores relative
colorimetric ST coordinates for each colored sguare of color chart 514 and
grayscale stripes 540A, 540B, 540C, and 540D for card 502, lLe.
(Lo alfce BERL o), and (LN affl s BiLse), respectively, such
as may be determined by applying a chromatic adaptation transform such as
Bradford transform or CIECAMO2 io the absolute colorimelric GT dala. The
chromatic adapiation transform may be applied in accordance with the method

described above with respect to Figures 1A-1D. Similarly, storage device 508
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may store GT RGB coordinates for grayscale siripes 540A, 5408, 540C, and
540D for card 502, i.e. (Rep_co, Gorocss Beor-cs)» respectively,

Processing unit 430 of server 410 analyzes the pre-processed image
data received from mobile device 106 via respective transceivers 534 and 528,
and identifies the pixel representation of card identifier 518. Processing unit 530
of server 510 uses the pixel representation of card identifier 518 to delermine a
search query corresponding {o the reference data for card 502, In one
embodiment, processing unit 530 of server 510 queries storage device 508 with
the search query via transceiver 534, and retrieves the relative colorimetric GT
reference data for color chart 514 (LF .. &8 .. b%L..), the relative
colorimetric GT reference data for grayscale siripes 540A, 540B, 540C, and
540D (1B .., afel ., B .0}, and the GT RGB components of color chart
514, and grayscale stripes 5404, 540B, 540C, and 540D ie.
(Rprecs: Gerss Bar-gs)

in another embodiment, processing unit 530 of server 510 queries
storage device 508 with the search guery via fransceiver 534, and retrieves the
absoiute GT  colorimelric  reference data for color chart 514
(Ler—cer Ger—ces ber_cc), the absolute GT colorimetric reference data for
grayscale stripes 5404, 540B, 540C, and 540D (Lsr s, Qargsy Der-cs),
and the GT RGB components of grayscale stripes 540A, 5408, 540C, and 540D
ie. (Rer-gs» Gor-gs: Bar-gs). Processing unit 530 of server 510 computes
the respective relative GT colorimetric reference data from the reirieved
absolute colorimetric reference data, such as by applying a Bradford
transformation or CieCam02. Processing unit 530 of server 510 performs two
grayscale llumination correction steps. In a first grayscale illumination correction
step, processing unit 530 uses the GT RGB components retrieved from storage
device 508 to apply a first grayscale illumination correction transformation {o the
pixel representation of grayscale stripes 540A, 5408, 540C, and 5400 received
from mobile device 508 processing unit 530 averages the pixel values in the

pixel representation of grayscale stripes 540A, 5408, 540C, and 540D received

. . . srePr oProc reProc .
from mobile device 508, i.e. (RPTEFToC GPRETTOC pPTENON having a common value
ST (28 253 <

PCT/IL2018/050944



WO 2019/043694

10

20

o ground fruth pixel vaiues (Rer—¢sy Gor-gcs: Ber-gs) o
obtain (RE27, GEg™, BE™.

in a second grayscale illuminalion correction siep, processing unit
530 of server 510 uses the results of the first correction step o correct the pixel
representation of color chart 514 and sample 504: processing unit 530 of server

510 determines a grayscale transformation by fitting a curve (£, /4, f,) between

the GT RGB reference data reirieved from siorage device 508 for grayscale
stripes 540A, 5408, 540C, and 540D, ie. (Rer—gs, Cor—ss, Fer—gs), and the
processed pixel values for 5404, 5408, 540C, and 540D as determined from the

acquired image, L.e. (RGS, GL;S, Bi¢), such as by applying regression analysis,

or spline interpolation:
RE™ = f(Rer—gs)
GE = falGor-gs)
BET = foBor-cs)

Processing unit 530 of server 510 computes the second qrayscaia
transformation as the inverse to the fitted curve (f, /. f5), ie. (ﬁ L 1)

Processing unit 530 of server 510 applies the second grayscale transformation
to the pre-processed pixel values for color chart 514, and sample 504 obtained

from the acquired image:

RelCorr RelCorr ReiCorry _ { g1 preProc ~prefroc pref "GC
(Ree ™7, Gee™ ™, Bee ™y = A (R(:(: }a fo “frc }

nRelCorr Reltorr Rello -1 { ppreProc preProc p eProc
(RS C , GR u‘??’ Bgr) (‘W‘)__(f; E\R{; )) fu (G ) ]bl(BT ):}

Processing unit 530 of server 510 uses the obtained relative
colorimetric GT reference data for color chart 514 (18 ... af .., BB to
build a color fransformation where the grayscale corrected pixel values are used
{o detect the color of sample 404, as follows:

Processing unit 530 of server 510 converts the grayscale corrected
pixel values for color chart 514 and sample 504 to the same color space as the
reference data. For example, processing unit 530 of server 51G converts the

RelCorr RelCorr
(B¢ . BTy, and

grayscale corrected pixel values GRelCorr

]
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RelCorr 2 el orT
(Rge fo7 (wﬁ Corr B§enl orT

) for color chart 514 and sample 504, respectively,

s )

to  respeciive  relative  colorimetric  GT  colorspace  coordinates
ry RelCary Corr celCorr -y Rella i Rell
kl‘lg,g(l‘ r’ l;'f%ﬁt Cor: ) bIéClCL ?"T)’ aﬁd(lé ICM”?”’ ai?e Cdﬂ’ bgf’] '77?")‘

Processing unit 530 of server 510 may apply a least squares method
between the grayscale corrected colorimetric space pixel values for color chart
514 (I Re’('o** RelCorr .RelCorr .. : : . :

e ace 0, Bee 7Y, and the relative colorimetric GT reference
R R
pixel values (LB ... af¢l .., b5 ) for color chart 514, as follows:

RelCorr RelCorr HGLLUT‘Y’ Rel Rel 1{&
min{|{PALZ T, aggeor, (e, alflce BEedl

to build a three-dimensional model between the grayscale correcied color-space

} e elCor .
coordinates of color chart 514, (L'M‘ o gBellom  pRECOTTy and the relative
colorimetric GT ground truth color-space coordinates retrieved from slorage

device 408, (L5 ., afiel .., B3,

Rel RelCorr RelCorr RelCorr
“GT—-C0 T (L s e ‘ i bCC )
Rel ‘ RelCorr RelCorr RelCorr
Gor—ge = Falloe 0 act ™, Bee 7))
1 Ral RelCorr Rell Reu orT
bigre = Pb(L ,oace ", bee )

where (P, P,, P} describe the vector transformation P -
Processing unit 530 of server 510 applies the transformation o the
pixel values for sample 504 to estimate the grayscale correcied color of sample

504 in the device independent GT color space:

Y RP’F7ff o1C RelCorr
Labye =P gy U ‘ al#lor pe )]

Processing unit 530 of server 510 converts the color coordinates for
sample 504 from the GT color-space to 3 RGB color-space for display purposes,
thereby detecting the RGB color for sample 504. The RGB value is determined
such that it is within the color gamut of dyeing machine 512, Opticnally,
processing unit 530 of server 510 performs the mapping in accordance with one
or more characteristics of a dyeing substrate suitable for dyeing by dyeing
machine 512. For example, the dyeing subsirate may be g thread, and dyeing

machine 512 may be a thread dyeing machine.
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Processing unit 530 of server 510 stores the detected RGB color of
sample 504 at storage device 508, and provides the delected RGB color {o
mobile device 510 via respective transceivers 528 and 534, and network 536.
Mobile device 510 displays the detected RGB color of sample 504 at user
interface 524. Optionally, processing unit 530 of server 510 converis the
detected RGB color to a subtractive color space, such as CMY, CMYK, or
CMY(K) color spaces for dyeing machine 512, Additionally or alternatively,
processing unit 530 may apply a deep learning method with any of the methods
described herein, to sstimate the lllumination when camera 522 acguires the
image of card 502 with sample 504, such as by building a neural network using
training data for card 502 acquired under varying illuminations, orientations, and
noise conditions, using a range of different types of cameras and mobile
devices.

A description of a method for detecting a color for a dyeing machine,
constructed and operative in accordance with an embodiment of the disclosed
technique, now follows. Reference is now made to Figure 6, which is a
schematic illustration of a method for detecting a color of a sample Tor a dyeing

machine.

In procedure 600, a sample is positioned adjacent to a card having
printed thereon a color chart spanning a color gamut of a dyeing machine and at
least one grayscale stripe. In one embodiment, the at least one grayscale stripe
is positioned at an edge of the card. The sample may be positioned at a cuioui
portion of the card disposed flush against the color chart and the at least one
grayscale siripe. The at least one grayscale stripe may comprise four grayscale
stripes framing the color chart. In one embodiment, the cutout portion abuls

three different squares of the color chart, and two different grayscale stripes.

In procedure 602, an image of the sample positioned adjacent to the

card is acquired.

In procedure 604, the acquired image is processed in a RGB color-
space by cropping and reclifying pixel representations of the color chart, the
sample, and the at least one grayscale stripe in the image. In one embodiment,

correcting the pixel representation of the color chart in the image comprises

A2
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determining a box defining each color square of the pixel representation of said
color chart, determining for each box, an average RGB value for pixels inside
the box, where the average RGEB value omiis RBG values of pixels situated ati
the border between two adjacent color squares of the pixel represantation of the
color chart, and assigning each respective pixel of each color square the

average RGB value.

With reference to the system of Figure 5, card 502 is provided, having
printed thereon a color chart 514 spanning a color gamut of dyeing machine
512, and optionally, grayscale siripes 540A, 5408, 540C, and 540D, Card 502 is
additionally provided with a cutout portion 504. A sample, such as a piece of
fabric, paper, and the like is positioned at cutout portion 520, flush against color
chart 514, such that sample 504 is adjacent {o at least two color squares C3{4,5)
and Cs(5,4) and at least two grayscale siripes 540C and 5400 of color chart
514. In one implementation, sample 504 is adjacent to three color squares
C4(4.5), Cs(4,4) and Ci{5,4) and at least iwo grayscale stripes 540C and 540D
of color chart 514, Camera 522, integrated with mobile device 508, is positioned
within an optical range of card 502 and sample 504. Camera 522 acquires an
image of sample 504 positioned thus, flush against color chart 514 and
grayscale siripes 540C and 540D of card 502, In one implementation,
processing unit 520 of mobile device 508 processes the acquired image in the
RGB color-space by white balancing the acquired image, and by rectifying a
pixel represeniation of color chart 514 and grayscale stripes 540C and 540D of
the acquired image. Mobile device 508 provides the processed image io server
510 via respective transceivers 528 and 534. In another implementation, mobile
device 506 provides the acquired raw image dala {o server 510 via respective
transceivers 528 and 534, and processing unit 530 of server 510 processes the
acquired image in the RGB color-space by white balancing the acguired image,
and by rectifying a pixel representation of color chart 514 and grayscale siripes
540C and 5400 of the acquired image.

In procedure 606, colorimetric reference data comresponding {o the

color chart of the card, colorimetric reference data with corresponding RGB
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coordinates for the at least one grayscale stripe of the card, and the card

characleristic data corresponding to the card are retrieved.

With reference to the system of Figure 5, storage device 508 stores
the colorimelric reference dala comresponding fo color chart 514, and
colorimeiric reference dala with the corresponding RGB  coordinates for
grayscale stripes 540A, 5408, 540C, and 540D, and card characleristic data
corresponding to the card. Processing unit 530 of server 510 analyzes the
processed image fto identify card identifier 518 of the processed image.
Processing unit 530 of server 510 uses card identifier 518 to query the database
and refrieve from storage device 508 the colorimetric reference data for color
chart 514, colorimetric data with the corresponding RGB coordinates for
grayscale stripes 540A, 5408, 540C, and 540D,, and card characleristic data

corresponding o card 502 via transceiver 534.

in procedure 608, a grayscale illumination correction is performed {o
the pixel representation of the color chart and the sample in the image using the
RGB coordinates corresponding fo the colorimetric reference data of the at least
one grayscale stripe of the card. In one embodiment, performing the grayscale
fliumination correction comprises performing a first grayscale correction siep
applied to the pixel representation of the at least one grayscale sfripe, and
performing a second grayscale correction sitep applied o the pixel

representation of the color chart and said sample.

In procedure 610, a seat of colorimetric coordinates for the sample is
estimated from the relrieved card characteristic data, the colorimetric reference
data, and the grayscale illumination corrected pixel representation of the color

chart and the sample.

In procedure 612, the color coordinates of the sample in the device
independent color space are converted o a RGE color space, thereby detecting
the RGEB color coordinates for the sample, where the RGB color coordinates are
within a color gamut of a dyeing machine. One or more characteristics of a
dveing subsirate, such as a thread, may also be applied to any of the converting

or esiimating steps.
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in procedure 614, the detecled RGB color space coordinates of the
sample are stored. The detected color in the RGE color space coordinates may
be subsequently displayed. Additionally, the detected color in the RGB color
space coordinates may be subseguently converted to a subtractive color spacs,
such as CMY, CMYK, or CMY{K)+ and provided for dyeing a subsirate,

accordingly.

With reference to the system of Figure 5, processing unit 530 of
server 510 performs & grayscale illumination correction io the pixel
reprasentation of color chart 514 and sample 504 using the RGB color space
reference data of at least one of grayscale stripes 540A, 5408, 540C, and 540D
of card 502. Processing unit 530 of server 510 estimales g set of color
coordinates for sample 504 in the colorimetric color-space from the grayscale
fllumination corrected pixel representation of color chart 514 and sample 504
and the colorimetric reference data corresponding fo the color chart 514
refrieved from storage device 508. Processing unit 530 of server 510 converis
the color coordinates of sample 504 from the device independent color space o
a RGB color space that is within a color gamut of dyeing machine 512, thereby
detecting the RGB color-space coordinates for sample 504, wherein the RGB
color-space coordinates are within a color gamut of dyeing machine 512,
Processing unit 530 of server 510 stores the detected RGB color space
coordinates at storage device 508, and provides the delected RGB color {o
mobile device 510 via respective transceivers 528 and 534, and network 536.
Mobile device 510 displays the detected RGB color at user interface 524,
Processing unit 530 additionally converis the detected RGEB color a subtractive

color space, and provides the detected color to dyeing machine 512.

it will be appreciated by persons skilled in the art that the disclosed
technigue is not limited to what has been particularly shown and described
hereinabove. Rather the scope of the disclosed technigue is defined only by the

claims, which follow,
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CLAIMS

What is claimed is:
1. A method for calibrating a dyeing machine, comprising:
& for each of multiple ink channels:
performing a maximizing stage to determine an effective maximum ink
dispensing rate corresponding o an effective maximum colorimetric value for
said dyeing machine;
performing a linearizing stage, comprising:

10 determining multiple ink dispensing rates for performing said linearizing
stage by dividing said effective maximum ink dispensing rate inio multiple
itervals,

calculating a linear correspondence belween said multiple ink
dispensing rates and mulliple measured colorimetric values,

15 dyeing a first sef of subsirates according o said multiple ink dispensing
rates,

acquiring color values of said dyed first set of substrates,
building & non-linear correspondence between said mulliple ink
dispensing rates and said acquired color values, and

26 mapping said linear correspondence to said non-linear correspondence.

2. The method of claim 1, wherein said maximizing stage and said linearizing
stage are performed at each of a faciory phase and an onsite phase, wherein

results from said faciory phase are used for performing said onsite phase.

3. The method of claim 1, wherein said maximizing stage further comprises:
25 dyeing & second set of subsirates according o multiple ink dispensing
rates for performing said maximizing stage for said dysing machins,
acquiring color values of said second sel of subsirates with respecito a
maximizing calibration card, and
adjusting said multiple ink dispensing rates for performing said
30 maximizing stage until a color value of said second set of dyed substrales

matches said effective maximum colorimetric value for said dyeing machine.
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The method of claim 3, wherein determining said effective maximum ink
dispensing rale for said dyeing machine comprises interpolating mulliple
maximum ink dispensing rates and mulliple maximum color values of

muitiple substrates dyed at said mulliple maximum ink dispensing rates.

The method of claim 1, wherein dividing said effective maximum ink
dispensing rate info multiple intervals comprises dividing according to a color
response of multiple substrates dyed at said mullipie ink dispensing rates

determined for performing said linearizing stage.

. A system for calibrating a dyeing machine, comprising:

a dveing machine configured to dve multiple substirates according to
multiple ink channels; and

a processor configured o calibrate said dyeing machine for each of
multiple ink channels by:

performing a maximizing stage o determine an effective maximum ink
dispensing rate corresponding (o an effective maximum colorimetric value for
said dyeing machine,

performing a linearizing stage, comprising:

determining multiple ink dispensing rates for performing said linearizing
stage by dividing said effective maximum ink dispensing rate inio multiple
intervails,

calculating a linear correspondence between said multiple ink
dispensing rates and mulliple calculated colorimetric values,

obtaining color values of a first set of substrates dyed according to said
muitiple ink dispensing rates,

building a non-linear correspondence between said multiple  ink
dispensing rates and said acquired color values, and

mapping said linear correspondence to said non-linear correspondence.

The system of claim 6, further comprising an optical detecior configured to

acquire said color values |

The system of claim 6, further comprising a spectrophotometer configured to

acquire said color values .

A7~
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9. The system of claim 6 further comprising a maximizing calibration card for

performing said maximizing stage, wherein said maximizing calibration card
is provided with an area for placing multiple substraies dyed at mulliple
maximum ink dispensing rates for each of said ink channels, and mulliple
areas comprising multiple grayscale features interleaved with multiple areas
for placing subsirates dyed at variable ink dispensing rates for each of said

ink channels.

10. The systern of claim 6 further comprising a maximizing dispensing calibration

card for performing said maximizing stage, wherein said maximizing
dispensing calibration card is provided with an area for placing mulliple
substraies dyed at mulliple maximal ink dispensing rates for each of said ink
channels, and wherein said background of said maximizing calibration card

presents multiple opposing grayscale gradients.

11.The system of claim 6 further comprising a linearizing calibration card for

performing said linearizing stage, wherein said linearizing calibration card is
provided with an area for placing multiple substrates dyed at said multiple ink
dispensing rates for performing sald linearizing stage, and muilliple areas
comprising multiple grayscale features interleaved with multiple areas for
placing substraies dyed at said multiple ink dispensing rates for performing

said linearizing stage.

12.The system of claim 6 further comprising a linearizing dispensing calibration

card for performing said linearizing stage, wherein said linearizing
dispensing calibration card is provided with an area for placing mulliple
subsirates dyed at mulliple ink dispensing rates for performing said
linearizing stage for each of said ink channels, and wherein said background
of said linearizing calibration card presents mulliple opposing grayscale

gradients.

13.A computer program product comprising a non-transitory computer-readable

storage medium having program code embodied thereon, the program code
execuiable by at least one hardware processor {o:

for each of muitiple ink channels:

A8~
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perform a maximizing siage o delermine an effective maximum ink
dispensing rate corresponding o an effective maximum colorimetric value for
a dyeing machine; and

perform a linearizing stage for said dyeing machine, comprising:

determining multiple ink dispensing rates for performing said linearizing
stage by dividing sald effective maximum ink dispensing rate into multiple
itervals,

calculating from said effeclive maximum colorimetric value, a linear
correspondence belween said multiple ink dispensing rates and multiple
calculaied colorimetric values,

obtaining color values of a first set of substrates dyed according to said
muitiple ink dispensing rates,

interpolating a non-linear correspondence between said multiple ink
dispensing rates and said acquired color values, and

mapping said linear correspondence to said non-linear correspondence.

40
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