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Abstract. The paper describes an uneven gel card illumination problem in the gel card image capture device

Gelscope 32. The problematic illuminator of the device was analyzed and optimized in such a way, that it

illuminated the gel card evenly. Since the illuminator was build using white LEDs, we were able to control the
distribution of its luminance by rearranging the LEDs positions. A second order gradient algorithm, implemented
in Wolfram Mathematica was used to compute the optimal positions of the LEDs. A minimized objective function

was a variation of the illumination produced by a preselected number of LEDs in a general positions. Specific

constraints related to the hardware realization were taken into account. The LED distribution obtained was used in

the construction of the Gelscope 80 device.
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Optimizacija osvetlitve gelskih kartic z optimiranjem poloZajev
LED v napravi za zajem slik gelskih kartic Gelscope 80

Povzetek. Opisujemo resevanje problema neenakomerne os-
vetlitve gelskih kartic v napravi za zajem slik gleskih kartic,
napravi Gelscope 32. Gelske kartice v napravi osvetli linijsko
svetilo. Problemati¢no svetilo v napravi smo analizirali in ga
spremenili tako, da je njegova porazdelitev svetilnosti tak$na,
da enakomerno osvetli gelsko kartico. Ker je svetilo sestavljeno
iz belih svetle¢ih diod — LED, smo na porazdelitev svetilnosti
lahko vplivali s poloZaji le teh. V programskem okolju Wolfram
Mathematica smo razvili gradientni algoritem drugega reda, s
katerim smo izracunali njihove optimalne poloZaje. Pri tem
smo ob upoStevanju omejitev naprave Gelscope minimizirali
variacijo osvetlitve, ki jo je povzrocalo izbrano Stevilo LED. Z
dobljeno porazdelitvijo LED smo zgradili napravo Gelscope 80.

Kljucne besede: Gelscope32, Gelscope80, osvetlitev, gelska
kartica, svetilo LED z difuzorjem, optimizacija enakomernosti
osvetlitve

1 Introduction

We have introduced a teleconsulting system to the blood
transfusion practice of Slovenija [1][2][3][4][5]. The
main motivation for the system development was to rem-
edy the ever increasing need for blood transfusion special-
ists, who would be satisfied with relative difficulties. An-
other motivation was the unification of the level of qual-
ity of the transfusion service across all eleven institutions,
that offer transfusion services in the country [6][7][8].
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The introduced system provides the remote interpreta-
tion of the pre-transfusion serological testing [1][5], per-
formed by means of the micro-tube gel agglutination de-
tection method — gel method [9]. The authors of the paper
are unaware of the existence of any similar system in the
transfusion practice. Pre-transfusion serological testing
is obligatory and therefore performed prior to any blood
transfusion [1][3][5].

The gel method is performed using the micro-tube gel
card diagnostic tools [10]. The micro-tube gel cards are
used to determine the level of the red blood cells agglu-
tination. The determination of the red blood cells agglu-
tination is the standardized and widely used diagnostic
procedure of the pre-transfusion serological testing sys-
tem [9].

An important part of the teleconsulting system is
the the gelcard image capture device — Gelscope de-
vice, which we have developed specially for this pur-
pose entirely on our own. The first version of the de-
vice, Gelscope 32, see Figure 1, left, was manufactured
in the prototype series. Manufactured devices, Gelscope
32 were introduced to the transfusion laboratories prac-
tice. Professional users have identified several problems
during the usage of the Gelscope 32 devices. We have re-
moved the issues causing the problems in the new version
of the gel card image capture device — Gelscope 80, see
Figure 1, right.
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In this paper we have described the issue of the uneven
illumination of the gel cards. In the Gelscope 32 device,
the gel cards are illuminated using the illuminator which
is built using an array of white LEDs and an appropri-
ate light diffuser. We have performed and described the
analysis of the gel card illumination, caused by the illu-
minator used. This analysis has served as the basis for the
gel card illumination optimization by optimizing the LED
distribution within the new illuminator.

2 Background

Pre-transfusion serological testing is based on the detec-
tion of red cell antigen—antibody reactions. These re-
actions are usually detected by the agglutination tests,
in saline or macromollecular media, with unmodified or
enzyme-treated red blood cells, and with or without the
use of low ionic media, antiglobulin sera and/or potentia-
tors and polycations [9]. Tests are performed using the
the gel method, which was developed to be standardized
and able to fix the agglutinates enabling the interpretation
of the test several hours after it was performed. The gel
method is sensitive and simple to use [10]. It is performed
using the gel cards. Gel cards are made of transparent
plastic with six micro tubes containing the test specific
reagents embedded into them. The dimension of the gel
card is 70 x 55mm. The micro tubes are 15mm long and
have a 2mm radius. Figure 2 depicts the gel card with red
blood cells administered to them.

During the test, the transfusion specialist visually de-
termines the red blood cells distribution across the micro-
tubes. Based on the distribution, the final result of the test
is determined. It is crucial for the specialist to be accurate,
especially in the case of weak reactions [10].

To be able to perform the pre-transfusion test inter-
pretation remotely, a high enough quality of the colour
gel card images must be available [8]. In order to capture
these images, we have developed special purpose hard-
ware and software [3]. The requirement for the equip-
ment was repeatability and a high enough quality of the
image capture results. To achieve this, the image capture
procedure must be standardized. Captured images must
contain no reflections, geometric and colour aberrations
[11]. Another requirement for the device is its simplicity
of use [8].

To capture the image of the gel card, it must be cor-
rectly illuminated. In our design of the gel card image
capture device Gelscope, we have used three illuminators
to illuminate the gel card. The illuminators were made of
an array of white LEDs and a light diffuser, made of plexi
glass [3]. The image of the gel card is captured by the dig-
ital camera, built into the device. The setup of the illumi-
nators, the gel card and the camera is illustrated in Figure
3. Two illuminators are used to illuminate the front side of
the gel card and the third illuminator is used to backlight

the transparent gel card. Using this illuminator setup we
have the achieved an efficient illumination of all gel card
components: the gel card label and the micro tubes with
their content.

e

Figure 1. Picture of Gelscope 32 device (left) and Gelscope 80
device (right).

Slika 1. Sliki naprav za zajem slik gelskih kartic Gelscope 32
(levo) in Gelscope 80 (desno).

Figure 2. Image of ABO RH typing gel card with fixed aggluti-
nates.

Slika 2. Slika gelske kartice za dolo¢anje krvne skupine ABO
RH s fiksiranimi aglutinati.

The front illuminators must not cause any with built
in digital camera visible reflections of the gel-card. This
request is satisfied if the illuminators illuminate the gel
card at a steep enough angle. Figure 3 depicts the worst
angles of the reflections with dashed lines. It is obvious,
that the gel card, illuminator and camera locations cause
no reflections to the camera lens [12].

3 LED distribution problem statement

During the usage of the Gelscope 32 we discovered, that
the captured images of the gel cards are illuminated un-
evenly. Since the images are intended for further digital
image processing it is required to have evenly illuminated
images of the gel cards. We have described the even il-
lumination criteria in section 5. The central sections of
the gel cards were more illuminated compared to the edge
sections. Uneven illumination was not clearly visible with
the naked eye, but it became obvious when we processed
those images. Uneven illumination was caused by the
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Figure 3. Schematic display of the Gelscope device regarding
illumination, gel card and camera positions. From the left: rear
illuminator, gel card, front illuminators and camera.

Slika 3. PoloZaj svetil v napravi za zajem slik gelskih kar-
tic. Skrajno levo je zadnje svetilo, sledi gelska kartica, sprednji
svetili in kamera.

front side illuminator. Its length was similar to the gel
card length. Since the distribution of the LEDs was even,
the radiance distribution of the illuminator was also even.

It would be possible to achieve an even illumination
of the gel card with evenly distributed radiance illumi-
nators if the illuminators were much longer than the gel
card. But since we are limited by the device’s dimensions,
the usage of such an illuminator is impossible. Therefore
we needed to alter the illuminator radiance distribution to
achieve an even illumination distribution of the gel card.
We can influence the illuminator radiance distribution by
rearranging the LED distribution behind the light diffuser
of the illuminator.

During the process of illuminator optimization we
have had to determine the illumination of the gel card
caused by a single LED behind the diffuser. After that we
had to choose the right criteria for an even illumination.
The criteria was then used to optimize the distribution of a
pre-chosen number of LEDs, comprising the illuminator’s
light source.

4 Analysis of illumination distribution function

In order to eliminate uneven illumination we analyzed
the illumination of the gel card caused by the front illu-
minator. Since the front illuminators are relatively long
and narrow (see Figure 3), we simplified the analysis by
assuming that the illuminator performs as a linear light
source. We also assumed that the light diffuser used —
plexi glass performs as an ideal light diffuser, diffusing
the light evenly in every direction. Therefore we have
observed each point on the diffuser as a Huygens light
source [13]. We determined the radiance of each point
of the diffuser by using the used LED relative luminous
intensity chart (see Figure 4), obtained from the LED
datasheet, provided by the LED manufacturer [14].

The computation of the illumination caused by the ar-
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Figure 4. LED relative luminous intensity diagram 7, obtained
from the LW520 LED datasheet.
Slika 4. Sevalni diagram LED 4,. Vir: LW520 LED datasheet.
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Figure 5. Derivation of illumination through a diffuser.
Slika 5. Izpeljava osvetlitve preko difuzorja.

bitrary LED distribution follows the denotation from Fig-
ure 5. Arbitrary LED distribution is given by the vector of
LED locations ' = (px), k = 1,..., N, where N is the
number of LEDs used. Because we can assume the linear
response of the diffuser, we can sum up the illuminations,
caused by the LEDs, placed on locations  and obtain the
illumination 7(, ) = S0, n(pr, ).

Gel card illumination 7(p, z), caused by only one
LED in position p, (see Figure 5, axis z) depends on the
LED’s relative luminous intensity io (Figure 4), diffuser
and the device geometry (distances v; in v, on Figure 5).
We are limited in the selection of the device geometry and
partially LED distribution by the device Gelscope device
design limitations.

We can determine the illumination caused by the sin-
gle LED positioned in position p by determining how that
single LED illuminates the diffuser and how the diffuser,
illuminated by the single LED, illuminates the gel card.
The position of the diffuser illumination is determined by
the z coordinate (see Figure 5, z axis, middle). Based on
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the geometry, we can determine that the LED illuminates
the part of the diffuser Az at the angle ¢

V1A 2
= =v(1+t A 1
2= oty = E)Ae )
Illumination angle ¢ and diffuser coordinate z are re-
lated through the equation ¢ = arctan((z — p)/v1),
where the part of the diffuser is given by the equation
2 2

Az = vy(1+ ((z = p)/v1)?)Ap = ZFHELL A Tilu-
mination of the part of the diffuser Az on the coordinate

z, caused by the single LED is

io(p)Ap wiig(arctan((z — p)/v1))
Az v + (2 — p)?

£(p,z) = K

)

2

where K is constant. £(p, z) determines the illumina-

tion of the diffuser caused by the single LED positioned
on location p.

Let us determine the illumination of the gel card
7(p, ) on position x caused by the diffuser, illuminated
by the illumination £(p, z), see Figure 5. The length Al
of the ideal diffuser from location z radiates light evenly
at all angles ¢. Analogue to the above calculations we
can determine the illumination A7 (p, z, ) of the gel card

element Az = ngf(% , caused by the Az part of the dif-
fuser
A
An(p,z,a) = B2 2B 3)

v3 + (x —2)%

We use the equation 2, which leads to

vyvaig(arctan((z — p)/v1))Az
W+ G-p)E + (@ -2
“)
The illumination of the gel card 7)(p, x) on the coordi-
nate x, caused by the LED at position p is determined by

the integration n(p, z) = [ dn(p, z, x) of the elements of
Ay

An(p,z,2) = KB

diffuser Az radiance.

K Bvivsig (arctan ﬂ)

vy

n(p,x) = / (U% +(z *p)2) (v% Y- z)2)

Aq

dz

(&)

Integration interval I covers whole the diffuser length,
which is A; = [—50, 50)mm.

The illumination of the gel card caused by the array of

N LEDs positioned on the locations, given by the vector

7= (p1,...,pn) is

N
n (@) =Y 1ok ). (6)

k=1

To illustrate the gel card illumination analysis, the Fig-
ure 6 represents the gel card illumination caused by one
LED with a relative luminous intensity ,, positioned in
the middle of the gel card location p = 0, computed by
the equation 6.

4 n(0.x)

3020 S0 020 30 7
14.5

Figure 6. Illumination of the gel card using only one LED in the
centre position.

Slika 6. Osvetlitev gelske kartice z eno samo LED v srediS¢ni
legi.

5 Determination of the optimal LED
distribution

We have performed the optimization process using the La-
grange multipliers [16] which is based on the first order
gradient method [15]. We have used the following opti-
mization constraints:

e Solution parametrization: The optimization goal was
the determination of the LED distribution to achieve
an even gel card illumination. Based on previous ex-
perience, we selected the number of 8 LEDs as a
sufficient light source. The physical design of the
device limits the use of LED in the centre position
of the illuminator. It is obvious, that a symmetri-
cal LED distribution is optimal, hence we optimized
only one half side of the illuminator. We selected
the right side of the illuminator and marked the LED

positions p’'= (p1,...,p4).

o Criteria function: We estimated an even illumination
by observing the illumination 7)(p, ) variance

0 () = / (05, 2) — 7)) de

Az

We discovered, that the usage of this criteria function
alone yielded an unusable result p; — oo for all ¢,
since it produced illumination 0 with zero variance.
Therefore we have extended the criteria with prede-
fined illumination 1. We selected a predefined illu-
mination level empirically. The value of I, was simi-
lar to the illumination obtained by evenly distributed
LEDs. Illumination of the gel card with given LED



positions is defined by I = [ n(p,z)dz. Consid-
Az

ering this we set up the criteria function using the
Lagrange multipliers [16]

c(p, ) = 0,7(17)2 + A | Iy — /77(;5’, x)dx
Az

The integration interval A = [—35, 35]mm was se-
lected so that the whole gel card was included.

e Optimization step: Classical Lagrange function gra-
dient method step is

(ﬁn-&-h Ant1) = (P, /\n) - Uﬁc(ﬁna An)-

We selected the multiplication factor ;. based on the
initial LED distribution and illumination.

e Initial LED distribution and optimization halt crite-
ria: As the initial LED distribution we used empiri-
cally obtained distribution py and A = 0°5. As opti-
mization halt criteria we have observed the illumina-
tion variance. The optimization process was halted,
when the illumination variance fell below a certain
threshold, that is |0y, (Pn41)? — 04 (Pn)?| < €. The
threshold € was defined based on the further image
processing requirements. We discovered, that by us-
ing the described optimization parameters, the algo-
rithm achieves a minimum when the difference of
two consecutive variances is practically negligible.

6 Optimization results

The results demonstrate the optimized LED distribution
obtained considering the Gelscope device’s design limita-
tions. We obtained the distribution using the optimization
method, described in chapter 5 which was implemented
in the Wolfram Mathematica environment [17].

We described the optimization space in chapter 5.
Based on the the illumination requirements, we chose
N = 8 LEDs. After the application of the LED position
symmetry we have described the LED positions using the
vector p' = (p1, p2, p3,p4). The centre position contains
no LEDs.

The dimensions, regarding Figure 5 are: v; = 6 mm
and vo = 70 mm. The gel card is 70 mm long which
defines the integration interval A; = [—35, 35] mm. The
diffuser is 100 mm long which defines the integration in-
terval A, = [—50, 50] mm.

We have set the initial optimization approxi-
mation to the empirically obtained values p =
(32°0,34'5,37°0,39°5).

Gelcard illumination enhancemen 83

In Figure 7, the dashed line presents the illumination
of the gel card n(py, ), using the optimization initial ap-
proximation py. Using this illumination, a relatively good
image quality can be obtained regardless of the fact it
seems quite uneven.
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Figure 7. Osvetlitev gelske kartice z zacetno razporeditvijo LED
Po (Ertkano) in razporeditvijo po optimizaciji p* (polno). Ilus-
trirani sta tudi zacetna razporeditev LED (zgoraj - ¢rtkano) in
razporeditev po optimizaciji (spodaj - polno).

Figure 7. The illumination of the gel card using initial LED
distributions po (dashed) and optimized LED distribution p™*
(solid). Initial (top - dashed) and optimized (bottom - solid)
LED distribution is also illustrated.

The gradient method using the initial value g
required n = 16 steps to satisfy the stop cri-
teria which was a consecutive illumination vari-
ance difference oy, (pi+1)?> — 0, (p;)? below the pre-
scribed threshold. Therefore p* = plg =
(43'4,453,46'2,49'1). Since the symmetry was used,
the actual LED distribution is described by p* =
(—491,-46'2,—45'3,—-43'4,43'4,45'3,46'2,49'1). In
Figure 7, the solid line presents the gel card illumination
n(p*, x) obtained using the optimized LED distribution.
We can notice the decreased illumination variance, which
satisfies the further image processing requirements. It
must be stressed, that the graph, presented in Figure 7
is biased and does not start at 0 value.

The optimization method course can be observed on
the Figure 8 on the graph illustrating the illumination vari-
ance o, (p,,)? after each consecutive optimization step.
The optimization process performs the majority of the
work in the first four steps. After the initial four steps
it only slightly improved the result. During our experi-
ments, we discovered, that after step 16 the method does
not improve the result.

7 Conclusion

We have successfully optimized the LED distribution of
the Gelscope gel card image capture device illumina-
tor. The optimization process yielded LED distribution,
where the LEDs were positioned near the outer edges of
the illuminator. When the illuminator with a computed
LED distribution is used it illuminates the gel card evenly.
We have described the empirically obtained LED distri-
bution in the paper [12]. The empirically obtained distri-
bution is very similar to the distribution computed by the
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Figure 8. Varianca osvetlitve gelske kartice po posameznih ko-
rakih optimizacije.

Figure 8. Illumination variation after consecutive optimization
steps.

optimization process, as described in this paper. Based
on the obtained distribution, we have designed and built a
new version of the device Gelscope 80 device (see Figure
1, right), where the issue of uneven gel card illumination
is eliminated.
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