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Effects of Re� ected Light in Luminescent Paint Measurements

Wim Ruyten¤ and Charles J. Fisher†

Sverdrup Technology, Inc., Arnold Air Force Base, Tennessee 37389-4300

A theoretical model is described that may be used to calculate the effects of re� ected light in luminescent paint
measurements. The key assumption of the model is that the paint may be treated as a diffuse re� ector at the paint’s
emission wavelength. This allows the application of techniques that have been developed in the � elds of radiative
transfer and computer graphics to the present problem. A numerical example is considered to demonstrate that, in
a pressure-sensitive paint test on a Dornier Alpha jet, the self-illuminationeffect at the paint’s emission wavelength
can produce pressure errors of up to 3% of actual pressure. However, it is also shown that a correction of this
error is possible. This correction calls for mapping image data to a three-dimensional grid of the test article and
calculating, at each element of the three-dimensional grid, the combined re� ected light contribution from all other
elements on the grid. An algorithm is described for the calculation of the required in� uence coef� cients, including
the detection of occlusions.

I. Introduction

L UMINESCENT paint measurements have become an impor-
tant new tool for mapping global distributions of pressure or

temperature (or both) on aerodynamic test articles.1¡4 In such mea-
surements, a short-wavelength source is used to illuminate the test
article, and the long-wavelengthemission from the paint is imaged
by one or more cameras (see Fig. 1). Given the dependence of the
luminescent yield on pressure (strictly speaking, on oxygen density
at the surface) and temperature,it is then possible to constructa map
of the pressure or temperature distributionon the surface of the test
article.

Broadly speaking,luminescentpaintmeasurementcan bedivided
into two categories: intensity-based methods and lifetime-based
methods. In intensity-basedmethods, images of the test article are
taken at the actual test condition and a known reference condition,
for example, 1 atm. Data processing is then based on the ratio of
the signals at the reference and test conditions to remove effects
of nonuniformilluminationand nonuniformpaint thickness. In life-
time methods, measurement is based on ratioingtwo signals that are
both taken at the actual test condition, but at different times follow-
ing pulsed (or modulated) illuminationof the paint. In this manner,
a measure of the � uorescence lifetime is obtained, independent of
illuminationlevel and paint thickness.The measured lifetime is then
converted to pressure or temperature.5;6

The purpose of this paper is to address an artifact that arises in
both intensity-basedand lifetime-basedluminescentpaint measure-
ments. This is the effect of re� ected emission light. In particular,we
considerwhat happensif emission light fromonepartof a test article
is re� ected by another part of the same test article (see Fig. 2). As
will be seen, such self-illumination produces a measurement error
that is not compensatedby the ratioing techniques just described.7;8

As will also be seen, it is possible to perform a numerical data
correction that minimizes this self-illuminationerror.8;9

II. Diffuse Re� ection Model
The effects of self-illumination depend on a host of factors in-

cluding the geometry of the test article, the pressure or temperature
distributionon the surface, the re� ective properties of the paint, and
(in the case of nondiffuse re� ection) the placement of the cameras
relative to the test article. Here we consider the case in which the
painted surface may be treated as a diffuse re� ector in the sense that
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the distributionof re� ected emission light is Lambertian. This term
has a precise technical meaning,10;11 but may be stated simply as
follows: For a given spot on the surface of the test article, the bright-
ness of the re� ected emission light is independentof the directionof
observation.Likewise, it is assumed that the emission process itself
is Lambertian. Although the Lambertian, that is, diffuse, emission
assumptionis a good approximationfor most paints, the assumption
concerning the diffuse nature of the re� ection process is not partic-
ularly accurate for glossy surfaces. These require an accounting of
specular re� ection in addition to diffuse re� ection. In the most gen-
eral case, the re� ective properties of the surface would be described
in terms of a bidirectional re� ection distribution function.10;12;13

The reason for the choice of the diffuse re� ection model in the
present paper is twofold: First, it turns out to be a reasonable ap-
proximation for some of the important luminescent paints that are
being used.14 Second, it allows for a much simpler mathematical
treatment than is required for a more complex re� ection model.10

Furthermore, the diffuse re� ection model is one that has been used
extensively in at least two other engineering disciplines: the study
of radiative transfer10;15 and computer graphics.16;17 In computer
graphics, the problem of rendering photo-realistic scenes of three-
dimensional structures by computer has given rise to so-called ra-
diosity techniques.16;17 The important insight common to these dif-
ferent � elds of study is that, for a diffusely re� ecting surface, the
total brightness L i of a surface element 1Si may be written as the
sum of an intrinsic brightness L.0/

i (the net emission term) and a
re� ected term that is related to the total (not the intrinsic) brightness
values L j elsewhere on the surface10;16:

L i D L.0/

i C Ri

N

j D 1

1F ji 1S j L j (1)

where Ri is the re� ectivity of the surface element 1Si (a number
between zero and unity), N is the number of surface elements, and
1S j is the area of the surface element that is producing the bright-
ness L j . The factors 1F ji are known as form factors, con� guration
factors, or view factors and are purely geometry dependent. Their
calculationmay be found in many texts on radiativetransfer10;15 and
computer graphics,16;17 as well as in Sec. III of this paper. Given a
set of N intrinsic brightness values L.0/

i , the calculation of the cor-
responding N total brightness values L i from Eq. (1) is an implicit
problem. Rather than solve the associatedset of N £ N linear equa-
tions directly (with N a number possibly as large as 105 or larger),
it is usually preferable to solve Eq. (1) recursively, for example,
using Jacobi relaxation (see Ref. 17). That is, given a set of N val-
ues L .0/

i , successive sets of values L.n/

i (with n D 1; 2; 3; : : : ; and
i D 1; : : : ; N ) are calculated according to

L .n/

i D L .0/

i C Ri

N

j D 1

Ai j L
.n ¡ 1/

j (2)
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Fig. 1 Schematic of eight-camera PSP system in AEDC’s 16-ft tran-
sonic wind tunnel.

Fig.2 Intended (top)and unwantedcontributions(bottom) of re� ected
emission light to detected signal.

where the coef� cients Ai j are de� ned as

Ai j D 1F ji 1S j (3)

and may be thought of as the elements of a matrix A. With each
iteration, the set of values L .n/

i in Eq. (2) becomes a better approx-
imation to the set of sought-after total brightness values L i from
Eq. (1). A slightly more ef� cient iteration known as Gauss–Seidel
is obtained by performing the iteration from Eq. (2) “in place” (see
Ref. 17), with a single array representing both the values L.n/

i and
L .n ¡ 1/

j . In either case, the iteration number n may be thought of as
the number of re� ection orders that is included in the calculationof
the total brightness values.8

When Eq. (1) is rearranged, the intrinsic brightness L .0/

i is found
as an explicit function of the total brightness distribution L j :

L .0/

i D L i ¡ Rem

N

j D 1

Ai j L j (4)

In writing Eq. (4) it has been assumed that the re� ectivity of the
painted surface at the emission wavelength is uniform and is given
by Ri D Rem. The result from Eq. (4) lends itself well to performing
a self-illuminationcorrectionon luminescentpaint data because the
totalbrightnessvalues L i and L j maybe takento representtheexper-
imental signals, for example, counts per image pixel. Thus Eq. (4)
suggests the following processing steps for reducing luminescent
paint measurements, including a self-illuminationcorrection:

1) Measure the re� ectivity Rem of the paint at the emission wave-
length, for example, using the technique described in Ref. 14.

2) De� ne a three-dimensionalgrid of the surfaceof the test article,
consisting of N surface elements 1Si .

3)Calculatethe N £ N set of form factors1F ji and theassociated
coef� cients Ai j for this grid.

4) Map each set of image data onto the three-dimensional grid,
yielding a set of N values L i for each image.

5) Calculate, for each set of N values L i , the corrected values
L .0/

i from Eq. (4).
6) Use the corrected values L.0/

i to calculate signal ratios and
convert to pressure or temperature in the usual way.

Note that this processing scheme calls for mapping image data
onto a three-dimensional grid before calculating pressures or tem-
peratures. This step may involve combining image data from mul-
tiple cameras onto a single three-dimensional grid. By contrast, in
conventional processing of luminescent paint images, data are not
mapped onto a three-dimensional grid until after two-dimensional
pressure or temperature images have been obtained.

III. Calculation of Form Factors
Given the prevalence of the form factors 1F j i in the study of

radiative transfer and in computer graphics, many techniques for
their calculation have been published.15 Fundamentally, the form
factor 1F j i between two surface elements1Si and 1S j at positions
xi and x j (Fig. 3) is given by10

1F ji D cos #i j cos# j i

¼ jxi j j2
(5)

where jxi j j is the distance between the two surface elements (note
that 1F j i D 0 for j D i ) and #i j and # j i are the angles between the
line of sight between the two surface elements and the surface nor-
mals ni at xi and n j at x j , respectively.Complicationsarisewhen the
line of sight is occluded by some part of the surface being imaged.
The more complex the three-dimensional shape of the test article,
the more cumbersome can be the detection of such occlusions.The
technique proposed here for the calculation of the form factors is
one based on the unit-sphere projection method, proposed in 1928
by Nusselt (see Ref. 10). The implementation of this technique is
as follows (Fig. 4): For a given surface element 1Si with surface
normal ni , de� ne a � at, circular map of radius Rmap in the plane of
1Si . Circumscribe a spherical shell of the same radius around this
map, whose apex is de� ned by the line that protrudes from the sur-
face normal ni . Now perform the following two projectionsfor each
surface element1S j that has a surface normal n j and a line-of-sight

Fig. 3 Pair of surface elements of three-dimensional grid.

Fig. 4 Z-buffer implementation of Nusselt’s method for calculating
form factors.
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vector xi j for which both (ni ¢ xi j / > 0 and (n j ¢ xi j / < 0 (otherwise,
the surfaceelements1Si and 1S j do not face each other): 1) Project
the surface element 1S j radially inward from the point xi onto the
sphericalshell. 2) Project the resultinghemisphericalelementparal-
lel to the surface normal ni onto the � at, circularprojectionmap. Let
the area of the resulting element in the � at projection map be given
by 1Si j . Then the coef� cient Ai j from Eq. (3) (being the product of
the form factor 1F ji and the original surface element area 1S j ) is
given by10

Ai j D 1Si j ¼ R2
map (6)

That is, the coef� cient Ai j is the ratio of the projected surface el-
ement area 1Si j and the area of the two-dimensional projection
map. To detect occlusions, the two-dimensional circular map is
discretized into a square array of pixels that has a pair of two-
dimensional arrays associated with it: one that keeps track of the
index j of a projected surface element for each pixel and one that,
if a pixel has a surface element projected onto it, keeps track of
the distance jxi j j between the two surface elements 1Si and 1S j .
When another surface element 1S j is protected onto the circular
projection map, the decision whether this element is in front or
behind a previously projected element (from the viewing perspec-
tive of the element 1Si ) can now be based on a comparison of the
previously recorded and newly calculateddistances jxi j j. This tech-
nique for handling occlusions is well known in computer graphics
as z buffer.16

Having projected, for a given surface element 1Si , all surface
elements 1S j that are visible from 1Si , the task of calculating the
areas 1Si j from Eq. (6) is reduced to the task of counting, for each
surface element index j , how many pixels have been assigned to it
in the z-buffer projection map. Speci� cally, let Ni j be this number
of pixels for a projected surface element 1S j . Then the coef� cient
Ai j from Eq. (6) is given by

Ai j D Ni j ¼ N 2
map (7)

where ¼ N 2
map is the total number of pixels in the circular projection

map and Nmap is the radius of the projection map, that is, the value
Rmap from Eq. (6) in pixels.

The stated implementation of Nusselt’s method is similar to the
hemicube method that has become commonplace for calculating
form factors in radiosity calculations.15¡17 In it, the � rst of the two
projections from Fig. 4 is performed onto a half-cube rather than a
spherical shell. This has the advantage that straight-line segments
of to-be-projected surface elements remain straight-line segments
throughout the projection process. By contrast, straight-line seg-
ments become curved in the projection from Fig. 4. However, be-
cause three-dimensionalgrids for luminescent paint measurements
are typicallyquite � ne, it is postulatedthat this curvaturemay be ne-
glected. The algorithm based on the hemispherical projection then
has several advantages over the hemicube method. First, a simpler
projection algorithm results. Second, the result of the calculations
(the Ni j values) can be stored as integer rather than � oating-point
values. This allows for more compact storage of the implied Ai j

coef� cients than is possible for the hemicube method. This leads to
reduced storage requirements (which can still amount to hundreds
of megabytes per � le) and processing time for performing the self-
illumination corrections. Some of these computational issues are
addressed in the Appendix.

IV. Simulation of Intensity-Based Pressure-Sensitive
Paint Measurement

To illustrate the effects of self-illuminationand how to deal with
them, a numerical simulation is performed in Sec. V. This simula-
tion assumes a pressure-sensitivepaint (PSP) test that is based on
the intensity method, as described in Sec. I. Speci� cally, it is as-
sumed that image data for a test article are obtained at a uniform
reference condition (wind-off) and at a wind-on measurement con-
dition. For purposes of demonstration, the pressure distribution is
assumed to be known in terms of a computational � uid dynamics
(CFD) calculation.Also, it is assumed that the responseof the paint
can be described in terms of a linear Stern–Volmer relationship(see

Ref. 18). (If desired, the model can easily accommodate additional
nonlinear terms.) The pressure pi on a surface element 1Si can
thus be related to the intrinsic brightness L.0/

i of surface element
1Si according to

pi D A C B L .0/

i wind off
L .0/

i (8)

where A and B are calibration constants of the paint. Note that
Eq. (8) implies an inverse relationshipbetween pressureand bright-
ness, with brightness increasing as pressure decreases, and vice
versa.

Now consider the effect of re� ected emission light. Measured
signals are proportional to total brightness rather than net, intrinsic
brightness.Use of total brightnessvalues thusproducesthe modi� ed
pressure distribution p0

i , given by

p0
i D A C B.[L i ]wind off=L i / (9)

The resulting pressure error is given by

1p0
i D p0

i ¡ pi (10)

with pi the actual pressure and p0
i given by Eq. (9). In Eq. (9), it is

assumed that the constants A and B are the same as those in Eq. (8),
having been determined by some a priori calibration, for example,
using painted coupons in a pressure- and temperature-controlled
calibrationchamber. In an alternativeapproach, the constants A and
B may be determinedusing an in situ calibrationinvolvingpressure
transducers embedded in the test article. In this case, Eq. (9) is
used to � t measured brightness ratios in the immediate vicinities
of the transducers to the pressure values from the transducers. Let
the resulting � t coef� cients be denoted by A00 and B 00. When these
coef� cients are applied to other partsof the test article, the following
pressures are obtained:

p00
i D A00 C B 00.[L i ]wind off=L i / (11)

The resulting pressure errors are now given by

1p00
i D p00

i ¡ pi (12)

Other calibration schemes are possible, in which only a single co-
ef� cient (not necessarilyone of the coef� cients A and B used here)
is � t against the pressure transducer values, and the remaining co-
ef� cients are held � xed at the values from an a priori calibration.19

V. Numerical Example: Alpha Jet
To test the diffuse re� ection model, the test article was taken

to be one that has been previously tested in Arnold Engineering
DevelopmentCenter’s (AEDC’s)16-ft transonicwind tunnel.This is
the Dornier Alpha jet, also known as the Trans-SonischeTrag� ügel
(TST) model.20 Figure 5 shows a CFD-generated surface pressure
map for this model. Because of the high placement of the main
wings, negligibleself-illuminationeffectsare expectedfor theupper
part of the aircraft, which has a largely convex shape. By contrast,
signi� cant self-illuminationeffects may be expected in the vicinity
of the joint line between the lower wing and the fuselage, due to
the enclosing, concave nature of these two surfaces. This is borne
out by the calculation of the coef� cients Ai j from Eq. (3), which is
discussed in the Appendix.

The intrinsicbrightnessdistributionL.0/

i at the wind-offcondition
was assumed to be uniform (as would be the case for perfectly uni-
form lighting of the model surface) with one modi� cation, which
is the inclusion of self-illumination at the excitation wavelength.
Unlike self-illumination at the emission wavelength, such self-
illuminationdoes not have an adverseeffect on the outcomeof lumi-
nescent paint measurements because it affects wind-off and wind-
on measurementsequally. Indeed,self-illuminationat the excitation
wavelength merely acts as a virtual light source that changes the il-
luminationdistributionon the test article. (Recall from Sec. I that ra-
tioingis usedpreciselyto compensatefor effectssuchas nonuniform
illumination.)
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Fig. 5 Assumed pressure distribution on TST model.

Fig. 6 Brightness distributions in absence of re� ected emission light.

Figure 6 shows calculatedbrightnessdistributionson the test arti-
cle that include the effects of re� ected excitation light, but not those
of re� ected emission light. This calculation was performed using
Eq. (2), setting L .0/

i D 1000 at all surface elements 1Si , and using
a re� ectivity Ri D 0:6. Convergence to within machine precision
was reached after 18 iterations. Figure 6 shows the resulting wind-
off and wind-on brightness distributions.Minimum and maximum
brightnessvalues are shown in parentheses.The wind-on brightness
distribution in Fig. 6b was calculated from Eq. (8) using data from
Figs. 5 and 6a as input.Valuesof the paint coef� cients A and B were
taken to be given by A D¡184:6 mbar and B D 1164:5 mbar, as is
approximately the case for the PSP FIB7 used at AEDC. Maximum
brightness values in Fig. 6 are about twice as large as would be the
case in the absence of re� ected excitation light.

Figure 7 shows the brightnessdistributionsthat are obtainedafter
including the effect of self-illuminationat the emission wavelength

as well. Again, Eq. (2) was used, setting L .0/

i to the calculateddistri-
butionsfromFigs. 6a and 6b, respectively.This time, a re� ectivityof
Ri D 0:79 was used. This is the measured re� ectivity of FIB7 at the
emission wavelength.14 Convergence to within machine precision
was reached in 21 iterations.As is the case in Fig. 6, minimum and
maximum brightness values are shown in Fig. 7. Maximum values
are now up to four times larger than would be the case in the absence
of re� ected light.

A Priori Calibration
We are now ready to considerthe effectof self-illuminationon the

calculationof PSP-derivedpressuredistributions.First, we consider
the case of an a priori calibration. In this case, Eq. (9) is used to
convert the total brightness distributions from Fig. 7 to pressures.

Fig. 7 Brightness distributions with re� ected emission light included.

Fig. 8 PSP-pressure errors in absence of self-illumination correction
for a priori calibration.
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The associated pressure errors are then given by Eq. (10). Figure 8
shows these errors in image format.Minus and plus signs are used to
indicate the signsof the errors.Figure 9 shows line plots of the same
errors at three wing-span locations (21, 50, and 76%) on the lower
part of the main wing. Maximum errors are seen to amount to about
15 mbar, or about3% of the actualpressure.As expected,signi� cant
errors are found only in those areas in which geometry is such that
there is signi� cant self-illumination. However, to produce a self-
illuminationerror, a secondconditionmust be satis� ed, namely, that
there be a signi� cant nonuniformity in the pressure distribution.8

This explains why the extent of the isolated regions of pressure
error in Fig. 8 is much more con� ned than the regions of high self-
illumination in Fig. 7 and why the maximum relative pressure error
(3%) is much smaller than the factor (see Figs. 6 and 7) by which the
maximum brightness is increased as a result of self-illumination.

As a check, the self-illuminationcorrection from Eq. (4) was ap-
plied to the data from Fig. 7. This reproduced, to within machine
precision, the brightnessdistributionsfrom Fig. 6 and, hence, by ap-
plication of Eq. (8), the same pressuredistribution that was initially
assumed in Fig. 5.

In Situ Calibration
In a second calculation, it was assumed that, at each of the three

span-wise locationsfromFig. 9, a row of 15 equally spacedpressure
transducerswas located.Figure 10 shows a simulated in situ calibra-
tion based on readings from these transducers, with L .0/=L repre-
senting the wind-off/wind-on brightness ratios at the transducer lo-
cationsderivedfrom the PSP measurement.(These brightnessratios
were calculatedwithout performing a self-illuminationcorrection.)
Fitting the data fromFig. 10 to Eq. (9), the values A00 D¡221:2 mbar
and B 00 D 1244:0 mbar were obtained. For comparison, the dashed
line in Fig. 10 represents the result of the a priori calibration, with

Fig. 9 Chordwise PSP-pressure errors on lower wing for a priori
calibration.

Fig. 10 In situ calibration on lower wing.

Fig. 11 Chordwise PSP-pressure errors on lower wing for in situ
calibration.

A D¡184:6 mbar and B D 1164:5 mbar. When the results of the
in situ calibration are used, the brightness values from Fig. 7 were
converted to pressuresusing Eq. (11). Figure 11 shows the resulting
pressure errors from Eq. (12) at the same wing-span locations that
are shown in Fig. 9. When the pressure errors in Fig. 11 are com-
pared to those in Fig. 9, it is seen that only a slight improvement
in the resulting pressure errors is obtained. Thus, it follows that the
in situcalibrationis not an effectivemeansof correctingfor re� ected
emission light.This result is not surprisingbecauseno single adjust-
ment of the paint coef� cients A and B can reasonably be expected
to compensate for an artifact (self-illumination) whose in� uence is
highly position dependent.

VI. Conclusions
Using a simple model, it has been shown that re� ected light in lu-

minescent paint measurements can triple the brightness of selected
surface areas on a test article, compared to the case of no re� ection.
In both intensity-based and lifetime-based methods, signal ratio-
ing compensates for this effect. This compensation is complete for
re� ected excitation light, but not for re� ected emission light. As
shown, the associated pressure error in a PSP measurement can
reach several percent of actual pressure. However, as is also shown,
a self-illuminationcorrection can be performed to reduce this error.
This calls for mapping image data to a three-dimensional grid of
the test article and calculating at each point on the grid a correc-
tion term that involves measured image data from, in principle, all
other points on the grid. The computational effort associated with
such a calculation is proportional to N 2, where N is the number of
surface elements on the grid. By contrast, the computational effort
associated with conventional processing of luminescent paint data
is proportional to N . A self-illumination correction thus poses a
signi� cant additional computational burden.

In the numerical example studied here, the accuracy of the pro-
posed self-illuminationcorrectionis limited only by machine preci-
sion. In practice, the success of the correctionwill be determined in
large measure by how well the underlying diffuse re� ection model
approximates the actual re� ection characteristics of the paint. The
model may thus be expected to work better for matte paints (such as
FIB7 used at AEDC) than for glossy paints. An extensionof the dif-
fuse re� ection model has already been undertaken,and is discussed
elsewhere.13

Appendix: Calculation of A-Matrix Coef� cients
The grid of the TST model described in Sec. V consistedof about

55,000 points. The coef� cient matrix Ai j from Eq. (3) thus con-
tains about 3 £ 109 entries. Of these, only about 6%, or 1:8 £ 108,
are nonzero. This is the limiting value in Fig. A1, which shows the
number of nonzero pixel numbers Ni j from Eq. (7) as a function
of the pixel radius Nmap of the z-buffer projection maps. Figure A2
shows the corresponding maximum error in the self-illumination
correction as a function of Nmap . This error was obtained by calcu-
lating the simulated brightnessdistributionon the test article with a
z-buffer radius of 1400 pixels and performing the self-illumination
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Fig. A1 Number of nonzero projected surface elements vs z-buffer
radius.

Fig. A2 Correction error vs z-buffer radius.

Fig. A3 Graphic example of z-buffer projection map.

correction at the smaller radii indicated in Fig. A2. For Nmap D 300
pixels, the maximum error is about 1 mbar, even though, according
to Fig. A1, only about half of the nonzero projected surface ele-
ments are resolved.At this resolution(used in the calculationsfrom
Sec. V), the time requiredto calculatethe A matrix was about90min
on a 400-MHz Intergraph workstation. The size of the resulting
A-matrix � le was about 320 MB, or about 4 bytes per projected
surface element. This storage density was achieved by writing to
� le, for each surface element index i , only the nonzero Ni j pixel

counts from Eq. (7), along with the corresponding index j . Both
the values Ni j and j were stored as 2-byte integers. Calculation of
total brightnessdistributionsbased on Eqs. (2–4) required about 8 s
per iteration, with the majority of time spent reading the stored Ni j

and j values from � le. Figure A3 shows an example of a z-buffer
projection map, with a view of the main wing of the TST model
from the perspective of a surface element 1Si on the fuselage.
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