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Chapter 9 – FLIGHT TEST ACTIVITIES 

9.1 GENERAL 

The most important flight test activities performed as part of the PILASTER development project, included 
the following: 

a) PILASTER Systems Test Campaign (TORNADO-IDS), including: 
• Propagation Measurements in Oblique Air-to-ground Paths; 
• CLDP Pointing Accuracy Measurements; and 
• CLDP FLIR Systems Flight Testing. 

b) LOAS Test Campaign, including: 
• Preliminary Flight Trials on the NH-300 Helicopter; and 
• Flight Trials on the AB-212 Helicopter. 

Particularly, the PILASTER STU and MSU systems were tested during their employment in real air-to-
ground missions (both with and without deliveries of guided weapons). With the PILASTER systems in their 
operational configuration, atmospheric extinction measurements were performed with the geometries typical 
of air-to-ground missions (i.e., oblique and vertical laser paths), and the correction factors for the ESLM sea-
level atmospheric propagation models were determined in the conditions of greatest significance. Pointing 
accuracy (from geometric and energy spot centres measurements) of the CLDP were determined in flight and 
laser beam spread measurements were performed with various aircraft-target geometries.  

The LOAS flight test activities were carried out in order to verify the functionality of the system in a real 
operational environment (preliminary trials) and to assess the system detection performance with various 
weather conditions/obstacles and the efficiency of the obstacle classification/prioritisation algorithms. 

This chapter describes the flight test activities carried out during this research and gives indications about 
further activities planned to be performed in the future.  

9.2 PILASTER/CLDP TEST CAMPAIGN 

As discussed in the previous chapters, most PILASTER systems test activities were carried out during 
laboratory and ground sessions. However, a number of flight sorties were performed with the CLDP on 
TORNADO-IDS (fully instrumented with FTI and a DGPS based PRS), in order to verify the compliance 
of the PILASTER systems with aircraft test/training missions requirements. This activity also served to 
the personnel involved (aircrews and engineering officers) to gain confidence with the PILASTER 
systems (STU and MSU) during their operational employment. Particularly, both dry (no LGW delivery) 
and hot attack profiles were flown, following flight paths and executing manoeuvres compatible with  
both eye-safety restrictions and DGPS data gathering requirements. During the activity, a number of 
measurements were performed (in real-time and in post-processing) with the PILASTER systems. Together 
with baseline measurements required for the PILASTER operation (pointing accuracy, beam spot diameter, 
energy profiles, codes characteristics, etc.), also some propagation measurements were performed with 
different oblique air-to-ground paths.  

The CLDP-IR standard FLIR and an enhanced version of the FLIR system (CLDP-IR version) was also 
tested, using the PILASTER IR target. Finally, using the data collected in flight, the PILASTER post-
mission data analysis tools were also improved. 
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9.2.1 Atmospheric Propagation Trials 
Atmospheric propagation flight test activities with the CLDP-IR on TORNADO-IDS aircraft were 
performed with the aim of obtaining experimental data regarding the variations of the attenuation 
coefficient at λ  = 1064 nm as a function of altitude. In order to cope with this task, it was first of all 
required to correctly plan the flight sorties and selecting the test points according to the aircraft envelope 
limitations, to the PILASTER instrumentation mode of operation and to the CLDP-IR functional 
characteristics. As the target used for the trials had a size of about 10 × 10 metres, and the entire laser spot 
had to be captured by the NIR cameras for data analysis, the first concern was to determine the conditions 
(i.e., slant-range and incidence angle) in which the size of the laser spot would not exceed the size of the 
target. Imposing that the aircraft had to fly towards the target surface along the radial 130, the problem of 
determining the laser spot size with varying altitude was reduced to the case of a pure vertical 
misalignment (i.e., no azimuth misalignment). Therefore, the equation used to approximately determine 
the major axis of the laser spot ellipse on the target (r) was the following: 
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where α is the beam divergence and β is the CLDP-IR elevation angle (measured with respect to the target 
normal). Using this equation, two flight sorties were planned to be executed in days with visibility in 
excess of 15 km, including four dive manoeuvres at 45°, 35°, 25° and 15° respectively. The dive profiles 
envelopes are described in the Table 9-1.  

Table 9-1: Flight Profiles Envelopes for Atmospheric Extinction Trials 

 

When data could not be collected during the dives, straight and level passages were performed parallel to the 
target surface. In all cases, the CLDP-IR laser was manually activated by the WSO at the required altitudes 
and grazing angles. The CLDP-IR laser eye-safety envelope is shown in Figure 9-1, with superimposed the 
dive manoeuvres profiles. 
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Figure 9-1: CLDP-IR Eye-Safety Envelope. 

The flights were performed on two successive days during summer 2002. The meteorological data collected 
at the target location during the two sorties are reported in Table 9-2. 

Table 9-2: Meteorological Data Relative to Propagation Flight Trials 

 

Following the planned flight profiles, experimental data collected during the two TORNADO-IDS sorties 
allowed to estimate the variations of the attenuation coefficient with altitude. Particularly, measuring 
transmittances for various aircraft grazing angles and altitudes (aircraft instrumented with DGPS and 
equipped with standard barometric/radar altimeters), the following results were found. 

9.2.1.1 Tests with 50° Grazing Angle 
The experimental data obtained with a grazing angle of 50° are plotted in Figure 9-2. The following linear 
approximation was found for the ratio of attenuation coefficient to its sea-level value: 

 9663.0109568.1 5 +⋅−= − Hatm
H
atm γγ  (9.2) 
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where H
atmγ  is the attenuation coefficient of the slant-path, atmγ  is the attenuation coefficient at sea-level, 

and H is the aircraft Mean Sea Level (MSL) altitude in thousands of ft. The second order polynomial fit of 
the same experimental data is: 

 0810.1106243.3105583.5 5210 +⋅−⋅= −− HHatm
H
atm γγ  (9.3) 

 

Figure 9-2: Ratio of the Attenuation Coefficient to its Sea-Level Value for 50° Grazing Slant-Paths. 

9.2.1.2 Tests with 40° Grazing Angle 

The experimental data obtained with a 40° grazing angle are plotted in Figure 9-3. The following linear 
approximation was found for the ratio of attenuation coefficient to its sea-level value: 

 9608.0107566.1 5 +⋅−= Hatm
H
atm γγ  (9.4) 

The second order polynomial fit of the experimental data is: 

 9747.0109706.1106424.7 5211 +⋅−⋅= −− Hatm
H
atm γγ  (9.5) 
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Figure 9-3: Ratio of the Attenuation Coefficient to its Sea-Level Value for 40° Grazing Slant-Paths. 

9.2.1.3 Tests with 30° Grazing Angle 

The experimental data obtained with a grazing angle of 30° are plotted in Figure 9-4. The following linear 
approximation was found for the ratio of attenuation coefficient to its sea-level value: 

 9626.0105245.1 5 +⋅−= − Hatm
H
atm γγ  (9.6) 

The second order polynomial fit of the same experimental data is: 

 0537.1109675.2103447.5 5210 +⋅−⋅= −− HHatm
H
atm γγ  (9.7) 
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Figure 9-4: Ratio of the Attenuation Coefficient to its Sea-Level Value for 30° Grazing Slant-Paths. 

9.2.1.4 Tests with 20° Grazing Angle 

The experimental data obtained with manual CLDP laser activation during the 20° dive manoeuvre are 
plotted in Figure 9-5. The following linear approximation was found for the ratio of attenuation coefficient 
to its sea-level value: 

 9530.0103758.1 5 +⋅−= − Hatm
H
atm γγ  (9.8) 

The second order polynomial fit of the same experimental data is: 

 9531.0103765.1102468.3 5213 +⋅−⋅= −− HHatm
H
atm γγ  (9.9) 
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Figure 9-5: Ratio of the Attenuation Coefficient to its Sea-Level Value for 20° Grazing Slant-Paths. 

9.2.1.5 Discussion of Results 

All experimental data collected during the trials are shown in Figure 9-6. Looking at the data trends, it is 
evident that, as the grazing angle (ξ ) becomes shallower, H

atmγ  tends to decrease at a lower rate as the 
altitude increases. 
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Figure 9-6: Ratio of the Attenuation Coefficient to its Sea-Level Value  
for Slant-Paths with 20°, 30°, 40° and 50° Grazing Angles. 

It must be considered that the linear fits relative to the various grazing angles are representative of the data 
trends only in the altitude intervals were the experimental data were collected. Furthermore, the experimental 
flight sorties were carried out only in clear weather with similar values of the relevant meteorological 
parameters measured on the ground (i.e., visibility, relative humidity and temperature). Therefore, it is 
possible that using these functions beyond the respective altitude intervals and in different weather 
conditions may not provide reliable predictions of the attenuation coefficient.  

Let us consider only the altitude interval 8000 ÷ 14000 ft. in which data were collected with all grazing 
angles (i.e., ξ = 50°, 40°, 30° and 20°), shown in Figure 9-7. 
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Figure 9-7: Ratio of the Attenuation Coefficient to its Sea-Level Value for  
Various Slant-Paths and Altitudes between 8000 and 14000 ft. 

Also in this altitude interval it is confirmed that H
atmγ  tends to decrease less as the grazing angle becomes 

shallower. Furthermore, in this interval we may perform further analysis by determining an average fitting 
function for all data points collected. These elements are shown in Figure 9-8. By doing this, we obtain a 
single function which allows approximate calculations of the fractional decrease in γatm for slant-paths 
with 20° ≤ ξ ≤ 50° from sea-level to altitudes between 8000 and 14000 ft. 
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Figure 9-8: Average atm
H
atm γγ  for Slant-Paths with Grazing Angles  

between 20° and 50° and Altitudes between 8000 and 14000 ft. 

A similar analysis was also performed in the altitude interval 8000 ÷ 19000 ft. for the grazing angles 30°, 
40° and 50°. The results are shown in the Figure 9-9 and Figure 9-10. 
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Figure 9-9: Ratio of the Attenuation Coefficient to its Sea-Level Value  
for Various Slant-Paths and Altitudes between 8000 and 19000 ft. 

 
 

Figure 9-10: Average atm
H
atm γγ  for Slant-Paths with Grazing Angles  

between 30° and 50° and Altitudes between 8000 and 19000 ft. 
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In order to obtain accurate predictions of the attenuation coefficient variations with altitude required for 
performance data analysis and simulation purposes at the PILASTER range, it is essential to perform 
further trials, in appropriate meteorological and operational scenarios, including well representative 
weather conditions and wider portions of the TORNADO-IDS/CLDP operational flight envelopes. 

9.2.2 CLDP Pointing Accuracy Tests 
Using the PILASTER STU instrumentation and the permanent target described in Chapter 5, the pointing 
accuracy of the CLDP system, installed on the TORNADO-IDS aircraft, was determined. The aircraft 
flight profiles for pointing accuracy tests were defined according to the CLDP/PILASTER technical 
characteristics and taking into account eye-safety issues. The measurements were performed during one 
flight sortie performed at altitudes between 10000 and 20000 ft. and with various CLDP aspect angles and 
aircraft to target slant-ranges. A number of six straight-and-level passages were performed with the 
aircraft flying parallel to the target surface. The CLDP system was aimed at the target by using the 
systems TRACK and SLAVE modes (2 passages in SLAVE, 2 passages in TRACK-TAC and 2 passages 
in TRACK-TIC). All test points were performed with manual laser activation by the WSO for periods of 
about 15 seconds, in the prescribed aircraft altitude and attitude conditions. The atmospheric parameters 
recorded at the target location during the flight were: V = 18 km, T = 31°C and RH = 45% (no clouds). 
Pointing accuracy data (i.e., displacement error of the energetic and geometric centres of the laser spots on 
the target with respect to the target centre) were obtained using the same methods already described in 
Chapter 9 for the three cases of slightly distorted, highly distorted and broken laser spots. The results of 
the measurements are not presented here due to military classification issues. 

9.3 FLIR SYSTEMS TESTING 

Using the PILASTER IREF target described in Chapter 5, installed on the permanent FXDT target 
structure, the Minimum Resolvable Temperature Differences (MRTD) with spatial frequencies (cycle/ 
mrad) corresponding to various 2-D discrimination levels, where determined for the CLDP-IR and for the 
enhanced CLDP-IRS FLIR systems. Furthermore, using these experimental data it was possible to 
calculate the detection, recognition and identification ranges of both FLIR systems, for targets of given 
aspect dimensions. Although the experimental results obtained are not presented in this thesis (due to the 
high level of military classification), the technical approach adopted is described here, which is a reference 
for future FLIR test activities to be performed at the PILASTER range. 

9.3.1 In-Flight Test Procedure 
First of all, it is important to select appropriate aircraft to target geometries for the system under test.  
The (angular) spatial frequency (SF) is given by:  

 
c

T

W
RSF

1

=  (9.10) 

where: 

RT = sensor-to-target range; and 
W1c = width of one cycle of target. 

The ‘cycle’ is defined as the sum of one bar and space on the reference target. In flight test practice,  
the spatial frequency is adjusted by varying sensor-to-target range (i.e., flying toward the target).  
The PILASTER test procedure steps are the following: 

a) Adjust the effective temperature differential (∆T) of the bar target to the maximum value planned 
for the test. 
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b) Fly a prescribed flight path, at constant altitude and airspeed, on a heading designed to pass 
directly over the PILASTER target, and normal to the target surface. 

c) Determine the sensor-aircraft position (and, hence, sensor-to-target range) with suitable range 
instrumentation (e.g., cinethodolites) or on-board position reference devices (e.g., DGPS). 

d) Acquire the IR target on the FLIR sensor under test. 

e) Continue to observe the target on the sensor until the variations in radiant intensity due to the 
individual bars are just discernible. 

f) Measure and record the resolvable temperature differential and the range (spatial frequency) 
attained in step e). 

g) Repeat steps a) through f), substituting, in step a), increasingly smaller target temperature 
differentials, until the variations due to individual bars are no longer discernible even at the 
minimum sensor-to-target ranges planned for the test.  

During the in-flight tests, atmospheric conditions must be recorded in order to determine the transmittance 
(τatm). ∆T must be multiplied by τatm to get the normalised ∆T which is used for plotting test results. 
Additionally, thermo vision should be used to record IR target differential temperature as truth data to 
ensure the IR board is operating properly. The relationship between sensor cut-off spatial frequency (SFs) 
and sensor angular resolution (θR) is given by: 

 
c

R SF
1

=θ  (9.11) 

When the resolvable temperatures determined by the in-flight test are plotted versus the spatial frequency 
of the target, the results should be very similar to those determined by ground tests. The only significant 
difference should be that the in-flight spatial cut-off frequency (SFs-f) of the sensor should be somewhat 
lower than that attained in ground tests (SFs-g). The only significant difference should be that the in-flight 
spatial cut-off frequency of the sensor should be somewhat lower than that attained in ground tests.  
An example of a plot showing both in-flight and ground test results is presented in Figure 9-11. For a 
properly integrated and properly functioning sensor, the degradation of angular resolution in flight is due 
primarily to sensor line-of-sight (LOS) jitter.  
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Figure 9-11: Spatial Frequency – In-Flight and Ground Resolution. 

9.3.2 Range Performance Predictions  
FLIR systems range performance predictions require a mathematical model that describes the eye/brain 
image interpretation process. Unlike the response of an electronic circuit, the response of a human observer 
cannot be directly measured but only can be inferred by many visual psychological experiments. The lowest 
level of discrimination is a distinction between something and nothing. The final level is the precise 
identification and description of a particular object. Between these two extremes lay a continuum of 
discrimination levels. 

In the late fifties, Johnson studied image intensifiers discrimination performance at the US Army 
Engineering and Research Laboratories. He arbitrarily divided visual discrimination into four categories: 
detection, orientation, recognition, and identification [1]. Johnson’s results allowed to correlate detectability 
with the sensor threshold bar pattern resolution (Table 9-3). He applied the number of cycles across the 
target minimum dimension, without regard to the orientation of the minimum dimension (his rasterless 
image intensifier imagery was radially symmetrical and therefore it was reasonable for him to ignore the bar 
orientation). Johnson’s approach, known as the equivalent bar pattern approach, became the foundation for 
the discrimination methodology used today.  
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Table 9-3: Johnson’s Experimental Results 

 

Successive studies and tests performed at the US Army Night Vision Laboratories and by industry 
suggested modifications to the values originally found by Johnson. Figure 9-4 provides the current 
industry standard for one-dimensional target discrimination. Orientation is a less popular discrimination 
level. Because current standards are based upon Johnson’s work, they are labelled as the Johnson criterion 
though they are not the precise values found by him. 

Table 9-4: Current Industry Criterion for 1-D Discrimination (50% Probability Level) 

 

The Johnson criterion provides an approximate measure of the 50% probability of discrimination. Results 
of several tests provided the cumulative probability of discrimination or target transfer probability function 
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(TTPF). The TTPF can be used for all discrimination tasks by simply multiplying the 50% probability of 
performing the task (N50 in Table 9-4) by the appropriate TTPF multiplier in Table 9-5 [2]. For instance, 
the probability of 95% recognition is 2N50 = 2(4) = 8 cycles across the target minimum dimension. 
Similarly, the cycles required for detection, recognition and identification with a probability level of 80% 
are 1.5, 6 and 12 respectively. 

Table 9-5: Discrimination Cumulative Probability [2] 

 

An empirical fit to the data provides [3]: 
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Visual psychophysical experiments suggest that the eye response follow a log-normal distribution.  
The probability density function appears to follow [4]: 
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and the cumulative probability is: 

 ( ) ( )∫=
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 (9.15) 
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where log(σ) = 0.198. Both the empirical fit of eq. (9.12) and the log-normal approach (based upon a 
physically plausible foundation) of eq. (9.15) provide similar numerical results. 

As clutter increases, the ability to discern a target decreases. To account for this reduced capability,  
N50 must increase. Most studies have broadly categorised clutter into high, moderate and low regions [5], 
and defined the signal-to-clutter ratio (SCR) as: 

 
clutter

meanbackgroundvalueetargtmaxSCR
σ

−
=  (9.16) 

where: 
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=
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iclutter N 1

21 σσ  (9.17) 

and σi is the rms value of the pixel values in a square cell that has side dimensions of approximately twice 
the target minimum dimension. The scene is composed of N adjoining cells. The use of adjoining cells 
introduces a spatial weighting factor that is similar to the spatial integration performed by the eye/brain 
process. Clutter sizes that are equal to the object size weigh more heavily in this calculation. 

The results are presented in Table 9-6 [5]. Field experiments [6] demonstrated that the Johnson detection 
criterion applies to a “general medium to low clutter” environment. Therefore, the 50% probability of 
detection in Table 9-6 where normalised in moderate clutter to one cycle. These experimental findings 
roughly follow the empirical TTPF of eq. (9.12). It is convenient to use 0.5, 1.0 and 2.5 as a multiplier (Fd) 
to N50 for low, moderate, and high clutter environments respectively. 

Table 9-6: TTPF when Clutter is Present [5] 
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In order to obtain the two-dimensional discrimination levels required in a 2-D performance prediction 
model, each value in the one-dimensional criteria (Table 9-7) is multiplied by 0.75 [7]. The results are 
presented in Table 9-7.  

Table 9-7: Discrimination Levels for the 2-D Model (50% Probability Level) 

 

The Night Vision Laboratory Static Performance Model [6] uses the minimum dimension (1-D), whereas 
2-D models (e.g., FLIR92) refer to the critical dimension of the object [7]: 

 TGTTGTc HWh ×=  (9.18) 

where WTGT and HTGT are the horizontal and vertical object dimensions. In this case, the number of cycles 
used for range performance calculations is that associated to the object critical dimension hc. Therefore, 
our 2-D FLIR range performance prediction model can be summarised by the following equations: 

 ( ) SF
FN

hR
dD

c ×
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=
−250

 for detection  (9.19) 

 ( ) SF
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=
−250

 for recognition and identification  (9.20) 

where: 

R  = predicted slant-range; 
hc  = target critical dimension; 
SF  = measured spatial frequency; 
N50-2D = cycles required for detection, recognition and identification (Table 9-7); and 
Fm, Fd  = multipliers for the various discrimination levels (Table 9-5 and Table 9-6). 

9.4 LOAS FLIGHT TEST CAMPAIGNS 

LOAS system flight trials were performed using two different test platforms: NH-300 and AB-212 
helicopters. Figure 9-12 shows the LOAS prototype system used for the flight trials. Particularly, the LOAS 
sub-units are shown in Figure 9-12(a), while the Sensor Head Unit (SHU) and pilot interface units are shown 
in Figure 9-12(b).  
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Figure 9-12: LOAS Prototype Used in the Trials. 

Figure 9-13 shows the LOAS installed on the first test helicopter (NH-300).  

 

Figure 9-13: LOAS Prototype Units Installed on the NH-300 Helicopter. 

Figure 9-14 shows the LOAS SHU mounted on the second test helicopter (AB-212).  
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Figure 9-14: LOAS SHU Installed on the AB-212 Helicopter. 

The Cockpit Display Unit (CDU) used for the AB-212 flight trials is shown in Figure 9-15(a). As shown 
in Figure 9-15(b), the LOAS CDU was installed in the center of the AB-212 glareshield, in order to be 
accessible to both pilot and co-pilot. 

 

Figure 9-15: LOAS Display Unit Installed on the AB-212 Helicopter. 
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For the AB-212 test campaign, the LOAS Control Unit (LCU) was installed at the centre of the helicopter 
middle-console (in a position accessible to both pilot and co-pilot), as shown in Figure 9-16. 

  

Figure 9-16: LOAS Control Unit Installed on AB-212. 

For the trials, various types of well characterised cables (with different sections and physical characteristics) 
where used, in conjunction with suitable sustaining poles. Furthermore, five different ‘slices’ of terrain were 
identified in the test range, useful for performing a dedicated assessment of the LOAS surface rendering 
capability. In order to obtain accurate geodetic co-ordinates of the terrain datum points, DGPS static surveys 
were performed at the range. Consequently, a 3-D reference grid was produced for comparison with the 
LOAS 3-D terrain profile data.  

During the test flights, a flight test engineer operated a computer, linked to the LOAS system and 
displaying in real-time the 3-dimensional (3-D) images reconstructed using the LOAS data (Figure 9-17). 
All images were recorded for the successive data analysis.  
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Figure 9-17: LOAS 3-D Display Format (Flight Test Engineer). 

The results of the tests were encouraging. Particularly, the LOAS range performances were in accordance 
with the predictions obtained with mathematical models. Furthermore, the basic LOAS detection/ 
classification data processing algorithms were validated, although a fine tuning of some processing 
parameters was required. Furthermore, it was verified that the LOAS “History Function” and Impact 
Warning Function (IWF) were implemented.  

Future tests will be performed in order to further assess the LOAS system performance (sensor and 
processing algorithms) in day/night with various weather/environmental conditions and to optimise the 
system human machine interfaces. Particularly, a dedicated flight test activity will be carried out in order 
to assess the LOAS system performance for future installation on the Italian NH-90 TTH/NFH helicopters. 
This activity will be carried out using an AB-412 test-bed helicopter. The trials will be addressed to LOAS 
performance verification in various (reference) obstacle scenarios and with various weather conditions, 
and to very the validity of the Human Machine Interface (HMI) being developed for the NH-90 helicopter. 
A scheme relative to the current status of the LOAS customisation for Italian NH-90 helicopters (TTH and 
NFH versions) is shown in Figure 9-18.  
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Figure 9-18: LOAS Development Status for the Italian NH-90 Helicopter. 
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