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ABSTRACT

Line-scanner sensors acquire image data duringnéinoous scan of the terrain. In the airborne ctse,record is
exposed to and, therefore, sensitive to atmosphaticilence. Even though the corresponding observgeometry
is well-known from GPS/IMU data, heavy turbulencaynrdegrade the image quality. In order to providghh
quality products, potential issues need to bebblidiscovered — as early as possible.

This paper describes and illustrates parametetgtrentify atmospheric turbulence and its impactirnage data
and products: A parameterization of the line-sdaalfi the Normalized Coverage Speed (NCS), isvddrifrom

ground projections of neighboring scan-lines. Wibard to image quality, potential smearing is lized from the
relation between actual and desired pixel footprithe Pixel Smear Ratio (PSR). The (perceivedatiel Pixel

Error (RPE) and, based on that, the occurrenceatsuithe dimensions of turbulence-related artifacteectified

imagery are predictable based on the projectiomgéry and rectification height.

These quality parameters are computed very eartiignwork-flow, along with other sanity checks. yhean be
plotted co-located with raw or rectified imagerytie XPro Viewer and considerably assist qualitytaal. They

will be part of future releases of the Leica XPoftware package.
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MOTIVATION
Airborne line-scanner (or push-broom) images aeguinith Leica Geosystems’ ADS are commonly used in
the mapping industry. Such data are the resultaafrdinuous ground scan along the flight path. Raages consist
of hundreds of thousands of individual scan-lir@kspf them featuring their own exterior orientatjovhich conti-
nually changes according to the aircraft movembrdugh the atmosphere. This scanning process stisento
atmospheric turbulence, even though the ADS is ydwilown with an active mount that damps most ofTihe
(remaining) impact will be visible in the acquirealv images. However, the exterior orientation patems (EOP)
for ADS data are well-known, based on high-freqye@&S/IMU measurements. Virtually all sensor movenis
recorded in the EOP and, accordingly, the ADS sensmdel provides the geometrically correct solution any
transformation between ground and image coordin@&esn in cases of heavy turbulence. This meartsgee:
metric distortions perceived in the raw data carfiullg corrected in the ortho-rectification procedievertheless, in
the event the actual (local) ground scan deviatbstantially from the planned ground sampling dista(GSD) or
the scan is momentarily jerked backwards, proddetived from such data might show radiometric déatian
such as smearing or artifacts. These effects rebd tliscovered and also quantified as early asifgesn the pro-
cessing chain to save time and costs and, if naggde call re-flights in a timely manner.
Unfortunately the influence of atmospheric turbakeion any derived product cannot be classifieddasgaw
images or by orientation analysis for several raas&irstly, position and attitude consist of aéithger six para-
meters; the interaction of which is not immediatefyparent. Secondly: the EOPs provide a recordhefsensor
movement but do not describe the actual groundregee Finally, the impact of turbulence on a cerfaioduct
depends on the terrain elevation in combinatiot wérious specifications. In that regard we haweaeched para-
meters to describe the scan and, most importaaguhlity of derived image products. Such parareeiss required
to allow for a reliable discrimination of turbulemnthat degrades image quality, so that line-scadatr set can be
automatically classified and an operator can batpdidirectly to problematic areas.
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The remainder of this paper starts with a reviewthef line-scanner principle as well as image aratipct
properties, specifically under the influence of aspheric turbulence. Based on that, the newly dgesl quality
parameters and their usage for quality controldscribed. Example imagery and corresponding paearpéots
are shown for a typical (fairly) smooth flight afat a data set that shows some — in parts excegljoheavy —
turbulence impact.

LINE-SCANNER GEOMETRY IN ATMOSPHERIC TURBULENCE

The focal plate of the ADS consists of various Cigigs with different band filters, arranged in segjroups to
provide stereo ability, in case of the ADS80: thpaachromatic lines in nadir, forward and backwaedvs as well as
two groups of NRGB color lines in nadir and bacldvaiews; cp. Fuchs & Adiguizel (2010) for detailslaralibration.
During the continuous scan, data for all these daréd jointly accumulated (with up to 833 singleeliframes per
second in the case of the ADS80) into a produetrredl to as a ‘take’. This leads to central petsgeavithin scan-
lines and parallel projection (disturbed by turlmake) in flight direction. The in-line GSD depends ftight altitude
and can be in the order of 3 cm to 1 m. The irkfliGSD is determined by the flight speed and theosure (inte-
gration time) and is usually adapted to be consistéth the in-line GSD; however, under- or overgéing is possible.
The exterior orientation parameters are computeah fioint GPS/IMU processing as described by Sual.e2006);
they can be improved by triangulation (Hinsken let 2002). The line-scanner geometry is well-untberd and
reflected in the highly-optimized ADS sensor modaetjch has been co-developed by the authors. SedaSaet al.
(2000) and Hisken et al. (2002) for further dedaripof the ADS geometry and scan principle.

Radiometric properties of the acquired raw dateeddpon the imaging configuration. Final productslengo
sophisticated radiometric processing including afpm@ric and BRDF corrections (Downey et al.). Gedme
anomalies caused by atmospheric turbulence migiriade the image product radiometry, resulting ieparable
smearing or artifacts. This depends largely upertype of product and its geometric specifications.

Geometric Properties of Line-Scanner Images and Derived Products

A raw level-0 (LO) line-scanner image is merelyadlection of scan-lines (exposures) from a cer@ED. Due
to the aircraft/sensor movement in the atmosphedethe resulting ground coverage, this kind of imagpears
distorted (wavy). The LO imagery is not intendeddoect viewing by an operator.

The vast majority of these raw data distortionduding possible under- or oversampling is removgdHhe
rectification to a plane at the mean terrain heightich is defined as the level-1 (L1) productcdin be thought of
as the result of an ideal, turbulence-free, ling@n. Similar to a classical frame image, the raingigeometric
“distortions” are parallaxes that originate fronffelient terrain elevation and object heights. Adaogly, L1
images from different viewing angles are used feren-photogrammetry, including manual measuremesisell
as the automatic terrain extraction as described, by Gehrke et al. (2010). L1 data from différ@CDs of the
same group — i.e., with very similar viewing anglesan be rectified to the same band geometry amtbimed to
generate RGB or FCIR color products.

Level-2 (L2) images are based on ortho-rectifiatising a Digital Elevation Model (DEM) or Digitdlerrain
Model (DSM). This allows not only for the combirati of any bands — even though color products griedity
generated from CCDs of the same group — but alsmfisaicking across overlapping takes.

Turbulence Impact

Atmospheric turbulence, even though damped by #mdrsmount, may result in immediate changes of the
sensor position and attitude, with an angular sgesdg the dominant cause of undesired inhomogengoound
coverage. There are essentially two kinds of ingactderived products: smearing and artifactsjatier often in
conjunction with the first.

Smearing can result from any fast movement of the-dcanner during an exposure, which results in an
increase in the raw pixel footprints. Eventuallyidg L1/L2 generation several (smaller) productetsxare rectified
from the same or, considering the bilinear inteaioh in the input data, similar input. This ambigwvill blur the
derived image in the respective location.

Artifacts can be caused by the scan intermittemttying backwards, e.g. due to a fast decreaseeopitich
angle. Figure 1 illustrates such an event of vergvy turbulence, resulting in triple ground coveraghe area in-
between a start point S and an end point E isdsered forward (S- E, often along with temporarily increasing
pitch), then backward (& S, due to fast decreasing pitch), and finally fordvagain (& — E, under increasing
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pitch). Since the terrain is fully covered with igealy and the sensor movement is recorded in the, EQ# still
possible to ortho-rectify and generate a geomdlyicmrrect and — depending on the severity of timdulence
event — radiometrically acceptable L2 image. Du¢ht® implementation of the iterative computatiorthie ADS
sensor model, the image content results from falveamverage only; at some position P the data wiinglessly
switch from the first to the third raw coverage #hwparts of the LO data (including the backwardvement)
unused. This situation changes with any rectiftcato an elevation different from the surface sastihe L1 plane
as shown in Figure 1. In case of a rectificatiolgheabove ground, the point P will appear twic®iti P and F)
and the terrain is fully covered — but spatiallymmessed — outside these spots. The gap in-betiwdifled with a
repetition of the neighboring, already covered atef(although from different raw data), causingeifact either
in P* or in P. A similar artifact occurs for rectification heighbelow ground, but coverage is missing in thaeca
Depending on the accuracy of the DSM/DEM used ftrasrectification and the size of the raw datdéoskipped,
artifacts might also occur in L2 products but anzaller scale.

Forward Coverage Backward Coverage Forward Coverage
g% P ESE PSS P /B Flight Path / Raw Data

P1 Artefact P3 Rectification to a Plane

E Ground

Triple Coverage

Figurel. Line scan geometry in an event of heavy turbulghatleads to triple ground coverage.

QUANTIFICATION OF TURBULENCE

The exterior orientation reflects all atmospheuittilence of an imaging flight. Therefore, the E@iIP clearly
indicate events of turbulence and potential issnethe data. As mentioned in the motivation of thaper, this
indication is not straightforward, and a properrifecation of the turbulence impact needs to cdesithe terrain as
well as product specifications. Respective parareedee obviously based on the exterior but alsaheninterior
orientation (sensor calibration). For the flighebysis along with the EOP, the parameters are ctedpn the EOP
frequency or the scan frequency (usually highédekired all parameters can be projected intorticpdar product
coordinate system and displayed with that imagseg following chapter on quality control).

Exterior Orientation Parameters (EOP) and Angular Speed

All sensor movements including atmospheric turbedeare recorded in the exterior orientation. An ES@Pat
a given location consists of six parameters: thes@eposition (X, Y, Z) and attitude (roll, pitchaw). The pre-
dominant effects of turbulence factors are charigestitude — so it can be discovered by analyZimg angular
speed. A fast decreasing pitch might result in ackl coverage; similarly a yaw rotation can caulectve
backward scan on one side of the take in conneetitna fast forward move on the other. Such inseglaground
coverage speed as well as roll rotations tend tseamearing in products but do not quantify igawse the
interaction of the three angles is not intuitivedamore important, the amount of smearing depemdgroduct
specifications. Similarly, artifacts that generakgult from backward coverage might or might ratially occur in
products, mainly depending on the rectificatiorghéias shown in Figure 1.

The EOP — and especially the angular speed — olvsa certain correlation with the parameters dieedrin
the following. They can be surely utilized to gu@eser to potential issues but they might resufalise positives.
The angular speed is already analyzed in XPro Defaf® issue warnings on turbulence.
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Normalized Coverage Speed (NCS)

With the goal of combining the EOP parameters amvige a single parameter that indicates actualirgpo
coverage, each EOP set is projected onto the grbyrmbmputing object coordinates for the outernmstls of a
nadir scan-line — i.e., the edge of an image takehere the impact of sensor movements is maxiBaded on that,
the Normalized Coverage Speed (NCS) is the firgvdgon of the in-flight position, i.e. the disteend, between
neighboring scan-line projections relative to theerage in-flight distance gdp between subsequent EOP sets.
Computations are carried out for the left and tbtrside of the image:

left, right
Ncgeﬁ,right — dL2
dEOP

A smooth flight will result in NCS ~ 1 throughou&rge speeds correspond to (too) fast forward emesand
negative values to backward movement on groundallysin connection with the fast forward coveragefdre
and/or afterwards. A single NCS parameter per EQMeeds to reflect the extreme case, i.e. thesamdeviation
from a uniform coverage. However, any occurrencbamkward coverage should be indicated, everngibés along
with faster forward coverage at the opposite edget can be caused by fast yaw rotations. Thidsléa

min{ NCgeft NC§9'“} if NC&'<0or NC&'<0
NCS= )
max{‘NCéeft - :H NCEINt — % +1 otherwise

The NCS is a straightforward description of thgHti and will reveal turbulence but, similar to tBOP, it is
not suited to classify the derived imagery.

Pixel Smear Ratio (PSR)

Heavy turbulence might cause coverage changesceteations in any direction, both along and acteks,
which leads to smearing. The reason is that thigpfoua of a certain exposure differs from the dediarea. Since
the intensity of such a raw pixel contributes topmbduct pixels that intersect with it, a distattand/or enlarged
footprint will result in identical or similar intesities in the product and may cause smearing, diépgmon the local
entropy of intensities. A quantification of this saring can be derived from the fraction of a ramepthat is not
part of the expected coverage (thus not the desa@idmetry). The expected coverage is determinetthd product
pixel, presumably the squared across-flight GSIa #esp. Areas outside that product pixelgf,, contribute to
smearing (Figure 2). This is mathematically expedssy the relation of these areas, the Pixel SiRaéip (PSR).
The PSR is computed similar to the NCS, based oargf projections of neighboring scan-lines on #fednd right
edges, and the final parameter is retrieved froamtlaximum smear:

left right
max{ mear’ A Smea}r

AGSD

PSR=max{ PSK", PSR} =

G40 Scanline Projection @ Pixel End
/ Smear
Desired
Coverage /o Local Scan Direction
O

GS[/
Scanline Projection @ Pixel Start

GSD
Figure 2. Visualization of the PSR: Schematic ground progediof the expected and actual pixel footprints.
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The resulting values are inherently positive. PSR indicates no turbulence-related smearing andhat
regard, sharp image products. Increased PSRs sugigesaring issues; PSR1 is a suitable warning threshold,
since the majority of the product pixel radiomatnginates from undesired coverage in that case.

Note that there is no smearing issue if the rawelpig smaller than the final pixel, which is theseain
temporary slow forward coverage or general overdiagpVice versa, in the (rare) case of undersangpthe PSR
will point towards a general level of blurring. TR&R is often correlated with the NCS, essentiadlgause the in-
flight component of the PSR is identical with th€SI for perfectly smooth flights that are neithedemn nor over-
sampled, i.e.: PSR = NCS — 1 = 0. Practically thame distinct exceptions — especially in heavy uigbce; in
particular: oversampling, where NCS > 1 does noiseasmearing as long as the instantaneous in-flG@D is
below the across-flight GSD, or immediate roll meteat are not reflected in the NCS (cp., e.g.uEd®).

The PSR as described classifies an L2 image imetb&lution of the (average) across-flight GSD. ¢twd be
possible to compute the PSR for any product. Howewhile product GSDs other than the nominal vathange
desired pixel footprints/areas, it can be assumatthe impact is rather small — in terms of migsavere smearing
in any product by computing a single, generaliz&RPIt should be possible to judge (unusual) prtslo€ very
different GSD using adapted thresholds.

Relative Pixel Error (RPE)

Heavy turbulence that causes backward coverageasililt in image artifacts if the rectification ed¢ion is off
the surface, which is unavoidable in L1. Thosefaats are visible as double coverage in case #natbn is too
high and missing coverage if it is too low (cp. Ufig 1). A quantification of the double or missingverage — or,
more general, of relative errors in pixel or, regpely, projected scan-line positions — can beiaad from
comparing the actual ground coverage to the cooretipg coverage in the (plane-)rectified produtte Hifference
indicates the relative offset in-between L1 imagels, which originates from turbulence but alsanfrvariations in
terrain elevation that result in image parallaxe tatter of which influences must be excluded fribim computation
of the Relative Pixel Error (RPE) — the parallaxdserror but desired, at least in a plane-redifitereo product.

GSP GSP GSP Backward Coverage Flight Path / Raw Data -
| | \

Smooth Flight:  Slight Turbulence:  Heavy Turbulence Artifact:

d, =d,=GSD d, - d, d, #dy
d, dy, d, L1 above Ground
sz sz‘ sz \ Ground (LZ)

>
dLl dLL / d, L1 below Ground

Figure 3. RPE geometry in different events of turbulence. &se Figure 1.

The RPE computation needs to resemble the rediifitgrocess, which is indirect for ADS data prieg
with Leica XPro, i.e. based on ground-to-image @ctipns. Nevertheless, in order to derive an EOHermal
parameter — including backward coverage and daté toeit —, the computation is initialized from gned pro-
jections of a parallax-free, nadir scan-line in idegiant steps of the L1 GSD (= across-flight). &®n that, the
rays for neighboring ground pixels (L2) are recamstied by indirect rectification, and their intetgens with the
rectification surface (L1) are computed. Note ttfaise ground-to-image rays differ from the imagentound
initialization in and around backward coveragertstg in some position P (cp. Figure 1) as illusdain the right
part of Figure 3. The RPE is the location erroa @roduct pixel or local scan-line projection rafatto its neighbor,
which corresponds to the difference between thairgtadistance d and the corresponding product distancg d
normalized with the GSD. Since the RPE dependsudiulence as well as on the elevation differendsvéen
ground and rectification surface, it should be sath@mt a reasonable spacing in the scan-line —esgry 1000
pixels, with the two edges being the minimum comfégion where the turbulence impact is maximal sTesults in
n RPEs per scan-line:
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) i
RPE :% i=0,1,...,n

Such location-dependent RPEs provide a two-dimeasiquality map for an image product. However, the
maximum per scan-line is considered as useful angréferred as a single along-take quality meagurdhe
analysis along with the EOP and other quality patens:

RPE= RPE™ | RPE*{=max| RPH| RPE.| RPE

The RPE is generally very close to 0, even in apthesc turbulence. Only in cases of backward coyerat
describes the size of the resulting artifact, WwRARE < O for missing data in case of a rectificatimight below
ground and RPE > 0 for the duplication of contaentase of a rectification height above ground (Fégu and 3).

It should be theoretically possible to quantifyldnstereo pair in a similar way than the RPE. SadRelative
Stereo Error (RSE) would need to regard RPEs owertain window — that depends on the stereo vigwatup —
and to combine the individual image parametersoimes way. However, this potential parameter is nother
discussed here. In general, it can be assumedhinatereo impression is disturbed where the P8Rdtes issues
in one (or both) of the images, especially in aafse larger artifact.

USAGE OF TURBULENCE MEASURES FOR QUALITY CONTROL

The ADS data processing chain goes along with tyuadintrol (QC), starting with the verification tife acquired
data. This is a two-fold process: At the downloaw &eo-referencing steps, the raw imagery and rattagre
automatically checked for completeness and samity,against turbulence thresholds (so far, basexhgular speed).
Once set up for viewing and further processinginadigery is interactively checked for correct expesthe presence
of clouds or atmospheric haze and turbulence-ielisgues. This imagery should be as close as p@dsilthe finals
products in terms of the occurrence of potentiadrer QC is therefore carried out using the XPrewér with L1 on-
the-fly (L1 OTF) and/or so-called ‘Quick L2’ imageshich are rectified in connection with the ge@erencing step;
they are geometrically based on a coarse, world®iE® (gTopo) and the original (non-triangulatedjeatation and
use a simple radiometric correction function.

The new parameters NCS, PSR and RPE are curretglgrated into the QC process. They are automigtical
generated along with the geo-referencing in XPréaPeep. In addition to the already existing veaifion of the
angular speed, warnings and error messages arssoed in case of exceeded turbulence paramegshtbids, which
are still to be refined based on testing and ugsageoduction. Obviously, any backward moving grdwoverage is a
warning case, indicated by NCS < 0. Errors aresextrturbulence impacts, such as larger L1 artifabtye |RPE| > 1
pixel. Based on that, ADS takes are automaticddgsified by turbulence issues in a traffic lightmmer, i.e. as
(potentially) good (green), data with warnings i), and the occurrence of errors (red).

The Leica XPro OrientationPlot tool has been extéeinbly the quality parameter plots and respectivaarical
displays to enhance the possibilities for the dedairientation analysis. Each EOP set is assigmid its
corresponding NCS as well as PSR and RPE datahvaineedown-sampled to the usually lower EOP frequdry
assigning their maxima within each EOP interval.

Most beneficial for the QC process is the integraf the XPro Viewer with the OrientationPlot d®wn in
Figure 4. Loading a recording session into the X¥mwer, the take names will be colored based ertrtiffic light
classification, so that warnings and error casesimmediately visible. If desired, the respectiv@FEand quality
parameters can be plotted and, moreover, co-locattdd the image, e.g. L1 OTF. The display of poiaht
disturbed image areas can be triggered with asimgluse click instead of scrolling through hundrefdthousands
of image lines, because smearing and artifacts tebé verified at full resolution. The search éwuds and such
has to be carried out regardless but can be pesfibima minification level, which is much faster.

EXAMPLES

For the vast majority of ADS imaging flights, therespheric turbulence is low, i.e. negligible innts of its
impact on the imagery and derived products. Onguoh examples is an ADS40 data set from the mualitipof
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Figure 4. Corresponding L1 image in the XPro Viewer and dyglarameters in the OrientationPlot in synchro-
nized location (but different in-flight zoom) atetimaximum of a smeared area (PSR > 2); right meitta cluster of
artifacts, caused by several backward movement$(X Q) and correctly indicated by the RPE.
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Romanshorn, Switzerland, with a GSD of 10 cm. Tammeters as plotted in Figure 5, top, are vergecto their
ideal values: NCS ~ 1 (0.8 < NCS < 1.2), PSR <ah@ |RPE| < 0.05, which confirms the smoothnessoriingly,
the corresponding imagery, which is not shown hieas, no turbulence-related radiometric issueslait dlas been
used as a reference data set for various investigator more than four years.

We have no statistics about the amount of datatsatsare impacted by heavy turbulence — neitheyeimeral
nor for North West Geomatics’ production —, whichphasizes that those flights are very rare. But tteehappen,
and the main driver for this investigation has baeatata set acquired by North West with an ADS8théarea of
San Antonio, Texas; with imagery acquired at a G805 cm (a typical county mapping project). A nuniof
takes has been impacted by partial heavy turbulehgarticularly bad session, for which a few rigtfks had to be
called, is discussed in the following. The XProwé in Figure 4 provides the corresponding lisalbimage takes
with traffic light classification; quality parametelots for two examples with smearing and artdaate shown in
Figure 5.

T T T T T T T T T T T T T T T T T T T T T T T T T T T T
467900.0000 467910.0000 467920.0000 467930.0000 467940.0000 467950.0000

T T T T T T T T T T T T T T T T T T
60800.0000 61000.0000 61200.0000 61400.0000 61600.0000 61800.0000

2_ | I|

T

I
— D —————

e

T T T T T T T T T T T T T T T T T T T T
70000.0000 70200.0000 70400.0000 70600.0000 70800.0000 71000.0000 71200.0000

Figure 5. Quality parameter plots for entire ADS takes wiiffedent atmospheric turbulence: NCS (grey), PSR
(green) and RPE (orange) as functions of GPS firap: Romanshorn 10 cm, take 957, with very low tlghce.
Middle: San Antonio 15 cm, take 050, with generditlje turbulence but one event of smearing (PSR.-Bottom:
San Antonio 15 cm, take 050, with a few casesftastard coverage (NCS > 2) and backward moves (R@S,
corresponding artifacts (|RPE| > 0) and a littteobsmearing (PSR ~ 1.5).
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Smearing

The quality parameters for the San Antonio take @&@ure 5, middle) indicate fairly low turbulenfor almost
all of the flight but a distinct spike at GPS tir6&,432 sec, where the PSR ~ 3 points to a smeé&sug. The
respective LO and L1 image sections from about &¥h-lines as well as the corresponding paraméi¢s pre
shown in Figure 6. This part of the flight can bigided into three sections: a smooth start (~ 10@lp), the
immediate roll event (~ 300 pixels) and finally@rsewhat turbulent part (~ 100 pixels). Eventuatly sensor rolls
back, but not quite as fast as in this example.

The smooth section is confirmed by the NCS ~ 1 maygligible PSR and RPE. The LO image shows vetlg lit
geometric distortion, the L1 none at all; it apesharp. The roll rotation causes the ground cgeeta shift by
more than 900 pixels leftwards (relative to thgHtidirection) within just 300 pixels in flight, salting in a heavily
distorted LO and ground coverage with skewed piaetprints. The L1 rectification removes these alibns but
shows smearing, which is very strong at PSR ~ 3séiidecognizable for PSR ~ 1.5. As this issuprisdominantly
caused by the roll, the in-flight coverage speefaiidy regular (NCS ~ 1) and, accordingly, there ao artifacts in
the L1 product (PSR ~ 0). The last part in Figushéws still some turbulence impact (PSR of ~ Giich causes
geometric distortions in LO but is invisible in L1.

Note that the L1 geometry is correct throughoutdkample; the building edge and shadow are stréiigns,
even for the heavily distorted areas in LO. Thisilddoe the case for an L2 product as well. Howeevpuld also
show the smearing in identical areas.

Figure 6. Left: LO image of the green nadir band with straligfortions due to a fast roll move. Upper-righot®
of the corresponding NCS (grey), PSR (green) anl @iPange) parameters; potential smearing (PSRirdigated
in red. Lower-right: RGB L1 image, clearly showitige predicted smearing. Note there is no 1:1 wiadbetween
raw data and parameter plots on one hand and dervaeges such as L1 on the other hand. Images daarsipow
almost 500 pixels in flight direction (left to righwhich corresponds to ~ 150 dpi.

L1 Artifact (and Smearing)

The San Antonio take 048 has been acquired undee stmospheric turbulence, in parts very heavyhab t
fast pitch rotations cause backward ground covetBiggire 5, bottom). A resultant L1 artifact in chimation with
a missing pixel (RPE ~ -1) occurs at GPS time 70&. The parameter plot as well as the correspgrid and
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derived L1 and L2 data are shown in Figure 7. Téqgiated trees show a lot of texture that enharfeesisibility of

turbulence-related issues. (However, note thastege moving objects and the combination of ADSrcblands,
which have been acquired with an overall delay @D-msec, might introduce a certain level of snmgathat is not
reflected in the quality parameters.)

The turbulence has caused a fast pitch oscillatiitim effective backward movement (NCS < 0), surmesh by
fast forward coverage (NCS ~ 2) and, next to teliw but still forward coverage (NCS ~ 0.3 and NES.1,
respectively). The geometric distortions are cleaibible in the LO data, predominantly in flighirection. The
triple ground coverage is underlined by (approxehatymmetries around the solid yellow lines; sorstirttt
triple-points are visible. The slow coverage, mdrky dashed yellow lines, appears similar at filsince but, in
agreement with the NCS, there is no indicationaflwvard coverage in the LO. Areas marked in redespond to
fast movement along with extended raw pixel foattsii The resulting smearing (PSR ~ 1.5) is cleadiple in the
L1 and L2 products — note the stretch comparedhéolD content. In comparison, the stretched LOsaegaslow
ground coverage and around the backward move are L1 and L2, which agrees with the predictidiPSR ~
0. Finally, the L1 artifact is at the predicteddtion, approximately at the beginning of the trigleund coverage,
and suggests the loss of about one pixel acrossridige (RPE ~ -1). Such artifacts are generally bisthle — or,
from the standpoint of product quality: worst —cmior images, because the switch from the firgshéothird forward
coverage (cp. Figure 1) happens at slightly difiepositions in different bands.

With the rectification to the true ground heightthre L2 product, the artifact disappears but theaing
remains.

Figure 7. Upper-left: Plots of the NCS (grey), PSR (green)l &PE (orange) parameters for an event of heavy
turbulence; backward ground coverage (NCS < Okatdd in yellow with slow coverage (NCS ~ 0) arodlaghed
lines, potential smearing (PSR > 1) in red, andatigact of about one missing pixel (RPE ~ -1)reg arrows.
Lower-left: Corresponding LO image for the greerdingband; note the symmetries from opposing cowerag
directions at the solid yellow lines. Upper-rigRRGB L1 image, showing smearing and the artifacpreslicted.
Lower-right: RGB Quick L2 image with identical srmiggy but no artifact. Images are rendered at higgnz level —
with data from only 300 x 200 pixels (~ 90 dpi)o-emphasize the artifact in L1. Flight directioneft to right.
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CONCLUSION AND OUTLOOK

This paper has presented three newly developedtyjymrameters for the classification of atmospheri
turbulence for line-scanner images such as Leic& Alhey are based on the exterior orientation, lvpiovides a
record of all turbulence, but also consider theaiaras well as product specifications. It has bgleown — both
theoretically and for practical examples from AD&8al- that these parameters are suited to notpmihy to events
of turbulence but also quantify the impact in temhsmearing or artifacts on particular productsisTsignificantly
extends the possibilities for the flight and datalgsis, which utilizes solely the exterior origita so far.

Even though heavy turbulence is very rare in thess@f a significant degradation of the productigyat has
to be discovered reliably and early. That is whyhaee integrated the new parameters into the LéiRa@ ground
processing workflow, in which they are used to jlevan automatic traffic light classification of Altakes. Most
beneficial for quality control is the possibility displaying them co-located with the imagery il thPro Viewer,
so that an operator can be directly pointed to rg@kissues and evaluate the image content. Basethe
experience in North West Geomatics’ production esagd testing at Leica Geosystems, the paramatdrsoals
will be part of upcoming Leica XPro software releas
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