Analysis of an Anomalous Object in an STS-114 Video

Summary

A video taken onthe STS-114 space shuttle mission has ganed some attention because it
shows an obiject that enters the video, seems to come to a stop, and then reverse course.
Thenull hypohesistested istha the object is a small debris particle bang accelerated by
atmosphaic drag. Methodsare described that were used to estimate the object@
acceleration and to compute the corresponding size of theobject assuming it isbang
accelerated by aimospheic drag andisjud far enoughfromthe camerato bein focus
While thetrgectory of the object seems somewha unusid, it is conduded tha the
object@ behavior is congstent with thenull hypotesis.

I ntroduction

A video taken during the July/Augug 2005ST S-114 return-to-flight mission of the Space
Shuttle Discovery shows an object entering the camera@ field of view fromtherightedge
of theframe and then reversing course. Jeff Chdlende has goodanimation of thevideo'.
This may seem to beunusud behavior for adebris particle. But onwatching thevideo, it
isappaent tha after the olject reverses coursg, it is moving in the same direction as the
cloudsbdow, which meansit is also the direction in which molecules of the Earth®
resdud aimospheae are movingrelative to the space shuttle. Thisisilludrated in the
Qime exposureOcomposte of video frames at 2-secondintervalsin Figure 1.

The correspondence of the motion of the object with the motion of the cloud cover
suggests tha the object could be a small debris paticle near the spacecraft that is beng
accelerated by aimospheic drag. (Thelarge number of what are probably dowly drifting
debris particlesis onereason to sugpect the object isjus more shuttle debris, butnota
subject of thisarticle) Theatmosphee is extremely tenuousat the shuttle® orbital
atitudebut it moves with respect to theshuttle at its orbital speed BDmore than 7
kilometers per second (17,000 miles per hou. Istha GQvind speedOfast enoughto affect
asmall debris paticlein theway seen in thevideo, or isthe atmogphee much too thin at
the space shuttle® orbital atitudeto explain the object® behavior as theresult of drag
forces? Aswill be shown here, a quantitative answer to this question can be computed by
rephrasingit as:

Given reasonable assumed values for the object@ drag coefficient and its distance

from thecamera, andits measured postionsonthevideo frames at different times,
would theimplied size of the object belarge enoudh or too small for thecamerato
detect?



Cloud Motion

Figure 1: Time-exposure composgte of frames spéced 2 seconds apart. The object®
pogtionson itsoriginal right-to-left path are marked with green dots. The postions
onitsreturn path aremarked in red.

The Drag Force Equation

Any drag force, no matter how small, could cause an object to accelerate at avery high
rate if theobject is of sufficiently small thickness. Theequation for drag force?, F) is:

1
Equation 1 Fo = ECD! wVi A

WhereC,, isthedrag coefficient of theobject, !, isthedendty of theatmospheic
medium, v,, istheveloaty of themedium relative to the spacecraft (i.e., 7 km per

second), and 4 isthe surface area of the object in the direction perpendicular to thewind
direction.

If atmospheric drag isresponsble for the object@ behavior, then the drag force onthe
object shoud beequd to the object@ mass, m, times the measured acceleration, ap,
Therefore from Equaion 1:
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F, = ECD!MVMAO =Mpdy

An object@ mass is equd to its densty, p,, , multiplied by its volume. Assuming the

object is arectangular block, its volume isthe surface area 4 times thethickness, 7o,
paalld to theairflow so:

Equation 2 %CDPM Vf/. As = PoAcTods

Theorientation of the object relative to the direction of airflow isilludrated in Figure 2.
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Figure 2: lllustration of air moleculesimpinging on an object. The magnitude of the
object@ acceleration isin part dependent on itsthickness, To. Gray arrows
represent the direction in which air moleculesimpingeon a surface of area Ao
perpendicular to thedirection of air motion.

Ao appears on both sides of Equaion 2 and therefore can be dropped and thethickness of
theobject is:
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Thesmaller thevalue of T, estimated by Equaion 3, thelesslikely that the object®
acceleration could be explained by atmospheic drag. A reasonable thickness could be
several orders of magnitudebdow theresolution of the camera because even very small
objects can bevisible to alight-sengtive camera when illuminaed by sunlight During
thevery first space shuttle flights, NASA conduded a study usng stereo cameras with
long exposure times to determinethe nunber, sizes, and distances of spacecraft-
generated particulates in thevicinity of the spacecraft®. Rather surprisingly, particles as
small as 30 microns(30X10° meters) could be detected at distances from the cameras as
far as 20 meters. The particles were too small to directly measure ther sizes; sizeswere
estimated based on how much sunlight they reflected. While thevideo camera used
dunng STS-114was probably notas light sengtive as the speciaized stereo cameras used



ontheearly flights, it was most likely senstive enoughto detect particles whose sizes
were well bdow the camera@ resolution.

More detailed investigaion of the video camera@ senstivity to light and thereflectance
of typical shutle debris would becalled for only if a valuecomputed for 7 implied an
angular size severa orders of magnitudesmaller than the camera(3 resolution.

Since much of thedebris near the spacecraft isthoughtto beparticles of ice, areasonale
valuefor ! 4 isthedengty of water: 1000 kg/m®. Thevalueof vy is theorbital speed:

7000m/sec. At the300-km altitudeof the Discovery during STS-114, thedendty of the
atmosphee varies with solar activity”. To slightly bias theresultsin favor of thenull
hypotesis (i.e. theobject isasmall debris paticle accelerated by atmospheic drag), the
maximum atmospheic densty will be assumed to be 10%° kg/m”.

A typical valuefor thedrag coeficient, Cp, of a satellitein space® is 2.2. Thisisarather
high value probably because little effort isinvested in designing spacecraft structures to
reduce drag in the near vacuumof space. Thedrag codficient of ice paticles may be
congderably less. However, agan to dightly bias theresults in favor of thenull
hypothesis, 2.2 isthevalue of thedrag coefficient that will be assumed here.

Estimating Acceleration

Thefind parameter for which avalueis needed is the object@ acceleration, ao, which
mug be determined from measurements of the objects postion on the video frames at
different times. But thetrue acceleration cannotbeobtained by ssimply assuming that
changes of appaent speed in thevideo are theresult of real accelerations objectsin the
video are movingin 3-dimensond space. An object moving at a condant velodty away
fromthe camerawill appear to be slowing down in the 2-dimensond video. If moving
toward the camera, it will appear to be speeding up. To complicate thingsfurther, the
object may be accelerating towardsor away fromthe cameraas well as acceleratingin a
direction paralel to theimage plane where distances can be measured.

Theactud spesdsand accelerationsare dependent on the distance of the object fromthe
camera, something that cannotbe determined without stereo cameras. However, the
acceleration can be determined by multiplying an assumed distance of the object from the
camera by a scale factor. The Appendix to this article describes how scale factors for
acceleration and velodty can be obtained by measuring the postion of the object at five
different times.

The paameters required to compute the accelerationsare listed in Table 1. Thefield of
view was assumed to be 40;. | choe a500X375frame format for my digital recorder. |
received my copy of the VHS tapefrom Mr. Dondd Ratsch, who recorded it at home.



Biasing the assumed distance in favor of the null hypothesis, a reasonéble distance of the
object from the camera would bejug far enoughaway fromthe camerato bein focus
when the camerais focused at infinity. For thevideo cameras aboad the space shuttles,
this distance, referred to in the Appendix as zo, is about2 meters.

Table 1: Parameters used for computing velocities and accelerations.

Parameter Parameter Description Value
20 Distance of object from camera at 1 2m
) Horizontal angular field of view 40;
w Field of view width 500pixels
H Field of view height 375pixes

Table 2 lists themeasured pixel coordinaes of theobject at fivetimes, ! ¢, relative to the
video running time of thefirst frame. The object® postion needsto have changed by a
subdantial distance between frames used for the measurements in order for the computed
scale factors to be accurate. To test how sengtive to measurement error the computations
are, | assumed tha al of my measurements could be off by as much as 1 pixel in either
direction and varied the graphics coordinae values from 1 pixel less than my measured
valueto 1 pixel greater for each of the object@ five postionsinputto my acceleration-
computing program. Thusfor each measured coordinate there are 3 possible values
assuming a 1-pixel error margin and there isatotal of 3° or 243combinaionsof values
for theset of 5 coordinaes inputto the program and an equd number of possible scale
factorsreturned by it.

Table2: Object@X and Y graphics coor dinates measur ed at five different times.

It X Y
seconds| pixels | pixels
0 477 254

210 336 | 216
597 176 | 176
1203 81 |152
3000 |197 |184

Table 3 gives the minimum and maximum values of the accelerationsfor the 243
computationsbased uponthe assumption that the object was 2 meters from the camera.
Thefirst row shows the X components of acceleration. The secondrow givestheY
components. The component of accelerationin theZ direction (perpendicular to the
image plane) is shown in both rows because the method used to compute the X and 'Y
componets also returnsthe Z components. Pogtive Y accelerationsare toward the uppe
edgeof thevideo frame, postive X accelerationsare to theright, and postive Z
accelerationsare away fromthe obsrver. (I have omitted the computed velodty
components, because they are notrelevant.)



Table3: Minimum and maximum computed X and Y components of acceleration assuming a 1-pixel
error margin for the measured graphics coordinatesin Table 2 and using the parametersin Table 1.

Acceleration Z Acceleration

AXxis Component Component
m/s? m/s?

X +.0097 | +.010 0 +.008

Y -.0029 | -.0026 |-.018 +.012

TheY component of accelerationis small in comparison to the X component and the
rangeof theZ componentistoo largeto beussful. . For those reasonsl use theminimum
X component only for my estimate of accelerationin computing the object thickness.

Estimating Object Thickness

With thefind parameter Dacceleration Bnow computed for plugging into Equdion 3, we
can now obtain an estimated thickness of the object required by thenull hypotesis. tha
atmosphaic drag was responsble for the object® course reversal. The parameters for use
in Equaion 3 arelisted in Table 4.

Table 4: Parameters used to compute maximum thickness of object.

Parameter | Parameter Description Vaue
!, Densty of theatmospheic medium | 10° kg/m®
O Densty of the object 1000 kg/m®
C, Drag codficient 22
Vy Velodty of amogpheaic medium 7000m/s
ao Computed acceleration .0097m/s?

Therequired thickness, Ty, tursoutto be2.5 X10* meters or less. At adistance of 2
meters, an object of this diameter would subtend an arc of 0.007;. Thisiswell bdow the
resolution of thevideo, which is approximately 0.08j (this resolution was estimated by
dividing the assumed 40 angular width of the camera@ field of view by theframe width
of 500 pixels).

Conclusion

The object@ computed thickness, T,, subtendsan arc about 1/10th the resolution of the
cameraat a distance of 2 meters. However, Ty is still two orders of magnitudelarger than
the diameters (30X10° m) of particles detected at 20 meters from the stereo cameras of
theearly shuttleflights. If thecomputed valueof T, had been, say, 3 microns there
might have been reason to bdieve there was something anomal ous aboutthe object@



behavior. But even tha low v~al ue could notbe considered condusve withoutmore
knowledgeaboutthe camera@ light sengtivity and thereflectance of ice paticles.

While thevalueof T, isonly adl parkOestimate, asmall debris particle large enough
to bedeected at several metersfrom the camerayet small enoughfor atamospheic drag
to cause the course reversal seen in thevideo isclearly inthebdl park. Theonly
parameter tha could be changed in such away asto rule out the null hypohesisisthe
distance from the camera. If it were to be assumed that the object was kilometers away
from the camera, then it would have to beavery large object that could notpossibly be
influenced by the Earth@® tenuousatmosphee at the shuttle® orbital atitude But that, of
course, would beacircular argument since assuming such a distance immediately implies
tha the object was some sort of uncnventiond spacecraft.

Onething tha was unexpected is tha the object appearsto travel ove the same path (in
two dimengong fromleft to righttha it took after it entered the video and moved from
rightto left. It would be much more common for apah randomy oriented to the camera
to have a QOshgpe Presumably, the path of this object does have such ashape, butit is
notvisible because the path liesin a plane perpendicular to the camera@® image plane
TheZ component of velodty | computed was away from the camera, and the object
appears fainter onthereturn leg, so the object was notreally movingin astraightline
before or after its course reversal. While this appaent QGloubing backOmay bea
somewha rare coinddence, it is not sufficient to disprovethe null hypahesis.

While | donotbdievethere is anything aboutthis object that could beused to rule out
thenull hypothesis, | think this article is still worthwhile because it does eliminae a
certain type of false, but seemingly compdling, indicator of anomalousspace objects.
Also, the process of estimating accelerationsand sizes from video frames tha has been
discussed here could be useful in other cases.



Appendix

Finding Scale Factorsfor Velodty and Acceleration in 3 Dimensions
from Two-Dimensional Video Frames

Figure A1l shows an object in 3-space and its perspective projection onto an imageframe.
A 3-dimensond coordinae system is chosen such that theorigin is at the camerafocal
point, the X-axis is paralel to theimage frame@ horizontal edges, and the Z-axis is the
nomal direction of theimage plane Point O, thefocal point of the camera, istheorigin
of the coordinate system in 3-space. The projection of Point O ontheimageplaneisalso
theorigin of thetwo-dimensond X-Y coordinae system of theimageframe.

Accelerationsand velodties cannotbe derived from two-dimengond video frames.
However we can obtain values for scaling factors tha when multiplied by any assumed
Z-coordinde, zo, of the object at some pointin time, 7, will return the acceleration and
velodty tha the olject would have for that value of z.

Thevideo elapsed timein any frame in which theobject appears can bedesignaed
arbitrarily as #p. To simplify the equaionsdeveloped here, timesrelative to 1, are used.
Therelative times are defined as:

#to"t !t

And! 1,=0.

The QuickTime movie player displays accurate video run times to a precision of /30" of
asecond, so theerrorsin time are not of any great concern.

From similar triangles, it can beseenin Figure Al tha at any time, z,, the object@ X -
coordinae, x,, its Z-coordinate, z,, andthe camera@foca length, F, arerelated to the
horizontal postion of theolject@imagein theframe, D,, asfollows:

) X
Equation A1 —_— =—

Or:

Equation A2 X =z



Top View

Image Plane
Edge

=T —>>

\
X P-X

— Y Front View

Image
Frame

Figure Al: Viewing geometry of an object in an image plane at two different positions. Dotted lines
represent thedirection of the object@ motion in 3-space and on the image plane.



Thefoca length F isin units of image pixels andis obtained usng the angular width of
the camera@ field of view, @ , and thewidth, 7, of the image framein pixels:

W/2

F=——— _
tan(! /2)

For example, if the frame width on the QuickTime display is 640 pixels and thefield of
view of is40degrees, then thevaueof Fis8792 pixels.

Adding velodty and acceleration termsto Equéaion A2 gives:

D
Equation A3 XAt +%&tn2 +X, = F” &AL, +%&th + 2,

Variables toppeal with a single dot represent the first time derivatives of distance (i.e.,
velodty components) and variables with two dots represent the second time derivative of
distance (i.e. acceleration components).

Dividing both sides of Equaion A3 by z gives:

At ? D D At’? & D
Equation A4 At, &+_”§‘+ﬁ = —”Atn§+—"—”—+—”
Zo, 2 zy z, F "z, F 2 z, F

Thevelodties divided by zo can bereplaced by the scaling factors:

& &

Uy ! —, wy=—
Z, Zy

Theaccelerationsdivided by z (i.e., thetime derivatives of u and w) can aso be replaced
by the scale factors:

These time derivatives, when multiplied by any assumed value of z,, are the accelerations
inthe X and Z directionsif theimaged object was, in fact at the assumed Z-coordinae zo
in the 3-dimengond coordinae system.

To smplify, the ratio of the horizontal image coordinaes to focal length can aso be
replaced with:



From Equaion Al, ro = xolzo, SO the unknown value of xy /zp in Equaion A4 can be
replaced with ro.

Using these smplified terms, Equaion A4 can berewritten as:

A2 A2
At U, + 2“ U+ ry=r At w,+r, 2“ W+,

Putting the two terms without unknowns on the left side of the equd sign and al terms
with unknovnsontherightgives:

e AR
rh="tu,+ 5 u"r,tw, 5 W
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n

Equation A5 r

Equaion A5 isalinear equation with four unknowns the scaling factors #; u,,& and wo

and five known terms that can be computed from measurements on thevideo frames. The
values for the scaling factors can therefore be computed by solving a set of four such
equaionsugngthepixel coordinaes of the object at five different times.

The known coefficients computed from the measured pixel postions of the object at

times #o and ¢, are:
't rit?
Kon #1," 1o K #1t, Ky, #T” Ko #Ur e, K, #" %

Equaion A5 then becomes:

Equation A6 K, =K, U+ K, &+ K, wy+ K, &

As previoudy noted, four such equaions are necessary to solve for the four unknown
scale factors. Deriving individud equaions for this many unknowns is messy, so | used a
Gauss-Jordan linear equaion solver program to do thework.

A set of four equaionsof the same form as Equaion A6 can be created and then solved
for the Y-coordinae velodty scaling factor, vy, and the acceleration scaling factor, v,
fromwhich thevelodty y,and acceleration, &, can be computed given a value of z.

The X, Y, and Z components of velodty and acceleration can all be computed for any
assumed value of z.

Thefive points should be spaced as far apat from each other as possible to minimize the
measurement error.
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