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Problem-based learning benefits from situations taken from real life, which arouse student interest.
The shooting of Rwanda president aircraft on April 6th, 1994 is still unsolved. We discuss the
methods to infer information and conclusions about where the aircraft was shot and its trajectory
during its fall, as well as about the place from which the missiles were launched, and their trajectory
and type. To this goal, we compiled expert reports, witness indications and other public sources, then
translated plain language sentences into quantitative equalities and inequalities applied to geometry
and mechanics at undergraduate level. The accuracy of each result is discussed and propagated
in order to ensure a proper assessment of the hypotheses and a traceability of their consequences.
Overall, the accuracy discussion can train the students critical mind, and teach inference methods
which are routinely used in several fields of physics research. In addition, it demonstrates the
importance and limits of scientific expertise during a judiciary process. The publicly available
information interpreted by our calculations shows that the question of missile launching position is
still open.
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I. INTRODUCTION

A. Motivation and approach

1. Motivation

Daily life physics is an endless source for problem-based learning. Students have to list questions relevant to physics,
find existing information, extract and interpret raw data, and compensate for missing data. They then need to identify
which domains of physics play a role in the analysis, translate plain language sentences into equalities or inequalities
suitable for quantitative data handling, make hypotheses and critically discuss them. Next, they should aggregate
indications which are inaccurate and sometimes incompatible, distinguish which information constrains the results
and which does not, deal with an under- or over-constrained set of equations, and eventually determine the accuracy
of the final result.

In particular, forensic physics is taught in several undergraduate courses (see a list in Ref.1), and involves several
fields of physics2. A consultant in forensics explains: “I see students’ interest click when I bring in real-life cases”;
he adds that the physics tends to be straightforward but the application requires some subtlety3. Examples include
gunshot location through recorded sound4.
Choosing a case with a consensus on all data (“solved” case) would have the advantage to enable validation of

student findings. Here, on the opposite, we chose an unsolved case, which adds some mystery and interest to the
study. We examined an historically important aircraft crash for which information is only partially available, and
undergraduate level calculations can help bridging the gaps to determine where (and from where) the aircraft was
shot by a missile. We contribute to solve the “where” question, and explain why the “from where” question is still
unsolved.

2. Approach

We consulted several sources on the internet as available in early 2024 (except when noted otherwise), including
expert reports regarding aeronautics, weapons, ballistics or radio communications, as well as on-site measurements
and tens of witness indications. We reexamined the available information within a problem-based learning approach,
inferring results, and critically discussing the methodology. Witness indications can be subjective, imprecise, or
contradictory due to memory distortions. At two occurrences (Sections IIIA, IVB) we noted that a witness provided,
at few years interval, depositions which differed (lack of stability in time). For each section, we selected the witness
indications which provided exploitable information; depending on their number we treated them either statistically,
or individually.

We refer the reader to Table III which is a guide through the details of the paper. We rewrote the raw data in a
quantitative form accessible to students, homogeneized using SI units. We tried to accurately determine, combine and
trace the uncertainty sources5; for that purpose, rather than directly working on a map we chose to work with suitably
defined cartesian coordinates (and we later drew the results on a map, which was an additional source of inaccuracy).
In order to avoid propagation of rounding errors discussed in Section VB1, we kept digits in excess throughout all
calculations; we rounded the results only in Section VB2. Whenever possible we used the word “accuracy”, rather
than “uncertainty” which in general audiences is perceived as ambiguous and generating mistrust3. Unless explicitly
stated, we used the sign ± to refer to the possible discrepancy between the value we estimate and the unknown true
one.

B. Context and facts

1. The event

The shooting of Falcon 50 aircraft registered as 9XR-NN (Fig. 1) in Rwanda on April 6th, 1994 was a dramatic
event. The aircraft owner Juvénal Habyarimana, president of Rwanda, and his guest Cyprien Ntaryamira, president
of Burundi, had spent the day in Dar-Es-Salaam (Tanzania) for a regional summit. In the evening, with 7 other
passengers and 3 crew members, their aircraft had almost finished its descent and deceleration, and was arriving at
a few kilometers of Kigali airport, when it was shot by a missile. All 12 persons died in the crash. Within a day,
Rwandan army units and extremist Hutu militias began to perpetrate the Tutsi genocide on a large scale. Much
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(a) (b)

FIG. 1. The aircraft and its publicly available signals recorded by the airport. (a) Dassault Falcon 50 aircraft
photographed in April 1991 at Bruxelles - Zaventem airport. PlanePictures.net - Copyright by Luc Barry - April 1991 - BRU
- 1164499152, quoted in Ref.9 p. 7. (b) Ten seconds of radio signals emitted by the aircraft, selected by the French aircraft
crash expert, who has added labels in french (Ref.8 p. 13). Translation: “Fréquence” = frequency, “Temps” = time, “Balise de
détresse” = distress beacon, “Morse” = signal similar to Morse alphabet, “Interférences” = interferences.

information on the aircraft crash is inaccessible due in particular to the murder of thousands of witnesses, lack of
flight recorder data, and disparition of several airport records.

2. Sources

Several documents are available online on aeronautic or military websites and on the database francegenocidetutsi.
org. French military investigators have searched the aircraft during the night after the crash, and the French justice
has proceeded with witness hearings6. In spring and summer 1994, Belgian military investigators questioned wit-
nesses, and on August 1st two of them examined the aircraft fragments remaining on site7. On April 10th, 2002 a
French aircraft crash expert issued an analysis of some air traffic control recordings8. A seven-members Rwandan
commission has heard 577 witnesses from February 2008 to February 2009, has commissionned two UK military
experts (ammunitions, forensic) who have issued their report9 on February 27th, 2009, then published its own final
report in April 20th, 200910 along with a brief synopsis in video11. On January 5th, 2012 was published the report of a
group of six French experts: aviation, ballistics, weapons, explosives and land survey12 complemented by acoustics13.

Exploiting the sources raised a few technical difficulties. We convert in SI units the aeronautic units: a foot is
0.3048 m, a mile is 1852 m, a knot is 0.514 m/s, a dot is 0.5◦ or 8.7 10−3 rad. We count anticlockwise angles as
positive, i.e. with the trigonometric convention (rather than with the compass convention, clockwise). Aeronautic
maps use the magnetic North; the difference with geographic North (the “declination”) was 3◦ West for the 1999 map
(Ref.12 p. 185), 0◦ for the 2006 one (Ref.9 p. 106), 1◦ East for the 2024 one14, so that the direction of the airport
track (called “runway 28”) was marked as 77◦, 80◦ or 81◦, respectively. We consistently use the geographic North, so
that the runway orientation is 80◦ whatever the year.

Kigali international Airport (IATA code: KGL; ICAO code: HRYR), sometimes referred to as Kanombe Inter-
national Airport, and at that time called Grégoire Kayibanda international airport, is located in Kanombe, in the
eastern suburbs of the Rwanda capital Kigali. The altitude z of runway 28 threshold O (east end) is zO = 1486 m
above sea level (4874 feet14). We take O as the origin for both horizontal axes: axis Ox, along the runway, oriented
positively from West to East, and axis Oy, perpendicular to the runway, oriented from South to North (Fig. 2).

According to the standard instrument approach procedure, an aircraft is expected to follow a well-defined trajectory
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FIG. 2. Distance indications on missile-aircraft encounter and missile launching place. Geographic North is towards
the top (thick black arrow). Scale: grid size is 1 km; the length of the airport runway (barely visible on the top left) is 3500 m14.
At that date the airport was outside of Kigali city, which is off the left of this map. Thick yellow dash-dotted line indicates
the standard aircraft trajectory along the Ox axis, and the thick blue arrow is the direction of aircraft arrival; the crew
announcement position A and glide interception G are off the right of this image. Witness positions and their indications were
measured by us using the reference map established by French investigators (Ref.13, Annex C), then overlaid by us on a 1988
map17, copyright IGN Brussels (paper version scanned by us at 4800 dpi resolution). I marks the aircraft impact on the ground
(orange dot). Witnesses are labeled by letters (ex: A), their positions are labeled by coloured dots, their indications are labeled
by a number (ex: A–1). Witness indications regarding missile-aircraft encounter position E (Section IID). The blue dot marks
E and the five blue stars (∗) mark its confidence interval, estimated backwards from the impact data. The three dark green
crosses (+) mark the position of E (and its confidence interval) which would be estimated under the assumption of free fall
detailed in Section II C. Witness indications regarding distance to missile launching place (Section IIIA). Witness indications
of distance are based on sound, and are combined with their direction indications whenever available. Boundary of possible
missile launching positions using Eq. (6) and assuming the missile Mach number is of order 2 (Section IVC): pale yellow
circle, according to A–1 (A does not provide direction indication); pale purple circle, according to B–1 (B broadly indicates the
direction of the airport, see pale purple angular sector); pale blue circle, according to C–1 (B indicates the direction of Masaka,
see pale blue angular sector C–2). Since D indicates an interval between 500 and 1000 m (D–1) and no direction, we drew an
annulus (pale green) centered around D’s house. Since E was at C’s house, indicates an interval between 1000 to 5000 m (E–1)
and precisely indicates the direction of Masaka valley (E–2), we drew a truncated angular sector originating from C’s house
(pale red). F is the factory (called “Guttanit”) indicated by F–1 and the fuschia circle is its confidence interval. “P1”, “P2”
and “P3” mark Pair 1 (broad intersection of A–1 and B–1), Pair 2 (intersection of C–1/C–2 and D–1), and Pair 3 (intersection
of E–1/E–2 and F–1), respectively.

(Fig. 3) in the vertical Oxz plane, at an angle γ = 3.00◦ from the horizontal, called the “glide”:

y = 0 (1)

z = zO + x tan γ = 1486 + 0.052 x (2)

This prescribed trajectory starts at 7.8 miles (Ref.9 p. 106) i.e. at xG = 14446 m. It ends exactly at the runway
threshold O. Seen from O, its angular accuracy both in y and in z − zO is ± 1 dot15,16, or ±8.7 10−3 rad. Hence we
retain a linear accuracy ±8.7 10−3 x on the value of both y and z − zO.

3. Crash data

According to the few available recorded conversations between the pilots and the air traffic controllers8, the crew
announced at tA = 20h21’27” that the aircraft was at 20 miles (xA= 37040 m) and 12000 ft altitude (zA = 3657 m).
At 20h21’42”, it asked to make a direct approach into runway 28. The controller informed the aircraft (Ref.8 p. 11)
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that wind speed was 2.06 m/s (4 knots), temperature was 19◦C, ceiling and visibility were OK (“CAVOK”). More
than two hours after sunset, it was dark night. All witnesses agree that the sky was clear and dark, without significant
wind.

Around 20h26’, the aircraft had already begun to descend towards the airport. Most witnesses saw two successive
luminous lines coming from the South side of the aircraft; the first one came close to the aircraft and missed it, the
second one encountered the aircraft. The witnesses’ indications do not determinate the actual action, i.e. whether the
missile hit the aircraft or exploded near it, for instance. Section IV discusses whether these were missile trajectories,
and whether there were actually two of them.

After a few seconds, a big fireball was visible while the aircraft fell. Machine guns close to the airport shot,
including with tracer bullets. The aircraft hit the ground, bounced, and got dislocated. It eventually hit (and
punched through) the wall of the President’s residence, located close to the airport and (by mere coincidence) home
of the aircraft owner. The combination of a fireball, the presence of two presidents, the crash in the aircraft owner’s
residence, and the subsequent historical events, have all contributed to dramatise this crash. However, the trajectory
of the aircraft was normal almost until its end, the aircraft was already low and slow, it narrowly missed the runway
threshold, and most of it was intact until it hit the ground.

The airport detected a signal on the distress frequency during a 22 seconds time interval, between 20h25’50” and
20h26’12” (Ref.8 p. 10-13). The French aircraft crash expert assumed this whole time interval was the time of the crash
(Ref.8 p. 12) i.e. did not distinguish between the time of the aircraft-missile encounter, tE , versus that of the aircraft
impact on the ground, tI . In fact, the signal was too unusual to be attributed to any precise event: it superimposed
two components of unknown origin (Fig. 1b). The first component was perceived during the whole 22 s interval; on
Fig. 1b we can see 7 s of it, with 19 evenly spaced occurrences, hence we determine its period was 0.37 ± 0.05 s;
the expert labeled it as “interferences” without specific justifications. The second component was perceived with 5
evenly spaced occurrences, at 20h25’57”, 20h25’59”, 20h26’02”, 20h26’05” and 20h26’07” (see details in Ref.8 p. 10,
12), hence we determine its period is 2.50 ± 0.25 s. The expert showed only its first occurrence, marked “20 h 25
min 57 s”, and its second one, unmarked (Fig. 1b). It was termed “distress beacon” by the expert, although it did
not emit after 20h26’12”, while in principle once activated (manually or due to a shock) a distress beacon is built to
emit over days. We leave these signals open for interpretation. Given the lack of information, we globally retain that
tE and tI were probably close to each other, both being around 20h26’01” ±11 s. We anticipate that their difference
D = tI − tE was approximately ten seconds and we will come back to that point in Sections II C, IID.
The aircraft impact position I on the ground is known (Fig. 2). The impact trace was visible in 1994 as a 8 m circle,

hence its position has been determined with a few meters accuracy by Belgian investigators, as well as that of several
aircraft fragments dispersed over a rectangle (Fig. 3a) of 145 m × 20 m (Ref.7 p. 5). Over the years, several fragments
have been moved, degraded or removed, as described and mapped with laser range finding equipment in 2009 by
UK experts (Ref.9 p. 8). In 2012, French investigators combined their own geometrical measurements with the 1994
Belgian report to determine within a few meters the impact position I coordinates as xI = 2160 m, yI = −100 m and
zI = 1410 m (Ref.12 p. 188, 192).

II. ENCOUNTER POSITION

The aircraft-missile encounter position E is not known. Finding it requires several steps, for instance to infer
it from the impact position I by reverse analysis of the aircraft trajectory between the encounter and the impact
(Sections II C, IID). This is possible since we first determine the aircraft longitudinal speed ẋ (hereafter “speed”,
for short, and the dot indicates the time derivative) and its direction at the time of the encounter and at the time of
impact (Sections IIA, II B).

A. Aircraft speed as a function of time

To determine the velocity vector as a function of time or position, it is first useful to determine to which extent the
aircraft velocity vector differs (Fig. 3) just after encounter (t > tE) from just before encounter (t < tE). While the
aircraft position was necessarily continuous, a change in velocity vector could arise from several possible ingredients.

Momentum transfer from the missile itself was possible if the missile actually hit the aircraft. The modification of
the aircraft velocity vector was oriented from South to North and bottom-up, see short red arrows on Fig. 3 (for the
modification of the aircraft angular velocity see Section II B). Its magnitude depended on both the impact place and
impact direction. We estimate an upper bound on its magnitude as follows. The order of magnitude of the aircraft
mass M with fuel and passengers was larger than 104 kg (when empty, its mass is 9163 kg18). A missile considered
here (Section IVC) has a mass m of order of at most 20 kg and a speed at most 1000 m/s12. The mass ratio m/M was
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(a)

(b)

FIG. 3. Schema (not to scale) of the aircraft velocity vectors before and after missile-aircraft encounter E.
We know aircraft positions A at announcement, G at glide interception, I at impact on ground, position of debris (dotted
rectangle), lateral deviation β at impact on ground, vertical descent angle γ. We do not know its position E at encounter
with missile. Thin dashed green arrows: hypothetical free fall trajectory (Section II C). Thick blue arrows: actual trajectory
(Section IID). Short red arrows: a missile coming from the ground and from the South of the aircraft. (a) Top view, projected
on the horizontal plane Oxy. North up, thick black arrow. Angle at impact is known. Free fall would have been a straight
line from E to I. Actual trajectory was curved, in comparison to free fall hypothesis E was twice further from I. (b) Lateral
view, projected on the vertical plane Oxz. Angle at impact is not known. Free fall would have been a parabola from E to I.
Actual trajectory was a parabola too, in comparison to free fall hypothesis its curvature was smaller and its angle at impact
was smaller too.

at most 2 10−3, so the modification of the aircraft velocity vector could be at most of order of 2 m/s. In summary, the
direction and amplitude of direct momentum transfer from the missile cannot have caused a significant discontinuity
in the aircraft velocity vector oriented towards the South nor towards the ground.

A similar calculation could estimate the momentum transfer due to the warhead explosion. As an order of mag-
nitude, we consider the Mistral’s 3 kg hexogen-tolite explosive charge which projects around 1500 tungsten beads19.
Hexogen-tolite yields a detonation velocity vd = 8750 m/s and 1.6 more time energy per kg than a TNT equivalent
of 4.184 106 J20. The explosion energy was thus of order of 2 107 J; part of it was converted in kinetic energy Ec

of air (shock wave), missile fragments and tungsten beads (of total mass mt). With Ec = mtv
2
d/2, the characteristic

momentum was at most mtvd = 2Ec/vd = 2× 2 107 / 8750 = 4.6 104 kg m/s. Hence, if the momentum transfer had
been perfect and purely unidirectional, the aircraft velocity change could have been of order of 0.5 m/s; in practice it
was probably much less.

An evasive maneuver was possible, i.e. if the pilot saw a first missile he could have tried to suddenly change the
aircraft orientation in order to prevent a second missile to reach its target. Such kind of avoidance behaviour is
delayed first by the pilot reaction, of order or 10−1 s21, and second by the aircraft reaction. Regarding the velocity
modulus, over the first second it can vary by a few m/s (Figs. 31, 34 of Ref.22).

The above data (Section IB 3) enable us to estimate the average speed between crew announcement A and impact
I (Fig. 3). The aircraft covered the distance xA − xI = 37040− 2160 = 34880 m, with an accuracy around one mile
(i.e. ±5%) coming mostly from xA. Assuming tI = 20h26’01” ±11 s, the aircraft covered this distance in a time
tI − tA = 274± 11 s (i.e. ±4% accuracy). This means an average speed of 127 m/s (247 kts) with an accuracy around
6%, assuming the accuracies on distance and time are independent. This speed value is consistent with a Falcon 50
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approach phase23.
However, during the descent the aircraft is expected to have decelerated, hence ẋI differed from the average speed.

For simplicity we assume the deceleration a was constant; note that ẋ < 0 hence a = ẍ > 0. Then the speed and
position as a function of time were

ẋ(t) = a(t− tA) + ẋA, (3)

x(t) =
a

2
(t− tA)

2 + ẋA(t− tA) + xA (4)

where ẋA and a are unknown. By eliminating t − tA = (ẋ(t) − ẋA)/a (Eq. (3)) in Eq. (4), the speed profile as a
function of distance was

ẋ(x) = −
[
ẋ2A − 2a(xA − x)

]1/2
(5)

A first constraint on the two unknown ẋA, a is given by Eq. (4) using the known impact position xI and time tI . To
obtain a second constraint we assume that according to the Aircraft Performance Database23 the pilot was planning to
land by arriving at x = 1100 m with a speed 67 m/s (130 kts), so that we could use Eq. (5). Eliminating a from both
constraints yields a quadratic equation on ẋA, with two negative solutions ẋA = −342.5 m/s or ẋA = −181.5 m/s.
While the former value is irrealistic, and beyond the reach of a Falcon 50, the latter (353 kts) is consistent with aircraft
data23. It yields a = 0.397 m/s2, which is positive as expected. By propagating the uncertainties on the quadratic
equation, we calculate that uncertainties (after rounding) are ±10 m/s for speed and 30% for a (±0.012 m/s2).
Eq. (5) then yields the speed at impact, ẋI = −72.7 m/s (141 kts). As a by-product of Eqs. (3-5) we also obtain that

the aircraft intercepted the glide (xG = 14446 m) at time tG = tA+149 s, i.e. 20h23’56”, which as expected is later than
the crew declaration (20h21’42”) of the intention to intercept it (Ref.8 p. 12). It then flew at ẋG = −122.5± 10 m/s
(238± 20 kts), a value which is consistent with aircraft data23 but rather high (Ref.9 p. 106). This might mean that
our constant deceleration hypothesis (Eq. (3)) should be slightly corrected, with more deceleration before intercepting
the glide (between A and G) and less deceleration later (between G and E). Since we lack information we refrain
from entering into these detailed calculations.

B. Lateral deviation after encounter

Since the ground impact is at yI ≈ −100 m, it means that after the encounter the aircraft has laterally deviated
from its planned trajectory towards the left, i.e. towards the South. Combining the 1994 Belgian report on fragment
positions (Ref.7 p. 5) with their own orientation measurements, French investigators have determined the orientation
of the aircraft bounces on the ground as 13.7◦ from initial aircraft trajectory (Ref.12 p. 188, 189), i.e. 193.7◦ from x
axis. Based on the rectangle length 145 m and half-width 10 m (Section IB 3) we estimate the accuracy of this angle
determination to be ± arctan(10/145) = ±4◦. This suggests that when hitting the ground, the aircraft trajectory
had deviated laterally by β = 13.7 ± 4◦ from the initial trajectory. In addition, we do not detect any asymmetry of
the fragment dispersion, nor any significant (i.e. larger than 4◦) deviation of the fragment dispersion main axis from
the aircraft bounces on the ground. This suggests that at the time of impact the aircraft lateral orientation and its
center-of-mass velocity direction were parallel.

The deviation towards the left could in principle be explained by an evasive maneuver, off-centered momentum
transfer from the missile itself or from the explosion, provided their effect had the correct sign. Quantitatively, to
simplify the calculation of the inertia matrix we assimilate the aircraft to a homogenous cross of 18.5 m length and
width18. We obtain that an instantaneous moment transfer (or “impulse”) of about 4.6 104 kg m/s directly from the
missile or from its explosion (see Section IIA) off-centered by 9 m could create an angular velocity after encounter
with an order of magnitude of up to 1.5 10−1 s−1. This would be enough to make the aircraft turn by 13.7◦ during
its fall.

Other explanations which could have caused the observed deviation towards the left include: larger damages by the
missile on the left engine than to the right one, and/or a progressive loss of lift on the left wing due to damages. In
fact, Belgian investigators inferred from debris that only the left side of the plane had directly hit the ground, and
observed that the left wing was much damaged while the right one was intact: both observations suggested the plane
had rolled towards the left (Ref.7 p. 3).

C. Free fall hypothesis and its inconsistencies

To find the aircraft-missile encounter position xE , we now discuss where the trajectory after the encounter, projected
on the horizontal Oxy plane, met the trajectory before the encounter (Fig. 3a).
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As a first approximation, let us examine the unlikely but simplest possible trajectory after the encounter, that of
a free fall. If the plane had suddenly deviated towards the left then undergone a free fall without any asymmetry
between wings, its trajectory seen from the top, projected on the horizontal Oxy plane, would have been a straight
line (Fig. 3a), and seen from the side, in the vertical Oxz plane, would have been a ballistic parabola (Fig. 3b) of
vertical acceleration z̈ = −g = −9.81 m/s2.
Extrapolating the fragment dispersion angle (Section II B) would imply the encounter to be situated upstream of

the ground impact at xE − xI = (yE−yI)/ tanβ. Here xI = 2160 ± 20 m; yI = −100 ± 20 m; β = 13.7 ± 4◦, hence
1/ tanβ = 4.10 with a confidence interval between 3.13 and 5.85; yE = 0 with an accuracy ±8.7 10−3 xE . Altogether,
this would yield xE−xI = 410 m and xE = 2570 m (Fig. 2). Assuming that the accuracy on yE is ±8.7 10−3×2570 =
22 m, and that the above confidence intervals are independent, we can determine the confidence interval of xE . With(
202 + 4.102

(
202 + 222

)
+ 1002(4.10− 3.13)2

)1/2
= 157 m and

(
202 + 4.102

(
202 + 222

)
+ 1002(5.85− 4.10)2

)1/2
=

169 m we finally obtain for xE the interval 2413 to 2739 m.
This would determine the fall duration D = tI − tE and the speeds ẋE , ẋI . In fact, Eq. (2) would imply that at

encounter, zE = zO +xE tan γ = 1486+134 = 1620 m and żE = ẋE tan γ. Eq. (5) would yield that ẋE = −74.9 m/s
and żE = −3.9 m/s. The vertical trajectory z(t) = zE + żE(t− tE)− g(t− tE)

2/2 combined with the impact position
I would yield a quadratic equation to find D, which positive solution would be D = 6.2 s. The vertical speed at
impact would be żI = −64.7 m/s.
This free fall scenario seems unlikely for several reasons.
First, while this scenario is built on the correct lateral angle at impact β, it would require a very specific combination

of ingredients, see Sections IIA, II B. To cause a deviation of 13.7◦ at 77 m/s, the change in velocity at encounter
should have been 18.2 m/s, which is too large with respect to the above estimations (Section IIA). Moreover, the
change in angular velocity should have been, by coincidence, such that during the free fall duration the aircraft
orientation changed by 13.7◦ too. In addition, in order to explain the sign changes of both the center-of-mass and
angular velocities, it seems that the missile or its explosion should have affected the aircraft on its right side (i.e.
North side) and near its nose rather than its tail.

Second, between encounter and impact, the air flow around the intact right wing has probably remained laminar
for some time, changing progressively rather than discontinuously. The aircraft did probably lose lift on the left wing
due to damages, but kept enough lift to partially compensate its weight for a significant time. It means while gliding
the aircraft could probably have avoided stalling (Fig. 3b). In fact, pictures of the aircraft debris (Ref.12 p. 95) show
that, as expected before landing and for a speed lower than 98 m/s (190 kts24) the pilot had already extended the
high lift devices (so-called “flaps”). In this landing configuration, the speed at which a Falcon 50 stalls would typically
have been of order 42 m/s (80 knots): the actual speed was above this limit.

Incidentally, we can suggest the following consistency check of our speed estimates. With a wingspan of 18.86 m18,
high lift devices a few tens of centimeters high, i.e. a cross-section S of order of 4 m2, air density ρ of order of a
kg/m3, and a drag coefficient Cx difficult to estimate but of order of unity, we find the aerodynamic drag Cxρẋ

2S/2
was roughly of order of 105 N; during the fall, only the right motor functioned, so the aerodynamic drag was only
half compensated and the resulting force was of order of 5 104 N. The aircraft mass M being of order of 104 kg, the
longitudinal acceleration was of order of −5 m/s2, yielding ẋI − ẋE of order of −5 m/s, compatible with Section IIA.
Third, this value of vertical speed, żI = −64.7 m/s, would imply a vertical impact angle arctan(żI/ẋI), i.e.

arctan(64.7/72.7) = 41.7◦, which seems too high to explain the observed bouncing on the ground. A French military
investigator observed soon after the crash that no debris was inserted in the ground, that there was no crater for the
back part of the plane, and that the fore part had continued its longitudinal movement while creating a furrow; he
inferred that only a small part of the plane had been damaged by the missile, the plane had slowed down progressively,
and was horizontal at the time of impact (Ref.6 8567, p. 12). Belgian investigators noted that, although the ground
was soft, the impact crater was shallow: they estimated the aircraft impact angle being at most 20◦ to the horizontal
(Ref.7 p. 3). UK experts agreed with this estimation and added that aircraft debris would have been expected to be
found in the crater if the aircraft had adopted a more vertical descent into soft earth (Ref.9 p. 8).

All these remarks make this free fall scenario unlikely. We thus consider the free fall figures only as upper bounds
for the vertical acceleration and vertical impact angle, and as lower bounds for xE , zE , −ẋE and D = tI − tE .

D. Estimates of encounter position

Beyond the lower bound determination of xE (Section IIC), we can suggest three determinations, one based on
geometry, one based on witness indications, and one mixing both (Fig. 2).

(i) The first determination is based on the geometry of the horizontal trajectory, y(x). If we assume the horizontal
trajectory was an arc of circle or, to simplify the calculation, a portion of parabola starting at (xE , yE) with a tangent
parallel to axis x (Fig. 3a), its equation is y−yE = cst(x−xE)2/2 where yE = 0 and xE is unknown. The place of the
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ground impact is known, (xI , yI) = (2160,−100), and the tangent angle at the impact is known, (dy/dx)I = tanβ.
One finds that xE − xI = 2yI/ tanβ = 820 m. This is twice the value it would have in a free fall, and its confidence
interval is twice as large (see Section IIC). This yields xE = 2160 + 820 = 2980 m, with confidence interval between
2666 and 3318 m.

(ii) The second determination is based on witness indications. Witnesses placed at the airport had a good visibility
on the aircraft during its descent, but their axis of view was parallel to axis x: their estimations of xE were widely
spread (we find a distribution of values from 2000 m to 4200 m with a median around 3100 m). Conversely, witnesses
looking perpendicularly, e.g. placed at the North and looking South, could better determine xE . If we compile their
indications, at the time of encounter the aircraft was flying over the Nyarugunga district of the Kanombe hill (see
also Ref.10 p. 91), which we translate quantitatively into xE ≈ 2900± 400 m.
(iii) The third determination uses both the aircraft speed we have found, and the fall duration D = tI − tE . We do

not know D, since Section IIA does not estimate it and Section IIC only provides a lower bound of 6.2 s. We thus
turn to indication F–2. According to it, the duration D of the fall was not longer than 15 seconds. Assuming rather
arbitrarily that D = 12 ± 3 s, using ẋI = −72.7 ± 10 m/s (Section IIA), and since ẋ only varied by a few percents
between E and I (Eq. (5)), we obtain xE = xI +D ẋI = 2160 + 872 = 3030 m, with an accuracy around ±300 m.
In summary, the three determinations of xE are: (i) 2980 m (confidence interval 2666 to 3318 m); (ii) 2900±400 m;

and (iii) 3030± 300 m. The average is 2970 m and the confidence interval 2629 to 3318 m (Fig. 2). It is compatible
with the lower bound, xE > 2570 m. Since the confidence interval is almost symmetrical (-341 m, +348 m), for
simplicity in all calculations that follow we symmetrize it and use xE = 2970± 345 m. As discussed in Section VB1,
this value affects several other values calculated below (Table III).

This implies that zE − zO = xE tan γ = 0.052× 2970 = 154 m while the accuracy on xE is 345 m, that on tan γ is
8.7 10−3, and assuming they are independent yields an accuracy on zE − zO of ±31 m. Hence the aircraft had almost
completed its descent and in terms of absolute altitude, zE = zO + 154 = 1639 ± 31 m; laterally, yE = 0, with an
accuracy of 8.7 10−3xE = 26 m. Eq. (5) yields the aircraft speed at encounter, ẋE = −77.1 m/s (150 kts), with an
accuracy that we roughly estimate to be ±10 m/s. We also retain a vertical speed żE = ẋE tan γ = −4.0± 0.5 m/s.
We can at last obtain a refined estimation of the fall duration D = 11 ± 2.5 s. We check it is compatible both with
the lower bound 6.2 s (Section IIC) and the upper bound 15 s (F–2). This fall duration, for a parabolic vertical
trajectory, would yield a vertical acceleration 3.06± 1 m/s2: in practice, this value is an average over the trajectory,
since the vertical acceleration might have varied due to the air drag on the aircraft. Neglecting this higher-order
variations, we find a vertical speed at impact −37.7 m/s (confidence interval 29.3 to 43.7 m/s) and a vertical angle
at impact 26.1◦ (confidence interval 21.3 to 30◦); the lateral angle at impact being tanβ = 13.7◦, the lateral speed
ẏI was of order of ẋE sinβ = −18.3 ± 2.3 m/s. We thus confirm that the free fall figures (Section IIC) were upper
bounds for the vertical acceleration and vertical impact angle, and lower bounds for xE , zE , −ẋE and D = tI − tE .
We again refer the reader to Table III to keep track of these results.

III. LAUNCHING POSITION

Many witnesses were assertive that the launching was at Kanombe military camp or surroundings and excluded
Masaka; conversely, many other witnesses were assertive that it was Masaka hill or surroundings and excluded
Kanombe. In fact, determining the position L from where the missiles were launched from is a two-dimensional
problem. It can be solved by combining witness indications of either distances (“trilateration”, Section IIIA) or
directions (“triangulation”, Section III B).

A. Trilateration, using distances

In principle, witness indications regarding distances could be combined to determine L (“trilateration”), and there
are three such categories of indications which involve geometry or physics. In practice, these three categories are
difficult to use quantitatively. In addition, some witness do not explain how they estimate distances.

First, sound amplitude could provide a distance information. One mission of the acoustics expert was to determine
how the sound amplitude decreases with distance (Ref.12 p. 224). His conclusion was that the missile launching sound
amplitude was perceived as 160 dB near the launching place, 133 dB at 80 m, 125 dB at 200 m, 104 dB at 2100 m
(Ref.13 p. 18). Since no witness mentioned any loud sound from missile launching (by comparison with the explosion
sound coming from the aircraft, unanimously described as loud), and more generally witnesses insisted on the difficulty
to identify the causes of noises, one can reasonably exclude that a witness has been close to the launching place; we
cannot be more quantitative.
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Second, sound propagation too could in principle provide a distance information. Consider a witness placed at W
who saw the launching of a missile at L, then later heard it, and measured the time lag δt between the view and
the sound. Since the speed of sound cs is known (Ref.13 pp. 18-19), and recalling that there is no significant wind
which could affect sound propagation (Section IB 3), this could have yielded an accurate estimate of the distance
LW = csδt. Unfortunately, no single witness simultaneously fulfilled all these conditions.
Third, three indications A–1, B–1), (C–1, mentioned a specific time sequence: these witnesses have heard a noise

before they have seen the upper part of the missile trajectories. In principle, this could indirectly provide an useful
information, namely an inequality between the distance LW between launching place and witness, and the distance
LE between launching place and encounter: LW/cs < LE/cM , where cM is the missile average speed. Equivalently,
this inequality can be rewritten as:

LE

LW
> Ma (6)

where Ma = cM/cs is the missile Mach number; its order of magnitude is 2 (Section IVC). Thus L lies close to W .
More quantitatively, since W and E are known, the set of points L obeying Eq. (6) is a circle (Fig. 2) around W ,
off-centered, with a radius 2WE/3. In practice, these three indications are not mutually consistent (Fig. 2), and the
indicated time sequence lacked stability in time (see Section IA 2) for two witnesses.

Finally, the following three indications provided distance estimates without explaining explicitly how they have
obtained them. D–1 had experience in hearing shootings and suggested a distance between 500 and 1000 m. E–1 saw
the launching at 1000 to 5000 m distance, in the direction of Masaka. F–1 explicitly stated the launching took place
near the factory (called “Guttanit”) labeled “F” on Fig. 2. At that time the factory was only a 80 m × 40 m rectangle
(Ref.6, 6017) centered at x = 3660 m and y = −870 m (see below, Fig. 5). Given that this landmark size was less
than 100 m and its distance to the closest other landmarks was more than 300 m, we rather arbitrarily attribute to
this indication a confidence interval of 200 m. These three indications are not mutually consistent (Fig. 2).

We retain that there are three pairs of distance indications (combined with direction indications whenever available),
yielding three different results (Fig. 2). The intersection of A–1 and B–1 (“Pair 1”) would locate L very inaccurately
around the airport, west of E. The intersection of C–1 and D–1 (“Pair 2”) would locate L at Kanombe, south-west
of E. The intersection of E–1 and F–1 (“Pair 3”) would locate L near factory F , south-east of E. Overall, distance
indications lack sources, accuracy, stability in time and consistency.

B. Triangulation, using directions

From tens of visual indications (not shown), we have extracted a subset of 8 indications which obey all the following
criteria. First, the witness position should be clearly known. Second, the direction details (whether by words, gesture
or drawing) are known with enough accuracy to be used quantitatively. Third, the indication should unambiguously
point at the launching L, without confusion with encounter E or impact I. The third criterium happens to exclude
all witnesses who place L near I, i.e. at the fence of the President’s residence; this creates a negative bias against this
point. We represent these 8 indications on a map (Fig. 4). Based on the witness indications (size and distance of the
landmarks they indicate, quality of their drawings) we estimate that four of them have a direction accuracy around
±5◦, E–2, F–3, G–1, I–1, and the four others around ±10◦, C–2, H–1, J –1, K–1.

Consider a witness number k (k = 1 to 8), of positionWk with coordinates (xk, yk), and who has seen L in a direction
u⃗k = (cos θk, sin θk). Together, Wk and u⃗k define a straight line, ∆k. The eight straight lines do not intersect at a
single point; finding L by triangulation is thus an overdetermined problem (Fig. 4). We use a minimization method
based on the square distances to these lines. A point (x, y) has a distance dk to ∆k, i.e. to its orthogonal projection
on ∆k; the square of dk is:

d2k = [−(x− xk) sin θk + (y − yk) cos θk]
2

= (x− xk)
2 sin2 θk − 2(x− xk)(y − yk) sin θk cos θk + (y − yk)

2 cos2 θk (7)

We look for the minimum of the root mean square (r.m.s.) distance:

d̄2 =

∑8
k=1 wkd

2
k∑8

k=1 wk

(8)

Here we introduce the possibility of using weights wk to take into account the differences in their accuracies. For
instance, instead of equal weights (wk ≡ 1), with a weight proportional to the inverse of the confidence interval size the
four most accurate witnesses can be assigned a weight twice as large as that of the four less accurate ones. Note that
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FIG. 4. Triangulation for missile launching place L based on direction indications. Geographic North is towards
the top (thick black arrow). Scale: grid size is 1 km; the distance between O and E is OE = 2970 ± 345 m. The thick blue
arrow is the direction of aircraft arrival. I marks the aircraft impact on the ground (orange dot). The blue dot marks E and
the five blue stars (∗) mark its confidence interval, estimated backwards from the impact data (Section IID). F is the factory.
Witnesses are labeled by letters (ex: A), their positions are labeled by coloured dots, their indications are labeled by a number
(ex: A–1). Directions indicated by C–2, E–2, K–1, are drawn by us according to their indications. Directions indicated by F–3,
G–1, H–1, I–1, J –1, are copied from the drawing by French investigators. The confidence interval for K position is indicated
by the green circle size. Number “8” marks the point minimizing the distance (Eqs. (9,10)) for eight indications when four of
them, E–2, F–3, G–1, I–1, have a weight twice that of C–2, H–1, J –1, K–1. Number “7” marks the point minimizing the
distance to the lines drawn by seven witnesses, J –1 having been excluded); whether with or without weights, the results are
indiscernable. Number “6” is for 6 witnesses, with weights, after removal of both J –1 (outlier) and C–2 (redundant with E–2,
and less accurate) and also 5 witnesses after removal of H–1, indiscernable. Number “4” is for 4 witnesses after removal of
G–1. Yellow circle indicates the confidence interval we retain.

E–2 and C–2 are redundant: E and C were together inside C’s house, estimated the direction based on both noise and
light using a compass and landmarks such as trees and their window frame, then immediately recorded the direction
on a map. But later, during hearings, E accurately reported the direction on a map, while C merely sketched it by
hand, thus we attribute a better accuracy and higher weight to E–2 than to C–2.
Minimizing d̄2 (Eq. (8)) amounts to solving the two equations ∂xd̄2 = ∂yd̄2 = 0, i.e.:

8∑
k=1

wk

[
2(x− xk) sin

2 θk − 2(y − yk) sin θk cos θk
]

= 0 (9)

8∑
k=1

wk

[
−2(x− xk) sin θk cos θk + 2(y − yk) cos

2 θk
]

= 0 (10)

The set of Eqs. (9,10), linear in x and y, has one and only one solution (except when all lines are parallel, which is
not the case here).

At first sight, the result we find is suspicious. Weights 2 for the four precise witnesses and 1 for the four others yield

x = +2092 m, y = −480 m, with a r.m.s. distance
√
d̄2 = 328 m. This point (marked by a number “8” in Fig. 4),

is compatible with Pair 2 of distance indications (Section IIIA), and is incompatible with five out of eight direction
indications: E–2, K–1, C–2, J –1 and I–1. In particular, the reconstitution of the landscape seen through the window
of C’s house (Ref.12 p. 286), in which both C and E were located, shows that Masaka was visible in the middle, while
the point “8” would be much too far on the left to be visible through the window by these witnesses.

In such an overdetermined problem, it is advisable to use a robust method to deal with outliers25. No method is
perfect; choosing the method has an impact on the result. One possibility is to minimize a norm other than the r.m.s.
distance d̄2 (Eq. (8)); for instance the average distance d̄. For simplicity, we use here the Least Trimmed Squares
method25, which consists in removing one by one the data points in decreasing order of importance. To facilitate the
intuitive understanding of the method, we manually implement it as follows.

If we consider J –1 as the most distant outlier and exclude it, then the resulting position and r.m.s. distance are
more consistent and robust to changes in the weight. For instance, with all weights equal, x = 3948 m, y = −747 m,
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while with double weight for the most precise ones we find x = 3967 m, y = −722 m. The r.m.s. distance is
around 212 m in both cases. This point is compatible with the observations of all 7 out of 7 indications (Fig. 4).
Some indications have less importance; for instance, the witnesses placed at or near the airport saw both Kanombe
military camp and Masaka in the same direction, thus their direction indications (H–1, G–1) do not discriminate.
Removing one by one such indications does not significantly affect the results, which are dominated by the crossing
point between E–2 and K–1 (Fig. 4). More generally, by testing various weight combinations, we aggregate the results
for the launching position L under the values xL = +4080 ± 120 m, yL = −700 ± 100 m, with a r.m.s. residual of√
d̄2 ≈ 200 m. Combining the accuracy on L and the r.m.s. residual results in a confidence interval of roughly 300 m

(Fig. 4). This is compatible with Pair 3 of distance indications (Section IIIA).

To summarize this Section, the distance minimization from all eight witness direction indications (number “8” in
Fig. 4) is compatible with Pair 2 of distance indications (Section IIIA), and is incompatible with five out of these
eight direction indications. Conversely, the distance minimization of seven out of eight witness direction indications
(yellow circle in Fig. 4) is consistent with Pair 3 of distance indications (Section IIIA) and is consensual between
these seven direction indications. This will be further examined in Sections IVA, IVB.

IV. MISSILES

We now examine indications regarding the missile themselves: their launchers (Section IVA), trajectories (Sec-
tion IVB) and type (Section IVC).

There is a consensus that there was one and only one successful missile. Also, there was no indication that different
missiles could have been shot simultaneously from different locations. Both preceding points are important for other
Sections. There is no consensus on the two following points which are unimportant for other Sections. Based on ocular
and/or auditive indications dispersed in the Rwandan report10, we determine the number of missiles as distributed
in the range 2 ± 1; and the time interval values between missiles as distributed from a fraction of second to many
seconds, with a median around two seconds.

A. Missile launchers

A missile launcher is a tube which contains the missile before and during the launching. In normal circumstances,
after launching the missile the team packs and removes most accessories, including the launcher. However, here,
several witnesses mentioned that two missile launchers have been found. There was no consensus on the existence of
these launchers, their number (which was 1 or 3 according to some witnesses), or the finding date (Ref.10 p. 153-155).
We can at least check whether the indications regarding the launcher positions are mutually consistent. We can also
check whether these indications are consistent with launching positions independently determined (Section III).

We use a detailed map at scale 1/2500 established by French experts (Ref.12 p. 60). Witnesses broadly agreed
on the finding place, designated using as landmarks either the “Km 19” crossing, “CEBOL”, or the Masaka valley
(Fig. 5). The Km 19, noted K, is the crossing located at x = +4140± 10 m, y = −820± 5 m, z = 1351 m. CEBOL
(“Centre d’élevage de bovins laitiers”), a dairy cattle farming centre also called “Masaka farm” or “The farm”, noted
C, is at x = +4520 m, y = −1080 m, z = 1340 m. The Masaka valley stretches between these two landmarks, at
z = 1332 m. One indication mentioned the launchers had been found near the factory, F (F–4).

Two indications were more specific (Fig. 5). One was a map with the place where launchers were supposed to have
been found drawn just south of the factory (Ref.6, 8124); from this map we infer x = +3800±200 m, y = −1200±100 m.
Rwandan investigators (Ref.10 p. 154, 156, 157), while doubting the finding was real, mentioned it would have been
located “in the marsh”, at 300 m from Km 19 and 300 m too from CEBOL. From this indication, we infer two
positions (east and west of the KF line), only the west one being near the marsh: it is located at x = +4100±100 m,
y = −1120 ± 40 m. Together, these indications would suggest that the missile launchers have been found around
x = +4000± 100 m, y = −1130± 30 m (green cross on Fig. 5). This is on dry land, near the marsh but not in it, and
corresponds to z = 1334± 2 m.

In summary, the missile launcher indications are mutually consistent. They are also consistent with two out of six
witness distance indications (Pair 3, Section IIIA), consistent with the consensus of seven out of eight witness direction
indications (yellow circle, Section III B), and more precise than the latter consensus. Taking into account all these
cross-validations, in what follows we retain as a launching position L the point with coordinates xL = +4000±100 m,
yL = −1130± 30 m, zL = 1334± 2 m.
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FIG. 5. Possible missile launching places and trajectories. Geographic North is towards the top (thick black arrow).
Blue rectangles represent the three landmarks F , K and C. The extension of the factory F is that of 1994 (Ref.12 p. 60).
K is the “Km 19” road crossing. C is “CEBOL” or “Masaka farm” or “The Farm”. The Masaka valley stretches between
these two latter landmarks; M marks the marsh. Scale: grid size is 1 km; the distance between K’s center and C’s is
KC = 487.5 ± 2.5 m. Yellow dash-dotted line: standard aircraft trajectory along the Ox axis. Thin dashed green arrow:
hypothetical free fall trajectory (Section II C). Thick blue arrows: actual aircraft trajectory before and after encounter E
with missile. For legibility, the confidence interval of E is not drawn (see Fig. 2). I marks the aircraft impact on the ground.
Network of lines (red on the original 1988 map17): roads (thick), vehicle tracks (thin), paths (dashed). Contour lines (brown
on the original map) indicate the altitude, every 100 m (thick), 25 m (thin), 12.5 m (dashed). Indications on missile launching
place (Sections III B, IVA). Indications where missile launchers have been found: hatch textured purple elongated ellipse (map
of Ref.6, 8124), checkerboard textured orange ellipse (Rwandan investigators, Ref.10 p. 156-157), and their intersection (green
cross). “P1” (not shown, off the top left of the map), “P2” and “P3” mark sound witness indications: Pair 1 intersection of
A–1 and B–1), Pair 2 (intersection of C–1/C–2 and D–1), and Pair 3 (intersection of E–1/E–2 and F–1), respectively (Fig. 2).
Number “8” results from eight witness direction indications, including outlier, while yellow circle results from robust witness
direction indications without outlier (Fig. 4). Possible missile trajectory (Sections IVB, IVC). Red arrows: possible two missile
trajectories according to missile launching position based on sound indications P3, robust witness direction indications without
outlier, missile trajectory angles and launcher position: “L1”, “L2”; corresponding positions of aircraft: at time of first missile
launching (“T1”), at time of second missile launching (“T2”), when the first missile passed close to the aircraft (“T3”), see
text. Dashed red arrow: possible missile trajectory according to missile launching position based on sound indications P2, and
all witness direction indications. Dotted red arrow: possible missile trajectory according to missile launching position based on
sound indications P1.

B. Missile trajectory

We now examine the missile trajectory length, orientation and curvature which, as we discuss below (Section IVC),
may have an influence on the missile type determination. Using three-dimensional geometry, we discuss separately
the trajectory in the horizontal plane, as would have been viewed from the sky, versus in its vertical plane, as viewed
by the witnesses.

From the estimates of missile launching place L (Section IVA) and of encounter position E (Section IID), we infer
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(a) (b) (c)

FIG. 6. Schematic of angle between missile trajectory and horizontal plane. (a) Actual launching angle φ with
respect to the horizontal plane Oxy, seen in the vertical plane containing the missile trajectory. Thick black line: ground, i.e.
horizontal Oxy plane; L: launching place; red arrow: initial tangent to the trajectory. (b) Top view projected on the horizontal
Oxy plane. W : witness position; dashed blue arrow: the witness’ line of view WL; red arrow: the missile trajectory’s vertical
plane; α: angle betweenWL and the missile trajectory (in this example α = 30◦ or 150◦). (c) Apparent missile trajectory angle
ψ with respect to the horizontal Oxy plane, as perceived by the witness, along the witness’ line of view. In such projection, W
and L coincide, and horizontal components of panel (a) elements are affected by a factor sinα (equal to 0.5 in this example).

TABLE I. Apparent angle between missile trajectory and horizontal plane. For definitions and notations see Fig. 6.
Values (in degrees) of ψ indicated by four witnesses; confidence interval (minimum; mean; maximum) of α values estimated by
us using witness position W , launching position L and trajectory orientation confidence interval (119.8◦; 132.3◦; 141.9◦) with
respect to axis Ox; estimates of φ and confidence interval based on ψ, α and Eq. (11).

Indication ψ α φ

E–3 60◦ (123.8◦; 136.3◦; 145.9◦) (44.2◦; 50.1◦; 55.2◦)

J –2 43◦ (126.8◦; 139.3◦; 148.9◦) (25.7◦; 31.3◦; 36.7◦)

L–1 70◦ (180.8◦; 193.3◦; 202.9◦) (02.2◦; 32.3◦; 46.9◦)

M–1 45◦ (129.8◦; 142.3◦; 151.9◦) (25.2◦; 31.4◦; 37.5◦)

that the trajectory endpoint coordinate differences (xE − xL, yE − yL, zE − zL) were of order of (2970 − 4000, 0 +
1130, 1639 − 1334) = (−1030,+1130,+305) ± (359, 40, 31) m. Hence the missile trajectory had a length ℓm of order
of 1559± 362 m, and (after rounding and symmetrizing the confidence interval) an angle within the horizontal plane
Oxy with respect to axis Ox of +132± 11◦ (red arrows on Fig. 5), and an angle (averaged over the whole trajectory)
with respect to the horizontal plane Oxy of 12 ± 4◦. We now examine the consistency of these results with witness
indications regarding both angles.

The angle with respect to axis Ox within horizontal plane Oxy lacked stability in time (see Section IA 2) for two
witnesses. It was indicated by the first one, E–1, as from South-southeast to North-northwest, which we translate as
22.5± 11.25◦ from North axis, or +122.5± 11.25◦ from Ox axis. The second witness provided a drawing, C–2, which
we translate as +156 ± 10◦ from Ox axis. Together, these indications yield +139.25 ± 15◦ from Ox axis. This is
consistent with our above estimate of +132± 11◦ and not with other launching sites situated at the South-West of E.
Another witness (L) was situated in the direction of North-northwest at 20 km distance from E (off the top of

Figs. 4, 5), and indicated: “the origin of the two missiles came from the left to head towards the sky towards the right.
The angle of the shot was more or less 70 degrees.” (L–1, Ref.9 p. 23). Seen from the North-northwest, the indication
“from left to right” is compatible with a launching site placed at East side (i.e. North-East, East or South-East of
E), not at West side. We assume that “70 degrees” designated the angle ψ with the horizontal plane, as perceived
by the witness (Fig. 6), and we now discuss how to exploit such indication.

The actual launching angle φ with respect to the horizontal plane Oxy can be deduced from this perceived one, ψ,
using the three-dimensional trigonometric relation (Fig. 6):

tanφ = tanψ | sinα| (11)

The correction which leads from ψ to φ is due to the angle α between the line of view and the missile trajectory vertical
plane (α is thus measured within the horizontal Oxy plane). This is an anamorphosis: the vertical component of the
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missile velocity vector is unchanged, while its horizontal component is affected by a factor | sinα|. If the witness line
of view is perpendicular to the missile trajectory, the witness correctly perceives φ. But in all other configurations,
ψ is larger than φ. At the extreme, a witness located in the same plane as the missile trajectory sees it in a vertical
plane.

In fact, four witnesses indicated a value for the initial angle, ψ, between the trajectory and the horizontal plane
Oxy (Table I). For the four witnesses, we determine α using witness position W , launching position L and missile
trajectory orientation +132±11◦ with respect to axis Ox. The inaccuracy on α mainly comes from that of the missile
trajectory orientation, itself mainly due to inaccuracy on xE . Since Eq. (11) is non-linear, we separately determine
φmean from the value of α, then φmin and φmax from the ±11◦ confidence interval of α. The average of the four φ
values is φ = 36.3◦ with a confidence interval 20.4◦ to 45◦. Independently, we have checked (data not shown) the
compatibility between the sign of sinα and the witness indications that they saw the missile ascending “from left to
right” (e.g. L–1) or “from right to left” (e.g. E–1). With this L position, we find no inconsistency. Note that for
alternative launching positions, such as placed at airport by Pair 1 or at Kanombe by Pair 2 (Section IIIA), we can
recalculate the corresponding values of α; we then find incompatibilities both in values of φ and in signs of sinα (data
not shown).

This initial launching angle, 36 ± 10◦, and the average trajectory angle, 12 ± 4◦, are compatible if and only if the
angle decreased with time, i.e. the trajectory was curved in the vertical plane. This was confirmed by some witnesses,
who depending on their position saw this curvature more or less pronounced (we have not detected any inconsistency).
The actual trajectory length was thus larger (by around one meter) than the value 1559 ± 362 m determined from
endpoints positions.

The other curvature, seen from the top within the horizontal Oxy plane, was not mentioned in the witnesses’ indi-
cations and has to be inferred from other information. The missile was homing to the aircraft position (Section IVC),
with or without a trajectory anticipation procedure. In both cases, since the missile average speed cM was of order of
ten times the aircraft speed at encounter ẋE , the deviation was at most 20◦ over 1.5 km, hence the radius of curvature
would have been at least of order of five km. The trajectory would have been barely curved, and seen from the top
the deviation with respect to the straight line would have remained small (Fig. 5).

Assuming there were two missiles launched at two seconds intervals from the position we retain, the aircraft speed
at encounter ẋE and the missile average speed cM determine the times and aircraft positions “T1” when the first
missile was launched, “T2” when the second one was launched, and “T3” when the first missile passed close to the
aircraft, respectively around 6, 4 and 2 seconds before E. These points are drawn on Fig. 5, and for legibility we do
not draw their confidence interval, which is large: it cumulates the ±300 m inaccuracy on E with that due to our
assumptions which is difficult to estimate.

In summary, the indications regarding missile launching angle with horizontal plane (as well as its angle within the
horizontal plane, which lack stability in time) are consistent together, as well as with the launching position suggested
by two out of six witness distance indications (Pair 3, Section IIIA), by the consensus of seven out of eight witness
direction indications (yellow circle, Section III B), and by missile launcher indications (Section IVA).

C. Missile type

Applying our approach, we look for quantitative arguments to discriminate between surface-to-air weapon types. In
1994, hundreds of types were marketed (Ref.12 pp. 102-174). These weapon types belonged to one out of these three
classes: either non propelled (e.g. machine gun bullets); self propelled but not homing (rockets); or self propelled
and homing to the aircraft (missiles), guided by the infrared emission of hot aircraft engine exhaust gases. All three
classes travelled at least at 300 m/s over 2000 m distance and 1500 m height. An aircraft flying at 154 m height,
1559 m distance and 77.1 m/s was well within their range. Projectile trajectories were described as luminous (N–1):
this could be due either to missile flight motor exhaust (Ref.9 p. 18-19), or to tracer ammunitions. The observed
trajectory curvature in the vertical plane excludes rockets; in principle it could be due either to gravity, for bullets,
or to guiding, for missile.

However, the trajectory shape provides an argument. If the projectile had been purely ballistic, gravity acceleration
of 9.81 m/s2 would have affected the projectile speed by a few tens of m/s and its height by a few tens of meters, hence
would have modestly bent the projectile trajectory. The trajectory shape we have found, with initial launching angle
36± 10◦, and average trajectory angle 12± 3◦, indicates that there was guiding (see an example of missile trajectory
curvature on the picture of Ref.26). This was confirmed by some witnesses: they saw the trajectories turning and
heading towards the plane (H–2, O–1, N–1).
In 1994, the most widespread missile types were Stinger produced in the USA, Strela/Igla/SA/SAM produced in

the USSR/Russia, Mistral produced in France. For simplicity, we compare only the specifications of these three types
as they were available in 1994. Due to lack of information, we do not detail their many different variants nor their
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TABLE II. Missile trajectory phases. Quantitative description of the propulsion phase, then the non-propulsion one, for
three missile types. Their sources are indicated, either coming from the literature, or from Eqs. (12-18). The value and
confidence interval of total missile trajectory length ℓm = 1559 ± 362 m (Section IVB) propagate to ℓnp, tnp and tm; in the
case of Stinger, the non-propulsion phase can vanish, this results in an asymmetric confidence interval represented here as
(minimum; mean; maximum).

Quantity SAM Stinger Mistral

Propulsion duration tp 2 s 3.49 s 2.6 s

Ref.9 p. 54 Eq. (12) Ref.19

Propulsion length ℓp 686 m 1316 m 1114 m

Eq. (15) Eq. (14) Eq. (15)

Speed at end of propulsion vp 686 m/s 754 m/s 857 m/s

Ref.9 p. 54 Ref.12 p. 162-167 Ref.19

Propulsion acceleration ap 343 m/s2 216 m/s2 330 m/s2

Eq. (12) Ref.29 p. 3 Eq. (12)

Non-propulsion length ℓnp 873± 362 m (0 m; 243 m; 605 m) 445± 362 m

Eq. (17) Eq. (17) Eq. (17)

Non-propulsion duration tnp 1.27± 0.53 s (0 s; 0.32 s; 0.8 s) 0.52± 0.42 s

Eq. (16) Eq. (16) Eq. (16)

Total duration tm 3.27± 0.53 s (3.32 s; 3.81; 4.29 s) 3.2± 0.42 s

Eq. (18) Eqs. (13,18) Eq. (18)

copies developed in other countries (Ref.12 p. 108-109).

Missile characteristics such as minimal and maximal shooting distance, speed, or maximal angle with the horizontal
plane, do not discriminate between these three types. It was normal for these missiles to be launched far from the
horizontal and then bend towards the horizontal (see the trajectory orientations on the picture of Ref.26). E.g. for a
Mistral the nominal launching range was up to 67◦27. Also, they had to be launched far enough from their target, since
the guiding was operational only above a minimal distance: 500 m for Mistral27, 1000 m for SAM (Ref.12 p. 319); as
opposed to a non-propelled weapon which would have performed a direct shot and could have been launched from a
place much closer to the aircraft trajectory. Finally, the UK experts have used energy dispersive X-ray spectroscopy
(EDS) to analyze possible metal fragments both free standing and embedded recovered in 2009 from the debris, but
this study was too incomplete to unambigously discriminate the missile type (Ref.9 p. 32, 108).

In principle, the trajectory length could yield useful indications. Several witness indicated there has been a contin-
uous luminous line from ground to aircraft (e.g. J –3, N–1); the continuity of the luminous line has been claimed to
be a marker of the missile type. French experts considered it as a characteristics of SAM (Ref.12 p. 321), while UK
ones estimated that the SAM trajectory is visible only over the first 1000 m (Ref.9 p. 18-19); independently, a missile
specialist suggested that Mistral trajectory is visible only during the first 2 s while SAM and Stinger trajectories are
continuously visible28.

In order to examine quantitatively this point, we model the trajectory to obtain an order of magnitude for the
length and duration of the visible and non visible trajectory phases. Since missile types have variants, we decline to
enter into too many details. For instance, to protect the gunner from the flight motor flames, a launch motor ejects
the missile at a few meters from the launcher tube before the flight motor ignition begins. This ejection distance
is 4 m for SAM (Ref.12 p. 237), 9 m for Stinger (Ref.29 p. 3), 12 m for Mistral27. For simplicity, we neglect this
ejection phase in what follows. We model the trajectory with only two phases. First, a propulsion phase at constant
acceleration ap during which the missile speed increases from 0 to vp and the trajectory is clearly visible due to flames.
Its duration tp and length ℓp are related by the quadratic equations:

vp = aptp (12)

2ℓp = apt
2
p (13)

2apℓp = v2p (14)

2ℓp = vptp (15)

Then a non-propulsion phase at constant speed vp during which the trajectory is less visible. Its duration tnp and
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length ℓnp obey:

ℓnp = vptnp (16)

The total missile trajectory has duration tm and length ℓm:

ℓm = ℓp + ℓnp (17)

tm = tp + tnp (18)

Using the data we collect, we can fill Table II.
Within the above hypotheses, the total trajectory duration is slightly larger than the propulsion phase, so the

luminous trajectory appears almost continuous. More specifically, if the trajectory length is at the lower end of its
confidence interval, the non-propulsion phase can even vanish for Stinger, so that in this case we use Eq. (18) to fill
Table II. In summary, Stinger is more likely to be associated with a continuous luminous trajectory, while for Mistral
the non propulsion phase lasts at least 0.1 s (83 m), and for SAM 0.74 s (511 m).

V. DISCUSSION

Hypotheses that can have strong impacts on results include: assuming the aircraft has followed the standard
instrument approach procedure; neglecting variations of aircraft acceleration; simplifying the missile trajectory phases;
or neglecting aircraft velocity vector changes at encounter with missile. Moreover, methodological choices that can
have strong impacts on results include: discarding outliers; deciding between minimization versus inverse inference
methods; neglecting variants of each missile type; or ignoring evasive maneuver by the pilot. We now discuss the
experts’ choices (Section VA) and ours (Section VB), and draw some lessons for pedagogical purposes (Section VC).

A. Discussion of experts’ choices

Experts were mandated to make choices and express explicit conclusions. We now discuss how their choices affected
their conclusions regarding aircraft trajectory, missile type, and especially launching site. We list their hypotheses
and claims for which no justification is provided, or for which the arguments are inconsistent.

1. Aircraft trajectory

Rwandan investigators (quoted by Ref.9 p. 31) assumed, without providing arguments, zE = 1829 m (6000 ft) and
ẋE = 77.1 m/s (150 kts). The French investigators assumed, without providing arguments, ẋE = 61 m/s (120 kts),
a discontinuous change at the encounter in the aircraft trajectory angle in the horizontal Oxy plane, and a free fall
of the aircraft after the encounter (Ref.12 p. 178, 189-193), yielding xE = 2570 m and zE = 1620 m. Conversely, our
Section IIC shows that such assumptions are unlikely, predict an impact angle on ground much larger than observed,
and possibly contradict the principles of mechanics; moreover, it provides arguments for gliding during fall, with
twice larger longitudinal and vertical distances to impact, twice longer fall duration, half of impact angle, third of
vertical acceleration. In turn, these discrepancies affect the determination of missile launching point and trajectory
(Section VB1).

2. Missile type

Rwandan investigators discussed in detail who could have possessed SAMs10, briefly discussed also who could have
possessed Mistrals (Ref.10 p. 134, 135, 143) and, quoting the Belgian investigators, mentioned an indirect witness
indication that it could have been Stingers (Ref.10 p. 84). Belgian investigators disregarded Mistrals because “it would
imply the complicity of authorities of a nation which owns or produces them” (Ref.7 p. 2). UK experts have focused
their material investigations on SAM (Ref.9 p. 32, 54, 108). French experts excluded Mistrals by classifying them
either in the category of “too sophisticated” missiles (Ref.12 p. 172), or alternatively in the category “too recent”
(Ref.12 p. 137). None of these arguments is discriminant. Regarding the latter argument, since Mistral version 1 was
widely available in 1994 (Ref.12 p. 172; see also Refs.28,30) we do not exclude it a priori.
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3. Launching site

To determine the launching site experts have established (or have received) a closed list of possible sites. This
enabled them to perform calculations, predictions and deductions. Experts have then analyzed the compatibility
of each site with witness indications. French experts have assumed, without providing justification, that missile
trajectories were straight lines; they have taken pictures of commercial aircrafts landing by day and by night (Ref.6,
7915) in order to check the lines of sight were clear from each of the listed sites.

Rwandan investigators listed 5 launching sites: 1 in Masaka and 4 in Kanombe, including the President’s residence
(Ref.10 p. 158-165). They excluded Masaka based on a sound intensity argument and on L–1 (Ref.10 p. 159-160)
because without providing justification they interpreted the 70◦ angle as the angle seen from the top, in the horizontal
Oxy plane, between the aircraft and missile trajectories (Ref.10 p. 62); we consider this interpretation as unlikely
(Section IV B).

UK experts have received from Rwandan investigators a list of 3 launching sites, all situated in Kanombe (Ref.9

p. 15). These UK experts did not add information. More precisely, they looked for contradictions and did not find
any (Ref.9 p. 16-30), thus did not discriminate between these 3 launching sites (Ref.9 p. 32). French experts, as
explicitly specified by their mission (Ref.12 p. 8), examined 6 launching sites including both Kanombe and Masaka
(Ref.12 p. 224-225). The mission of the acoustic expert specified (Ref.13 p. 2) that he should answer the following
question: which witnesses could have first heard missile launching, then seen the end of missile trajectories? This
has had a strong effect on the determination of launching point L position. Facing the differences between the three
sound-based indication pairs, French experts have attributed importance to Pair 2, explicitly excluded Pair 1, and
ignored Pair 3. This would locate L at Kanombe, south-west of E. We note that this is compatible with the point
8 (Fig. 4) but not with directions indicated by E–2, K–1, C–2, J –1, I–1. In addition, it is not consistent with missile
launcher position (Section IVA), nor with missile trajectory (Section IVB).

B. Discussion of our choices

1. Choices and sensitivity

As opposed to experts, we are not mandated to express explicit conclusions, but we want to examine the arguments.
In comparison with experts, our approach offers two advantages.

First, we keep a trace of justifications and consequences of our choices. We chose an open approach, i.e. we avoid
any a priori hypothesis on the launching site: the list of indications is compiled, and the launching site is inferred by
minimizing the global disagreement with the various indications, possibly weighted (see Section III). We try to make
our choices as explicit as possible, to support them with arguments, and to minimize their effects, e.g. by keeping a
maximum of data and discarding only obvious outliers using standard procedures. The list of indications we use is
subject to biases, for instance when we happen to reject indications placing L at the fence of the President’s residence,
thus we state it explicitly (Section IIIA).

Second, we perform consistency checks. Several values that we calculate (Table III) are independent from each
other, i.e. a mistake or a rounding of one of these values does not modify the other values. Other values are inter-
dependent, for instance a change in xE propagates and creates a spate of changes, possibly with non-linear effects.
As a test of sensitivity and traceability, we round xE = 2970± 345 m as 3000± 300 m. Table III shows in tiny italics
the corresponding results. We find the launching angle in horizontal plane changes by 2◦, in vertical plane by 0.3◦,
with the average angle in vertical plane unchanged. Missile trajectory length changes by 19 m and the corresponding
duration by 0.1-0.2 s. The altitude of encounter changes by 2 m, and at impact the vertical velocity changes by
0.3 m/s, the angle in vertical plane by 0.1◦.

2. Likely scenario

In summary, the publicly available information interpreted by our calculations shows that the question of missile
launching position is still open.

The three possibilities are, by decreasing order of consistency (Fig. 5): (i) A launching position at the south-east of
the encounter (factory - Km 19 - Cebol triangle), see Figs. 4, 5. It is consistent with Pair 3 sound distance indications
(which lack justification, Section IIIA), with the consensus of seven out of eight direction indications after outlier
removal using the Least Trimmed Squares method25 (Section III B), missile launcher position (Section IVA); as well
as with the missile trajectory angles within the horizontal plane (which lack stability in time) and with the horizontal
planes (Section IVB). (ii) A position at south-west (Kanombe military camp and surroundings). It relies on Pair
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2 sound distance indications (one lacking justification and the other lacking stability in time, Section IIIA). It is
consistent with the point 8 (Fig. 4) but not with directions indicated by E–2, K–1, C–2, J –1, I–1 (Section III B). In
addition, it is not consistent with missile launcher position (Section IVA), nor with missile trajectory (Section IVB).
(iii) A position at west (airport). It relies only on Pair 1 sound distance indications (which lack accuracy, Section IIIA).

Based on the most consistent launching position (i), we would obtain the following likely scenario (Fig. 5). Here
we have eventually rounded the results to make them as legible as possible. For additional digits, confidence intervals
and sources see Table III. For axes and units see Section IB 2.

On April 6th, 1994, the night was dark and the sky was clear. At 20h21’27”, the Falcon 50 aircraft was at
x = 37040 m, z = 3657 m, with a longitudinal speed 181.5 m/s (353 kts), and a deceleration 0.397 m/s2. At 20h24’,
with a speed 122.5 m/s (238 kts) it intercepted the standard straight trajectory (the “glide”) with slope angle 3◦. At
20h26’, it had almost finished its descent, its high lift devices (so-called “flaps”) were extended, it was at x = 2970 m,
z = 1639 m (i.e. 154 m remaining), and flew with a westwards speed 77.1 m/s (150 kts) and downwards speed 4 m/s.

Two self-propelled homing missiles were shot from a point located at x = 4000 m, y = −1130 m, z = 1334 m,
i.e. between the factory, the “Km 19” crossing and the bottom of the Masaka valley, close to the marsh. Their type
was Stinger, Strela/Igla/SA/SAM, Mistral, or a copy thereof. They were launched at 36◦ from horizontal, then bent
towards a more horizontal trajectory (which average slope was 12◦). They covered the 1559 m distance in barely more
than 3 s. They arrived with horizontal orientation at 132◦ from x axis, i.e. three-quarter back (48◦) of the aircraft.
Their luminous trajectory would have appeared almost continuous if they were Stingers, slightly less so for Mistrals
and even less for SAMs.

The aircraft did glide during 11 s, rolling and yawing towards the left, losing lift due to damages, with a left wing
reservoir in fire. Its impact on ground was at x = 2160 m, y = −100 m, z = 1410 m, with a westwards speed 72.7 m/s
(141 kts), an orientation deviated by 13.7◦ towards the left, a vertical acceleration 3.06 m/s2 (a third of the free fall),
a downwards speed at impact 37.7 m/s, and a vertical angle at impact 26.1◦.

C. Impact for teaching

Each section of this study provides at least one idea of exercise for students. In addition, the impact for teaching
is far-reaching, for the following reasons.

The method developed here is in itself a subject to teach. The students can be encouraged to provide data,
determine which ones are important to discriminate between alternative models, determine the fields of physics which
can feed the reasoning, and prevent circular reasoning while inferring information from whatever existing data. The
accuracy discussion can train the students’ critical mind, as well as teach methods (e.g. inference, outlier trimming,
optimisation) routinely used in several fields of physics research (e.g. in multi-messenger astrophysics, in complex
systems studies, or in particle physics31). They can learn how the accuracies regarding data propagate to determine
results accuracies.

We emphasize the importance of distinguishing hypotheses and methodological choices, and making both explicit
and their consequences. Overall, if different choices regarding hypotheses are exposed clearly, students can compare
factual arguments and make their own opinion. Students can understand that knowledge is a dynamic process based
on trial and errors and that it gets further enriched thanks to explanation, confrontation, and addition of new data.

To conclude, the mission given to the experts is determinant: if the premises are incorrect, even a correct scientific
approach can yield incorrect results. We note that in a technical domain, scientific expertise is required to master
vocabulary and concept specificities, extract data from disparate sources, interpret and translate them in an unified
way, detect which information is missing, suggest explicit hypotheses to compensate. Experts can reduce a difficult
problem to a set of separately tractable questions. This makes the problem accessible to undergraduate students,
so that method becomes more important than expertise, as we illustrate here. Finally, our study demonstrates the
importance and limits of scientific investigation during a judiciary process.
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TABLE III. Results corresponding to scenario with missiles launched from South-East: notations, accuracies
and sources.

See the remarks on rounding and units in Sections IA 2, I B 2. We present here excess digits; for legibility, asymmetric
confidence intervals (e.g. for żI , Section IID) have been symmetrized. To test the sensitivity to rounding (Section VB1),

values calculated with xE = 3000± 300 m are displayed as tiny figures in italics within brackets.

Name Symbol Value Accuracy Section Source

Aircraft before encounter

Time at crew announcement tA 20h21’27” ± 1 s IB 3 Ref.8 p. 11

Position at crew announcement xA 37 040 m ± 1 852 m IB 3 Ref.8 p. 11

” ” ” zA 3 657 m ± 300 m IB 3 Eq. (2)

Velocity at crew announcement ẋA −181.5 m/s ± 10 m/s IIA Eqs (3-5)

Average deceleration a 0.397 m/s2 ± 0.012 m/s2 IIA Eqs (3-5)

Glide slope angle in vertical plane γ 3◦ ± 0.01◦ I B 2 Ref.9 p. 106

Position at glide interception xG 14 446 m ± 185 m IB 2 Ref.9 p. 106

” ” ” ” yG 0 m ± 125 m II Eq. (1)

” ” ” ” zG 750 m ± 125 m II Eq. (2)

Time at glide interception tG 20h23’56” ± 10 s IIA by-product of Eqs (3-5)

Velocity at glide interception ẋG −122.5 m/s ± 10 m/s IIA by-product of Eqs (3-5)

Missile before encounter

Missile number 2 ± 1 IV witnesses

Launching position xL 4 000 m ± 100 m IVA witnesses with triangulation

” ” yL −1 130 m ± 30 m IVA witnesses with triangulation

” ” zL 1 334 m ± 2 m IVA Ref.12 p. 60

Launching angle in horizontal plane 132◦ (130) ± 11◦ (10) IVB geometry

Launching angle in vertical plane φ 36.3◦ (36) ± 12.3◦ (11) IVB Eq. (11)

Average angle in vertical plane 12◦ (12) ± 4◦ (3) IVB geometry

Trajectory length ℓm 1 559 m (1 540) ± 362 m (316) IVB geometry

Trajectory duration: if SAM tm 3.27 s (3.25) ± 0.53 s (0.44) IVC Table II

” ” if Stinger ” 3.8 s (3.79) ± 0.49 s (0.4) IVC Table II

” ” if Mistral ” 3.2 s (3.1) ± 0.42 s (0.35) IVC Table II

Aircraft-missile encounter

Position of encounter xE 2 970 m (3 000) ± 345 m (300) IID geometry and witnesses

” ” ” yE 0 m ± 20 m IID Eq. (1)

” ” ” zE 1 639 m (1 641) ± 31 m (30) IID Eq. (2)

Aircraft velocity at encounter ẋE −77.1 m/s ± 10 m/s IID Eq. (5)

” ” ” ” ẏE 0 m/s ± 0.5 m/s IID Eq. (1)

” ” ” ” żE −4 m/s ± 0.5 m/s IID Eq. (2)

Aircraft impact on ground

Time of encounter and impact tE , tI 20h26’01” ± 11 s IB 3 Ref.8 p. 12, 13

Fall duration tI − tE D 11 s ± 2.5 s IID geometry and witness

Fall vertical acceleration z̈ −3.08 m/s2 ± 1 m/s2 IID geometry and velocity

Position at impact xI 2 160 m ± 20 m IB 3 Ref.12 p. 188, 192

” ” ” yI −100 m ± 20 m IB 3 Ref.12 p. 188, 192

” ” ” zI 1 410 m ± 2 m IB3 Ref.12 p. 188, 192

Velocity at impact ẋI −72.7 m/s ± 10 m/s IIA Eq. (5)

” ” ” ẏI -18.3 m/s ± 2.3 m/s IID geometry and velocity

” ” ” żI -37.7 m/s (38) ± 7.2 m/s (7) IID geometry and velocity

Angle at impact in vertical plane 26.1◦ (26.2) ± 4.8◦ (5) IID geometry

” ” ” in horizontal plane β 13.7◦ ± 4◦ II B Ref.12 p. 189
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