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Abstract. Sociotechnical systems are
those which rely not only on technology
but on humans and social organisation for
their adequate functioning. The analysis
of sociotechnical systems poses the par-
ticular challenge of synthesising methods
appropriate to formerly separate scienti�c
disciplines. One result is that prominent
features of the systems are often missed
during analysis. This paper points to some
features of the ACAS/TCAS transport
aircraft collision avoidance system which I
believe could do with much closerscrutiny.

1 The •Ub erlingen Midair Collision

Sociotechnical systemscontain mechanical, electri-
cal or electronic parts but rely for their appropriate
functioning on human or social organisation and ac-
tions. Analysing them is often a complexmatter, not
only becausethe systemsthemselvesare often com-
plex, but becauseanalysts must somehow apply a
multitude of analysis techniqueswhich traditionally
have belongedto di�eren t scienti�c disciplines:com-
puter science,physical and mechanical engineering,
ergonomics,psychology and organisational theory.

On 1 July, 2002, a Tupolev 154M operated by
Bakshirian Airlines (BTC), a Russian airline, was

ying westwards at night over Southern Germany
towards a destination in Catalunya. A Boeing 757
operated by the cargoairline DHL was 
ying north-
bound over Switzerland, at the same Flight Level
360 (representing a nominal altitude of 36,000feet
in a normed atmosphere). Both were operating un-
der Instrument Flight Rules (IFR), compulsory at
this Flight Level. Skyguide, the Swissair tra�c con-
trol organisation, had control of both aircraft, and
accordingly responsibilit y for separation of the air-
craft.

The controller on duty was operating two posi-
tions, somemetersapart, becausecolleagueswereon
break. He was working primarily with other tra�c
at one position, and only noted the convergenceof
the two aircraft closeto the point at which the sep-
aration he was required to enforcewas to be broken
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(7 nautical miles lateral and/or 1,000ft vertical sep-
aration). Another air tra�c control facilit y at Karl-
sruhe had noticed the convergence,but was unable
to contact Z•urich through the dedicated communi-
cation channel, which was undergoing maintenance.
Similarly, an automatic \early warning" system in-
stalled at the Z•urich facilit y was undergoing main-
tenanceand did not trigger.

The controller issuedan avoidancemanoeuvreto
BTC to descendimmediately. However, both aircraft
received a Resolution Advisory from their on-board
Airb orne Collision Avoidance System (ACAS) de-
vices, both TCAS II Version 7.0 from the company
ACSS, virtually simultaneously with this instruc-
tion. TCAS advised to BTC an immediate climb,
and to DHL an immediate descent (the manoeuvres
expected are also normed: a smooth 1/4g accelera-
tion to a climb, resp. descent rate of 1,500 feet per
minute (fpm)).

DHL descended.The BTC commander also in-
structed his Pilot Flying (PF) to descend.7 seconds
later, the air tra�c controller repeated his descend
instruction to BTC with an note to \exp edite", for
tra�c which he mistakenly described as at the \t wo
o'clock" relative position. BTC wasat \t wo o'clock"
to DHL; DHL was at \ten o'clock" to BTC. Such
cognitive slips are not uncommon,and normally not
consequential. In this case,however, it causedthe
BTC commanderto believehewasin a three-aircraft
con
ict, with DHL, whoselights the crew could see
and had identi�ed at their ten o'clock, and with
an unknown aircraft which his TCAS display was
not \pain ting", at his two o'clock [Bun04]. (I had
speculated that this might have been so already in
[Lad02a].)

7 secondslater, DHL received an \iterated ad-
visory" to \increase descent" (to a normed rate of
2,500fpm). 9 secondsafter that, DHL informed air
tra�c control that he was in a \TCAS descent".

Air tra�c control proceduresare that they areno
longer responsible for separating tra�c responding
to TCAS Resolution Advisories until it is reported
to them by the participants that they are \Clear of
Con
ict". However, they may continue to provide
information to participants during the manoeuvres.
The air tra�c controller conformedwith this proce-
dure.

11 secondsafter DHL informed the controller of
the TCAS descent, the two aircraft collided.

A moreextensivediscussionof the TCAS kit (the
avionics that provides the information on nearby



participating aircraft, as well as the manoeuvring
advisories, to crew), as well as the preciseminute-
by-minute details of the accident, may be found in
my presentation slides [Lad04] and the o�cial acci-
dent report [Bun04].

Immediately after the accident, attention focused
on BTC's descent contrary to his TCAS Resolution
Advisory, aswell as the various apparent procedural
de�ciencies at Skyguide. In a particularly sad and
inappropriate incident, the controller involved, who
was reported to be understandably personally very
a�ected by what had happened, was murdered by
what waspresumedto be a distraught relative of an
accident victim.

The responsible investigating authorit y, the Ger-
man BFU, issued their �nal report in May 2004
[Bun04]. It contains a thorough discussionof the so-
ciotechnical system consisting of the Skyguide air
tra�c control facilit y at Z•urich, in my view an ex-
cellent example of this analytical art. Many factors
contributing to the accident concern the operation
of this system. In addition, BTC's decision to de-
scendwascited asa factor. The TCAS avionics was
found to have operated as designedand intended.

Also cited as a factor were the many, often con-
tradictory , procedural instructions or advice to pi-
lots on appropriate procedures on reception of a
TCAS Resolution Advisory. The report enumerates
all these piecesof advice and contains a thorough
discussion.

The BFU recommendsthat it should be made
mandatory for pilots to follow TCAS Resolution Ad-
visories.

2 A Brief Description of the
A CAS/TCAS System

First, some terminology. The name ACAS refers
to an international standard, normed by the In-
ternational Civil Aviation Organisation (ICA O), a
subsidiary organisation of the United Nations. The
speci�cation comesfrom the U.S. TCAS system,de-
veloped over some thirt y years, and mandated for
commercial air transport in the U.S. by the U.S.
Congressafter a collision between an Aeromexico
transport and a civil light aircraft in the Los Ange-
les area. I use the term TCAS here to refer to the
avionics.

The TCAS avionics senses other similarly-
equipped aircraft in its vicinit y through use of the
radar transponderswith which all aircraft 
ying at
these 
igh t levels are equipped.

A transponder is a radio device which receives
signals at the standard air tra�c control radar
frequency and automatically transmits information
in return. So-called Mode C transponders trans-
mit the aircraft ID, the aircraft's pressurealtitude
(an internationally-normed altitude which is a �xed
function of the sensedoutside air pressure,alsoused
to de�ne the Flight Levels), and a four-octal digit

code, called a \squawk", which is set by the pilots
during the 
igh t according to air tra�c control in-
structions. Mode S transponders, used by TCAS,
have in addition to the Mode C functions also space
in the return signal for sendinga message.

The TCAS avionics usesMode S for detecting
other aircraft, for reckoning relative closing speed
and altitude, and for negotiated avoidancemanoeu-
vres (Resolution Advisories, RA) with the other
closeaircraft.

Whereas normal Mode S responds only to in-
terrogation, in conjunction with TCAS avionics it
broadcasts regularly \in the dark" as well as re-
sponding to broadcastsfrom other aircraft. The time
lag or latency between a broadcast and receiving a
reply is usedto determine range(the distanceto the
responding aircraft). The latency is roughly com-
posedof the time it takesthe signal to traversethe
distancebetweenthe aircraft, the processinglatency
of the receiving aircraft, and the time it takes the
responding signal to return. The processinglatency
of the avionics is known (is normed as part of the
kit), hencethe rangemay be calculated. Altitude in-
formation comesdirectly from the Mode S altitude
reports, which are discretised into (usually) 100 ft
or 25 ft increments. Relative (horizontal and verti-
cal) closingvelocities are calculated from comparing
successive returns.

Warnings (Tra�c Advisories, TA) and RAs are
issued based on a time period, called Tau, � , ob-
tained by dividing the range R by the closing speed
dR=dt:

� = R = (� dR=dt)

The units of � are seconds.The times at which TA
and RA are triggered varies with altitude. Above
Flight Level 200 (a pressurealtitude of 20,000 ft),
the typical times are 48 secondsfor a TA and 35 sec-
onds for an RA. This basic formula has been mod-
i�ed in recent releasesof TCAS II, but the basic
principle remains the same.

� is primarily sensitive in the horizontal plane.
Two aircraft converging to a point in the horizontal
planewill not trigger warnings if they aresu�cien tly
separated vertically. For example, under Reduced
Vertical SeparationMinima (RVSM), valid in Euro-
pean airspacebetweenFL 290 and FL 420, aircraft
may legitimately be separatedby 1,000 ft altitude
(that is, they may be cleared,oneat, say FL 350and
oneat FL 360,and crosspaths). Previous, \conven-
tional", separation at these levels was 2,000ft. For
crossingaircraft maintaining constant altitude, a TA
will be triggered by TCAS II V7.0 at 850 ft altitude
separation,and an RA at 700 ft altitude separation,
both lessthan the nominal 1,000ft separationunder
RVSM. (There are someoperational issueswith use
of TCAS II V6.4a, which issuesTA and RA at larger
separations,as well as the e�ects of turbulence and
the normal feedback control-system oscillation of au-
topilot control. I considertheseelsewhere[Lad02a].)



It is intended that a Tra�c Advisory act as a
warning to crew of another aircraft in the vicinit y. A
Resolution Advisory consistsof an aural annuncia-
tion to \Clim b, Climb" or \Descend,Descend"along
with noti�cation on the TCAS Graphical Display. A
climb manoeuvre or descent manoeuvre is expected,
with transition accomplishedwith a smooth accela-
ration of 1/4g to a climb/descent rate of 1,500 feet
per minute. The RA may later be strengthened(e.g.,
\Increase Climb, IncreaseClimb") by a so-calledIt-
erated Advisory, whereupon a rate of climb/descent
of 2,500 fpm is awaited. An RA may also be weak-
ened,or even reversed(\Descend, DescendNOW"),
depending on the subsequent behavior of the other
aircraft (the \in truder" in TCAS parlance). TCAS
II avoidancemanoeuvresare expectedstrictly in the
vertical plane only; course-altering manoeuvres are
not foreseenor advised.

This brief synopsis has been based on the fol-
lowing sources.For operational details of ACAS, see
[Eur00]. For detailed technical consideration of the
criteria for TA and RA warning, see[FW04].

2.1 Some TCAS Philosoph y

However, the avionics by itself just paints pictures
on displays and makes audio announcements. Re-
sponseto those displays and announcements is the
responsibilit y of the crew of the respective aircraft.
So the successof the collision avoidancesystem de-
pends causally, essentially , on the crews using the
TCAS information to manoeuvre. Thus the avoid-
ance system includes the crews. I therefore use the
term ACAS to refer to the entire avoidancesystem
(whatever it might consist in - seeIssue6 below).

The discussionof TCAS philosophy owes much
to discussionswith Ed Williams of Airservices Aus-
tralia [Wil04,Wil05].

TCAS is intended to be a system of last resort,
that only triggers at the last possible moment at
which a potential collision may be avoided. At that
point, it is intended that unambiguousmanoeuvring
advisorieswill be issuedby the TCAS systemthat, if
followed, will avoid a collision betweenparticipating
aircraft.

It is thereby thought to follow that the controller
is \out of it", and should be consideredby crews
responding to a TCAS Resolution advisory to be
\out of it", namely, the controller is thought to play
no causal role in the TCAS choreography.

2.2 Some Issues With the A CAS/TCAS
System

I enumerate below someissueswhich are not high-
lighted in the BFU report, but which I believe are
important results of systemsanalysis.My main goal
is to contribute to analysisof the ACAS/TCAS sys-
tem. However, some�ndings castconsiderabledoubt

on the BFU recommendation that TCAS Resolu-
tion Advisories be made mandatory. They also cast
doubt on the \TCAS philosophy".

Since BTC descended when TCAS advised
\clim b", BTC's actions camein for immediate com-
ment after the accident, when it becameapparent
he had not beenfollowing what waspresumedto be
the \TCAS philosophy".

3 Use of A CAS Pla yed a Causal
Role

First, there appearsto bea commonperceptionthat,
becausethe TCAS avionics functioned as designed,
the \system" functioned as intended. It therefore
seemsappropriate to state the following theorem:

The use of A CAS pla yed a direct causal role
in the acciden t .

Pro of:

{ 1. DHL's action to descendwas performed by
its commander following ACAS procedureafter
receipt of a TCAS Resolution Advisory

(Justi�cation: Report �nding)
{ 2. Had TCAS not issued the Resolution Advi-

sory, DHL would not have descended (Justi-
�cation: DHL's clearancewasfor him to 
y level
at FL 360; there is no reasonto supposeDHL's
commanderwould have deviated from clearance
had he not received the TCAS Resolution Advi-
sory)

{ 3. Had DHL not descended,the two aircraft
would not have collided (Justi�cation: Cal-
culations in the report show that the two aircraft
collided somemore than 600 feet below FL 360;
someminor manoeuvring took place at the last
moment. However, had DHL remained level at
FL360, BTC would have passedsome 600 feet
or so underneath him.)

{ 4. DHL's descent formed part of ACAS proce-
dures (Justi�cation: By 2, using the Coun-
terfactual Test, the TCAS RA was a necessary
causalfactor in DHL's descent. SinceACAS pro-
ceduresrequire a descent according to an RA in
these circumstances,the TCAS RA along with
following procedure form a necessaryand suf-
�cien t set of causal factors for DHL's descent.
Since the commander's following de�ned proce-
dure is part of the ACAS system,asis the TCAS
RA, it follows that the descent was exclusively
part of de�ned ACAS system behavior, with no
extraneouscontributing factor.)

{ 5. DHL's descent wasa necessarycausalfactor in
the collision (Justi�cation: Follows directly
from Steps2 and 3 usingthe Counterfactual Test

{ 6: Conclusion.ACAS usewasa necessarycausal
factor in the collision (Justi�cation: Follows
from Steps4 and 5 by identifying DHL's assolely
part of ACAS procedure)

{ QED.



The conclusionof this argument may be surpris-
ing. I invite those who may wish to contradict its
conclusion,Step 6, to identify where it may fail.

No onehasever doubted the contentions in Steps
1, 2 and 4. Step 3 is a matter of fact. Step 5 is a
matter of applying the Counterfactual Test, a test
of necessaryfactorhood in causality usedas part of
the method WBA as well as by many investigators
into causes.

So if you accept the Counterfactual Test, and
you accept other contentions that everyone already
accepts,you must accept the Conclusion.

4 The Issues

4.1 Issue 1: A CAS Requiremen ts

TCAS has the capability to issue a Reversal RA
somesecondsafter its initial RA, accordingto formal
criteria that the continued movement of participat-
ing aircraft is not leading to the desiredseparation.
An initial \clim b, climb" RA will be followedby \de-
scend,descendNOW" in a Reversal.

The aircraft were converging to a point at a rel-
ative speed of some 700 nautical miles per hour
(knots, or kts. A nautical mile is about 1.15 statute
miles, which in turn is about 1.6 km) [Bun04]. Fur-
thermore, the aircraft weretracking each other more
or lessexactly in altitude all the way from FL 360
until collision.

I cannot imagine a more obvious criterion that
the two aircraft remained continually on a collision
path after the initial RA was issued.Yet the BFU
says that the TCAS formal criteria for issuing a Re-
versal RA were not ful�lled [Bun04].

It follows that the TCAS formal criteria for de-
termining if the aircraft remain on a collision path
do not match all circumstancesin which aircraft re-
main on a collision path, for example that the air-
craft continue to track each other in altitude and
convergeto a point at 700 kts relative speed.

It follows from this observation that the formal
requirements for determining if the aircraft remain
on a collision path are faulty: they do not match
their intention.

4.2 Issue 2: A CAS in the RVSM
Environmen t

I have consideredthe issuesof ACAS in the RVSM
environment elsewhere [Lad02a,Lad02b,Lad03].
This issue did not directly arise in the •Uberlingen
accident. However, the •Uberlingen accident casts
doubt on some assumptions made in producing
the Safety Casefor RVSM proceduresin European
airspace[op.cit.]. Seealso [Lad04] for a summary of
someof theseissues.

4.3 Issue 3: A CAS Algorithm Correctness

The ACAS algorithms have been formally proved
correct for two-aircraft interactions [LLL00,LLL99].
It has also been observed that pairwise-resolution
algorithms such as those used with TCAS kit can-
not resolve certain multiple-aircraft con�gurations
[KY00,KY97]. However, one might wish to argue
that the multiple-aircraft-con�guration counterex-
ample displayed by Lee and Kuchar might be rare
enoughto ignore in practice. Sinceweknow, though,
that ACAS algorithms, being pairwise-resolution,
will fail to resolve some con
icts (no matter how
rare they may be), the question arises:what is the
minimal number of aircraft, and in what con�gura-
tion, for which the ACAS resolution algorithms fail?

In 2002 I considereda number of three-aircraft
con�gurations [Lad02a]. Most of them were re-
solved satisfactorily under iterated pairwise resolu-
tion, given the speci�cation that TCAS is able to
resolve pairwise relative speed di�erences of up to
1,200kts closurerate and 10,000fpm vertical closure
rate [Eur00]. However, one con�guration remained
undecidedby applying the pairwise-resolution logic.
To date, it is unknown whether this con�guration
is indeed resoluble in ACAS logic, or whether there
is an example of this con�guration which allows a
collision betweenaircraft A and C.

FL

B

C

A

Fig. 1. An Unresolved Con
ict?

In Figure 1, Aircraft A and B have been 
ying
towards each other, whereasAircraft C is descend-
ing towards them. There is a race condition; one of
the con
icts must be resolved �rst. Let it be A-B,
whereupon B receivesa climb RA and A a descend



RA. The B-C con
ict must then be resolved, with
an increase-climb RA to B and a descendRA to C.
C is, however, already inside the \protected zone"
of C. How is the A-C con
ict resolved?

The correctnessof ACAS algorithms is known for
two-aircraft con
icts. It appearsnot yet to beknown
for all three-aircraft con
icts. Nevetheless,the BFU
recommendedthat adherenceto ACAS procedures
be made mandatory upon commanders. Not only
would this be an unprecedented step in the history
of aviation, during which until now the �nal decision
responsibilit y for the safety of the aircraft lies with
its commander, including during ACAS encounters,
but it would be remarkable in that algorithms and
manoeuvres would be mandated that are not yet
known to be formally correct.

4.4 Issue 4: Con
icting Advice on TCAS
Use

The BFU report assemblesall the relevant procedu-
ral information. The most salient are these:

Euro control literature advisespilots always to fol-
low an RA

ICA O Annex 2 Ch. 3, 3.2.2position is that noth-
ing relieves a pilot in command (PIC, the air-
craft commander) of responsibilit y for taking
whatever manoeuvring action as will best avoid
a collision

ICA O Annex 10 A ttac hmen t A para 3.5.8.10.3
says that manoeuvresopposite to the senseof an
RA must be avoided

ICA O Do c 8186, PANS-OPS Ch. 3, 3.1.1 says
that ACAS info is intended to assist pilots in
the operation of aircraft

ICA O PANS-OPS 3.1.2 says that nothing speci-
�ed in 3.2 (manoeuvring in response to TCAS
TAs and RAs) shall prevent PICs from exercis-
ing their best judgement and full authorit y in
the choiceof a courseof action to resolve a traf-
�c con
ict

The Europ ean Join t Aviation Authorit y
(JAA) Lea
et 11, Oct 1998, 3.2.36 Note 3 says
that if pilots simultaneously receive con
icting
ATC and RA manoeuvre instructions, the pilot
should follow the RA. The distinction between
\should" and \shall" is important, as follows.

UK CAA clari�es their use of the word \should"
rather than \shall": \...to allow for Comman-
ders's discretion to cater for those very limited
caseswhere useof such discretion avoids an in-
cident where the following of ACAS advice may
make matters worse".

Luftfahrthandbuc h Deutsc hland (AIP Ger-
many) 2.2.2a says that all RAs should be
followed, except when the PIC can visually
identify the intruder and decides that no
deviation from current 
igh tpath is necessary

LuftV O (Rules of the Air) 13 Abs. 9 says that
the requirements concerningavoidancemanoeu-
vres, including RA manoeuvres, do not release

the PIC from the obligation to conduct the 
igh t
to avoid collision

The Tup olev 154M Op erations Man ual
6.12.1999,8.18.3.4says that the main meansto
prevent in-
igh t collision are visual control of
the situation by the crew, and following ATC
instructions. TCAS is an additional means
that enablesidenti�cation of con
icting tra�c,
classi�cation of the hazard, and, if necessary,
following a command through initiation of a
vertical manoeuvre

All these applied to the •Uberlingen situation,
with the exception of the UK CAA pronouncement.
ICAO PANS-OPS and the other documentation is
intended to provide guidance everywhere; the par-
ticipating aircraft werein German airspaceand thus
the LuftV O wasin force and the Luftfahrthandbuc h
provides guidance; this airspace is within that for
which Eurocontrol intends its advice to hold; it is
also within the JAA regulations domain of applica-
tion. Further, the Tupolev 154M Ops Manual gov-
erns procedureson board the TU154M of BTC.

Relevant guidancemay also be found in

FAA Advisory Circular 120-55B dated
22.10.2001says that the Pilot Flying should
manoeuvre as indicated by an RA unlessdoing
so would jeopardise the safe operation of the

igh t, or the crew can assureseparationthrough
de�nitiv e visual acquisition of the intruder

It should be obvious that, for example, the
Tupolev Ops Manual contradicts JAA Lea
et 11,
and the Eurocontrol advice always to follow an RA
con
icts not only with the Tupolev Ops Manual
but also with the UK CAA advice and the Luft-
fahrthandbuch Deutschland, aswell asthe FAA Ad-
visory Circular.

Apart from these contradictions and con
icts
noted by the BFU, the generaltone of most advice,
except for that of Eurocontrol and the Tupolev Ops
Manual, is to follow an RA unlessthe Commander
has good reasonnot to do so.

So did the BTC Commander have a reasonnot
to follow the RA?

4.5 Issue 5: Op erator Cognitiv e State and
the Decision to Descend

Consider the cognitive state of an ideal Comman-
der in the BTC cockpit. I am not concernedhere
with psychologicalaspectsof a decision,or evenwith
the actual way that (we might believe, or speculate,
that) a decision was made in the incident, but in-
stead with the reasoning available to an ideal rea-
soning agent in the Commander's situation.

Looked at crudely, there is no possibledecision
for BTC consistent with all their required procedures

Proof:



{ 1: \F ollow the RA" (Eurocontrol, and thereby
Russian training; also JAA Lea
et 11 says to
follow the RA in caseof con
ict with ATC ad-
vice)

{ 2: \Need not follow the RA, but don't go
against it" (AIP Germany says not to manoeu-
vre against;and you may not follow an RA if you
have visually acquired the intruder, which BTC
had, and decidedthat no deviation wasneeded)

{ 3: \Prioritise ATC Advisories" (Tu 154M Ops
Manual)

Since ATC said descendand TCAS said climb, it
is clear that theseapplicable advice and regulations
are contradictory .

In this case,any decision that the Commander
made would contravene someapplicable regulation
asit is stated above,without the caveats.Include the
caveats, however, and it turns out that there is one
decision available to BTC which is consistent with
all their required procedures,and that is to descend.

I describe �rst of all the notion of Rational Cog-
nitive State (RCS). The RCS of an agent is that
information about the state of a system which the
agent has received, or which the agent may (cor-
rectly) infer from the state information received.

The RCS distinguishesitself from the physiopsy-
chological state of a human agent in various ways.
One way is that there are no cognitive restrictions
on the RCS. For example, it is known that humans
in general are able to distinguish four to six warn-
ing sounds fairly well, but abilit y to discriminate
soundsfalls o� rapidly with the addition of more au-
ral warnings to these[Pat90]. Considera situation in
which 12 auditory warnings sound at the sametime
in a cockpit. The RCS of a pilot would include the
information \W arnings A1, A2, .... A12 are sound-
ing," whereasany human pilot would only be able
to conclude \Some number of warnings are sound-
ing" through the psychophysiological restriction on
hisher auditory perception. Another way is because
of a human's individual characteristics. For exam-
ple, a pilot may forget state information, or even
not perceive it or not assimilate it when presented.
In theseways and others, the RCS is not necessarily
a good model of a pilot's likely cognitive state. How-
ever, it contains the largest possiblesuperset of the
cognitive state information: any state information it
is possible for the pilot to have obtained is in the
RCS.

In the caseof the •Uberlingen encounter, the RCS
of the BTC commanderwasconstructed from TCAS
info + ATC info + other info inferrable from radio
communications and from cockpit displays. BTC's
RCS included

{ a three-aircraft con
ict
{ an advisory descent to avoid unpainted tra�c
{ a TCAS resolution advisory ascent to avoid

painted tra�c
{ a clear night
{ painted tra�c in sight

� but lights only, no depth cues, no altitude
cues

The applicable requirements for BTC comman-
der's decisionwere

{ avoid collision as highest priorit y, even over an
RA manoeuvre (ICA O Rules of the Air, ICAO
PANS-OPS, LuftV O)

{ visual acquisition of the TCAS \in truder" allows
one not to follow the RA (Luftfahrthandbuc h
Deutschland)

{ main means of avoidance are visuals and ATC
advisories. An RA is a secondary means (Tu
154M Ops Man)

Consider the following decisionreasoning:

{ avoid the unseentarget
� one doesnot know where it is
� ATC apparently does, and instructs to de-

scend
� so it is either at FL 360 or above
� ascendingmight well exacerbatethe con-


ict
{ avoid the painted target

� one knows where it is (painted, and visual)
� RA says ascend; but contraindicated as

above
� visual acquisition, so one may deemphasise

the RA
� with visual acquisition, descendingmay not

exacerbate the con
ict as strongly as it
would without visual contact

This indicates a descent towards a target which
is both displayed and visually acquired might be
preferable over an ascent towards a target which
one doesnot paint and which has not beenvisually
acquired. Psychological support for such a decision
may be gleanedfrom the considerations.

{ It is easierto believe that you can avoid an air-
craft you seemore easily that an aircraft you
don't see,so if you have to manoeuvre towards
one, it is easiertowards the one you see

{ AIP Russia says descendon visual contact. Al-
though not applicable in German airspace,one
may presumethis is a habit

{ almost every procedurerequiresa commanderto
usehisher best judgement, assimilating all infor-
mation

PIC discretion is enshrinedin most aviation law.
Crew actions in responseto TCAS RAs, indeed to
any situation, depend essentially on the RCS. We
have just seenthat BTC's RCS substantiates appro-
priate decision-theoretic reasoning to a manoeuvre
in the contrary senseto the RA, which is contrary
both to Eurocontrol advice, and to the BFU recom-
mendation to make RA-fol lowing mandatory.

Note that the BTC RCS depends causally on
one piece of (mis)information from air tra�c con-
trol, namely that there is a con
ict with tra�c at



BTC's two o'clock position. This tra�c did not ex-
ist - this was a cognitive slip - but it was present in
BTC's RCS.

To reiterate: this decision-theoretic analysis is
just that: theory. I do not suggestin any way that
this is the way BTC indeed reasoned.What is im-
portant is that, given the misinformation from air
tra�c control, and BTC's RCS, causally dependent
on that information, there is appropriate decision-
theoretic reasoningleading to a descent manoeuvre.

However, this is not a one-o� case.The decision
problem is real. It arises in a simultaneous con
ict
with a threat whom one does not paint or see,but
whom ATC sees,and a TCAS \in truder" whom one
both paints and sees,and in which the TCAS RA
advisesto manoeuvre into the airspaceoccupied by
the unseenthreat: Here is the decisionproblem pre-
sented to a rational pilot:

{ You receive an ATC instruction to descendfor
tra�c.

� Therefore you infer that the \threat" is at
your 
igh t level or above

� You do not have visual contact with the
threat

� Therefore the airspaceat your Flight Level
and above is not available for you to ma-
noeuvre

{ Simultaneously, you receive a TCAS Resolution
Advisory which advisesyou to climb

� You have visual contact with the \in truder"
painted by TCAS

� The airspaceaboveyou is closedfor manoeu-
vring becauseof the presenceof an unseen
threat

{ What do you do?

To summarise:

{ There is a causalpath in the ACAS system,from
an input representativ e of a common cognitive
slip, through appropriate decision-theoreticpro-
cedures,to a participant manoeuvring contrary
to an RA in a two-aircraft TCAS encounter

{ There is a three-aircraft TCAS decision prob-
lem which is not satisfactorily resolved by the
common procedural advice always to follow the
RA.

This phenomenonis, or should be, consideredas
a problem for ACAS. Especially sincethe BFU rec-
ommendedmaking the following of RAs mandatory.

4.6 What Are the Comp onents of A CAS?

All agree that the TCAS II kit is a component of
the ACAS system. However, as I have pointed out,
the kit by itself does not manoeuvre the aircraft for
collision avoidance. The crew of each aircraft must
undertake that manoeuvre. It follows that the crew
of each aircraft are a functionally necessarypart of
the Airb orne Collision AvoidanceSystem. Without

a manoeuvre,there is no collision avoidance,no mat-
ter what the TCAS II kit is showing or saying.

The crew itself might be further decomposable
as a system. Supposethat the Pilot Flying (PF) is
not the Pilot in Command (PIC). The responsibil-
it y for the decision on the manoeuvre lies with the
PIC, but the crew member who must carry it out is
the PF, and these may be two di�eren t people (as
was the casefor BTC in the •Uberlingen accident,
although not for DHL). If PIC and PF are di�eren t
people,communication and coordination is required
betweenthem to decideon and executethe manoeu-
vre.

It follows that even in a two-airplane ACAS en-
counter, there are betweenfour and six major inter-
acting components (two TCAS II kit installations
and two PFs, and maybe PICs if the PIC is not PF
at the time).

However, there were many comments after the
•Uberlingen accident that \the TCAS system" per-
formed perfectly. Such comments give rise to an
equivocation, which was exploited by some. The
equivocation is resolved as follows: the TCAS II kit
performedperfectly; the ACAS system,which incor-
porates the crews also, arguably did not. The BFU
itself was careful to distinguish the TCAS kit from
the other components of the system.

So far, we have that

{ Since the avionics kit does not manoeuvre the
airplanes, the crews do, and such a manoeuvre
is a function of the system,the crewsare a com-
ponent of the ACAS system

� Let AV1 and AV2 be the two TCAS kit,
CRW1 and CRW2 the two crew, � the con-
tainment relation for systemsand their com-
ponents, and + the composition operation
for system components. Then:

� ACAS � AV1+A V2+CRW1+CRW2
{ Since the PF manoeuvresthe airplane, and the

decision to and how to manoeuvre rests with
the PIC, both are { either distinct or identical {
components of CRW

� CRW � PF+PIC

Furthermore, Issue5 has shown that input from
ATC causally a�ected the BTC RCS, and the RCS
is part of the state of the BTC crew. Sowe have that

{ ATC information causally a�ects CRW RCS
{ CRW RCS is part of CRW state and there-

fore of ACAS system state since ACAS �
AV1+A V2+CRW1+CRW2

{ CRW-state causally a�ects aircraft behavior
through RCS input to decisions, as discussed
earlier

Any input sourcewhich causally a�ects system
state or behavior must be analysed.Note that this
input source alone allows a decision by BTC that
was crucial to the outcome of the encounter, as
I have just shown. The question could be raised



whether air tra�c control, contrary to the TCAS
\Philosophy", is thereby best consideredto be part
of the ACAS system. I suggestthat this question,
primarily one of delineation of the system bound-
ary, is lesspressingthan that of ensuringthat system
behavior under all causally-signi�cant inputs are ad-
equately analysed.

Note that there is a discrepancyin RCS between
the time at which an RA is announced(simultane-
ously to both crew) and the time at which onecrew
informs ATC that they are performing a TCAS ma-
noeuvre. This was particularly long in the caseof
•Uberlingen, for reasonsexplainedin the report: some
23 seconds.During these 23 seconds,ATC issued
its iterated descent advisory to BTC which includ-
ing the erroneousinformation of the tra�c at two
o'clock.

It follows that an actor whoseinformativ erole we
have shown to be causally signi�can t (ATC) has, for
some crucial secondsat the beginning of a TCAS
manoeuvre, an incorrect understanding of some of
the state of the system(hesheis unawareof the pres-
enceof a TCAS RA until it is announcedto himher).
One can considerthis to be anomalous,especially in
light of the role change required of this actor (to
relinquish responsibilit y for separation and to re-
strict communication to informational communica-
tion only). ATC is still capableof causally-signi�cant
input during such a manoeuvre, and since such in-
put may be based on a false view of system state,
I believe this situation should be more thoroughly
analysedthan it has beento date.

4.7 Mutually Con tradictory Partial System
States

In the •Uberlingen accident, the three causally-
relevant actors, ATC, DHL CRW and BTC CRW,
had mutually contradictory understandings of the
system state for signi�can t parts of the incident. I
usethe following acronyms:

{ posn: vertical and horizontal position
{ hrzpn: horizontal position
{ alt: altitude (vertical position)
{ RA: an RA has beenissued
{ sense:the senseof the RA is known
{ phantom: there is a (third) aircraft at BTC's two

o'clock

I indicate who has what information, and who has
it not, with + and - signs.

Here are the RCSsof the three main actors dur-
ing the crucial initial few secondsof the encounter.

ATC +DHL posn, +BTC posn, -RA, -phantom
DHL CRW +DHL posn, +BTC hrzpn, -BTC alt,

+RA, +sense,-phantom
BTC CRW +BTC posn, +DHL hrzpn, -DHL alt,

+RA, +sense,+phantom

Thus ATC did not know of the RA; both others
did. BTC \knew" of the phantom; both others did
not. DHL knew both of the RA and no-phantom;
both others knew one or the other but not both.

This is the simplest example I know in which
a small number of system agents can obtain three
mutually contradictory ideas of the system state
through a single input { and that input, although
a slip, is a common type of slip.

5 Conclusions

To summarisethe issueswhich have beenraised:

{ Use of ACAS was a necessarycausal factor in
the collision
1. The aircraft continuedto convergeat 700kts

while tracking each other in altitude, after is-
suanceof the �rst RA. However, the techni-
cal requirements for a ReversalRA werenot
ful�lled. Thus the technical requirements for
ReversalRA do not match all conditions un-
der which one should be issued. This is a
requirements mismatch.

2. There are issues with ACAS use in the
RVSM environment (not consideredhere).

3. ACAS algorithm correctness is known for
two-aircraft interactions. It is not known
even for three-aircraft interactions. It is
known to fail for somemulti-aircraft con�g-
urations.

4. As noted by the BFU, applicable procedural
requirements and guidanceon ACAS useare
mutually contradictory and otherwise non-
uniform.

5. A decision-theoretic analysis basedon par-
ticipants' RCS shows that a participant
could decide, in certain circumstances, to
manoeuvre against an RA, using appropri-
ate decisionprocedure.However, such a ma-
noeuvre is procedurally proscribed.

6. The components of ACAS include at least
two sets of avionics and two sets of crew.
Further, a crew consistsof PF and PIC, and
these may not be the same person, requir-
ing interaction between them in the caseof
an RA. Since the actions of at least one
component (the BTC crew) were identi�ed
as a causal factor of the accident, it can-
not be correct under this view to claim that
\A CAS functioned as designed in this ac-
cident." It most certainly didn't: one com-
ponent acted contrary to design. Further,
a causally-relevant actor, namely ATC, has
for a period of time at the beginning of a
TCAS manoeuvre necessarilya falseview of
the system state.

7. The three causally-relevant participants in
the •Uberlingen accident had, for a signi-
�cation proportion of the ACAS interac-
tion, three mutually contradictory under-
standingsof the systemstate. Indeed,ATC's



unawarenessthat an RA had beenissuedal-
lowed him to issue one causal input which
can lead through appropriate decisionproce-
duresto a participant manoeuvring contrary
to design.

What follows from these?Here are my opinions.

1. The TCAS criteria for issuinga ReversalRA
should be reworked to subsumeall casesin
which a Reversal is needed,such as contin-
ued high closing speed and continued iden-
tical or closely-similar altitude.

2. The interactions betweenACAS and RVSM
should be more thoroughly analysed than
they so far have been.

3. It should be precisely determined in which
circumstancesACAS algorithms are correct
and in which circumstances they fail. In
advance of such knowledge, suggestionsto
mandate following an RA for pilots are at
best premature and at worst potentially
dangerous.

4. Requirements and advice on ACAS proce-
dures for pilots should be decon
icted. If
not worldwide (becauseof insuperable ad-
ministrativ e problems) then at least locally,
so that every pair of interacting crewshas a
common understanding.

5. Interactions in the ACAS system should be
causally analysed using (at least) partici-
pants' RCS and decision theory.

6. The causal consequencesof necessitating a
false view of system state for one causally-
relevant actor should be thoroughly investi-
gated, for few distributed-system algorithms
exist which allow this phenomenon.Another
option is to avoid this phenomenon:enunci-
ation of RA issuanceto ATC can be auto-
mated.

6 Final Commen t

ACAS is a hybrid system in the senseof infor-
matics, in that it has not only components and
behavior which can be analysing using discrete-
system techniques (such as developed for �nite-
state systems)but behavior which involvescon-
tinuous mathematics (that of dynamics). Al-
though the system has been in development for
some thirt y years, essential parts of the casual
analysis, especially those involving phenomena
con
icting with the \TCAS philosophy", seem
not yet to have beenperformed. Let us start to
do so.
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