
Causal Reasoning About Airraft AidentsPeter B. LadkinFaulty of Tehnology, University of Bielefeld, Germanyladkin�rvs.uni-bielefeld.dewww.rvs.uni-bielefeld.deAbstrat. We show how objetive, rigorous ausal reasoning in theanalysis of air transportation aidents an improve our understandingof the fators involved in those aidents, by onsidering two high-pro�ledigital-automation-related air transport aidents.1 Why Investigate Aidents?Let us onsider safety as freedom from aidents, where an aident is an un-wanted (but not neessarily unexpeted) event that results in a spei�ed levelof loss [7℄. Suppose one wants to improve safety. Then one must inrease therelative freedom from aidents. One annot undo aidents that have alreadyhappened, so one annot improve safety by attempting to undo past aidents.Yet detailed aident investigation is widely regarded as a signi�ant tool forimproving safety. Why? Why not just say \Oh dear, we regret very muh ......but we must move on with life", and ignore the whole event?When one is trying to ensure safety, one is oriented to the future. Futureevents have not happened yet; one is trying to avoid those that would be ai-dents. We must think about the system we have, and we must attempt to assesswhat ould happen and what ould not, and if neessary reon�gure the systemor its environment of operation or both in order to hange what we believe tobe the behavioral possibilities.An aident is a onrete, irrefutable example of system and environmentbehavior. It is thus a guide to the possibilities. By omparing what we think weknew about the system with what we know from a detailed investigation of theaident, we may be able to orret and improve our reasoning about and ourknowledge of possible system behavior.Further, suppose one makes a general presumption that system and sub-system behaviors have some statistial distribution. We won't know what thatdistribution might be. However, the presumption entails that, in normal sys-tem use, spei� states and events our with a partiular although unknownexpeted frequeny. Events about whih we may be very onerned are thoseevents whih are or an be involved in aidents. By investigating aidents indetail, one obtains information about whih events and states are involved, andmay fous on these events and states in this and other reorded instanes toobtain information about their atual frequeny of ourrene. One may thenonsider mitigating measures.



2 There an be no guarantee that one has thereby enumerated all events orstates that may be involved in aidents. However, if all have some expetedfrequeny, then some of those expeted frequenies will be higher than others,and those events are those whih we are likely to see { or to have seen { moreoften. In partiular, when we mitigate aident ontributors with high expetedfrequeny of ourrene, we attempt to redue their frequeny of ourrene oreliminate it altogether. By mitigating the ourrene of ontributing events andstates that one has seen in aidents, one an expet to redue the frequenyof ourrene of the most frequent ontributors, thereby reduing the overallfrequeny of likely ourrene of all aident ontributors taken together, evenif one does not know them all.These, then, I take to be the general reasons for investigating aidents.Investigation is the art of disovering fats. Some of these disoveries are made\in the �eld" by �nding things, by reading data reorders and listening to okpitonversation. Others are disovered by reasoning, by inferene from fats one hasalready determined, and enumerating behavior possibilities onstrained by thefats one has already determined. Both sharp eyes and sharp minds are essentialomponents of investigation. Both an be improved by methods: methodialways of searhing rubble �elds, and methodial reasoning.2 What-If ReasoningI want to fous on the reasoning. General proedures have been known for overa entury for how to add method to reasoning, and to hek for one's mistakes.This is the siene of formal logi. One way to beome more methodial is to looklosely at the features of the reasoning as pratied, identify general priniples,justify these priniples, and build them in to a formal logi. Then anyone anhek whether the reasoning is sound by reproduing it { or failing to { in theformal logi.What kinds of reasoning are involved in safety, and in aident investigation?One is reasoning about system behavior, and beause one is trying to avoidertain kinds of behavior deemed to be aidents, one must engage in so-alledwhat-if reasoning. What if this-and-this were to our in a behavior? What ifthat-and-that were to our? HAZOP is an example of this kind of reasoning.Other kinds of reasoning attempt to reason from problem behaviors of the systemto ontributory problem behaviors of subsystems by using the arhiteture of thesystem. Suppose this-and-this were to happen. It would happen if and only ifthat-and-that were to happen with that part. Fault tree analysis is an exampleof this kind of part-whole reasoning.When investigating aidents, one engages also in what-if reasoning. This iswhat the U.S. Air Fore says about aident explanations [15℄:3-11. Findings, Causes, and Reommendations. The most impor-tant part of mishap investigation is developing �ndings, auses and re-ommendations. The goal is to deide on the best preventive ations to



3prelude mishap reurrene. To aomplish this purpose, the investigatormust list the signi�ant events and irumstanes of the mishap sequene(�ndings). Then they [si℄ must selet from among these the events andonditions that were ausal (auses). Finally, they suggest ourses ofation to prevent reurrene (reommendations).3-12. Findings:a. De�nition. The �ndings ..... are statements of signi�ant events ofonditions leading to the mishap. They are arranged in the order inwhih they ourred. Though eah �nding is an essential step in themishap sequene, eah is not neessaily a ause fator......3-13. Causes:a. De�nition. Causes are those �ndings whih, singly or in ombinationwith other auses, resulted in the damage or injury that ourred. Aause is a de�ieny the orretion, elimination, or avoidane of whihwould likely have prevented or mitigated the mishap damage or signif-iant injuries. A ause is an at, an omission, a ondition, or a irum-stane, and it either starts or sustains the mishap sequene.....The phrase \... would have prevented ...." talks about something that ouldhave happened, but did in fat not. The orretion, elimination or avoidaneof feature X would have prevented the aident. But in fat X ourred, andso did the aident. The supposition, that had X not ourred as it did, theaident would not have happened, is known as a ounterfatual. So reasoningabout auses of aidents in the USAF is reasoning with ounterfatuals.The USAF was not the �rst to think this way. David Hume gave two de�ni-tions of ausality over 200 years ago.....we may de�ne a ause to be an objet, followed by another, and whereall the objets similar to the �rst are followed by objets similar to theseond. Or, in other words where, if the �rst objet had not been, theseond never had existed.[1, Setion VII, Part II, paragraph 60℄.We may onsider the word `objet ' to refer also to events, maybe states, asnoted in the work of John Stuart Mill [12℄.David Lewis notes [8℄ that of the two de�nitions given by Hume, over theourse of the intervening ouple of hundred years, the seond has been morenegleted by Humean ommentators. Hume's seond de�nition is ounterfatual.Like the U.S. Air Fore, it talks of what might have been but was not.Lewis's Formal De�nition of Causal Fator In op. it., Lewis gives a formalde�nition of neessary ausal fator, based on the ounterfatual de�nition ofHume. Suppose A and B are state desriptions or events. Then A is a (neessary)ausal fator of B just in ase, had A not ourred, B would not have ourredeither. This de�nition is obviously ounterfatual. Lewis [9℄ had already de�ned aformal semantis, and a omplete logi, for ounterfatuals, based on the formal-semantial notion of possible worlds, used ubiquitously by formal logiians, with



4an additional notion of omparative nearness : a behavior, or a history, is saidto be nearer to a referene behavior than another behavior is to that referenebehavior. Comparative nearness is a ternary relation - it has three arguments{ and Lewis also required that it have ertain formal mathematial propertiesfor whose reasonableness he argued (for those interested in more detail, theproperties are listed in [3℄).An Example Consider a system in whih there is a programmable digital om-ponent whih ontains a bit, stored in a variable named X . With systematiambiguity, we shall refer to this bit as X . Suppose the eletronis is wired suhthat, when X is set, a mehanism (say, an interlok) is thereby set in motion.Suppose the interlok has been well enough designed so that it an only be setin motion by setting X . Then X is a ausal fator in any setting in motion ofthe interlok aording to the Lewis de�nition: had X not been set, the interlokwould not have moved. Furthermore, let us suppose that the digital omponent iswell-designed, so that X an only be set by a spei� operation O of a proessorto set it, and that this operation is performed by exeuting a spei� programinstrution I . Then,{ had the operation O not been performed, X would not have been set, and{ had the instrution I not been exeuted, the operation O would not have beenperformed.It follows that{ Performane of O is a neessary ausal fator in setting X , and{ Exeuting I is a neessary ausal fator in performing OThe Meaning of A Counterfatual Lewis's formal meaning for a ounterfatualproeeds as follows. We interpret the ounterfatual had A not ourred, B wouldnot have ourred. The real world history is some behavior. We have a relation ofomparative nearness amongst behaviors. In the real world, B ourred, as didA. But we want to know about behaviors in whih A did not our. Did B ourin them? We do not onsider all these ounterfatual behaviors { Lewis proposeswe onsider only the very nearest behaviors to the real world in whih A didnot our. The ounterfatual had A not ourred, B would not have ourred isde�ned to be true (in the real world) just in ase, in all these nearest behaviorsin whih A did not our, B did not our either. Lewis's formal requirementson the notion of omparative nearness ensure that there are always very nearestbehaviors.The Semantis Applied to the Example We an onsider behaviors near enoughto the real world suh that I was not exeuted. We may presume that themore properties of the system and environment that are the same, the nearerthe states of the alternative behavior are to the real world. It follows that inthe nearest behaviors the design and intended operation of the system an beassumed to be idential to its design and intended operation in the real world.



5For these behaviors, then, in whih I was not exeuted, O was not performed.And in these behaviors in whih O was not performed, X was not set. And inthese behaviors in whih X was not set, the interlok was not set in motion.So onsideration of the nearest behaviors shows that the ounterfatuals areto be evaluated as true. Consequently, the assertions of ausality (or, rather,ausal-fatorality) are true.Causal-Fatorality and Causality It turns out that Lewis's formal notion ofausal fator is not transitive, that is{ If A is a ausal fator of B, and B is a ausal fator of C, this does notneessarily mean that A is a ausal fator of C.Sine the intuitive idea of a ause is something that propagates through a\hain" of ausal fators, Lewis proposes to de�ne \ause" as the \transitivelosure" of the relation of ausal fator. The transitive losure of a relation R isthe smallest (or \tightest", most narrowly de�ned) relation R� whih, roughlyspeaking, is transitive and ontains R.An Aside on Causality and ComputersRelation Between Instrution and Exeution is Causal This example also illus-trates that, aording to the formal de�nition, the design of a digital systemensures that the relation between the form of an instrution and and its exeu-tion is ausal. The instrution I says to inrement register R. I is exeuted; Ris inremented. Had the instrution not been to inrement register R, then Rwould not have been inremented. Therefore, the form of I , that I is an instru-tion to inrement R, is a ausal fator in inrementing R when the instrutionis exeuted.Debugging is Causal Analysis This observation entails that debugging omputerprograms is a form of ausal analysis. One an onsider it akin to `debugging'omplex systems. Not only by analogy, but formally.3 Where Does This Get Us?So the �rst observation is that ounterfatual, or what-if, reasoning is essentialnot only for reasoning about safety but also for reasoning about auses of a-idents. The seond observation is that there is a mathematially satisfatoryformalisation of ounterfatual reasoning. In priniple, we an hek our safetyreasoning and our reasoning about the auses of aidents against objetive,rigorous riteria.In pratie, however, one has to put it all together. Karsten Loer and I tooka formal logi suÆient for desribing formal properties of distributed systems,the temporal logi TLA [6℄, and ombined it with the ausal/ounterfatual logiof Lewis, adding in some inferene rules whih we observed were ommonly used



6when arguing for suÆieny of ausal explanations. The resulting logi, Explana-tory Logi or EL, ould be used for formal ausal reasoning about omplex systembehavior. We developed a method, Why-Beause Analysis or WBA, for ausallyanalysing omplex system aidents and applying EL to hek the reasoning.WBA is desribed in [4℄, along with appliations to a number of high-pro�leaviation aidents.Do we really need all this mahinery to help us analyse systems and designsafer ones? Or is this just an exerise for aademis? I don't want to introduethe details of WBA here. For one thing, there are a lot of tehnial details,and for another thing, readers might prefer to use a di�erent formalism. My goalhere is to persuade that rigorous, ounterfatual reasoning is needed for aidentanalysis.Thus I would like to provide two examples to persuade readers of the neessityfor objetive, rigorous reasoning suh as proposed in WBA. These examplesemploy the preliminary part of a WB-Analysis, whih we all the WB-Graphmethod.Our approah is very simple. For the 1993 Lufthansa Warsaw aident andthe 1988 Air Frane Habsheim aident, Mihael H�ohl and I took the fatual�ndings in the oÆial aident reports at fae value. We listed them all, andthen for eah pair of fats, say A and B, we applied Lewis's possible worldsemantial reasoning informally to determine whether A was a ausal fator inB or not. We drew the results in a graph, alled the Why-Beause Graph orWB-Graph. I want to omment on what the graphs show.4 The Warsaw Lufthansa A320 Aident [11℄On 14 September 1993, a Lufthansa Airbus A320 landed at Warsaw airport ina thunderstorm. Upon landing, none of the braking systems (air brakes, thrustreverse, wheel brakes) funtioned for about nine seonds: the wheel brakes onlystarted to funtion after about thirteen seonds. The airraft ran o� the end ofthe runway, ollided with an earth bank and started to burn. Primarily beauseof the superb behavior of the rew, only two people died: one pilot, who diedwhen the airraft hit the bank, and one passenger, who was unonsious in thefront orner and unnotied in the evauation as the abin �lled with smoke, andwas asphyxiated. It beame lear that the logi of the braking systems was indeeda reason why the braking systems hadn't funtioned as expeted. However, manyommentators foused upon this fator as the main ause of the aident, whihas we shall see is probably inorret. There were, as is usually the ase, manyother neessary ausal fators.The WB-GraphFigure 1 shows the WB-Graph derived from the report by onsidering all thementioned states and events and assessing their ausal relations to eah otherusing the Lewis semantis. An edge passing from a lower node N to a higher



7node M means that N is a neessary ausal fator in M . No attempt was madeto identify features of the aident that were not expliitly mentioned somewherein the report. It is not easy to read all the node labels, so I divide the graphinto three parts: the lower part in Figure 2, the middle part in Figure 3, and theupper part in Figure 4. This division also oheres with the statement of probableause in the �nal report, and emphasises a missing feature.The statement of probable ause from the report is as follows:Cause of the aident were inorret deisions and ations of the ightrew taken in situation when the information about windshear at theapproah to the runway was reeived. Windshear was produed by thefront just passing the aerodrome; the front was aompanied by intensivevariation of wind parameters as well as by heavy rain on the aerodromeitself.Ations of the ight rew were also a�eted by design features of the air-raft whih limited the feasibility of applying available braking systemsas well as by insuÆient information in the airraft operations manual(AOM) relating to the inrease of the landing distane.Deisions and Ations of the Flight Crew The �rst sentene of the probableause statement oheres with what one sees in the lower portion of the graphin Figure 2. The events and states in this portion ontribute to the \key" nodeDeisions and ations of the ight rew in antiipation of wind shear.Weather The weather phenomenon plays a role in the middle portion of theWB-Graph, as may be seen in Figure 3. Also in this portion appear the \designfeatures of the airraft" addued in the seond paragraph of the statement ofprobable ause.The Destrution Sequene Most of the upper portion of the graph, in Figure4, enumerates the parameters of the aident. In order to be lassi�ed as anaident, people must be killed or severely injured, and/or the airraft mustbe signi�antly damaged. Both ourred in this aident (although, thankfully,only two people lost their lives and other injuries were minor). One an see thesefators appearing in this portion of the graph. But what aused all this?Fousing In on Fators Let us now fous on the upper portion of the graphwhere it narrows down to one node. It is rare that a WBA of an aident resultsin a graph with a width of one. What is this single node?AC hits earth bankTake away this node, and you've avoided the aident. What are its immediatepreursors? AC overruns RWYEarth bank in overrun path



8The report's attribution of probable ause foused entirely on ausal fatorsontributing to the �rst of these two events. What about the seond? Why wasthere an earth bank in the overrun path? BeauseBank built by airport authority for radio equipmentProphylaxis: Don't Overrun Or Don't Build So there is learly something toonsider. Don't build earth banks for radio equipment at the ends of runwaysin the overrun area. Or don't overrun runways. Well, measures are taken tominimise ases of the latter, but most authorities onsider that no matter whatone does, airraft will still overrun runways one in a while. So if you want toprevent or minimise suh atastrophi overrun aidents, one had better takethe other option and not build in the overrun area.In fat, leaving a lear overrun area at the end of runways is regarded notonly as good pratie but as essential pratie by most Western European andUS authorities and by pratially all pilots.Rigorous Causal Reasoning Helps The report's onlusions about probable auseand ontributing fators said nothing about building earth banks in overrunareas.The WBA of the aident shows learly that this omission is a mistake inausal reasoning that the report made. The information neessary to infer thatit was a ontributing ause was ontained in the body of the report - that iswhere we obtained the fators in the WB-Graph in Figure 1. The WBA showsit to be a ausal fator.This is not the only ausal reasoning mistake in the Warsaw report, nei-ther is it the only report in whih signi�ant ausal reasoning mistakes maybe demonstrated by WBA. Another, the report on the 1995 Amerian AirlinesB757 aident on approah to Cali, Colombia is one, whih also omits demon-strably ausal fators in its statement of probable ause. The omitted fators inthat report were, however, taken into aount by the U.S. National Transporta-tion Safety Board in their letter to the U.S. Federal Aviation Administrationontaining their safety reommendations based on their analysis.Using rigorous methods of ausal reasoning suh as WBA would thus helponsiderably in ensuring orretness of these important reports. Prophylatimeasures are based on the reports' analyses. It is important to redue futureaidents that resoures be pointed in the appropriate diretions, and one anonly do this if a report's reasoning is orret.5 The 1988 Habsheim Aident [13℄On 26 June, 1988, an Air Frane A320, new into servie with the airline, tooko� from Basle-Mulhouse airport with sightseeing passengers, intending enrouteto put in an appearane at an airshow at the small airport Mulhouse-Habsheim,just a few miles and minutes ying time away. The pilot had planned for a \low-speed pass", a manoeuver in whih the airraft is on�gured for landing, ies low



9along the line of the runway very slowly without landing, and then aeleratesup and away. This manoeuver was believed to show o� the automati slow-speedight protetion apabilities of the autopilot, and thereby how the performaneof the airplane is enhaned. The manoeuver had been pratied at altitude bythe pilot, from a more-or-less level entry.The pilots had not surveyed the display airport before appearing, and hadsubmitted inomplete ight planning to the Air Frane administration on Friday.The inomplete planning was approved, although some of it ontravened Frenhaviation-legal restritions on airshow performanes by ommerial airraft.Upon takeo�, the airraft limbed to an intermediate altitude of 1000 feetabove the ground while the pilots identi�ed the airshow airport, whih shouldhave been visible almost immediately upon takeo�. A desent was ommenedtowards the Habsheim airport, whih reahed a rate of 600 feet per minute withthe engines in ight idle. The power setting at ight idle is 29% N1 (a measureorrelating with the thrust produed) although the Commission noted that themanoeuver been planned starting from a high power setting.As the airraft approahed for the low pass and passed through 100 feet aboveground level (the planned y-by altitude), the airraft was still desending at arate of 600 feet per minute with the engines in ight idle. The airraft reaheda low altitude of about 30 feet above the runway while attempting to performthe manoeuver. Beyond the end of the runway was a forest, with tree topsonsiderably higher. \Take-o�/go-around" (TOGA) thrust was applied, but theairraft ontinued level as the engines aelerated up to TOGA thrust, and theairraft settled into the trees as the engines ingested tree parts.Despite a jammed exit door, most passengers were able to leave the airraftbefore it was onsumed by �re from the burning fuel. Two young hildren andan adult (presumed to have gone bak to help) died from smoke inhalation.Figure 5 shows a WB-Graph ausally relating the major features of the a-ident ight, inluding preparation, from the oÆial report.Controversy The aident beame ontroversial when the aptain, who was pi-loting the airraft during the aident ight, publially asserted{ that the engines did not respond as designed to his TOGA thrust request;{ that about 4 seonds of reording data were missing from the ight datareorder (FDR) trae;{ that there were at least two di�erent FDR boxes presented to the publi as\the" FDR, and/or visible at the aident site{ that some of the data ostensibly from the FDR did not �t some of the fatsabout the ight;{ that required legal proedures for seuring the FDR and taking it for analysiswere not followed; inseure proedures were followed.The aptain wrote a book ontaining his version of the events, published a shortwhile after the aident, and other books suggesting oÆial misreane haveappeared. A deade later, another book about the events is planned to be pub-lished.



10 We may take it as unontroversial that, had the engines reahed TOGAthrust, say, some two seonds earlier, the airraft would likely have avoidedsettling into the trees, and thus avoided the rash altogether.Further Evidene There was a private video made of the aident y-by by aspetator at the airshow. This video orroborated the altitude at various pointsof the y-by, the timing of events, inluding (through sound-spetral analysis)the % N1 levels of the engines, the start of thrust inrease on the engines, andthe settling into trees.The engines as erti�ated require up to about 8 seonds to inrease from29% N1 up to TOGA thrust. The oÆial FDR data showed that they performedbetter than their erti�ation parameters.Evaluation of the Two Versions Our onern in evaluating the aident is toidentify auses and other ontributing fators in order to inrease knowledgeabout safety-related airraft and rew performane and to mitigate undesirableor unsafe features in future operations.Thus the sole signi�ant assertion for our purposes amongst those made bythe aptain is that the engines did not perform aording to spei�ation whenTOGA thrust was ommanded.What di�erene would this make to the WB-Graph in Figure 5? Indeed,none at all. At the level of detail at whih the major fators are stated, theonly fator under dispute would be Fator 1.1, \Very low TOGA performane.Both versions agree this was so, although for di�erent reasons. Both versionsagree that the manoeuver was ommened at ommanded thrust equivalent to29% N1, and that the manoeuver had been pratied, and was usually onduted,ommening at muh higher N1 levels. Both versions agree on the desent pro�le,and that the ight-idle power setting was a result of that. Both versions agreethat the airraft was piloted to within 30 feet of the runway, although the aptainplanned to overy at 100 feet. The inomplete and partially legally unsuitableplanning, and the lak of oversight, are likewise unontroversial.The Politial Controversy As far as our interest goes, then, any dispute is aboutthe exat level of TOGA performane, whih disappears into the details whenwe are looking at the major fators ontributing to the aident.However, the high-visibility politial ontroversy at the time was onernednot just with how the authorities may or may not have ated in the aftermathof the aident, but whether this \wonder airraft", the A320, in fat ouldperform aording to its manufaturer's and operator's laims. We an see learlyfrom the WB-Graph that this latter dispute is a matter of mere tehnial detailas far as the aident is onerned; it does not a�et the ausal relations ofthe major fators at all. The asserted performane di�erene, while passing theLewis semanti test for a ausal fator, is a question of a �ner di�erene thatis subsumed within one of the major fators: it is undisputed that the TOGAperformane of the airraft did not suÆe to avoid the trees. Aording to the



11oÆial evaluation, it ould not have been better. The aptain thinks it ouldhave been. That is all.Had the status of this tehnial dispute been available and appreiated at thetime, we an speulate that the major politial ontroversy over the introdutionof the A320 into servie, following the aident, might have taken a muh di�erentform.6 ConlusionsThe two examples show that objetive reasoning methods, had they been usedduring the investigation and ensuing ontroversy in these two ases, might haveast a very di�erent light on things. If the methods of reasoning are not gener-ally aepted and open to independent heking, then it is open to anyone toritiise and query for any reason they wish, and if two parties to a disussionreah signi�antly di�erent onlusions, then there are no further ways of deid-ing the issues than deiding whom one believes. This is a highly unsatisfatorysituation, and gives grounds for introduing objetive reasoning methods. If rea-soning methods are agreed to be rigorous and objetive, then all parties to adisussion are bound to abide by the results.Two questions: Do suh methods exist, and how severe are the problems thatstem from lak of rigor? Our use of the Lewis semantis for ausality, and therelated method WBA, show that the answer to the �rst question is yes.The seond question an be answered by onsidering what might have hap-pened had a WB-Graph been available.In the ase of Warsaw, had a WB-Graph been onstruted by the reportwriters based on the ontent of their report, they would have identi�ed omissionsin their statement of probable ause, and attention would have been brought tobear on the presene of an airport onstrution whih adversely a�eted safety.Anedotes say the mound is still there.In the ase of Habsheim, the heated politial debate about the safety ofthe design of a new airraft, and its onsequenes for publi aeptane of theairraft, might have evaporated, in favor of a tehnial performane debate andreview of the sort whih goes on every day at airraft design and manufaturingplants.Two anedotes annot prove a general hypothesis, but they may persuade.My purpose has been to persuade that objetive methods of reasoning in aidentevaluations are not just an exerise for aademis. I believe they would havesigni�ant bene�ts, not only for aident investigation and the safety of air travel,but also for publi debate as a whole.There is another point worth remarking, again while taking are not to drawgeneral onlusions from two individual ases. Both were publially high-pro�leaidents in whih the digital automation on the airraft was onsidered by manyto have played a major ontributory role. It is interesting to observe, when theausal reasoning is �nally laid out, how few of the many fators involved in eitherof these aidents diretly onerned the digital automation.
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Fig. 1. The Warsaw WB-Graph: overall pattern
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