CURVED LANDING APPROACHES: WHERE IS THE PAYOFF FOR PATHWAY?
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Air traffic controllers, both civil and military, will soon have the ability to direct pilots to fly complex landing approaches.  The imminent replacement of the Instrument Landing System (ILS) with a landing system based on Global Positioning System (GPS) technology at major airports in the United States will allow pilots to fly precision landing approaches with curved segments and varying descent angles in order to avoid noise abatement areas and decrease air traffic congestion.  From a military standpoint, flying complex approaches will allow better threat avoidance and increase operational security. This paper reports the findings of an on-going program of research in the Air Force Research Laboratory designed to create and test a next-generation, head-up primary flight reference that will allow pilots to fly such paths regardless of visibility conditions. After briefly reviewing some research utilizing Pathways, the paper discusses specific examples of research that examined the effects on pilot performance of: 1) varying descent angle (7, 5, and 3 degrees), 2) curved vs. straight portions of the approach, and, 3) secondary tasks (frequency changes and resolution of system failures).
INTRODUCTION

Approach navigation systems provide the guidance necessary to safely land aircraft under all weather conditions.  The dominant approach system today is the Instrument Landing System (ILS), developed more than 50 years ago and adopted by the Federal Aviation Administration and the International Civil Aviation Organization in the 1940s.  Many of the current ILS ground stations were installed 20 to 30 years ago, and as a result, frequency infringement, system maintenance and support have become problems.  Costs are high and replacement parts are often no longer available (Hart, 1993).

The Global Navigation Satellite System, also known as the Global Positioning System (GPS), is being developed as an alternative to the ILS (Harvey, 1997).  Unlike the ILS system, which requires a straight-in approach, GPS systems will allow pilots to fly curved path approaches.  With this new capability comes the question of how best to portray this information to the pilot.  One idea is the pathway-in-the-sky format.

This paper discusses the results of three studies that examined the utility of pathway-in-the-sky head-up display (HUD) symbology (hereafter referred to simply as Pathway) in flying complex curved paths. The descent angles, profile shape, and secondary tasks used when flying the curved approaches will be discussed in detail.

METHOD

Subjects

All three studies used volunteer USAF pilots who had varying amounts of experience flying HUD-equipped military aircraft.  All were male.  Studies I and II had twelve participants while Study III used thirteen subject-pilots.

Apparatus

All three studies used fixed-based simulators of generic fighter aircraft with standard aircraft controls and HOTAS (Hands On Throttle And Stick) functions.  Study I used a cockpit in which some pilot inputs and responses were done via programmable bezel buttons, with the simulated HUD shown on a top-mounted Cathode Ray Tube (CRT).  Studies II and III used a cockpit in which pilot inputs were made via buttons on a touch-screen display, with the external visual scene and superimposed HUD symbology shown on a projection screen roughly ten feet in front of the pilot.  All studies included top-down map displays.  Studies I and III also used a communications panel and Crew Alerting and Status System (CASS) display to implement secondary tasks and system emergencies (see Reising, Liggett, Kustra, Snow, Hartsock, & Barry, 1998 for details).

STUDY I: MIL-STD HUD VS. PATHWAY

The first study compared the Pathway to conventional, Military Standard HUD (hereafter referred to as MS-HUD) symbology when flying a curved approach to landing in simulated Instrument Meteorological Conditions (IMC) at night.

Pathway HUD Format.

The Pathway uses a "highway" to display the intended route of flight.  The highway is made up of a string of path blocks drawn in perspective (Figure 1).  "Road signs" are also used to alert pilots to profile information such as navigation points, glide slope steepness, and phase-relevant actions (e.g., decision height, gear down).
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Figure 1. Pathway symbology.

Results

Statistical analysis using Analysis of Variance revealed that pilots had more accurate flight performance when flying the Pathway HUD format than the MS-HUD symbology (see Reising, Liggett, Solz, & Hartsock, 1995 for details).  The results for aerodynamic disturbance data showed that, again, pilots had more accurate flight performance when flying the Pathway HUD format than the MS-HUD symbology.  RMS error in maintaining commanded airspeed, altitude, and heading with the Pathway was roughly half that when using the MS-HUD.

Discussion

Pilots reported that the primary reason for the advantage of flying the Pathway HUD format over the MS-HUD symbology was their ability to see the route in the form of a highway from their present position to a point 45 seconds into the future.  This advantage has also been shown when a "tunnel in the sky" head-down display is used to fly complex curved approaches(Regal & Whittington, 1995; Theunissen & Mulder, 1995).  The Pathway HUD format provided, in one pilot’s words, "instant situational awareness".  All pilots preferred the Pathway HUD format to the MS-HUD symbology for flying curved approaches.  When asked about today's standard ILS approaches, nine of the twelve pilots thought they would perform better using the Pathway HUD format than using the MS-HUD symbology.

In Study I, the Pathway was displayed against a black background to simulate night IMC.  However, when pilots fly at night in the real environment, they use a forward-looking infrared (FLIR) or night vision systems (NVS), when available, to see an image of the environment outside the aircraft and increase situation awareness (SA).  Using a digital terrain elevation database, the same purpose can be accomplished by portraying an image of synthetic terrain to pilots that is not subject to some of the limitations associated with FLIR or NVS (e.g., limited range, field of regard, and image degradation due to weather or thermal phenomena).  Examining the utility of the Pathway in combination with synthetic terrain was the purpose of Study II.

STUDY II: PATHWAY & SYNTHETIC TERRAIN

The purpose of this study was to again test the utility of the Pathway display in flying complex paths, but this time in the somewhat more challenging scenario of a low-level, high-speed ingress to a target.  Further, three synthetic terrain formats were tested against a baseline condition without synthetic terrain to assess possible benefits to performance and SA.

Results

Multivariate analyses of variance revealed no statistically significant effects for any of the variables manipulated with regard to flight performance measures (i.e., RMS lateral, vertical, and airspeed deviation).  Similarly, none of the independent variables affected bombing accuracy or reaction time to surface-to-air (SAM) alerts.  However, large and significant main effects of synthetic terrain format and visibility were found for a subjective measure of SA, with a similar trend shown in an objective measure of SA (see Snow & Reising, 1999 for details).

Discussion

While objective performance measures did not differ significantly between conditions in this study, the results with respect to SA did.  Inclusion of synthetic terrain greatly improved SA.

In Study II, the Pathway was superimposed on a synthetically generated, monochrome (green) terrain picture.  In Study III we compared landing performance when pilots viewed the Pathway on a full-color out-the-window scene, depicting the terrain in various weather conditions.

STUDY III: VARYING VISIBILITY CONDITIONS

One of the goals of this research was to determine if landing performance using the pathway symbology was functionally equivalent regardless of weather condition – if pilots could fly the pathway symbology just as well in IMC as in VMC.  These results have been reported elsewhere (Reising et al., 1998).  What has not been reported elsewhere are the results of this study concerning the effects of profile parameters on how well pilots flew complex, curved approaches.  In this paper, we will describe pilot performance connected with different aspects of the flight profile.

Profile descriptions

Each pilot flew a counterbalanced order of three unique profiles with three visibility conditions.  A paper approach plate for each profile was provided to the pilots for use during the approach.  To fully explore the formats’ ability to assist pilots in flying curved approaches, all profiles contained four turns.  Each profile also had segments with 7, 5 and 3 degree rates of descent (Figure 2).  Profiles also had level segments (i.e., no descent angle) as a basis for comparison with these three descent angles.  Simulated emergency conditions and radio frequency changes were encountered as pilots flew the profiles.  These tasks required the pilot to perform additional duties other than flying the aircraft.  Haskell and Wickens (1993) reported that the addition of tasks requiring pilots to look head-down for a certain period of time could allow differences between formats to become more evident.
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Figure 2. Example Flight Profile

Results

The design of the profiles was such that all four levels of descent angle (none, 3, 5, and 7 degrees), the two types of approach segment (curved vs. straight), and the two levels of secondary task (present vs. absent) could not be factorially combined due to time constraints and our desire to make the landing scenarios as realistic as possible.  For example, a descent angle of 3 degrees occurred only on final approach to landing, which was always a straight segment with no secondary tasks (emergencies or frequency changes) ever occurred.  The statistical analyses reported here were conducted only for main effects and the two-way interactions for which the approach profiles generated complete combinations.

Because significant correlations were found among the three measures of flight performance (RMS error for airspeed, lateral and vertical deviation), MANOVAs were conducted to analyze the main effects of descent angle, path curvature, and secondary task.  The effect of descent angle, for straight segments only and in the absence of a secondary task, was found to be significant ( F(9,99) = 4.03, p < 0.001 ).  These effects are shown in Figure 3.
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Figure 3.  Effect of descent angle on airspeed, lateral, and vertical deviation.  Error bars represent 90% confidence intervals.

The effect of path curvature, for descent angles of 0 and 7 degrees only and with no secondary task present, was also found to be significant ( F(3,9) = 18.52, p < 0.001 ).  These effects are shown in Figure 4.
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Figure 4.  Effect of path curvature on airspeed, lateral, and vertical deviation.  Error bars represent 90% confidence intervals.

Finally, the effect of secondary task, for all descent angles except 3 degrees (i.e., not on final approach), was also found to be significant ( F(3,9) = 4.34, p < 0.05 ).  These effects are shown in Figure 5.
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Figure 5.  Effect of secondary task on airspeed, lateral, and vertical deviation.  Error bars represent 90% confidence intervals.

The only two-way combination contained in the landing profiles was that of descent angle and path curvature; however, this was true only for descent angles of 0 (i.e., level) and 7 degrees.  An analysis of this interaction revealed that – for these data only – the only significant effect was the main effect of path curvature ( F(3,9) = 5.92, p < 0.05 ): the main effect of descent angle and the interaction between descent angle and path curvature were not significant.  This is illustrated in Figure 6.
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Figure 6.  Combined effect of path curvature and descent angle for descent angles of 0 degrees (i.e., level) and 7 degrees.  Error bars represent 90% confidence intervals.

Discussion

The results of this study indicate, not surprisingly, that pilots better maintain commanded airspeed, altitude, and heading when they are on final approach (i.e., in the current study, when their commanded descent angle was 3 degrees).  This is the phase of landing during which maintenance of these flight parameters is most crucial if pilots are to arrive at their desired touchdown point at their desired speed.  Excluding the effect of being on final approach, commanded descent angles of up to 7 degrees do not seem to significantly (significantly in a practical sense, rather than a statistical sense) affect pilots’ ability to maintain commanded airspeed, altitude and heading.

Unlike descent angle, the effect on performance of flying curved segments in an approach seems to be of greater significance.  In comparison to performance on straight legs, error in maintaining course and altitude roughly doubled during curved segments.  Maintenance of commanded airspeed when flying curves was also poorer, albeit by a smaller percentage.  Somewhat surprisingly, the presence of a secondary task did not have a large effect on flight performance.  This may be because the secondary tasks used were not sufficiently demanding, or because pilots placed particular emphasis on the primary task of flying the aircraft.

These results partially replicate those of Theunissen (1997) and Beringer (1999).  While these authors tested head-down tunnel-in-the-sky displays rather than a head-up pathway display, both report significantly greater lateral error on curved segments in comparison to straight segments.  Indeed, like the current study, Theunissen (1997) reports that lateral tracking error roughly doubled on curved segments.  While Beringer (1999) found increased vertical error on curved segments, Theunissen (1997) did not.  The common finding among these studies of poorer performance – whether lateral, vertical, or airspeed tracking – for curved segments when using a pathway display to fly complex, precision approaches has implications for the design and management of these approaches when GPS navigation makes such approaches possible in the future.

GENERAL DISCUSSION

The results of this series of studies lead to the following conclusions:

· Pilots flying curved, precision, complex approaches to landing are better able to maintain commanded airspeed, altitude, and heading when using Pathway symbology than when using conventional HUD symbology.

· The flight performance advantage associated with using Pathway symbology does not appear to vary with visibility condition, whether such visibility is based on an actual or synthetic view of the outside world.  Pilot performance in IMC conditions is equivalent to that in VMC conditions.

· While further research is needed, especially further flight testing, those responsible for designing and managing the complex, precision approaches that will be enabled by GPS navigation systems should consider the likelihood and magnitude of decreased flight performance when flying curved segments on these approaches.
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