






Min. DOC Min. Fuel

� Fuel -5.99% -6.84%
� Cost -2.39% -2.01%
� Time 3.70% 6.2%
� Distance 0.76% 0.87%

Table 10. Star Alliance formation savings.

Min. DOC Min. Fuel

Solo Routes 48 33
2-Aircraft Formations 21 27
3-Aircraft Formations 20 21
Distance Flown in Formation 54.8% 62.1%
Time Flown in Formation 55.2% 61.8%
Average � Departure Time 4.9 min 4.8 min

Table 11. Star Alliance formation network analytics.

Tab. 11 highlights structure of the optimized formation flight schedules. In each case the majority of
the routes are flown in formation. The numbers of formation aircraft once again increase in the case of the
minimum fuel formation. We observe that the large and spatially and temporally concentrated Star Alliance
schedule is well-suited for formation flight.

VIII. Conclusion

In this paper we demonstrate a bi-level decomposition scheme to solve for the optimal formation flight
schedule. The scale of the problem necessitates the careful development of heuristic search patterns to
eliminate unlikely formations. The results of a series of design studies based on real-world route network and
schedules demonstrate that formation flight can net significant fuel savings. The application of formation
flight to a representative South African Airlines (SAA) long-haul route network can reduce fuel burn by over
4.6% or reduce direct operating cost by 2.1%. The savings increase when aircraft from multiple airlines fly
in similar corridors. The larger Star Alliance transatlantic route network can expect a 6.8% reduction in
fuel burn or a 2.4% reduction in cost from optimized formation flight scheduling. Finally, the results of a
preliminary study demonstrate that the formation flight network can be e�ectively designed at the system
level to cope with compressibility e�ects induced by wake vortices.

The addition of a cost-sensitive design object sheds light on the economic viability of formation flight.
We observe that aircraft must in general divert from their direct great circle route to meet up in formations.
Although the drag savings from formation flight can more than make up for the fuel burn penalties from the
diversions, the same cannot yet be said of the cost penalties stemming from the increased flight times. A
more detailed cost model based on real world airline operations is needed to more accurately assess the cost
impacts of formation flight.

References
1Wieselsberger, C., “Beitrag zur Erklärung des Winkelfluges einiger Zugvögel,” Z. Flugtechnik & Motorluftschi�ahrt,

Vol. 5, 1914, pp. 225–229.
2Lissaman, P. B. S. and Shollenberger, C. A., “Formation Flight of Birds,” Science, Vol. 168, No. 3934, 1970, pp. 1003,

doi:10.1126/science.168.3934.1003.
3Hummel, D., “Aerodynamic Aspects of Formation Flight in Birds,” Journal of Theoretical Biology, Vol. 104, No. 3, 1983,

pp. 321–347.
4Weimerskirch, H., Martin, J., Clerquin, Y., Alexandre, P., and Jiraskova, S., “Energy Saving in Flight Formation,” Nature,

Vol. 413, No. 6857, 10 2001, pp. 697–698, doi:10.1038/35099670.
5Blake, W. and Multhopp, D., “Design, Performance and Modeling Considerations for Close Formation Flight,” AIAA

17 of 18

American Institute of Aeronautics and Astronautics

http://dx.doi.org/10.1126/science.168.3934.1003
http://dx.doi.org/10.1038/35099670


Atmospheric Flight Mechanics Conference and Exhibit, AIAA-1998-4343, August 1998, pp. 476–486.
6Frazier, J. W. and Gopalarathnam, A., “Optimum Downwash Behind Wings in Formation Flight,” Journal of Aircraft,

Vol. 40, No. 4, Feb 2003, pp. 799–803, doi:10.2514/2.3162.
7Wagner, E., Jacque, D., Blake, W., and Pachter, M., “Flight Test Results of Close Formation Flight for Fuel Savings,”

AIAA Atmospheric Flight Mechanics Conference and Exhibit, August 2002.
8Ray, R. J., Cobleigh, B. R., Vachon, M. J., and John, C. S., “Flight Test Techniques Used to Evaluate Performance

Benefits During Formation Flight,” TP-2002-210730, NASA, August 2002.
9Ning, S. A., Flanzer, T., and Kroo, I., “Aerodynamic Performance of Extended Formation Flight,” Journal of Aircraft,

Vol. 48, No. 3, May 2011, pp. 855–865, doi:10.2514/1.54636.
10Bower, G. and Kroo, I., “Multi-Objective Aircraft Optimization for Minimum Cost and Emissions Over Specific Route

Networks,” 26th Congress of International Council of the Aeronautical Sciences, Citeseer, 2008.
11Bower, G., Flanzer, T., and Kroo, I., “Formation Geometries and Route Optimization for Commercial Formation Flight,”

American Institute of Aeronautics and Astronautics, 1801 Alexander Bell Dr., Suite 500 Reston VA 20191-4344 USA„ 2009.
12Liebeck, R. and Center, L. R., Advanced Subsonic Airplane Design & Economic Studies, National Aeronautics and Space

Administration, Lewis Research Center, 1995.
13Kroo, I., “An Interactive System for Aircraft Design and Optimization,” Journal of Aircraft, Vol. 92-1190, 1992.
14McGeer, T. and Shevell, R., Method for estimating the compressibility drag of an airplane, Department of Aeronautics

and Astronautics, Stanford University, 1983.
15Betz, A., “Behavior of Vortex Systems,” TM-713, NACA, 1933.
16Delisi, D., Greene, G., Robins, R., Vicroy, D., and Wang, F., “Aircraft Wake Vortex Core Size Measurements,” AIAA

Applied Aerodynamics Conference, AIAA-2003-3811, June 2003.
17Holzäpfel, F., “Probabilistic Two-Phase Wake Vortex Decay and Transport Model,” Journal of Aircraft, Vol. 40, No. 2,

March 2003, pp. 323–331, doi:10.2514/2.3096.
18Ning, S. A. and Kroo, I., “Compressibility E�ects of Extended Formation Flight,” AIAA Applied Aerodynamics Conference,

June 2011.
19King, R. M. and Gopalarathnam, A., “Ideal Aerodynamics of Ground E�ect and Formation Flight,” Journal of Aircraft,

Vol. 42, No. 5, September 2005, pp. 1188–1199, doi:10.2514/1.10942.
20Ning, S. A., Aircraft Drag Reduction Through Extended Formation Flight, Ph.D. thesis, Stanford University, 2011.

18 of 18

American Institute of Aeronautics and Astronautics

http://dx.doi.org/10.2514/2.3162
http://dx.doi.org/10.2514/1.54636
http://dx.doi.org/10.2514/2.3096
http://dx.doi.org/10.2514/1.10942

