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ABSTRACT 

An «dited traneor^t of a «pedal panel discueelon "Is Real-time, 

On-line Optimal Plight Control Peaeible?" held by the Theory Com¬ 

mittee of the American Automatic Control Council on 5 August 1969 

in conjunction with the 1969 Joint Automatic Control Conference, 

at Boulder, Colorado. The panel considered the problems associated 

with controlling an aircraft in auch a way a. to optimize some 

performance criterion. Specific subjects discussed include optimiza¬ 

tion theory and techniques, aerospace computer technology, and 

numerical procedures. A description of a current NASA project in 

this area is presented. Comments from the audience are also 

presented. 
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Foreword 

The Theory Committee of the American Automatic Control Council 
has been seeking new ways of stimulating interest in the Joint 
Automatic Control Conference. After much d.scussior, members of the 
Theory Committee determined that a panel discussion on the subject 
of real-time, on-line optimal flight control would fill this require¬ 
ment. It is a subject that is both controversal and relevant to 
current interest of the Air Force and NASA. 

A panel of outstanding experts in various areas relating to this 
topic was selected. Each individual was asked to prepared a short 
presentation in their speciality. The discussion was held in a 
special session at the 1969 Joint Automatic Control Conference where 
approximately 150 people attended. The discussion that followed was 
quite good in that many different opinions were expressed. 

The United States Air Force has a natural interest in this area 
since the successful performance of many of its missions can be 
enhanced by flying its aircraft optimally. The Air Force Office of 
Scientific Research, the extramural basic research agency for the 
U.S. Air Force, decided to publish an edited transcript of the session 
with the hope that this publication would stimulate further research 
in this area. Particularly, it is hoped that germs of ideas for many 
masters and PhD dissertations are contained within it. 

This transcript has been edited only to reduce gross grammatical 
errors and to insert proper references. The open discussion has not 
been edited and is presented off-the-cuff in the hope of further 
stimulating new ideas. 

ALLEN D. DAYTON 
Major, USAT 

June 1970 Applied Mathematics Division 
Air Force Office of Scientific 
Research 
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PANEL DISCUSSION 

Captain Dayton: On behalf of the Theory Committee of the American 

Automatic Control Council I'd like to welcome you to this Session. The 

Theory Committee has been trying to devise ways to stimulate interest in 

the Joint Automatic Control Conference. We discussed many different 

ideas and one of them that vre came up with is this subject we are going tc 

discuss tonight. We think it is a controversial one; there are people 

that are very "pro" and people that are very "con" so perhaps we can get 

some of the best ideas tonight. I think we have an outstanding panel, 

I don't include myself, but I think the rest of the people on the panel 

experts in their particular areas and I'm very pleased that we could 

get them here. I'd like to introduce them to you before we start off. 

On my left is Mr. C. P, O'Donnell from Autonetics who is going to discuss 

airborne computer systems in 1975 time period. I probably don't need to 

introduce the individual on my right; Dr. Richard Kopp who has been quite 

active in Optimization Theory for the past few years from the Grumman 

Aircraft Corporation. Next to him from the Air Force Plight Dynamics 

Laboratory is Lt. Col. Loren Anderson who, along with Mr. Moelker sitting 

next to him, is going to jointly discuss Optimal Display Systems. 

Mr Moelker is from the National Aerospace Laboratory in Amsterdam, Holland. 

Then down at the end of the table we have Mr. Larry Taylor from The NASA 

Plight Research Center at Edwards Air Force Base who has been doing more 

work in real-time optimal flight control than anyone that I know of. 
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Maybe some of you know of other people but I think hie work, as you will 

find out when he discusses it, is at least up with the state-of-the-art. 

Dr. Kelley will be with us in a few minutes. 

I am trying to find some place to hang my charts. I thought I would 

show you my ideas first and it looks like I'm going to have to hold the 

charts up. You know, we can control a i0t of things, but we can't find 

a simple fastner. The first chart simply asks "Is real-time optimal air¬ 

craft flight control feasible?” which is the topic for this evening. We 

hope to stimulate controversy and discussion and to arrive at a yes or no 

opinion. Now the next question is, "Why Do You Want to Ply Optimally?" 

Well, there are many different reasons. First and one of the most obvious 

is the minimum time problem. Perhaps you know where you are by some sort 

of estimation procedure, you can put in some terminal conditions which 

you want to reach for some reason to minimize the time. Second, possibly 

you would like to fly to a certain point using a minimum amount of fuel. 

I think this would be particularly important in climbing problems. Third 

and a little more sophisticated at this point, is where there might be 

certain military missions, particularly bombing missions, where it is the 

range that you want to maximize. You want to fly on an aircraft flight 

profile such that you get the optimum range. A fourth reason might be to 

maximize the loitering time. I think you can see in Viet Nam that it is 

quite important that aircraft be able to loiter over certain territory for 

long periods of time. When we get to the supersonic airliner or supersonic 

planes, people begin to complain about sonic boom problems so perhaps it 

is possible to fly profiles such that your sonic boom is minimized at 

certain points on the ground. And reason number six, air traffic control 

which Mike Athansltalked about this morning and I'm not going to beat a 

lecture by Michael Athens: Application of optimal control and 
ríní? Jheory to eir traffic control problems - 1969 Joint Automatic 
Control Conference, Augu&r 5, 1969, Boulder, Colorado. 
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■d«d hor..- but I think that If. a vary Important araa. hnothar ara. 

Involving optimal flight la optimal combat manauvara and the Prank J. 

Sallar »...arch Laboratory at th. Air Pore, icadamy ha. bean doing aom. 

étudiés in thi. area. 2 It turn, out that that, problem, ar, exceedingly 

complex differential gam. problem, and they haven’t made a great deal of 

headway, but ! think they have at leaat dafined th. problem, better. If 

« can't .olv. the pur. differential game problem, then perhap. cln 

•olve certain aubmaneuver.. The.., oi coura. are military «.„.„vera, I 

understand Gnm^nl ha. been doing work in certain type, of climb, 

and turn, which ahould be u.ed in optimal combat. Along with thi. „d mor 

or 1... going along with what Hike Äthan. ..id thi. morning i. the problem 

of air traffic control of combat aircraft in environment, .uch a. South.... 

Mia. If. somewhat .imllar to th. aircraft traffic control problem yet 
the problems are quite different. 

Now then, how are w. going to develop thi. -know-how- to fly optimally 

on-line and in real-time, « i. my opinion that w. need a three-prong 

attack and th. r.a.on that th... .peaker. are her. i. becau.. i have more 

or 1... used thi. a. the criteria ». .hould go by. One, I think we need 

to continue our work in optimisation reaearch. Two, I think w. „..a more 

vork in numerical analy.i, and, three, with a big .«on, empba.l. j think 

». need mor. work in digital computer r...areh, particularly airborne 

digital center r...arch. w. nead to develop better optimisation mathod. 

similar to conjugate gradient or random ...rch method.. I don't want to 

2. A computer optimization study of a three-Hi 
between a surface-to-air missile and î»;ïf!!Tdi?en8i2nal en9agement 
Schaefer, and Morgan. Frank j. sîueî Swî«- £ ^ DeDoe8' Senne' 
SRL 69-009, July 1969. See Appendix by ep°rt PJSRL 69-051, 

fir pSS^StiiS miÎS^ÏÏoîîvT ïr*3«tory Optimisation Program 
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emphasize any particular method but I do think we need to do more work in 

this area. As for numerical analysis# I think we should look at such 

things as better approximation techniques. Perhaps we don't need to carry 

out all the long equations. Spline functions fits or orthogonal expansions 

which I think Mr Taylor will talk about later is one way.* And again, in 

numerical analysis, we need to look at better and faster numerical inte¬ 

gration schemes. 

(Here someone from the audience suggested "try analog computers") 

Captain Dayton: Give us the accuracy and we will be happy to use it. 

Someone else said "Do you really need that accuracy?" 

Captain Dayton: That is a point I think that is well worth studying. You 

know, you might do it. However, it is my opinion that most of our hope 

is going to come from the digital computer side. It will be our salvation. 

(From the audience. "Bury that analog man".) 

Captain Dayton: Some of the things I think the digital computer people 

should be investigating for us and perhaps we as control people should be 

investigating are how do we use digital computers and what types are 

required. We need faster computation and we need much larger memories. 

The computer people keep promising that things like large scale integrated 

circuits and MOS (Metallic Oxide Semi-conductors) are going to give us 

these memories, perhaps Mr. O'Donnell will give use some words on this 

later. We need parallel processors. We need modular concepts with 

special purpose hardware for computing certain functions and we need 

the software to take advantage of all this hardware; particularly the 

parallel processors. As far as I know, today we haven't even begun to 

f* 5Î® convergence of uie Ritz-Galerkin procedure in the calcu- 
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come up with any sort of software that can handle parallel processors. 

I suggest these ideas to start things off and now I am simply going to 

turn the session over to Dr. Kopp for the next round. 

^-■KoPPs B®*°re discussing the feasibility of on-line optimal aircraft 

flight control, it is appropriate to examine the question, "Is on-line 

optimal aircraft flight control needed and, if so, where?" I have serious 

reservations whether this type of control, for example, is required or 

even desirable for controlling the short period dynamics of an aircraft. 

In contrast, however, on-line performance and trajectory calculations 

could have significant implications on tomorrow's high performance aircraft. 

I believe there is also an in-between area where the computer would deter¬ 

mine variable parameter values rather than calculating trajectories or 

time histories so that a particular performance function would be opti¬ 

mized, thereby leading to what might be thought of as a suboptimal system. 

First, I would like to indicate why I have reservations concerning 

the need for making on-line time history calculations to control short 

period aircraft dynamics. I cannot help thinking back several years ago 

to when adaptive controls first became "fashionable." The justification 

given for the "adaptive approach" was the availability of new engines, 

with significant increased performance capabilities, enlarged the flight 

regime to the point where classical control techniques would not be 

adequate. The adaptive flight control system was to be 'esigned to control 

an aircraft with unknown time-varying parameters. Many clever and 

esoteric schemes were proposed to achieve this rather ill-defined goal 

hut few proved practical from an economic or reliability point of view. 

I believe more progress would have been made if more consideration had 

been given to the real requirements placed on the control systems, using, 

rather, an evolutionary type of design approach. By "evolutionary" I 
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mean an iterative design approach that begins with a simple system that can 

grow in complexity in a systematic way so that the performance of the sys¬ 

tem is guaranteed to improve with each design iterative terminating at 

he point of diminishing returns. To illustrate this I would like to dis¬ 

cuss briefly a longitudinal control system design for a high performance 

aircraft that one of my associates examined using realistic aerodynamic 

data. 

Figure 1 shows the natural frequency and damping factor of an unaug¬ 

mented aircraft for several different flight conditions. The control 

system designer's problem is to design a control system such that the 

natural frequency and damping factor of the augmented airframe remain 

w^thin specified limits for all flight conditions. This region is often 

referred to as the CAL Thumbprint. As you can see# the unaugmented air¬ 

frame does not meet the specifications, indicating that some type of 

control system augmentation is required. An alternate performance 

criterion is to measure the variation of the time history of a specified 

linear combination of pitch rate and normal acceleration with that of a 

desired time history. This criterion, which was recommended by Tobie of 

Boeing, is known as the C* criterion. For the particular example that 

I am discussing, the desired time history was chosen as the one corres¬ 

ponding to the center of the CAL Thumbprint. The feedback variables were 

also chosen as pitch rate and normal acceleration. 

The first design in the iterative approach was to select fixed gains 

for the feedback variables such that the deviation of the C* time 

history, from the prescribed C* time history corresponding to the center 

of the CAL Thumbprint, was a minimum in a least squares sense, averaged 

over many different representative flight conditions. The results of this 

minimization are shown in Figure 1 as circular symbols for different 

flight conditions. Zt is observed that this design is superior to the 
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unaugiMntttd .irfr«.., .Inc. th. ci„l„iz.tlo„ w.. c.rri.d out ov.r th. .« 

of p.r«Mt«rs that include! th. un.uçnn.nt.d .irfr™. (Mrc gain.). How- 

.v.r, th. d..l,„ do., not nwet th. .pacification, .inc. ..».r.l point, 

•till 11. out.ld. th. CA1 Thumbprint. Th. „cond iterativ. d..ig„ w.. 

to l.t th. feedback ,.i„, take on two different value, a. a function of 

anothar variable. A superficial analysis would show that the damping 

factor and natural frequency vary predominantly as a function of dynamic 

pressure, thus this is , natural variable to select to determine which of 

the two value, of gain should be used. A minimisation was again carried 

out to determine th. feedback gain, «our in this ca .,, with th. result, 

shown a. th. solid square, in Figure 1. it i, „cw observed that, with a 

•impla feedback gain and on. switching a. a function of dynamic pressure, 

all point, li. within th. CAL Thumbprint, th. number i point correspond, 

to a powar approach condition and is not r.qulr.d to be within th. thu^,- 

print but must li. above a specified power approach boundary. Figure 2 

show, many more flight condition, with this control system design, which 

my ...ocíate chu.e to call a dl.cr.taly adaptiv. .y.t ». If thl. d,alg„ 

still doe. not satisfy th. performance criteria, three sets of gain. 

could b. used and the procedure repeated. On. might also consider making 

the gain, a function of more than one variable, although I doubt very 

much that this would b. requirad. The point that I wish to make here is 

that by using an itar.tiv. design approach, the design procedure must 

improve in each iteration and can be terminated when the point of 

diminishing returns is reached. In this example, , very simple design 

resulted. 

Today's high performance multimi.sion aircraft are incorporating, in 

addition to the more standard controlling devices, controlling devices 

that in th. past were very rarely used, such as variable wing sweep, 

direct lift devices, glove vanes, etc. These devices open up areas where 

9 



I believe on-line computer calculations may make significant over-all 

performance improvements by determining variable gains for a completely 

integrated control system, in the area cf real-time trajectory calcula¬ 

tions, two applications immediately come to minds all weather landing, 

and collision avoidance. Here, the payoff can be big and thus justify 

the expense of an elaborate on-board computer. In fact, any emergency 

situation in which the pilot does not have adequate time to analyze the 

situation and take appropriate action could benefit significantly through 

the use of an on-board computer for on-line analysis and display. I am 

not advocating taking control away from the pilot but merely instructing 

or assisting him in an emergency situation. The payoff in this situation 

is even more significant than the one Mike Athens5 apoke of thi- morning 

in regard to relieving the pilot of routine decisions and actions. 

Another area that comes to mind in which an on-board computer analysis 

capability might offer a significant contribution, is the problem of 

flight through turbulent air. An on-board statistical analysis could be 

made and control gains adjusted appropriately, with pilot peiformance as 

the payoff and with structural limits as the constraints.6 

The last point I would like to make is this* one should consider very 

carefully the tradeoffs between increased performance, reliability, effect 

of failure, and cost when considering a rather sophisticated on-board 

flight control computer. Limited on-line optimal aircraft flight control 

is feasible today — but is it worth the price? 

Captain Dayton: Thank you, Dick. Dr Kelly is now with us and I would 

5* See page 4. 

cZ.vJíf* Í? somewhat similar to the Aircraft Load Alleviatio 

SSc IHm.“ “• " Pllîht Dï”“lc* “»«tory. 
and Mode 

See AFFDL- 
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Ilk. to Introduce hi. « th. end of the tabl.. wla ^ ^ 

• -U-t.. N„t, Hr. O'Donnell i. 9oi„, to tell u. wh.t .. oen enpect out 

of «irborne digital conputer. l„ the 1975 time period. 

!!S-g,|)°nl,*ll! In 0rd,r to COT“ “>• -‘.riel .. rapidly a. poe.lbl., j 

will . ««bar of alnoat aelf-explenetory vi^rapha. I .hould point 

-t firat of ail that I en obviou.ly ideal p.r.c„ for . p.„el uk. 

hav. an alnoat co.pl.ta Lot of hnowlad,. of anythin, about flight con¬ 

trol. in fact, »y aol. contact „ith airfr.»., l.ft m. „ith th. impr.a.ion 

t at thay are r.thar und.air.bl. placa, to put our vary fin. digital com¬ 

putara. soma y..ra ago w. mad. th. .lata*, of inatallin, . compUt.r which 

worh^ beautifully in th. laboratory in an airplane to bo ta.tad in th. 

tropica. Taat p.r.cnn.1 c™. back with th. augg.ation that .. bore a 

*“n h01* ln th* of th* Ptaaauriiad ca... Th. re.aon wa. that 

during ..cant fro. th. dack to 50,000' th. cooling air, which in thoa. 

<.Y. ... blown directly on th. covenant board., had a high water vapor 

contant which condanaed on th. board., it corroded all of our contact, 

and nade big puddla. in th. hott« of th. ca... That i. whan I can. to 

t*. concluaion that airframe, war. no plan, for digital computer.. 

Fortunataly with th. raducad pear r.quiren.„t. of our l.tar computar, 

and chan,., in th. packaging and cooling ay.ten., w. hav. managed to cop. 

«ran with th. .aver, anvironmant. I thought than that 1 would .tart with 

th. firat graph, Figur. 3, which nake. th. uncontrov.r.i.l .rarement 

that th. trand in data procaa.m, i. to all-digital .yet«,, which obvioua- 

ly include* adaptive flight control. 

In th. n.xt chart. Figure 4, 1 .how our development tr.nd. in digital 

<at. procaaing. .tarred uain, it back in th. ..rly du. to th. 

high preciaion required of inertial navigation Computer, on vehicle. 

operated for extend«, period of tine. It wa. difficult, if not impoe.i- 

bla, to obtain thi. auatairn pr.ci.lon with .n.l0, conlputers. Durln? 
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early work on analog to digital converters at MIT, I had been impressed 

both with the difficulty of getting analog accuracy of a part in a thou¬ 

sand in the first place and maintaining it in the second place. In addi¬ 

tion, I was impressed with the ease of distinguishing between say a zero 

and a 15 volt level which was all I had to do in the digital system. 

Circuit tolerance to component parameter drifts was very high in the 

digital parts of the system. For this reason, if you want precision it 

seems most logical to add one or two bi-stable circuits with high toler¬ 

ance to parameter variations rather than to attempt to distinguish between 

4.99 volts and 4.98 volts reliably. 

Having been forced to digital computers by the requirements for 

precision in navigation computation, we found it easy to extend the 

digital computer to take in other functions. At present, as shown in the 

center section of Figure 4, we include fire control, mission data, and 

an expanded navigation function plus the flight control operations or 

rather a part of the flight control operations. We predict that this 

trend will continue and in the '75-'80 time period, we will include those 

things shown on the right-hand side of Figure 4. 

With this trend in usage, what has been happening to our computer 

requirements? The next chart. Figure 5 shows the trends in our 3 main 

areas of concern: speed of operation or how fast can you compute, the 

input/output or how much peripheral equipment can you handle, and the 

memory requirements or how big a program can you store. 

In addition to the functional trends, I included the cost of on-board 

computers for representative airframes up to the '75 time period. You 

can see that while our requirements for speed, memory, and input/output 

capacity have risen between one and two orders of magnitude per decade, 

the total computer cost has been decreasing. 

I would like to show you why this has been happening. In the next 

12 



graph, Figure 6, we show the effect on cost and other computer character¬ 

istics of the evolution of components used to build computers during this 

time period. We started with vacuum tubes, went to discrete transistors, 

then bi-polar integrated circuits and now in computer laboratory models, 

we have MOS large scale arrays operating. All of thse changes have led to 

a reduction in both power and weight per equivalent component. Volume 

reduction has been one of the most spectacular accomplishments. Relia¬ 

bility per component has been increasing, and the cost per component has 

been dropping at a very acceptable rate. These are the trends that have 

made it possible to take on the number of on-board computing functions 

that we are doing today in an economic fashion. 

In this next graph, Figure 7, I show some of the changes that are 

improving the cost-effectiveness of the components we use. This shows 

the costs of today's bipolar IC's and MOS-LSI. As the clock rates of 

10-30 megahertz for bipolar IC's are expected to go still higher, any 

reasonable or even unreasonable computing speed requirement for on-board 

computers can be met. 

While the MOS devices are slower, they have a very marked advantage 

in cost; therefore, for some on-board computer organizations it appears 

that these inexpensive large scale arrays can carry out practically all 

of the on-board computing requirements. 

As shown in the next slide, Figure 8, not only the devices themselves 

but also the techiques of mounting devices have been evolving. That 

shown on the left-hand side I regard as obsolescent though not obsolete 

technology, as it is used in mounting bipolar IC's on multilayer inter¬ 

connection boards in today's computers. This gives you the equivalent of 

some 3,000 discrete components on a single board. 

Roughly, two of these boards are now contained in the MOS-LSI board 

shown in the center of Figure 8. All of the MOS-LSI devices m .d for 
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the central processor unit of an on-board computer are mounted on the two 

sides of this board. It carries all the input/output circuitry needed for 

interfacing with the various sensors, actuators, and displays. It has 

the interface circuitry needed for the memory and the input devices 

whether they be keyboard, tape or other, all on this single board. 

The next step, which is still in early development, is to use the 

beam lead technique illustrated on the right-hand side of Figure 8. Using 

beam leads or face bonding or some variation, the computer size shrinks 

to an almost ridiculous level. The latest computer we are programming 

for about two years from now has a volume as I recall of something like 

12 cubic inches. 

Computer memories have also been evolving as shown in Figure 9. We 

started out with disc memories. These having serial access posed problems 

for the programmers. We went from there to random access magnetic core 

memories. Originally more expensive, they have now dropped for military 

applications to the order of $.05/bit and for commericial versions are 

closer to $.02/bit. 

While these less expensive random access magnetic core memories will 

be with us for some time, plated wire memories will probably overlap and 

further reduce costs. I don't know whether the projections of something 

like l/10th or l/100th of a cent per bit will be met; nevertheless, random 

access plated wire memories with non-destructive read-out can soon be 

packed into a space which is large by comparison with the central processor 

unit but trivial compared with today's computers. This will allow us to 

store any reasonable or unreasonable size program required for on-board 

digital computers. 

To further improve the picture for these on-board computers, we are 

going to read-only memories in addition to the standard read-write 

memories. Some of these are electrically alterable using approaches such 
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as the MNOS devices; others are read-only diode or MOS-FET arrays. The 

lower right-hand corner of Figure 10 shows a 128 bit memory of the read- 

write type used for scratch pad memory. In the lower left corner is 

pictured a 1024 bit diode array. In both cases the actual devices are on 

a chip of silicon about 200 mils on a side. 

These fixed memories can handle many of the repetitious calculations 

used during flight, for example, angular transformations. Any instruc¬ 

tion will call out the complete sequence needed for angular transformation 

of a vector into any required reference system. These fixed memories 

can greatly reduce programming time by comparison with that required for 

our present computers. 

I don't intend to go into Figure 11 in any detail. I have used this 

slide primarily to make the point that flight control has a relatively 

low data rate requirement for input and output by comparison with many of 

the things currently under development. In some cases, we have to deal 

with data rates of more than 100,000 bitä of data/second. In research, 

we are developing surface acoustic wave devices which can operate up to 

the gigahertz frequency range. Such devices, some of which arc already 

working in our research labs, make it possible for us to interface with 

equipment with input/output rates far in excess of anything I see c?s a 

potential problem in the flight control area. 

Putting all of these components and subsystems together then we have 

the comparison between present and future avionics computers shown in 

the next slide, Figure 12. The left-hand side shows a computer which is 

a composite of those used in today's avionics systems. It has a computing 

capability quite comparable to the 7094, a relatively recent commercial 

computer. In the lab we have working prototypes of the D-200 shown on 

the right-hand side. It continues the trend to very small size and 

greatly reduced cost for a computing capability which is an improvement 
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over that available in today's computers. 

In this next slide. Figure 13, I show the present technique for obtain¬ 

ing fail-soft operation with digital computers in on-board avionics. 

Either computer can handle those computations considered vital to airfreune 

survival. However, everything funnels into these two computers. This is 

not the most desirable arrangement from either a software or a hardware 

point of view. 

In this next slide, Figure 14, I have shown both the hardware and the 

software requirements and schedules for an on-board avionics digital 

computer. It takes 18 months to develop the hardware and there our 

experience is sound. The software, however, is very complex. It must be 

meshed in with the hardware program, and more problems arise due to 

incompatibility between the software and hardware than almost anything 

else you care to consider. 

This is aggravated by the fact that the Air Force initially always 

wants a minimum cost program so they squeeze you on speed and memory 

capacity leading to the sorts of problems shown in this next slide, 

Figure 15. In spite of the fact that random access memory computers 

should be easier to program, our system programming costs have been rising. 

The reason is shown in the next slide. Figure 16, where we see the cumu¬ 

lative effect of a whole series of hurdles a programmer has to clear. 

Individual programs would be simple. Flight control, fire control, or 

navigation each by itself is not all that difficult to program, but when 

you put them all together, combining them in one block and do it with a 

mixture of inexperienced and experienced programmers, you encounter 

memory and speed limitations and programming costs rise. It is this 

combination of problems that is hurting us at the present time. 

In addition, we do have an airframe hardware problem as shown in the 

next slide. Figure 17. I thought this shot which shows the cabling of a 
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late model commerical supersonic transport illustrates our present inter¬ 

connection problems very well. It adds several tons of weight to the 

aircraft and makes system changes exceedingly difficult. 

I feel that the combination of hardware and software problems shown 

require that we re-examine our systems organization for on-board avionics. 

Instead of trying to bring everything into one central computer complex 

as we do today, perhaps we should revert to some of the analog ways. I 

do not mean to revert to using analog computers, but rather to take 

advantage of the low cost digital computer capability coming up to decen¬ 

tralize our computers so that at least preprocessing is done at each 

sensor in the system. There is no reason why we should not look at flight 

control as a separate entity with its own data processor, aided in some 

areas by a central processor complex which controls the overall flow of 

information. This leads to the organization shown in this next slide, 

Figure 18, where digital data processors are associated with the individual 

sensors, displays and actuators. A multiplex system is used to tie the 

overall system together. 

In the next slide, Figure 19, you can see the visible external results 

of following this philosophy. The mass of cables is replaced by a small 

number of coaxial cables with the time-division multiplex system. The 

use of coaxial cables gives you as a bonus, better EMI characteristics, 

lower cross coupling between unrelated signal leads and other advantages. 

With proper physical separation and minimum redundancy, vulnerability 

to accidental or other damage can be reriuced at the same time. 

This system approach seems to be the proper way to go to make 

programming an easier job. If you have to fit adaptive flight control 

programming into a computer along with everything else you are doing on¬ 

board, you have a major software problem. This different approach to 

system organization would break adaptive flight control out as a relatively 
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simple self-contained and manageable program. Thi. I f..! would mak, „ 

adaptive flight control, if it i. deelrable, .o„.thl„, which can be 

practically included and carried out in on-board digital computers. I 

do thank you. 

Captain Dayton: Mr O'Donnell, I would like to ask you one question which 

I think is important in the computer area. "What do you think oi parallel 

processing"? 

Mr, O'Donnell; While multiple processing is more what I am calling for in 

the system organization above, parallel processing would be an interesting 

possibility. As you have pointed out, we don't have the software for it 

today. We have a tremendous problem already in programming on-board 

computers. If we want to use parallel processing as opposed to a decen¬ 

tralized hierarchy approach, certainly we should invest large sums in 

research projects t> bring parallel processing along very rapidly because 

we really don't know too much about it at this time. 

[NOTE (Capt Dayton)s it would appear that the way to go would be to use 

the decentralized hierarchy approach but along with it to use parallel 

processing for such special functions as navigation 'nonlinear estimation) 

and optimal profile flight computation] 

Captain Dayton: Thank you. We will go on new... Our next speaker is 

going to be Dr. Kelley. 

Dr. Kelley: I just want to say a few words about a particular point of 

interest in some work I have been doing lately. It is in connection with 

the long term dynamics of the airplane. I agree with Dick Kopp that the 

short period stuff can probably be handled with the technology of the 

1950's, poles and zeros sort of thing. And optimal control, flight 

control of the short period modes would probably be gilding the lily 
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least there Is no obvious large return possible over what can be had 

with simpler schemes. 

NOW, in the longer period stuff the situation is guit. different, climb 

to altitude, rang, perform«.«, and so forth. There he. been some work 

recently in the Air Pore, on energy maneuverability by Boyd and Christie? 

Boyd is a Lieutenant Colonel assign«, to the P-15 project* and Christie» 

is a civilian at Eglin Air Pores Bsss. Their work exploits the energy 

approach, simplified state syst«, model, and makes some practical us. of 

it. More recently these people have been off on a turning performance 

kick and they have been able to influence the design of new fighter air¬ 

craft to the extent of making turning performance and ability to maintain 

eoergy in turn, actual design criteria, guit. a step forward. If. very 

hard to put rational numbsr. of this sort of thing. Thor. ar. no spec, 

on it yet, except what these people have dona. Their appr«ch is kind of 

semi-empirical. They have tried to take the energy climb approach and 

extend it to the out-of-plan, case by a dimensional analysis .ort of idea. 

And it has some merit. 

There are theoretical approaches to the same thing that I have been 

starting to look at, and 1 think it ha. some promise. It look, at least 

interesting from a ressarch viswpoint, and if can rs.lly have somethin, 

like a 7090 on board or even half of it, it co-d be very well applicable 

to on-board, in-flight real-time path control. There was . p.p.r in one 

of the ....ions earlier today on singular perturbation, of differential 

ci.ssifednsecret?^*However°the^section X ^ APGC 
produced in Appendix I. °n Ener9y Maneuverability is re- 

8. Recently moved to Andrews AFB, Maryland. 

9- At the Air Force Armament Laboratory, Eglin AFB, Florida. 
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equations applied to optimal control.This sort of approach« theoretical 

approach« it appears might put the energy maneuverability theory on a 

respectible mathematical level, but, more than that, it might allow it to 

be extended to out-of-plane applications which are really of interest. 

Actually, the path control problem in flight is 3-dimensional. Yet, most 

of the work on flight performance using this approach has been 2-dimensional 

until quite recently. But I think there is a ray of light here and some 

possibilities are developing. I, personally, have gotten quite interested 

in it in the last three or four months, and so I thought it would be worth 

mentioning here tonight.Thank you. 

Captain Dayton: Thank you, Dr Kelley. One of the problems encountered 

in a airplane with a computer flying under optima.' control is the man/ 

machine interaction and how to get the information back tr¡ the pilot. 

To start off on this area, we have Lt Col Loren Anderson to speak about 

some of the work his group has been doing at the Flight Dynamics Labora¬ 

tory. 

Lt Col Anderson: Thank you very much Captain Dayton. When Captain Dayton 

called and asked Jack and Z to participate in this discussion, he asked 

us to discuss display projects that are related to optimal control. 

Therefore 1 would like to relate several projects in the cockpit display 

area that might have some growth potential related to the problem under 

discussion tonight. In these discussions, I will make the assumption 

10. Singular Perturbation Methods for Near Optimum Design of High-Order 
Nonlinear Systems, P. Kokotovic and P. Sannuti. Proceedings of the 1969 
Joint Automatic Control Conference, Boulder, Colorado, page 257. 

11. See "Energy Climbs, Energy Turns and Asymptotic Expansions" by 
H. J. Kelley and T. N. Edelbaum, also "Flight Path Optimization with 
Multiple Time Scales" by H. J. Kelley, both to appear in the AIAA Journal 
of Aircraft. - 
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that tha blanding or automaticity, augmentation, and manual control is 

«uch that manual control capability is required. Assuming we accept the 

manual control requirement, the problem resolves to several questions. 

What are the system display requirements? What information transfer and 

processing is required and how do you achieve this? 

We have an interesting device developed in conjunction with the 

vertical take-off and landing advanced development program. This device 

illustrates the flight profile indicator (FP1) concept that started with 

the idea the pilot needs some sort of display to give a big picture in the 

vertical plane during the penetration and final approach of both conven¬ 

tional aircraft and vertical take-off and landing aircraft including 

helicopters. Initially we mechanized this concept with an electro¬ 

mechanical instrument in a simulator. Mechanical limitations resulted 

in poor performance. Subsequently we got a Heath kit and generated the 

display you see here. (Figure No. 20). The final approach and penetration 

paths are generated and placed in proper perspective in the vertical 

plane. The dashed line emanating from the vehicle is a velocity vector 

with true direction either increasing in length or decreasing in length 

depending upon the instantaneous acceleration or deceleration along the 

flight path. 

Currently, the FPI is installed in a CH-3C helicopter flying against 

the Honeywell State equipment which has localizer capability and also 

DME. From the DME signal we can generate range and range-rate and from 

the altimetry gear aboard the helicopter altitude and altitude rate are 

available. With these parameters we can generate the FPI display. 

In addition to the CH-3 flight test program several simulator efforts 

are investigating the human performance parameters involved. When is 

the best time to change the scale? What scale should be used? And what 

are some of the other human factors aspects of the problem? (Figure 21) 
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This panel is the basic pilot factors panel. The pilot factors (PIFAX) 

program was a joint Air Force-FAA program which had a basic objective of 

putting the pilot most effectively in the control loop. The PIFAX work 

has been extended to the VTOL vertical take-off and landing problem area 

using essentially the basic pilot factors display plus a flight profile 

indicator as shown on the right of the viewgraph. This is the type panel 

used in the CH-3C helicopter. The cross-hairs on the attitude indicator 

are used for precise guidance and the flight profile indicator is used for 

the big picture orientation. We may extrapolate this approach to the 

problem under discussion today in that the more complicated flight paths 

will probably need some sort of a big picture situation display such as 

a flight profile indicator. In the 2-dimensional problem a display very 

similar to the flight profile indicator is appropriate. The 3-dimensional 

problem brought up earlier is a very real and much more complicated problem. 

We do not have a solution to the 3-dimer.sional problem at this time; 

however, sone work has been done in this area. 

In addition to the component projects such as the FPI we are interested 

in the overall problem of computer display feasibility for flight perfor¬ 

mance optimization as a logical extension of the component work. We were 

very fortunate to have Mr. Moelker from the National Aerospace Laboratory 

in Amsterdam spend a year (August 1967 to August 1968) with us under the 

Exchange Engineer Agreement of NATO. Under his technical supervision a 

computer display feasibility study for flight performance optimization was 

accomplished. This was a joint effort between the Flight Control Division 

and the Flight Mechanics Division of the AF Flight Dynamics Laboratory. 

At this point, I would like to turn the discussion over to Mr. Moelker who 

will discuss the conclusions of that study. Thank you very much. 



*t. Hoelkcri Th. .t»dy th.t w.. Ju.t r.f.rt.d to by Lt Colon.l *„d.r.on 

1. publiihed in . report. Th. tltl, of tho r.port 1. 00.000« Di.pl.w 

PjHibmty Study fo, Fll9ht Perfonaenc. Opt,.,„ttnn , 12 Ihe 

th.t w.. trt.n i. th. study t. .1.11« to th. on. M„tio„.d i, 

... °n *ir “««1 problema. w. w.r. not primarily 

interested ln elr trefile oontrol prob!..., but this certelnly 1. „ 

inter..tin, .r.s of work. When 1 cm. over from Holland l..t Friday, It 

took me 28 hour, to ,.t from th. H.,„. to Dayton. In con.id.rln, th. 

at.. 1„ which mo.t of th. work .hould b. don., it 1. n.c....ry to look 

« th. operational r.quir.m.„t.. Thl. 1. cov.rl briefly 1„ th. „port. 

Before «barkin, on a .y.t.m d.v.lopm.„t pro,ram, how.,.r, more 

thousht .hould b. ,i„„ to d.fi„l„, th. r„uir.m.„t.. Th. minimum tlm., 

minimum fual, maximum r.n,., maximum .„duranc., r.n,.-ti»., altitude 

rendezvou. and zoom climb cptimal fll,ht man.uv.r. con.id.r.d important. 

Th. main a..umption. mad. in th. .tudy ar. th. followin,. 

(a) Tha aircraft can b. represented by a point mas. 

(b) Perfect information i. available from. th. ..n.or., therefore, 

Kalman filtering techniqu.. w,r. not con.idered. 

(0) Th. .tudy ... further llmltmd to aircraft motion, in th. 

vertical plane only. 

(d) The last limitation relates to the control variables. The 

flight path optimization system was developed for the F-104C instead of 

the F in or any other airplane with more control variables than just 

throttle and elevator. 

For the .tated open loop problem a literature survey „a. made on th. 

12. AFFDLTR-68-125, AD844 468. 

dimensional^problenuV*^ ^ MiCh*el Ath*"> with the three 
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state-of-the-art optimization programs. Several methods listed in the 

report use the exact model for the point mass. Others use a simplified 

model. One of these has been discussed; the energy maneuverability theory. 

This technique was not solved for the variable thrust problem at the time 

of the report. Unfortunately, there are some painful restrictions in the 

simplified model. There appear discontinuities in the solutions and these 

are difficult to fly; so fairings are needed and that complicates the 

method. The question remains as to how to generate the path that is pro¬ 

duced by a program. 

What is needed is a program that gives the ability to compute the 

path in real time, on-board the aircraft. Another possibility is to 

store solutions on board the aircraft and select a nearly similar optimal 

solution from a dense enough family of pre-calculated solutions to the 

problems expected. The last possibility is a mixed version of the other 

two. 

The second approach was taken because the first one was not feasible 

and insufficient information was available on mixed versions. Irrespective, 

however, of the method in which you generate the path, the pilot has to 

fly it. A literature search was made and it was found that besides the 

automatic handling and terrain following problems, there had not been 

much done to get a solution for flying a predetermined path that is not 

a straight line. Some of the paper and pencil work is given in the 

report. As mentioned by Lt Col Anderson, several programs are going on 

that are related to this one. It is hoped that more work can be done in 

this area in future years. Thank you very much. 

Captain Dayton: As Dr. Kelley mentioned earlier, some interesting work 

has been done by the group at Eglin Air Force Base under Lt Col Boyd and 

Tom Christie in energy maneuverability. The report describing this work 
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cane out in 1966 by the Air Force Armanent Laboratory and I have a copy 

of the report back in my office which doesn't do much good now. The report 

is classified, however, the section on energy maneuverability in the back 

is not classified. It can be obtained from DDC by anyone who has a 

security clearance. And like I say, the section on energy maneuverability 

is not classified.14 There has been some very interesting work done, also 

on energy maneuverability, by Voss and Stettler in the Advanced Develop¬ 

ment Group of the Grumman Aircraft Corportion. I don't have the number 

of those reports, but they are classified confidential.15 The reason 

they are classified is because they consider particular aircraft such as 

the F4C or F-lll and give performance characteristics. But they compare 

the energy maneuverability methods versus a conjugate gradient method in 

one of them and a more or less standard gradient method in the other. 

For anyone that is going to work in real-time optimization, I think these 

reports are extremely valuable. You will have to weigh in your own mind 

whether we should be using algebraic criterions such as energy maneuver¬ 

ability or just trying to maximize certain performance indices such as 

14. See Appendix 1. 

15 • Comparison of Optimization Technicrues on a Minimum Time-To-Climb 

0t ?Ype Aircarft: Part I - The Energy Ma'neuverabilitv 
Method vs. the Modified Gradient Penalty Function Method by J. Voss and 1 
A. DaPuzzo, Grumman Advanced Development Note ADN 06-06-68.1. April 1968 
(CONFIDENTIAL). «prix ¿»OB 

Penalty Function Method vs. The Davidon Conjugate Gradient Method by 
M. Stettler and J. W. Voss, Grumman Advanced Development Note ADN 
06-06-68.2, April 1968 (CONFIDENTIAL). 

Comparison of the Energy Maneuverability and an Accelerated Gradient 
Method for Estimating the Maneuvering Performance of Supersonic Fighter 
Aircraft by J. W. Voss, Grumman Advanced Developmoni- Rppnrt- anp ns-nc-co i 
March 1969 (CONFIDENTIAL) . 
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minimum fuel. We have one more speaker and then we'll open the 

session for general discussion. Mr Taylor has been doing some work 

in this area for NASA of the Plight Research Center at Edwards Air Force 

Base and he ha. previou.ly givan on. of hi. pap.r.16 ,t th, of 

the AIAA in New York back in January. That's where I first ran across 

it. So, I will turn it over to Mr. Taylor. 

Mr Taylor: After that build-up, I wasn't sure he had the right man. But, 

I would like to outline some of the things we are trying to do at the 

Flight Research Center in this area. Our interest has been specifically 

thin, to generate solutions fast enough for real-time optimal profile 

system. We first became interested ir this when we found that through 

an application of dynamic programming, we were able to generate solutions 

very fast. And having an Alert computer around and a stable-table and 

an F-104 and the possibility of putting them all together, the program 

was initiated. The program consists of three phases: One, ground-base 

calculations just designed to speed up the calculation process using 

several schemes. The second is to simulate those methods of creating the 

optimal profiles that appear to be suitable for real-time applications, 

and find out if they are going to be fast enough and what problems each 

particular method has. And finally, the flignt test of the methods that 

prove out in the simulation. Now, for the methods that are in competition 

right now or we're planning on trying. First we are going to go through 

an exercise with just a canned profile. Now, what I mean actually is 

more than just a single canned profile, but rather a family of profiles 

MÍahfXn^íf?Ce UKin? Balakrishman's Epsilon technique to compute optimum 
fileSL 5y Lawrence w- Taylor, Jr., Harriet J. Smith and Kenneth 

N¿w Îo“,PÎIne^22? lÎ6f.MAA 7th Aer0space Sei*"«* Meeting, New York, 
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as you would have generated with dynamic programming. You have a whole 

tree of profiles coming from a starting condition or converging to an end 

condition. So, that if you would find yourself off the particular branch 

of the tree that you had intended to follow, then you are on another branch 

that will give you the optimal profile from that condition rather than 

continuing to go back to some pre-computed nominal. Simulation of this 

caused us to think. We thought this was going to be a very routine job, 

we were so nieve. Then we started seeing double-valued functions of 

velocity and altitude appearing and didn't figure that we could really 

talk about errors in those quantities. So what we have gone to is a 

desired flight path angle as a function of altitude and Mach number. 

Then you present to the pilot a zero reader, and he tries to nullify this 

error between the desired flight path angle and the actual flight path 

angle that he is experiencing. By so doing he will follow these branches 

of the optimal profile to the end condition. So we have used dynamic 

programming to generate these trees. This can be done very fast. You 

have complete freedom in a trade between the quality of the tree that you 

generate and the speed of computation. We are talking now about discrete 

state space, i.e. at combinations of altitude and velocity you have nodes 

through which you are routing. The grid you select can be very course 

with a relatively small number of nodes enabling the calculations to be 

performed very fast or a higher quality tree can be achieved by selecting 

a fine grid and taking a longer time to perform the calculations. So 

dynamic programming is fast but it is cruder than we would like. Another 

method that looks very promising is what we call the Epsilon Technique of 

Balakrishan. It's a modification of the standard gradient technique that 

eliminates the need for solving the adjoint equations and enables you to 

compute the gradients much faster and requires much less memory on the 

part of the computer. In the New York paper that Captain Dayton was 
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referring to, we tried to make none sort of a comparison of computation 

times. It's impossible to make any direct comparisons with the informa¬ 

tion I have been able to find in the literature, but we have tried, 'tad 

it (Balakrishman1 s Epsilon Technique) appears to be somewhere from 4 to 

100 times as fast as the more classical approaches. The flight test will 

not be starting until the end of this year and that will be the canned 

profile and what sort of scheduling and troubles we'll have is anybody's 

guess. That is about all I have to say. 

Captain Dayton: Thank you Mr Taylor. We realize that we probably haven't 

covered all of the work that's going on in this area and I would now like 

to open the discussion at this point to anyone who feels like they have 

done any work that they'd like to discuss. Please feel free to come up 

and tell us about it. If we have no takers, I would like to ask a ques¬ 

tion just to get things started and then I think we can open it up. 

I'd like to ask, would anyone on the panel care to make any comments 

about the estimation problem that would be required before you can fly 

optimum profiles? In other words, it looks to me that if you are going 

to solve a two point boundary value problem you will need to know where 

you are and where you want to go. Does anyone want to say anything about 

this? No takers. All right, I'll let somebody else ask the questions. 

Dr Kelley: Tell us about your Flight Test Program. What airplane are you 

flying there? 

Mr Taylor: Mine? 

Dr Kelley: Yes. 

Mr Taylort 0. K. we are flying the F-104 and we've got an Alert computer 
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which is a Honeywell derivative. I would like to indicate the sort of 

computation times we're thinking about for updating the dynamic programm¬ 

ing tree. A new table of desired flight path angle as a function of 

altitude and Mach number, is expected to require 4 or 5 seconds with the 

class of computer we're talking about in the Alert. Now, that's only an 

estimate because we haven't exercised the progr¿un on that computer. 

We've worked with a computer having similar speed but we could get some 

surprises in going to the Alert computer. The Eptilon technique requires 

about 10 iterations to go from just a straight line connecting the end 

conditions to a final solution. But you don't have to do that each time. 

You are updating the trajectory from where you are to where you want to 

go. So, an update in terms of just one iteration requires on the order 

of twelve seconds time. Now, we have fit these programs into computers 

of similar memory that we are talking about tonight. But I say I still 

have to hedge my bets because we haven't gone through a detailed develop¬ 

ment and debugging on the actual computer we intend to use in flight. 

Captain Dayton: Does the panel have any other questions? Anybody on the 

panel? O.K. we'll open it for general questions from the floor. Would 

you please stand up and state your name and who you represent. O.K. 

you've got your hand the highest. 

I am Ed Bristol of the Foxburrough Co. which is a process industry so you 

can see how far off I am. But I am kind of the sympathies obviously of 

the second speaker who had the feeling there ought to be simpler ways 

of doing these things. And if I were approaching the kind of problem we 

talked about here, off the top of my head, the kind of thing that would 

come to mind to me is I would develop an alphabet or a dictionary of 

basic trajectories if you will which I would then optimize or provide 

the perturbation method specially designed to handle each one of these 

29 

f 



trajectories. And I would think in terms of an on-line conversational 

language if you will where a pilot could tie together a number of these 

useful trajectories to do what he eventually wanted them to do. Now how 

much of this sort of thing would follow the thinking of the gentlemen up 

there in terms of both in man-machine communication problems and their 

approach to this whole problem of getting effective use of optimization 

in an on-line environment. 

Çatain Dayton: since Dr Kelley did some of the first optimal trajectory 

work in this country, I think it would be appropriate to ask him to answer 

the question? 

Dr Kelley: I'm not sure I get the gist of it. 

^-ãListol: The gist of it is this, I would like to create an alphabet 

or a set of basic trajectories which we can analyze. These would then be 

available for a pilot to compound linguistically to do a variety of things. 

— KelleJ¿; 1 think that sort of think is possible and its a sweat right 

now to do these things on the ground even with plenty of time. But with 

these more rational approximation schemes like the asymptotic approxima¬ 

tion thing I mentioned, I think you might wind up with an on-board in¬ 

flight scheme that would store segments of trajectories, say, mair energy 

arcs and you would be in a mode of either getting on it or getting off it 

by some transition logic, or following it. And this is the same sort of 

thing I think you have been talking about. So, I certainly agree with 

you, that you have to simplify. I'm not pushing in-flight solution of 

the Euler equations. It's hard enough to do it on the ground with plenty 

of time. You've got to make drastic approximations and I think we've got 

a lot to learn to know how to do that. 
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—r1*—! There ar* tWO ,actor* I-«. I'm getting et. One of course is 

the computational side of it, the other is the side of it of the perticular 

pilot „ho is trying to .die., some end. And he needs vary much to under¬ 

stand how these thing, compound, and both of these I think probably would 

end us up with something appreciably short of the on-board subroutines. 

Captain Daytons I think the energy maneuverability methods were really 

derived from this viewpoint. They're to compare on. airplane against the 

other but they're also used to indicate n 
to the Dil°t which tvoe of maneuvers 

generally he should flv and ».u . 
fly and they've don. fairly weix. Are there any other 

questions? you had your hand up, didn't you? 

Andrew Pu.sir, Consultant, representing the Rand Corporation here this 

evening. Some of the work I have don. previously in previous assignments 

with the Air Pore. Space ,nd Mi..ile. SyiteM Organisation and The Office of 

the secretary of the Air Force-Special Project, while on active duty until 

thrs June I think might be of interest in supporting some of of the 

di.ou.sion here this evening, one of the things looked at very care¬ 

fully state-of-the-art in aerospace computers, primarily for the 

spaceborne mi.alon, but it also applies almost equally .. „.u £or the 

"»»ned application. I think the comment. Mr O'Donnell ... making about 

the trend, in the equipment certainly are very valid, w. see it ccming 

down the line. I think though one thing that was commented on from a 

language point of view that hasn't been mentioned here this evening, i. 

the development of a higher order language for space program, th.t lt 

called SFL or Space Programming Language. 17 And the concept her. is to 

s<*-*/JHÓnLrnrcas?;r„?:"u%1^"0°rTt8¿e.3e3 
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make it easier to program, easier to actually use the airborne computers, 

to re-program, to validate, and actually to implement the programs you're 

interested in getting into the machine in a quicker time basis. I think 

one of the things that also is of interest is we began to see it become 

practical to get more of a real-time control in the spacecraft particu¬ 

larly. Here though, we don't have the man in the loop upstairs. And 

so it was very necessary to try to establish real-time control, either 

ground control or relinquish it to the satellite as we have considered 

doing for future satellites. In the case of the man though, real-time 

airplane control, the question is a little bit different. The question 

is how much do you want to really give the man or how much does he want 

to actually have at his disposal upstairs and I think the key to it is 

maybe not so much that you want to just take the emergency paths, give 

him emergency control, but you want to give them routine control over the 

vast majority routine paths that he has that actually become numerous in 

many cases to the point that its desirable to have computer control, 

computer system control if it can be easily implemented for him. So, 

this I think is the trend as we have seen it in some of our recent studies 

and it certainly supports the concept that we really can operate. Yes, 

as far as feasibility, we're certainly getting there real quick. 

Captain Dayton: Thank you. Does anybody else have any questions? 

My name is Noel DeLesso from Bell Telephone Laboratories. Mr. O'Donnell 

mentioned that he thought in the future we would go to many separate pro¬ 

cessors perhaps, instead of one large central processor. Captain Dayton 

mentioned perhaps what you call parallel processing. Wouldn't it seem 

feasible that, depending upon the application involved to, in fact, use 

a combination? There are large multi-processor systems under development 
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now, both commercial and military, that may enable you do parallel and 

multi-procesaing depending on how you- The defintions here are hazy 

depending upon whom you are talking to, but it would seem to me that with 

the progress one has seen with multi-processing up to now it should be 

relatively feasible to do them in an airborne computer since it seems to 

be going on quite well in ground computers. And I would also like to 

make one other comment. Some experience that I've gained in some work I 

have done with digital displays, where there are very large numbers, 

J idicate that when you get all done and add up the total cost compared 

to the system, the system type work as opposed to the display type work, 

separating the display costs where you go to the digital displays as 

opposed to the older analog types can get astronomically high. Enough 

to scare you. 

Captain Dayton: I'd like to say one short word on the difference to me, 

and I may be all wet here, between parallel processing and multi-process¬ 

ing, I see multi-processing as Mr O'Donnell said where each processor is 

handling an independent function, like one for navigation, one for flight 

control and so on. I see parallel processing, and this is not well under¬ 

stood at all, where perhaps you could have one of the parallel processors 

for each state of the system.18 This is something I think would have to 

be investigated. There is independence involved here and other problems. 

Any other questions? 

Peter Frost, General Electric Process Computer Department. Mr O'Donnell 

mentioned that he had a two-computer system and he had a kind of fail-soft 

you °oul? u* a Parallel processor to solve the non- 
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* 

th s tribu ted syeten. that he «ntioned , little l.ter ee 
the future thi„9, i uas wonderi ^ 

in9. can you visueliee it t f "8PeCtS °f ""diplex- 

like it's just a lng Care °f the Pt°9r<™i"9 end7 11 rounds 
of 3 t ab°Ut aS bad “ - - multi-processing es 1 can thin* 

^onnjll: i„ a„y system you can find points such as the actuators. 

other precautions are useless. Paralleling of components ha. aluay b 

onsidered in order to reduce failure possibilities, ht some point it 

comes u A„ f_ the .arly dl9ltal ^ 

.11 putting logical diodes in series to guard .,.i„st shorts and 

en putting two additional diodes in parallel to guard against open 

dr. T" 0na dÍOde- IhlS led t0 voltage drop and current 

in the logic units reguiring higher driver power and resulting i„ 

« nrirr* :r1 ia—~ r: fau;o£t--—c—— 
dancy in the critical areas of th. decentralised system and so still 

have the fail-soft possibility. 

Captain Dayton; Any other questions? 

2 i: ;* ChUC,t W8US' W°lf Services. ! recently participated 

study sponsored by NhSh, hmes, on th. application of modern control 

;;rV; on-board -- ~ - - - hnd. m 
controT h' 7 100k,d “ ‘h8 aPPllMtl0n °f li““ —«ion theory to 
control th. aircraft along a pre-computed nominal trajectory, l ml,.ad 

seme of the initial discussion, so 1 don't know if .1. Ka. 
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at .U. w. c™ up with vary Intere.tiu, r..ult. i„ that it appaar. 

that you can taha , vary lar,, optimization proprau, Uta th. STOP» 

Pro,™ at Boain,. paoomput. a nominal factory ba..a on th. pariormanc. 

critana you vouia lit. to optimiza tor th. particular ilipht, tatin, 

into account all known parameters, aircraft weight, the total load of the 

.ircr.it, „inaz .loit ior.c.at ana tampar.tur. aloit. : put th... into 

• STOP propram or aoma zimilar optimization propre .„a coma up with a 

pra computad nominal. The problem then 1. pretty .impla, to control in 

any number of control variable, „a .tat. variable, if you would Uk. 

u.i„, linear perturbation control theory. *„a .oma of th. .tuff that wa 

cama up with wa. ju.t ba.ically a formulation of „hat that contrallar 

ock. like ana a. Mike Athen, mentioned thi. morninp, if, ,i„piy a lin.ar 

controller about thi. nonlinear optimal trajectory. The controller 

structure it.elf for a thrae control .y.tam „har. you control thru.t 

elevator, .„a .ay „i„, poaition.. All t. -, involve, i. a thre.-aimen- 

• onal Ricatti Ration for the „.i,hti„, ,ain. on tha controll.r u 

appear, that the., w.iphtin, ,ai„. can be conput.a in wUh 

Uttle difficulty on the computer, that they have available today. There 

i. .1.0 another technique for po..ibl. implementation of on-board real¬ 

time controller, and that i. a technique called multi-point control. 

In thi. particular c.,e, the multi-point controller oripin.lly developed 

by Dave salmon, where the objective i, to take th. non-linear aquation, 

of motion, ,olv. them for all p0„ibie variation., or at lea.t a ran,, 

of parameter, of inter.« and then develop a control that i, i„,e„,itiv. 

to the., parameter chanpe, ,0 that the on-board controller now may take 

optimization^yTawrênc^H^steiír íã?erí0nic transport trajee 
Th. Boni», Company N«Ã cS«r«t« ^ Frank. 
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a very simple form like a polynomial expression of the state variables 

that is relatively insensitive to the parameters and then this can be 

implemented as your on-board controller. So, I just wanted to point out 

some further refinements and further developments that has been applied 

to the SST real-time control problems that are basically applications of 

the technique that Mike Athans talked about this morning. 

Question: Is this available in a report? 

Wells: This will be available in a report in about six months. 

Question: Can you indicate how well it worked and how large a perturba¬ 

tion you can make this linear for? 

Wells: This was basically a theoretical study at this time. 

Question: You didn't make actual comparisons? 

Wells: The actual results, the only results, numerical results were a 

slightly different way to calculate nominal trajectories. And the 

nominal trajectories were calculated only in single state variable. 

And it was again energy. There was a new twist to that and basically 

the follow-on studies will apply the stochastic controller to the *1 

pre-computer nominais that are available in this report. 

Captain Dayton: Thank you. 

Dr Kelly: I would like to comment on the perturbation scheme. I have 

36 



had some experience with perturbation schemes in guidance, optimal 

guidance and also with the atmospheric flight problem. And I don't 

think you'll know what you have really got by the tail until you've 

tried to calculate some numbers with this thing. The Euler equations 

for atmospheric flight are very poorly conditioned, very unstable, and 

the linearized Euler equations which you are playing with are just as 

bad and have some pretty bad numerical error propagation properties. 

I think it is presumptions to get up and say off-hand "we have made a 

theoretical study" without having tried it and indicate there really are 

some possibilities here. I think you have only taken the first step. 

And the second step is the one that is going to tell what the real 

difficulties in this particular approach are, its pretty hard. 

Wells: I would like to comment some more. As I said, the Ricatti 

equations in the particular example where you have three control 

variables are simply three by three. You will have numerical computa¬ 

tion problems. But I don't think that these are that difficult. We have 

tried this linear perturbation control on other systems beside nonlinear 

aircraft systems and it seems to work with very little difficulty. And, 

although there are problems, I don't think they are unsurmountable. 

—Kelleyi Art Bryson is here' 1 notice, and he has some experience 

with Ricatti equations, not in real-time with airplanes though. Maybe 

he would make a comment. 

Captain Dayton: ,He's hiding over there I think.... 

— BrySOnî N°' 1 Was simPly S°in9 to comment, maybe I can get around 

to that. But I think you are talking about linear perturbations. 

Of course, I'm an enthusiast for linear perturbations around nominal 

paths. Some of the recent work I have been doing with Kaman Avidyne for 
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nasa/erc dwi. „lth entry glld.r. whlch unp)wered of ^ 

terminal part of the flight coming into landing, w. mad. an approxima¬ 

tion there which is again in line with the kind of thing Henry Kelley 

was talking about and KokotovichlO this morning in simplifying the 

system. We discovered that in looking at some of the flight test data 

and some of the simulation, for these entry gliders, that they essentially 

became guasi-steady in velocity and flight path angle below a certain 

altitude. And so we tried, with our fingers crossed to get by treating 

these a. though you could deduce them from the other variables of the 

problem, altitude being the prinoipal one. So we simplified the problem 

to a point mass three dimension., from 6 state variable, down to 4 and 

then we used on. of the state variables, altitude a. the independent 

variable, which turned out to be...what we’re trying to do is bring the 

glider into the begin-fl.re point just before you come onto the runway 

end so our state variable, turned out to be th. XV coordinate, looking 

down on the ground relative to the end of the runway and the heading 

angle, of these three quantities a. state variables, the velocity 

and flight path angle can be deduced from altitude, w. calculated a 

nominal path and .cm. feedback gain, which were keyed to altitude, 

not time. A straight in flight and a 90 degree turn are the two we 

investigated to some extent. And with the feedback gain, then which 

were variable and discrete, time » interpolated, and the suco... was 

quit, great in the sens, that w. could take very large perturbation, in 

lDitU1 .. ^ Perturbation in winds, l,r,. perturbil. 

tien in density, versus altitude and still bring this .„try glider which 

wa. an M2P1 right into the begin-fl.re point within very tight condition. 

20. See page 20. 
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of the desired condition at that point. This paper is going to be 

presented21 at the AIAA meeting a couple of weeks from now at Princeton 

where these things were worked out. Also, along the same lines, 

Jason Speyer and I did a paper a couple of years ago in which we, I 

think, made an improvement on the perturbation scheme by estimating the 

time-to-go and Henry Kelley had before that talked about a kind of 

performance index to go as a way of indexing your feedback gains. There's 

a great improvement in either one of these over using just clock time 

as your index variable for your feedback gain. Estimate the time»to-go 

and then key it to time-to-go so that you don't run out of gains or have 

some gains left over when you get to the end of the flight. And again, 

just this simple modification opened the tube around the nominal on 

which you could control, just unbelieveably for an entry glider which 

goes in at 36,000 feet we could take perturbation of plus or minus 

20,000 feet per second, and this is unlikely that you get perturbation 

that are that large and still bring down to one single nominal into one 

desired end condition. Now that's not the whole problem, of course, 

but you may want to change your end conditions and you don't have the 

right path, you may need several. I have always been a great enthusiast 

for nominal paths with feedback gains and simplified models. We're 

also doing work in energy state and three dimensions in which we use 

two state levels: energy state and heading angle. Of course, the energy 

combines altitude and velocity under one variable. We're getting very 

21. A Terminal Guidance Scheme for Lifting Body Entry Vehicles, 
William Hoffman, Arthur E. Bryson Jr., and John Zvara, AIAA Guidance, 
Control, and Flight Mechanics Conference, Aug 18-20, 1969, Princeton, 
New Jersey. 

22. Energy State Approximation of Supersonic Aircraft, A.E. Bryson, Jr., 
M.N. DeSai, W.C. Hoffman, In Journal of Aircraft, vol 6 no 6, Nov-Dec 
1969, pp 481-487. 
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good results with this computing optimal paths and my students are doing 

this out at Stanford. 

Captain Dayton: Thank you, Art. 

MrJUtter; I have made some studies integrating the Ricatti equations 

that arise out of neighboring optimal feedback control. I would like to 

reiterate what Dr Kelley was saying, they often turn out to be very 

delicate and very hard to integrate. In fact, the behavior of these 

equations are remarkedly very different from the ones one gets from the 

standard neighboring optimal control problems, the linear quadratic type 

of problems, because the coefficients being .he various derivatives, the 

second order derivatives of the Hamiltonian. Essentially, the linearized 

solution corresponding to some nonlinear optimal control problem that 

cannot be understood just by solving some linear quadratic problem which 

you can set out right in the beginning. But it is possible that the 

way the Ricatti equations have been solved up to now, that is, by 

working with the necessary conditions corresponding the continuous 

problem may lead to additional stability problems when solving these 

linearized feedback gains. It may very well be that once you discretize 

the problem first and then derive, solve the discretized problem and 

then by some experience to think these Ricatti equations may be better 

behaved from the viewpoint of discretizing the problem first. I would like 

to ask what sort of other problems you have solved for; these initially 

nonlinear problems with neighborhood optimal feedback control or did 

you start with a linear quadratic problem? 

-ells: We started with a nonlinear chemical reaction which had fairly 

bad exponential nonlinearities. The linearization was done about the 

nominal trajectory at each point in time and the discrete equations 
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were used at all times. The Ricatti equations give us no trouble at all. 

They were very simple algebraic manipulations that we had to do to solve 

the real-time gains. Of course/ we had to relinearize at each data point 

so that we were never very far from the nominal and we almost had a 

linear system at every point in time. So for this reason we had no 

trouble at all in solving the .(Mitter interrupts).is 

there any test for calculating the time varying gains or the steady 

state? 

Wells: We calculated them to the end conditions at each point in time, 

but we only used the one we just calculated and we relinearized and 

solved the problem again, calculate the new gains applied to the next 

point in time and in the calculation of the Ricatti equations from 

the end point to that time there was no trouble at all in numerics in 

the recursive equation for the Ricatti equation. So that's why I have 

only had experience in the discrete Ricatti equations over time inter¬ 

vals of up to about 200 time intervals. And I never came out with any 

trouble. 

Mitter: In a chemical reactor, aren't your effective eigenvalues in 

the linearized system, aren't they very well damped? 

Wells: Yes, they are very well damped. 

Mitter: And they're not spread over a wide range. 

Wells: No, I had quite a high frequency component in the reactor. 

Mitter: Yes, but they are well damped and I think that's part of the 

difference. 

Captain Dayton: Does anyone else have any other comments or questions? 

41 



* 

Harry Turing, Electronics Research Center. I am not Professor Bryson's 

customer, so I do not complain against linear perturbation approach. 

I think that some recent experience that I had working on the Apollo 

problem and what little I've seen of v/STOL type work at Electronics 

Research Center that we're getting started in, one of the major problems 

is operational. We are so uncertain about what result you are going 

to have from any given place. You have about considerations and this 

sort of thing. But the mechanism put into the machine to take care of all 

the contingencies require that you have a lot more sophisticated 

machinery there than you need for the linear perturbation problem, if 

you want to go with that approach. So, I argue that the way to go in 

any sort of flexible variable problem like most flight control problems 

are except in restrictive cases like re-entry gliders is an explicit 

approach which I guess can be related as energy maneuverability problem 

where you try to introduce algebraic characteristics and also is related 

to your work in developing dynamic program algoritfuns which you can 

generally resolve as you go along. And using approaches like this you're 

not chained to some particular nominal or some canned nominal or even 

a set of canned nominais which may begin to blow all out of proportion 

when you have to consider a large number of possibilities. It seems to 

me that one major reason why more ideas of people haven't been explored 

and the linear and second variational approach haven't been applied 

is because they don't have the inheriant capabilities that explicit 

techniques have. I think it might be well worth going further into 

explicit type techniques and exploring that area more. 

Captain Dayton: Thank you. Anybody have any comments or disagreements? 

Mr_. Taylor: I'd like to address a very mundaine problem we're going 

to have to face. That is, we're trying to. One of the reasons we're 
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interested in updetin, the optimel profile is th.t we ere encountering 

an atmosphere that’s not nominal, it's a non-standard atmosphere, 

every day it’s a non-standard atmosphere. And, it's not a single scalar 

to be added to the nominal temperatures at all altitudes. It's some 

other function and we need some ideas. We've gone along and encountered 

this hunk of atmosphere, how do we cleverly predict what's going to be 

up there? When you look at some of the curves of altitude versus the 

temperature, these thing, are liable to do anything up there. They're 

fairly well behaved for the lower altitude, but in the tropopause or 

higher they're Just liable to do anything. So we need a little help. 

Encountering the atmosphere this far, what's it going to do up here... 

got the answer right in person! (Referring to Mr. Melker who ... 

pulling out a chart.) w. got some averages. (P1,ure 

«Lïiïiüï- »« need these to establish the nominal, but when w. find 

ourselves off of that, are we going to figure the whole curve is 

shifted? w. have to do something, but we know that is not going to be 

the case, just looking at the individual curve, and you find these thing, 

quite variable. 

Person 1: No discontinuities. 

Mr Taylor: I kept the chalk on the board. 

Captain Dayton: Up to the tropopause, I would agree with you. But 

above that it looks pretty wild to me. 

Boxenhorn: Well, then you may have to have it smaller increments 

estimation. 
for 

~Tayl°r; We need a Sensor about 10'000 feet higher than the airplane. 
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Person i Vou have any reason to believe that there is correlation between 

whaf. happening down low. If there is no correlation, you're not 

going to be able to fit it in no natter what you do. 

Person: You can include that in your estimation. 

Taylor: That's what I need, more complications. 

Captain Dayton: Does anybody else have any suggestions? Ways to go 

to solve these problems? Well, if not I guess we should close. One 

thing that would be interesting is to come back here in 1975 and see 

what's actually been done and where we stand at that point. We could 

play the tapes back and then we can laugh or say we haven't made any 

progress, but tonight, I think we've accomplished our purpose. We've 

presented some controversial items and we'll just have to wait and 

see what happens. On behalf of the Theory Committee, I would like to 

thank you again for attending and particularly to thank the panel who 

put forth such great energy to come here. 
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APPENDIX I 

ENERGY-MANEUVERABILITY ♦ 

PART I. BASIC ENERGY-MANEUVERABILITY COMPUTER MODEL 

DERIVATIONS 

INSTANTANEOUS MANEUVERABILITY. For any given aircraft* 

maximum load factor (normal acceleration) may be computed as a 

function of altitude and airspeed: 

q8CW 
w 

where "i,- maximum normal acceleration (dimensionless) 

q - i p V2, dynamic pressure (lb/ft2) 

p ■ atmospheric density (slugs/ft3) 

v - true airspeed (ft/sec) 

8 “ reference wing area (ft2) 

0Lmax - maximum coefficient of lift (dimensionless) 

w - aircraft weight (lb) 

Since calibrated airspeed (CAS) is more meaningful to the pilot 

than true airspeed* the G-V diagrams depict maximum normal accel¬ 

eration versus CAS. 

SUSTAINED MANEUVERABILITY. Energy Rate. The energy (E) 

possessed by an aircraft is the sum of its potential energy (Ep) 

end its kinetic energy (Ejç). Mathematically* 

E - Ep + ^ 

« wh + £ “V2 

* Extracted from APGC-TR-66-4 Vol 1 
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where 

h = altitude (ft) 

m * aircraft mass (slugs) 

^ " 32.174 ft/sec^, the gravitational acceleration 
2 

The expression, E * w (h + X-) _,. 
gives us a measure of the 

energy state of an aircraft at any altitude-airspeed combination. 

However, since the main interest lies in comparing aircraft with 

different weights at the same altitude-airspeed combination, it 

is more meaningful to make the above expression independent of 

aircraft weight. Dividing both sides of the above expression by 

w yields _ 
- « h + V2 
w 3g • 

The term E/w can be regarded as specific energy (Eg), with the 

result that the energy state of an aircraft can now be expressed 

as a function of altitude and airspeedt 

ES - h + 5g . 

The problem of managing energy involves controlling the rate 

of transfer between energy levels. Differentiating the above 

expression results in E_ - fi + vv 

where the dot (.) indicates the derivative with respect to time, 

g|-. To provide more insight into energy rate, if> we may employ 

Figure ll-l and write a force balance equation along the flight 

path. 

mV - Ta - D - w •in y. 
or 

or 

Ta - D - w «in y* j V, 

Ta-D 
"w 

4 

V 
• ■ sin y + 

Multiplying both sides of this 

(¾v -v 
+ 

expressions by V yields 

VV. 
8 
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Figure II-I, Aircraft Force~Balance Diagram. 
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Since h ■ V ein Y, ve may write 

„ • w 
V - h + — . . E, 

Th. right ,ld. oí the above expreeelon 1. equal to E 

Recalling that work i. ecoompliehed in treneferrln. Iron, o'n. 

energy l.v.1 to «other, end that power, by definition, i. the 

ti», ret. of doing work, th. left eide of th. «ove equation 

»ay be equated to .pacific ene... power, , : --■iS • 

in an attempt to counter an immediate threat, the energy- 

oriented fighter pilot will .trive to inore... hi, maneuvering 

•nergy a. quickly .. poe.ibl.. Thl, t0 m.xlmUir¡í ^ 
ret. of tranefer between energy level., which i. equivalent to 

maximizing integral 

rt2 2« - jtl p«dt- 

According to Rutowski (reference 1), this i« accomplished when 

In th. .ltitud.-M.ch number plane, th... rel.tion.hip. are 

tied at tho.e point, where the B. contour, are tangent to th. 

l-RR. contour.. Connecting th... point, reeult. in .n .pproximat 

minimum time path. 

Ruergy-Mweuver.bi litv Eff.c.n-y ,. -, „ th, 

mentioned threat i. not a. immin.nt, the pilot will attempt to 

inore... hi. ».neuverin, energy while con.ervin, internal energy 
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(fuel) for future maneuverability. This is achieved by maximizing 

the integral w2 

dw. 

W1 

f dE, 
Es “ J dw 

Since dEs “ p8dt, 

and dw * -wj dt (*£ “ iuel flow ' lb/8ec) 

we see that 

and 

dEg 
dw - w£ 

fw2 P, 
; ■ - I 7- dw. 
• Jwl wf 

Again, by employing Rutowski's technique, we obtain 

■0, 

or 

[a(Vvf)1 
1 iv J es- 

pVwfH _0. 
L jEs-k 

These relationships are satisfied at those points in the altitude- 

Mach number plane where the E, contours are tangent to the i-g Pg/w£ 

contours. Connecting these points results in an approximate 

minimum fuel path. 

The Pg/wf contours suggest a measure of efficiency in 

view of the fact that they depict the amount of specific energy 

gained per pound of fuel expended. In order to acquire a more 

meaningful measure of efficiency, these contours can be modified 

to portray the amount of maneuvering energy gained for the internal 

energy (fuel) expended. This is done by multiplying the p 

contours by the weight of fuel available, Wfa> to obtain the 

resulting expression for Energy-Maneuverability Efficiencys 

P* 
E-ME - ~ Wf g 

wf 
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Wl^GlTQ p it 
a - the average P8 over the fuel weight interval 

wf0 - fc 2 v£ s Wf 2 Wf r (£t/sec)t and w£ , - W£ 0 - fc . Wf r 

where Wfo - initial fuel weight (lb) 

fC * fUel consumed in flying from some reference 

energy level to any given altitude-Mach number 

point (lb) 

wfr * fuel reserve (lb) 

RANGE. For any altitude-airspeed combination, available 

range £or cruise condition may be expressed as 

Wr „ 

R - -L± V + X, 
W* 

where ** = the average cruise fuel flow, * , over the fuel 

weight interval Wfo - fc * wf 2 Wf r (ib/8ec)> 

and X “ the hori2°ntal distance traversed in flying from 

some reference energy level to any given altitude 

combination. 

COMPUTATIONS 

ENERGY RATE DIAGRAMS. For any given aircraft, an Energy Rate 

diagram may be constructed by dividing the altitude-Mach number 

Plane into a rectangular grid, computing energy rate (p^ values 

at all of the points of intersection of the grid lines, and then 

connecting points of equal ^ The contour defined by ^ 

represents the steady-state boundary of the aircraft. An aircraft 

cannot operate outside this contour without losino energy, either 

in the form of altitude, airspeed, or some combination of both. 

The steady-state boundary is further restricted on the left by 

the buffet boundary (obtained by connecting points where C « CL ) 

and on the right by placard limits (a combination of pressure ^ ’ 

{structural} limits and engine temperature limits). 
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Considerable insight into the effects of pulling g within 

the aircraft's flight envelope car. be gained by constructing 

Energy Rate diagrams of more than 1 g. These diagrams contain both 

positive and negative ps contours within the 1-g steady-state 

envelope. As such, they provide a measure of sustained maneu¬ 

verability as a result of pulling g within the envelope. 

E-M EFFICIENCY DIAGRAMS. Computational aspects of the diagram 

proceed in the same manner as for the Energy Rate diagrams, except 

that now we compute and connect points of equal E-ME. Two different 

types of E-ME diagrams are constructed. The first type is referred 

to as the path independent (constant fuel) E-ME diagram. Computa¬ 

tions for all points in the envelope are based on 50% fuel weight. 

Since fuel weight is held constant, the expression 

P* 
E-ME ■ 8 Wr 

_wfa 

«f 
reduces to 

E-ME - Ps 

T Wfa • 
Wf 

The diagram is called path-independent since the eunount of 

fuel at the altitude-Mach number points where computations are made 

is independent of the paths required to reach these points. 

In the second type of E-ME diagram, called the path-dependent 

(variable fuel) E-ME diagram, the amount of fuel required to reach 

any given altitude-Mach number point is subtracted from the total 

fuel weight before E-ME computations are made. The assumption is 

that the pilot has flown a minimum fuel path from some reference 

energy level (we use E. » 3000 feet) to the altitude-Mach 
REF 

number point under consideration. A more detailed discussion of 

this assumption will be given later in this appendix and in 

Appendix III.* Additionally, the amount of fuel upon which the 

* See AFGC TR-66-4 Vol 1. 
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path-dependent E-ME computations are based is reduced by a suitable 

reserve (normally 5% of full internal plus 20 minutes loiter at 

10,000 ft). 

RANGE DIAGRAMS. Again, the computational aspects of this 

diagram are essentially the same as for the Energy Rate and E-M 

Efficiency diagrams. To compute range, the program requires, as 

an additional input, a partial power setting table, i.e., a 

table of cruise fuel flow as a function of altitude, Mach number, 

and drag (thrust required). The subsonic and supersonic portions 

of the envelope are computed using partial military and partial 

afterburner power settings, respectively. A transient region is 

observed between the subsonic and supersonic portions of the 

envelope. In this region, level unaccelerated flight is not possible 

as the thrust required is greater than military thrust available, 

yet less than minimum afterburner thrust available. 

For range, only a path-dependent (variable fuel) Range diagram 

is constructed. For this addition the amount of fuel available at 

any given altitude-Mach number point is reduced by the amount of 

fuel required to fly a minimum fuel path from some reference 

energy level (again, we use Eg REF = 3000 feet) to the point 

under consideration, and by a suitable fuel reserve (e.g., 5% of 

full internal plus 20 minutes loiter at 10,000 feet). The horizontal 

distance traversed in flying the above-mentioned minimum fuel path, 

X, is considered part of the available range. A discussion of the 

method used to compute fuel consumed and horizontal distance 

traversed is given later in this appendix and Appendix III. 

(Extracted from APGC-TR-66-4 Vol 1) 

51 



APPENDIX II 

REFERENCES 

Definition and Analysis of Flight Command Functions 
A. S. Marino, W. E. McAdams, R. C. Chojhacki 
Hughes Aircraft Company 
Technical Report AFFDL-TR-68-i45, AD 847201 
November 1968 

and Computations 

Frank J. Seiler Research Laboratory Reports on Analysis of 
Tactical Aircraft and Missile Engagements 

A. SRL Report No. Title 

68- 0017 

69- 0007 

The Application of the Method of Steepest 
Descent to a Pursuit-Evasion Problem 

Determination of Realistic Performance Trade- 
Offs in the Air-to-Air Role 

69-0008 

69-0013 

69-0014 

The Snap-Shoot Gunsight 

An Investigation and Design of Improved 
Guidance Schemes for Air-to-Air Missiles (U) 
(Confidential Report) 

Energy-Maneuverability Applied to Air Combat 
Tactics 

ABSTRACT 

A Computer Optimization Study of a Three-Dimensional Engagement 
Between a Surface-to-Air Missile and Tactical Aircraft 

Frank J. Seiler Research Laboratory Report 69-0009, July 1969 

This report discusses a computer optimization study of the 
engagement between the Soviet surface-to-air missile, the SA-2 
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modern mathematical optimization techniques in the analysis of 
tactical aircraft-missile engagements. The reasons for the choice 
of the particular engagements are its applicability to the problem 
of evading a surface-to-air missile (SAM), the availability of 
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eva<5ivoef??«K¿fÍCí.uÍíí'u0f thi® study was to determine the optimum 
^■9ht path that a pilot should select in order to maximize 

the miss distance between his aircraft and the SAM. Hence, the 
problem considered was the control problem of determing evasive 

i1®8 ïn a.one“on“one encounter between two aerodynamic 
inhSEAethe °f í1?6 exPerience of conducting air operations 
«ILfE\the-aUtí0rS reallze that the assumption of a one-on-one 
thP^naor 18 °íteK u"fea|■istic'• however, without this restriction 
anfnT appear® to b® iittle hope of determining optimal evasive 

maneuvers. However, as is shown in the report, solutions to the 

of »aüöS"6 pr0^lem provide significant insight as to the structure 
or good evasive maneuvers. 

The method of solution employed was to formulate the engagement 

for\hne"?layeL ^ erentiaI game- 0pen-l°°P optimal controls 
for the aircraft, i.e., throttle setting, roll rate, and loac 
factor are then determined by iterating on "guessed values" for 

TheSoroMom1ïiteSKUntil certain necessary conditions are satisfied, 
so íe°?mes °9e ?f determining whether the control 

globally optimal. The mathematical optimization 

o® ? ye5.was.the uethod 0f steepeat ascent. The method 
vprv íoít? 4.^°r4.ubtai^ng tbe optimal controls was to simulate a 
^»oLre?liatiC bhr®e"dimensional engagement of the SA-2 and a 
tacticâl aircraft by means of a digital computer program that also 
included the method of steepest ascent. 

£ The paper discusses the results from the particular engagements 

aíd î6-,^"2 ana tW° different tactical aircraf?: a high-speed o^e 
0nj" Thes® results are used as examples to pro¬ 

vide insight toward answering the following questions. P 

u° optimum are the evasive maneuvers that have 
evolved in SEA and how can they be improved? 

2. Can one determine the quantitative influence of aircraft 
design parameters on the outcome of an encounter with a SAM? 

questions?mPhaSÍS ^ ^ reP°rt ÍS °n the answers to these two 
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DOLLAR PROGRAMMING COSTS 

106 • 

-o_BOARD COMPUTERS 
COST 

PROGRAMMING COST/INSTRUCTION 
Att-vAt 

10 “I I-1-1-1- 
60 61 62 63 64 

i i p r i T-1-r—^ 1 
65 66 67 68 6 9 70 7 1 72 73 
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TEMPERATURE DEPARTURE - °C 
FIGURE 22 COMPARISON OF MEAN TROPICAL AND NORTH ATLANTIC 

WINTER TEMPERATURE PROFILES WITH THE INTER¬ 
NATIONAL STANDARD ATMOSPHERE 
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