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Subject: LANDING RADAR DATA LEAST SQUARES PREFILTER 

Gentlemen: 

This memorandum contains the der i vation and discussion of a 
least squares metho~ of preprocessing LM powered descent land
ing radar data to improve altitude estimation. Powered descent 
simulations using a three dimensional simulator equivalent to 
the simulator presented in Ref. 1 have been carried out over 
the Censorinus and Fra Mauro landing sit e approach terrains. 
These simulations have been made to compare the altitude esti
mating capability of the prefilter with the conventional single 
measurement method; results will be presented in a future 
memorandum. 
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The success with which landing radar (LR) altimeter data can 
be used to improve the estimated LM altitude above the landing 
site (LS) during powered descent is highly dependent upon the 
characteristics of the approach terrain. While the present 
method of improving altitude estimates by utilizing single 

LR estimates has proven adequate for descents over smooth 
terrain, simulate~ descents over rough approach paths have 
shown this technique to be somewhat less than successful, 
particularly when the approach takes place over terrain which 
exhibits a general slope. This memorandum describes a method 
which utilizes a number of LR measurements to obtain a smoothed 
LM altitude measurement which (1) tends to average out local 

anomalies in the approach terrain and (2) takes into account 
the general terrain slope, if it exists. This method has been 

designated as a LR data prefilter since the data is processed 
to obtain a smoothed altitude measurement prior to passage 
through the altitude updating filter. Results of simulated 

powered descents into the Censorinus . and Fra Mauro landing 
sites with and without the prefilter have been obtained and 
will follow in a later memorandum. 

, .. 
•:, .. 
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DERIVATION OF EQUATIONS 

Let the mean terrain line be given with respect to an 

estimated reference altitude, h1 , by the equation 

r1 = neg. range 

corresp. to h
1

. 

Now let n denote the number of LR altitude measurements 

on which the mean terrain line is based. 

Fl URE 1 - PMEFIL!EK G~UMETRY 

(1) 



From Eqn. 1 and Figure 1, it follows that 

Let Ahn be given by 

t 

J n. 
• - h dt 

tl -

. 
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(2) 

(3) 

,. 

where h is obtained from PIPA readouts. If the ass·umption is 
made that the straight line given by Eqn. (2) passes through 
the LS, the altitude of the LM at time tn can be estimated 
from the following expression: 

.. 
hn • S(rn) - Bnrn - Ahn _( 4) 

The constants A and B are now obtained by performing a n n 
least squares curve fit of the LR data taken over the terrain 
segment from r 1 torn. 

(See Figure 2, next page) 
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FIGURE 2 - MEAN TERRAIN LINE COMPUTATION 

In Figure 2: . 

i .' 

r. - estimated downrange distance at time t. 
l l 

Ah. - integrated vertical distance over time 
l 

interval t 1 < t < t. 
- - l 

q. - altitude component of the LR altimeter beam 
l 

measurement at time ti 



•' 

For simplicity let 

Y. • tih. + q. 
.l. l. l. 
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(5) 

The least squares line of the terrain with respect to the 

reference altitude h1 (and consequently An and Bn) is now 
easily obtained as follows: 

Let 

(6) 

Define the function F to be minimized by 

To minimize F, it is necessary that 

• 0 . (8) 

Performing the indicated partial differentiation and solving 
for An and Bn giv.es the following e·xpressions: 

i : 



: be, td 

n B n 
An • 1 ~ Y. - n ~ (r. -r ) n 1 _l Il 1 l l 

n . n n 
~ Y.(r.-r1) - .!. ~ Y. ~ (r. -r1 ) 

B • l l l n l l l l 
n 

n 2 lr (ri-rl)r ~(r. ·r1) - ~ 1 l n 1 

/1Cll 9~/ 
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(9) 

(10) 

If Eqns. (9) and (10) are substituted into Eqn. (2), 

and Eqn. (2) is then substituted into Eqn. · (4), simplifi
cation of the resulting expression ·gives the ·estimated . 
·altitude above the LS at time tn . 

where 

.. 
h • Y - Br - Ahn n n 

1 n 
y • --~ Y. 

n . l l i• 

n r • 1 ~ r. 
- ,._ l 
n . 1 1• 

(11) 

(12) 

' . ,. 
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The least squares altitude estimate given by Eqn. 11 is 
used to update the estimated position vector in the platform 
system in the same manner as the current single measurement 
updates are performed. 

Where 

Sq• h - h' n 

h' • Ir' P I - I rL I 
0 S 

(13) 

(14) 

lrL I • Position vector of the landing site in platform s coordinates 

-, 
r P 

• . 0 

-, 
r P

0 
• Estimated position vector before the update 

-, 
r PN • Estimated position vector after the update 

Wis a linear weighting function _ given . by 

W • .35 (1.0 - h'/50,000) 
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The major pitfalls inherent in the prefilter presented herein 
and some possible curative methods are as follows: 
(1) While it is apparent that the prefilter discussed in the 

previous section will reduce the dependency of the alti
tude measurement on local terrain anomalies and tend to 
account for general terrain slopes, it is equally apparent 
that the ability of the prefilter to improve altitude 
estimation is still terrain dependent. This dependency 
arises because of the assumption that the mean terrain 
line (the least squares straight line fitted to the last 
n LR measurements) passes through the LS (LS in platform 
system). If the general terrain ~lope changes drastically 
during the descent then the assumption that the terrain 
slope based on the last n measurements can be extended 
to the LS and used to determine the current smoothed 
altitude measurement is clearly in error. However, drastic 
changes in the calculated general terrain slope sho~ld 
not occur if n is sufficiently large before the prefiltered 
altitude measurement is used to update the estimated alti
tude since LR lock on does not occur until approximately 
90 n.m. from the LS. Minor changes in the general slope 
can be accommodated by perioqically reinitializing the 
sums employed in the prefilter formulas. While a com
pletely recursive prefilter would probably be more effec
tive in accommodating variations in general terrain slope 
the additional logic and storage iequirements make this 
approach undesirable within the constraints dictated by 
the present LM computer. 

. .. 
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•Discussion of the Method (Continued) 

(2) Since the prefilter utilizes a least squares smoothing 
approach, the effect of each LR measurement on the 

smoothed measurement tends to decrease as the total 
number of measurements contributing to the relevant 
sums increases. At best, this gain degradation even
tually leads to a steady state error in the altitude 
estimate . . Periodic reinitialization of the measurement 
sums provides a suitable method for circumventing 

1

this 
problem. 

(3) The LR measurement smoothing necessarily introduces a 
time lag into the estimate updating process. For · this 
reason the prefilter process should be discontinued in 
favor of single LR measurement altitude updating for 
the final portion of the descent trajectory. To date, 
discon~inuing use of the prefilter when the estimated 
altitude falls below 1500 feet has given good results. 

'_ .. ' 

The LR data prefiltering method discussed herein has been 
incorporated into a three dimensional powered descent 

simulator which is essentially equivalent to the simula
tor documented in Ref. 1. The only changes necessary 
to the Ref. 1 simulator are modifications to the esti
mated state updating routine, STUPDT. Storage require
ments for the state update routine utilizing the original 
single measurement altitude updating approach are 
approximately 580 decimal words vs. approximately 800 
words utilizing the least squares prefilter. Execution 
time· differences have not beei c~1culated but are felt 
to be insignificant. 



Massachusetts Institute of Technology 
Charles Stark Draper Laboratory 

Cambridge , Massachusetts 

Mission Simulation Memo # 2-70 

TO: Distribution 

FROM: B. A. Kriegsman and D. E . Gustafson 

DATE: 18 February 1970 

SUBJECT : Powere d L anding-Maneuver Navigation over Rough Terrain 

Summary 

This memo contains a series of viewgraphs prepa red for 

presentation at the de s ign-review meeting held at MSC on February 

3, 1970 to consider various 11t errain-filtering 11 schemes for use in 

the powered l anding maneuver. The major re s ults and recommendations 

are: 

(1) A simple a-priori terrain m odel should be stored 

in the LGC for use during t he approach phase. 

This r esults in a smoother LPD-angle pr ofile, 

and reduces LPD pointing errors . 

(2) The altitude weighting function during the braking 

phase should be reduc e d from its p resent value to 

limit pitch-angle oscillations of the thrust vector. 

(3) It is not nec essary to include a L R prefilte r in the 

navigation system. Essentially the same effect 

can be obtaine d by properly shaping the altitude 

weighting fun ction. 

(4) Essentially t he same we ighting functions as in 

the p resent system should be used during the 

approach pha se in order to keep altitude esti

mation errors small. 



(5) On the b as is of statistical simulation r esults 

it was found that the best choice of weighting 

functions , in a minimum mean- squared 

error s ense , was dependent on the altitude 

variat ion character istics of the actual 

approa ch terrain to the site and the a -priori 

models in the LGC . To provide flexibility 

unde r these conditions , a two or three seg 

ment altitude weighting function should be 

used. 

(6) It is possible to obtain useful estimates 

of terrain-datum uncertainty with a 

fairly simple slope estimator; based on 

the correlation between terrain-datum 

error and altitude measurement error 
~ I 

(h - h ). This estimator can, in certain 

cases, improv e the approach-phase 

trajectory. 

(7) The altitude reasonableness test 

lockout level must be suffic iently high 

at the start of P64 so that good LR 

data are not permanently inhibited. 

General Information 

The problem is concisely defined in Fig . 1. Of particula r 

importance is the fact that it is desired to estimate not local altitude, 

but rather altitude w. r. t to the l anding site . A major source of 

difficulty is that the LR measures range to a, point on the ground along 

the range beam r ather than range to the landing site . 

The key assumptions are given in Fig. 2. The LR acquisition 

altitude of 35,000 f eet for range and 30,000 fe et for velocity were 

considered to be reasonable numbers with the current LR dr opout 

•• boundaries . The altitude-data reasonableness test was removed for 

2 



this study to avoid problems cause d by the inhibiting of LR data after 

High-Gate, if the estimation errors are not sufficiently small at that 

time. 

The basic criteria used to evaluate the navigation system 

performance during the landing maneuver are given in Fig. 3. In 

essence, if the altitude estimation errors w. r . t. the site are 

sufficiently small about one minute before High-Gate and are held 

down thereafter, then all the various performance indicators will be 

satisfied . The most important of the performance indicators were 

found to be the LPD profile, the LPD pointing error , the terminal 

altitude vs range to go profile, and the thrust - vector elevat ion-angle 

profile . 

Models for the t errains us ed in the landing study are given in 

Fig. 4 as a function of range-to-go, and in Fig . 5 as a function of 

time. Zero time in Fig. 5 i s taken as the time that the full-thrust

position command is nominally i ssued. The terrain profile seen by 

the navigation system (Fig. 5) is significantly different from the 

distance profile (Fig. 4) because of the wide range of vehicle velocities 

during the l anding maneuver . The basic effect is that the number of 

measurements over a given terrain segment increases as the vehicle 

slows down en route to the site. 

The primary LR data filtering techniques investigated are out 

lined in Fig. 6. The basic relations for implementing these schemes 

are _given in Figs. 7-10. It should be noted that a terrain-slope 

estimation option is provided for both F ilter #3 (Fig. 9) and Filter #4 

(Fig. 10). Also, the values of n and w shown f or Filter #3 were preliminary 

values. 

Use of A~Prior i Terrain Models in LGC 

The pos sibil ity of storing a-priori terrain-altitude variation 

models in the LGC was studie d in detail for Censorinus B and C 

landing sites. The basic models used for t he a-priori terrains are 

•• shown in Figs. 11 and 12. The major results of the study are 

summarized in Fig. 13 . 

...... 
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An important advantage of using prestored terrains is tha t the 

LPD profiles are improved and the pointing errors are reduced. This 

is demonstrated in Figs . 14 and 15 for Censorinus , using the present 

• navigation system . The advantage of a prestored terrain i s shown 

also in Fig. 16 for a l anding at Fra Mauro, using a navigation filter 

similar to #4-B in Fig. 10. 

It should be noted in Fig . 13 that it is suggested that the terrain 

seen along the range beam shoul d be stored, rather than the local 

terrain variation. Storing the loca l terrain can introduc.e significant 

errors at long ranges from the site , where the range beam may be 

30- 40 degrees from local vertical. It should also be noted that it is 

suggested that the terrain be stored as a function of the down-range 

distanc e to the initial site, which will differ from the actual site if 

redesignations are made. 

With the present landing -trajectory target s , it was found that 

it is b etter to under-store the terrain r ather than to over- store it 

in the a-priori model , particularly during the approach phase . The 

important point here is tha t navigation errors which indicate that the 

vehicle is higher than it actually i s should be avoided . 

Performance Compar isons of Candidate Navigation Systems 

In order to examine the performance of the various navigation 

filters described in F ig . 6, a series of simul ated landing trajectories 

were flown over Censorinus B and C with selected combinations of 

terrain-datum uncerta inty, initial veloc ity estimation errors, and 

initial altitude estimation errors. Cases with both simple and more 

complete a-priori terrain models were studie d, along with cases 

where no stored terrains were used. The numerical value s used in 

the test runs were 1 degree for terra in-datum uncertainty, 10 f/ s for 

vertical-velocity estimation error at DDI, and about 2000 ft. for 

altitude estimation error at the time of LR range acquisition. 

A typical set of test data is given in Figs . 17-20 for a 

Censorinus-C landing with a 1-degree t errain-datum uncertainty, 

using various candidate navigation filters in comb ina tion with a simple 



a-priori terrain. Thrust-vector e le vation profiles are compared in 

Fig. 17, LPD characteri stics in Fig. 18; and terminal altitude vs. 

range-to-go profiles are shown in Fig. 19. An evaluation of the 

relative merits of the different filters based on these dat a i s given 

in Fig. 20. Also presented in Fig. 20 are comparison data on 

requir ed l::,.V , High-Gate altitude , and LM velocity at an altitude of 

about 500 feet w . r . t. the site . 

5 

The question as to whether a terrain-datum uncertainty should 

be estimated, is considered in Fig. 21 for Filter #4-B. · It has been 

found that the long baseline uncertainty can be estimated with varying 

degree s of success. Small local slopes , on the other hand, could not 

be usefully estimated without introducing other problems. Two 

extreme cases are shown in Fig. 21: the .cases where the terrain

datum estimator most significantly help and hurt the navigation system 

performance . It should be noted that with a simple a-priori terrain, 

the major effect i s on the terminal altitude or range -to-go profile. 

The major results and recommendations are summarized in 

Fig. 22. 
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Cambr idge, Massachusetts 

Mission Simulation Memo # 4-70 

TO: Distribut ion 

FROM: Bernard Kriegsman and Donald Gustafson 

DATE: February 23, 1970 

SUBJECT: Additional Landing-Maneuver Simulation Results Relating to Navigation 

· Systems for Landing In Rough Lunar Terrain. 

:.. 

SUMMARY 

. An extensive study has been made of navigation systems for use during 

the powered landing maneuver wh en the terrain en-route to the site is rough. A 

technical presentation on this subject was made at MSC on February 3, 1970. The 

data used in the formal presentation are given and discussed in Ref. 1. The present 

memo gives additional data used in obtaining the results and conclusions of Ref. 1. 

For convenience, the data are presented in a viewgraph format. The 

general background material and assumptions are given in Ref. 1, and, therefore, 

are not repeated here. It should be emphasized that this memo is intended as a 

supplement to Ref. 1. 
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