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SUMMARY

This paper presents a description of the Douglas 
AIMP-E Real Time (DART) System and its operation 
during the translunar flight of Anchored Inter 
planetary Monitoring Platform-E, which is now in 
lunar orbit and designated Explorer XXXV. The 
DART system is basically an on-line computer pro 
gram for determination of the fourth stage (retro- 
rocket) ignition time and orientation which yield 
lunar orbits that best satisfy mission objectives. 
This paper describes the history of the AIMP-D 
and E missions, the development of the computer 
softvare used for the missile preflight analysis, 
and integration of that software into a real time 
computer program which ultimately became DART. 
The program gained a significant speed advantage 
over standard methods of orbit prediction by mak 
ing use of a method of dynamic lifetime predic 
tion developed by one of the authors. This speed 
advantage enabled probability analyses to be per 
formed in real time. Results obtained from these 
analyses are shown to provide a far better basis 
for decision-making than do solely deterministic 
data. Included in the paper are samples of the 
program output and graphs which show how the in 
formation vas presented to the mission director 
during an actual mission. The authors feel that 
one of the primary reasons for the success of 
the DART system was the very close man-computer 
relationship inherent in the system 1 s design. 
In this paper emphasis is placed on that rela 
tionship .

1. INTRODUCTION

The Anchored Interplanetary Monitoring Platform 
(AIMP) Program was established for the purpose 
of placing two scientific information-gathering 
spacecraft (AIMP-D and AIMP-E) into lunar orbits 
by means of the Improved Delta Launch Vehicle. 
The nature of the program was such that in-flight 
decisions regarding the use of control parameters 
had to be made in a short period of time. A com 
putational system was required to provide the 
mission director with sufficient information to 
make these decisions* The necessary character 
istics of such a system are the following:

a. rapid response time
b. flexible operation
c. clear, concise output

Efficient response to a variety of situations, 
both foreseeable and unforeseeable, was essential. 
The Douglas AIMP Real Time (DART) system was de 
signed to meet these needs. For the AIMP mission, 
a flexible procedure of successive refinements in 
the generation of data was required. Rapid sim 
ulation techniques were needed to establish ap 
proximate firing time and attitude selections 
for a retro-rocket in the vicinity of the moon. 
Probability analysis capability was also needed 
since uncertainties would exist in the real time 
tracking data, retro-rocket attitude, and in the 
performance of the retro-rocket. As will be 
shown in the paper, probability analyses and the 
determination of the attitude orientation of the 
retro-rocket each involve the simulation and ex 
amination of literally thousands of lunar orbits. 
Without the availability of an approximate method 
tor rapidly determining the dynamic lifetime of 
lunar orbits» performance .of these analyses in 
the limited tfrnT available for real time opera 
tion would not 'have been possible. As regions 
of interest were established using approximate 
techniques, integration of selected lunar' orbits 
was desired to confirm results • obtained' from 
approximate solutions 'and to aid in establishing 
final values for time of retro-fire' and orienta 
tion of the retro-rocket.

All information generated "by the DIBf1 program 
was presented in. am output format which, is easily 
identifiable, concise, and familiar1 to the mis 
sion director* An. on-line output was incorpor 
ated into the program to enable the operations 
engineers to monitor Hat a as they were generated.

This paper describes 'the system ant 'its . 
operation at the Goddard Space Flight Center Air 
ing the launch of the AIMP-E spacecraft (new de 
signated Explorer XXXV) in. July of 1967, 
is placed on the seed for probability information 
in support of real time decisions. It is 
that incorrrect decisions can result 
deterministic information is considered la the 
decision process* stresses 
for careful design of the man-nachine interface 
in. the computation An effective 
must utilise the flexibility of 
the operations engineer nhile fully ad 
vantageous of digital 
puter *
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2 « MISSION DESCRIPTION

In 196U the National Aeronautics and Space Admin 
istration awarded the Douglas Aircraft Company a
study contract to analyze the task of placing a 
spacecraft in orbit about the moon by use of the 
Improved Delta vehicle. Primary emphasis for such 
a mission was to be the attainment of a lunar or 
bit with a dynamic lifetime in excess of six 
months to permit prolonged gathering of scienti 
fic data in the vicinity of the moon. Early fea 
sibility analyses revealed that a high probability 
of achieving an initial lunar orbit with the Delta 
vehicle could be expected without the use of a 
midcourse correction system. This fact, coupled 
with the limited spacecraft weight capability of 
the Delta vehicle, led to the decision to proceed 
with mission analysis assuming the absence of any 
tddeourse correction system.

With no midcourse correction system, trajectory 
errors introduced by the launch vehicle, particu 
larly those caused by the spin-stabilized solid 
propellant third stage, propagate through the 
transfer trajectory and thereby cause large, non 
linear dispersions in the vicinity of the moon, 
These potential large dispersions and the avail 
ability of only two control variables, viz*, 
fourth-stage ignition time and attitude of the 
fourth-stage impulse, led to analysis methods and 
results which are unique to this lunar mission* 
The mission analysis objective', basically, was to 
deiigm a launch trajectory which would maximize 
the probability of achieving a lunar orbit with 
greater than six months dynamic lifetime and to
•elect suitable launch opportunities for that tra 
jectory* This task implied the need, for proba 
bility 'analyses which required,. In order that 
they be performed at reasonable cost, a rapid 
means for approximating lunar orbit lifetimes 
given initial lunar orbit conditions* It was 
neceasazy to develop a means of describing the 
dya,«Mic behavior of lunar orbits for a complete 
ipeetrum of initial lunar orbit conditions* The 
highly nonlinear effects resulting from launch 
Tehlcle dispersions dictated the need for Monte 
Carlo analyses used in conjunction with a rapid 
lifetime determination method to obtain meaning 
ful probability data. Numerical integration of 
each sample orbit in a Monte Carlo analysis would 
require exorbitant amounts of computer time* Such 
analyses would undoubtedly be required for numer 
ous trial design trajectories,, and they would 
create a prohibitive analysis cost if no approxi 
mate lunar orbit lifetime program were available*

The results obtained from the study effort were 
Host encouraging* A detailed description of that 
effort and its findings is available for the in 
terested reader*^- Those tools developed under the
•nalysis effort which became integral parts of 
the DART system are listed below:

a. Satellite Lifetime Analysis Program
(SLAP): SLAP is an approximate me 
thod for determining lunar orbit 
dynamic behavior given initial orbit 
conditions *

b* QAUSS: GAUSS is a four-body numerical 
integration program used for obtaining 
* detailed description of lunar orbit 
behaviort

c. Monte Carlo Statistical Analysis Pro 
gram: This program combined Monte 
Carlo capability with an interplane 
tary trajectory simulation program to 
enable statistical analyses of pertin 
ent mission parameters.

A detailed description of these tools will follow 
in section 2.1 of this paper.

Based on the results of the mission analysis ef 
fort , plans were made to launch two spacecraft 
(AIMP-D and AIMP-E) in the summers of 1966 and 
1967, respectively. In addition to the orbit 
lifetime requirement, several other mission re 
quirements were established. Also established 
was the need for presentation of several trajec 
tory parameters in real time. It is not the in 
tent of this paper to present the reasons for the 
various mission and output data requirements. It 
suffices to state that they arose either from 
basic hardware limitations, or from their signif 
icance to the scientific experiments associated 
with the mission. It is, however, necessary to 
state the various mission constraints and required 
output parameters since the DART system was de 
signed to present data pertinent to those needs. 
Before specific mission requirements are stated, 
the reader should be acquainted with the following 
fact. Because a finite probability exists that 
primary mission objectives could not be met given 
certain combinations of boost vehicle performance 
anomalies , provisions were made to select an al 
ternate mission which would yield a large percen 
tage of the desired scientific data in the event 
the actual launch resulted in a condition indic 
ating a low probability of achieving a satisfac 
tory lunar orbit. The alternate mission would be 
a highly elliptic earth orbit achieved by an early 
firing of the spacecraft retro-rocket. Figure 1 
provides a pictorial view of the primary and al 
ternate missions. Preliminary analysis results 
indicated that a retro-rocket firing as early as 
three hours after launch could be required to a- 
chieve the desired alternate mission orbit,

A major objective of the DART system is to deter
mine rapidly whether to proceed with the primary 
mission or to elect the alternate mission. This 
decision will henceforth "be referred to as "GO/ 
NOGO" with regard to primary mission requirements.. 
The providing of sufficient information to make 
this decision adequately would require knowledge 
of the probability of satisfying primary mission 
requirements .

The mission requirements for the AIHP missions 
were as follows :

a, orbit lifetime :>_ 6 months (desired)
b. 2250 km (radius) < pericynthion

5 3500 km (radiusT
e» largest shadow duration < 2*5 hours
cL shadow to sunlight ratio < 15 Jf average

during lifetime
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Alternate ^

In the event the mission requirements for the 
primary mission could not be satisfied, the 
following criteria would be used to select 
the retro-rocket firing time for an alternate 
(earth orbit) mission:

a. apogee altitude = 1*50,000 km

b. orbit lifetime >_ 6 months with mini 
mum shadow conditions

c. perigee >_ 30,000 km

The DART system was designed to provide rapidly 
all information necessary to make the decisions 
pertinent to meeting the above requirements. 
Section 2.1 describes in detail the structure of 
the DART program.

2.1 Program Description

The DART system was designed to provide informa 
tion sufficiently complete to allow a tentative 
GO/NOGO decision to be made for the AIMP lunar 
orbit mission within 10 minutes after receipt of 
tracking data describing the translunar trajec 
tory. These data along with a numerical confir 
mation of the GO/NOGO decision were to be avail 
able to the mission director approximately 15 
minutes after receipt of the tracking data. The 
output of the DART system is designed to provide 
maximum ease in identifying the firing time and 
attitude which will satisfy the various mission 
criteria, while providing complete data necessary 
to study the resulting orbits in detail. Data 
provided directly in terms of the specific mis 
sion requirements, including

a. orbit lifetime
b. pericynthion radius
c. shadow exposure,

are calculated and output by DART as functions 
of retro-rocket firing time and attitude. In 
addition, the following data are provided:

a. alternate mission data
b. initial spin axis-sun angle
c. occultation and tmbral passage
d. maximum apocynthion radius during

satellite life 
e. minimum pericynthion radius during

satellite life
f. apocynthion-moon-sun angle 
g. miscellaneous orbit data

In the event the initial evaluation produces a 
NOGO decision, or if it is desirable to alter 
the lunar orbit to improve orbit stability or 
the scientific value of the orbit, an attitude 
reorientation of the spacecraft may be desired, 
DART is equipped to perform a rapid attitude 
scanning analysis to determine what attitude 
orientation (if one exists) would be required 
to produce a satisfactory lunar orbit. This 
analysis requires about 5 minutes *

To ascertain the probability of satisfying mis 
sion criteria associated with a decision (firing 
time and attitude), DART is equipped to perform 
a Monte Carlo analysis in real time. This anal 
ysis will permit an evaluation of the effects 
of uncertainties in the tracking data 9 spacecraft

attitude angle, and retro-rocket performance on 
the GO/NOGO decision. The probability of satis 
fying the lifetime, pericynthion, and shadow re 
quirements as a function of retro-rocket firing 
time is provided by this analysis. Shadow com 
putations can be included in the Monte Carlo 
analysis , although the computation time will 
thereby be increased by a factor of about 10,

The DART system is coded in Fortran IV and has 
been implemented for use on the IBM 709^ computer. 
The computing times quoted in this paper are based 
on using a 709^ Model II computer.

2.2 Major Program Elements

Because of the nature of a real time computing 
system, it is desirable to be able to perform in 
itial first order calculations as quickly as pos 
sible. These first order calculations can be 
refined later. To accomplish this, the DART sys 
tem uses the following computational modes :

a. Alternate mission calculation mode: 
trial retro-rocket firings are simul 
ated along the early portion of the 
lunar transfer trajectory, and result 
ing orbit parameters with respect to 
the earth are displayed.

b. Analytic GO/NOGO analysis mode: trial 
retro-rocket firings are made in the 
vicinity of the moon. The resulting 
lunar orbits are classified GO if they 
satisfy the decision criteria (i.e., 
mission requirements) or NOGO if they 
do not. Lunar orbit lifetime is cal 
culated "by the SLAP program (to be 
described later). A sample printout 
of this mode is shown in table 1.

c. Two numerical confirmation modes: since 
the SLAP method of determinining orbit 
lifetime is an approximate method, nua- 
erical confirmations are included to 
provide the DART system with an accur 
ate method of determining lunar orbit 
lifetime.

d. Monte Carlo statistical analysis mode: 
errors associated with the tracking 
data, the spacecraft attitude, and the
retro-rocket thrust are randomly varied. 
By performing an analytic GO/NOGO ana 
lysis on each random sample, the prob 
ability of satisfying the mission re 
quirements can be determined for a 
.range of firing times. An example of 
a printout of this phase is shown in 
table 2,

e. Attitude reorientation node: informa 
tion for determining the 'best spacecraft; 
attitude based on mission requirements 
is generated* A sample printout of
this phase is shown in tables 3 and %*

In the analytic QO/NQGO analysis phase* the Monte
Carlo phase, and the .attitude reorientation phase, 
the quick first order computational methods ere 
used to describe the evolution of the lunar oirbit* 
The numerical confirmation phases use precise 
numerical integration of the lunar orbit.
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The DART system is coded in a manner to allow a 
flexible control of the system at all times . Flow 
can "be transferred from one computational phase 
to another by simply issuing a single command at 
the T09^ control panel, thereby allowing a ramd 
evaluation of the firing time and attitude for 
all possible situations. A considerable amount 
of effort was expended to make the program as 
easy to operate as possible. Since the .pressures 
of an actual launch are very great, the possibil 
ity of an error is reduced if the complexity of 
the operation is kept at a minimum. This also 
allows more time for the operations engineers to 
analyze the data.

The system was coded using a block programming 
technique. Although this method required more 
programming effort initially, the effort was more 
than compensated for later when alterations and ad 
ditions to the system were necessary. For example, 
the AIMP-E spacecraft had an attitude control sys 
tem, whereas the AIMP-D spacecraft had no such 
system. Thus, after the AIMP-D launch, some type 
of attitude determination scheme had to be incor 
porated into the DART system. By using block pro 
gramming, this scheme could be assembled indepen 
dently and incorporated by adding only a few state 
ments to the basic DART coding. The five basic 
blocks of the DART system are described below,

Lunar

FLIP is an N-body trajectory program, "based on 
Cowell f s method. The program includes the sun, 

, the earth, the moon, the effects of the earth's 
Qblateness, and the triaxiality of the moon* 
The capability to include the other planets of

• the solar system exists within FLIP, but they 
axe omitted for this application* The equa 
tions are integrated using a nine-cycle Runge- 
Kutta integration scheme.

FLIP is used to integrate the motion of the
spacecraft from anchor vector epoch to Inser 
tion into the lunar orbit. The anchor vector
is the instantaneous position and velocity at 
some epoch, as determined by tracking. As the 
integration proceeds, the alternate mission 
calculations are first performed by simulated 
trial firings of the retro-rocket at specified 
times during the early portion of the trans- 
lunar trajectory. When the spacecraft ap 
proaches the sphere of influence of the moon, 
simulated retro-rocket firings are again made 
at specified times. These firings continue un 
til the spacecraft passes the moon. Initial 
lunar orbit elements as a function of retro- 
roeket firing tine result from these calcula 
tions t At each point the computations for the 
orbit lifetime and shadow life are performed 
using SLAP (discussed below),

FLIP can "be used to integrate numerically an.
alternate mission trajectory. It can also be 
'used for numerical confirmation of the approx 
imate lunar orbit calculations ; this confir 
mation, however i is relatively slow (requiring 
about 13 minutes for an orbit vith a lifetime 
of 180 days ) * Another subprogram , GAUSS » was 
included in the DART system to perform a more 
rapid numerical confirmation of the orbit,
-GAUSS Is discussed 'below*

S LAP (S at e Hit e jjifgtjLme_ An&ly? is. Proj;ram):

SLAP is used to evaluate the evolution of the 
lunar orbital elements and thus the lunar or 
bit lifetime. Also, the time to a shadow of 
a duration of specified length is determined. 
The inputs to SLAP are the initial orbit ele 
ments which result after each retro-rocket 
trial firing. A single lifetime prediction 
for a 180-day duration including shadow calcu 
lations and printing can be accomplished in 
approximately 15 seconds (average) using SLAP. 
If the shadow calculations are omitted, a 
single lifetime calculation requires only about 
1 to 2 seconds. For a typical transfer tra 
jectory with 100 trial firing times (e.g., 
trial firings at 65 to 90 hours after launch 
at 15 minute intervals), approximately 5 min 
utes will be required to complete the analysis 
including shadow calculations. Only 5 minutes 
is required because many of the 100 trial fir 
ings will result in very short lifetime.

When doing the probability analysis, SLAP can 
be operated in the fast (limit value) mode, 
provided shadow-life probabilities are not re 
quired. In this mode the actual lifetime is 
not computed; instead, the program simply de 
termines whether or not the lifetime is greater 
than 180 days by calculation of a lifetime 
index. This index is defined by

LI = e .. - ecrit max

where

and

LI is the lifetime index

e is the maximum eccentricity calcu- 
max lated by SLAP

e .. is the eccentricity at which the 
cri spacecraft will impact the moon 

assuming that the orbit's semi- 
ma'jor axis is constant. This is 
a valid assumption for semi-major 
axes below 30,000 km.

Thus
radius of moon

crit orbit Vs semi-major axis

The above parameters are illustrated in figure 
2 9 which is a typical eccentricity history, 
It is evident that a negative lifetime index 
corresponds to an orbit that results in, an, im 
pact , The lifetime index is a measure of the 
stability of the lunar orbit,. The calculation 
•of the lifetime index (LI) requires less than, 
one-tenth of a second.

Analysis Program:

During the Monte Carlo statistical analysis 
phase,, 'FLIP is used, to integrate the trams - 
lunar trajectory for the I samples of the ran,-' 
domly selected anchor vector, the spacecraft's 
attitude, and retro motor thrust* The randan 
samples are based on the beat estimate of the 

vector co variance matrix, attitude
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errors, and•retro-rocket impulse variations, 
In the vicinity of the moon, retro-rocket 
trial firings are simulated over a preselected 
range of times and the probability of satisfy 
ing mission criteria are determined at each fir 
ing time. The probability analysis mode vas 
incorporated into DART because it was dis 
covered, in the early mission planning stages, 
that even though the deterministic phases (ana 
lytic GO/NOGO and numerical confirmations) might 
indicate a GO condition at a specific firing 
time, the probability of achieving a satisfactory 
orbit could be very low.

A 50 sample size Monte Carlo run with 12 trial 
firing times requires only 8 minutes of comput 
ing time when using SLAP in the fast mode. If 
an estimate of the lifetime is required for 
those samples whose lifetimes are less than 180 
days, SLAP can be run in the normal mode. In 
this case the same probability analysis will re 
quire about 30 minutes of computing time. If 
it is further desired to have shadow-life pro 
babilities computed (the time before occurrence 
of impact/escape or shadow time exceeds a spec 
ified value), the shadow calculations must be 
added to SLAP. One to three hours of comput 
ing time are required to complete the probabil 
ity analysis in this case.

GAUSS

GAUSS is a four-body numerical integration pro 
gram based on Gauss's variation or parameters 
formulation. The four bodies are the earth, 
moon, spacecraft, and sun; the earth's oblate- 
ness and lunar triaxiality are neglected in 
this program. The position of the earth rela 
tive to the moon is defined by its mean ele 
ments . Because of the approximations inherent 
in GAUSS, it is not so precise as FLIP. How 
ever, for orbits in the region of interest, 
GAUSS has been verified to be sufficiently ac 
curate to provide satisfactory results. Numer 
ical confirmation runs made using the GAUSS 
program require approximately 2 minutes (aver 
age) to describe the dynamic behavior of the 
lunar orbit for 180 days.

Attitude Analy_sis Program:

The attitude analysis program is used to deter 
mine the best attitude of the spacecraft's spin 
axis in order to achieve the mission criteria. 
The analysis is performed by first integrating 
to the moon using FLIP. The hyperbolic orbital 
elements with respect to the moon at closest 
approach are used for the remainder of the anal 
ysis. The spacecraft's attitude is systemat 
ically varied in two orthogonal directions, 
with an approximate analytic GO/NOGO analysis 
performed for each attitude. One direction is 
in the plane formed by the spacecraft spin axis 
and a vector pointing from the spacecraft to 
the sun (in-plane); the other is perpendicular 
to that plane (out-of-plane). By making use 
of Keplerian two-body theory and SLAP In its 
fast mode for lifetime calculations, an approx 
imate analytic GO/NOGO analysis can be per 
formed in a very short time. For an average 
attitude analysis, a 15 by 15 array of atti 
tude angles is analyzed; thus 225 approximate 
analytic GO/NOGO analyses are performed with 
60 simulated trial retro-rocket firings made

in each GO/NOGO analysis* In all., about 
13,500 lifetime calculations are made for each 
attitude .analysis.

A page of output is generated which contains 
the maximum lifetime Index attainable for each 
combination of attitudes», thereby providing a 
rapid means of determining the region of atti 
tudes which produce satisfactory lifetimes 
(table 3). Also provided are output pages pre 
senting the approximate GO/NOGO analysis re 
sults for each spacecraft attitude (table U). 
The computer time required is only 3 minutes.

2.3 Prjunrtouit

The DART system is capable of printing in both on 
line and off-line modes. The on-line printing; is
primarily used by the personnel operating the sys 
tem. The immediate availability of information
allows the operations engineers to prepare in ad 
vance for subsequent analyses, and to participate 
actively in the decision process.

The off-line outputs .are used by the mission di 
rector. These pages were designed in a. compact, 
easy-to-read format for this purpose. Only
those items of data which the mission director 
personally requested are included in this print 
out. Examples of selected off-line printout are 
presented in tables 1 through U.

2 » k Computational, Flow

The' GO/HOGO evaluation performed by the DART .sys 
tem 'begins 'with receipt of anchor vector and 
spacecraft attitude data from the tracking and 
orbit determination phases of the Goddard AIMP 
Real Time Program. Figure 3 is an. illustration of 
the data flow .associated with DART. The solid 
lines indicate the primary or initial steps to be 
followed; the dashed lines indicate optional capa 
bilities. The anchor vector, anchor vector epoch, 
and covaTlian.ee' matrix of the anchor vector errors 
are received on Magnetic tape. 'The spacecraft 
attitude must be keypunched on an IBM data card* 
All data. Input to the system via cards are 'pinched 
in a standardized format. Because of the nature 
of the input's nany of the input cards can be key 
punched in advance. Inputs determining the con 
trol of the program are input via keys on the 709** 
control panel* The first phase of computation is 
an output, of all the important inputs and control 
flags, on-line so that they can be checked for ac 
curacy. If an error is detected, flow can 'be 
easily recycled 'back through the input routine* 
The program also has the capability of returning 
to the data input point from any portion, of the 
program if it is necessary to terminate a run for1 
.any reason.

The alternate mission calculations are performed 
first. Then, the program begins the- GO/HQGQ com 
putations using the approximate method (SLAP); 
these calculations will span the full range of 
firing times during which,, a lunar orbit can pos 
sibly 'be achieved» at 15 minute intervals* Com 
plete orbit data including lifetime and shadow- 
life calculations are provided for each simulated 
trial firing* Thus, complete visibility of the 
possible firing time apectrua is provided, the 
data are displayed on-line and are printed off 
line. Once the analytic GO/NQGQ phase is com 
pleted* several options exist for further analyses
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(indicated by the dashed arrows in fi-ure 3;. 
These options and their associated commutation 
times are the following:

a. The off-line output can be nrinted ana 
sent to the mission director.

b. 4 new anchor vector can be inout and the 
approximate analysis repeated (reouires 
about 5 minutes ) ,

c. A more detailed analysis, at snorter in 
tervals, can be accompli she-: -jsinsc ~r:e 
approximate analysis (requires less tnan 
5 minutes ) .

d. Numerical confirmation runs can be made 
(requires about 3 minutes per case).

e. A Monte Carlo probability analysis can 
be performed (requires about d minutes 
per case for a 50 sample size with 12 
trial firing times each, or one to three 
hours when shadow calculations are 
included) .

f. An attitude reorientation analysis can 
be performed (requires about 3 minutes),

%. A numerical confirmation of an alternate 
mission can be made using; FLIP (requires 
about 7 minutes ) .

h. A numerical confirmation run of a lunar 
orbit can be made using FLIP. However, 
this mode is necessary only for the final 
evaluation of lunar orbits when very 
precise simulations are desired (re 
quires about 13 minutes per case).

3 •

The Delta vehicle, carrying the AIMP-E spacecraft, 
lifted from its launch -pad at 10:19:02 EDT on
Wednesday, July 19, 196?. Sixty-seven hours 
later, at 05:19 EDT on Saturday, July 22, the 
"etro-rocket was fired and the spacecraft was suc-
:essfully placed into orbit about the moon. In 
*,;iis section, the operation of the DART system at 
the NASA Goddard Space Flight Center during the 
Dranslunar flight is described,

The likelihood that the primary mission was GO 
was established with the processing of the first 
anchor vector at approximately two and one -half 
hours after launch, An hour later data were 
available which could have "been used to make a 
final decision, if required, as to what time to 
fire the retro- rocket on the 'basis of the meas 
ured attitude of the spacecraft. The resultant 
orbit would have satisfied the mission require 
ments as originally specified. Such a decision 
was not required at- that time and thus was defer 
red pending further analysis , The analysis which 
followed showed that a class of orbits existed 
which would si^nifican', ly enhance the scientific 
value O: f the mission. The various modes of the 
DART system were utilized to great advantage dur 
ing the next two and one-half days to select, 
with a high degree of confidence, the attitude 
orientation and the retro-rocket firing time which 
would result in a better orbit. The probability 
analysis and attitude reorient at ion analysis modes 
were especially useful in making the selection,

A toi^i of <-•-: runs were process*.--: witn tr,e DART 
system •i-ririG: the period from one hour after 
launch to nine nours mrior to lunar ore it, 
insert-on. 'The analysis was conducted essentially 
in three -nnases on July 19, 20, any i:.j., resoec- 
tivej.y. Tie three phases are inai^atei ;,-elD¥:

1. W e :ine s a ay , July

"primary mission (j«;/ evaluation

b, retro-rocket time-to-:'ire evaluation 
for measured attitude

c, attitude reorientation analysis to 
explore possibility of improving the 
orbit

2. Thursday, July 20:

selection of attitude orientation

3. Friday, July 21:

selection of retro-rocket firing; time

The operation of the DART system and the major 
decisions that were made are highlighted in the 
discussion which follows.

Wednes_dav_,_ 19 July 1967:

Liftoff occurred at 10:19:02. The first an 
chor vector was received at 12:15 and within 
five minutes the approximate analysis, using the 
analytic GO/NOGO mode, was completed. The 
analysis indicated that a region of retro- 
rocket firing times existed between 65.0 and 
TO.5 hours after liftoff where orbits with 
greater than 180 day lifetimes could be achieved. 
The run indicated that all mission constraints 
could be met by firing at between 67 and 67.5 
hours. The output from this run is presented 
in table 1. A GO decision for the primary mis 
sion appeared to be a certainty. Numerical runs 
made using the GAUSS mode at selected time 
points verified the results given by the ana 
lytic GO/NOGO mode; these runs were made assum 
ing the spacecraft attitude to be nominal since 
telemetry data giving the measured attitude of 
the spacecraft would not be available for an 
other hour.

Measured spacecraft attitude data were received
at approximately 13:^0 EDT. The data showed 
the spacecraft attitude to be very nearly
nominal. Both the right ascension and the 
declination were within 0.6 degrees of nominal, 
and the standard deviation measurement errors 
were less than 0.1 degrees. A second., up 
dated anchor vector (AV #2) was provided. Ex 
amination of the covariance matrix for AV #2 
indicated that the uncertainties in the track 
ing data were quite small, which meant that the 
anchor vector had very nearly achieved stabil 
ity. The standard deviation position and veloc 
ity uncertainties were 0,86 n.mi. and 0*46 ft/ 
sec, respectively. A run was made using the 
analytic GO/NOGO mode; it showed little change 
from the first run. At this point, it appeared 
that the choice of retro-rocket firing time 
should be in the vicinity of 67.25 hours* 
yielding an initial orbit having nominally the 
following wramatersi
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r « 29^2 tun
T,

1 « 169 deg. (v.r.t. ecliptic)

T = Q.-53 hours

These orbit Darameters satisfied all of the 
originally specified mission constraints (refer 
to section 2 of this paper for the mission con 
straints). Thus, a highly successful lunar or 
bit mission was in the making which did not use 
a mid-course correction and which did not re 
quire orientation of the spacecraft. The only 
control required to achieve a lunar orbit which 
would satisfy the mission constraints was the 
retro-rocket firing time.

To provide the reader with an understanding of 
the events which took place during the next two 
and one-half days, three important considera 
tions are now discussed. These considerations 
and the analyses and decisions which followed 
from them clearly demonstrate the important 
role that the DART system, with its flexibility 
and speed of operation, played in selecting the 
final orbit. First, an orbit with a period 
greater than 10 hours was desired because of 
possible degradation in the power supply from 
the solar cells as a result of temperature 
cycling fatigue. The low inclination of the 
achievable orbits meant that the satellite 
would pass through the moon's shadow once every 
orbit. In the event of such a problem, the 
number of thermal cycles and, hence, the useful 
life of the spacecraft would be directly pro 
portional to the period of the orbit selected. 
Thus, a minimum orbit period of 10 hours was 
desired to guarantee a minimum useful life of 
the spacecraft.* Second, although original 
requirements called for the pericenter radius 
to be between 2250 and 3500 km, the AIMP-E 
project scientist indicated that the scientif 
ic value of the mission would be significantly 
enhanced if the pericenter radius were less 
than 2500 km. The lower pericenter was de 
sired so that the nature of the bow of the 
solar plasma wave near the moon could be in 
vestigated. The data in table 1 show that the 
pericenter radius is about 3000 km and increas 
ing for a period of 10 hours or greater. The 
third consideration concerns the reliability 
of the spacecraft's attitude control system, 
As will be shown, the desired conditions could 
be achieved only by reorienting the spacecraft 
prior to firing the retro-rocket. While the 
reliability of the attitude reorientation sys 
tem was considered to be high and was available 
for use if required, some doubt existed as to 
the advisability of exercising the system since 
all of the required mission constraints could 
be satisfied without reorienting the space 
craft. To make this decision with confidence 
in real time, the mission director had to be 
provided with information that would adequate* 
ly assess the risks involved* He could then

*As of the writing of this paper, the Explorer 
XXXV satellite has been orbiting the for 
about five months, and a© appreciable degrada 
tion of the power supply has oeewrtt*

weigh this information against the scientific
advantages to be gained*

As a first steo in eliminating or at least jnln~ 
iraizirifir the possible thermal cycling fatigue 
problem, a decision to investigate
the possibility of orienting the spacecraft 
prior to firing the retro-rocket such that the 
resultant orbit would a high inclination* 
Increasing the orbit inclination would reduce 
the number of shadow oassages. The attitude 
reorientation analysis mode of DAHT used 
to obtain the required data* The simulated 
spacecraft attitude was displaced plus 
minus TO degrees, in 10 degree increments, both 
in the in-plane and in the out-of-olane direc 
tions. The array of lifetime indices given in 
table 3 defined the bounds of attitude orien 
tation for which, deterministically, stable 
lunar orbits could be achieved.. Examination 
of the trial firing data for each of the ac 
ceptable .attitude orientations revealed that 
the orbit's inclination could not be increased 
sufficiently to eliminate shadows* Further 
examination of the data from the +70 degree 
attitude reorientation ran revealed that a 
small in-plane chance of the spacecraft atti 
tude would yield .an orbit with a peri center 
radius less than 2500 km and a period greater 
than 10 hours (e.g., see table **}. Table % 
presents the resulting orbits as a function of 
the retro-rocket firing time for the —10.0 
point (circled) in the attitude Matrix of table 
3. A page similar to that shown in table h vss 
provided for each, attitude for which the life 
time index was positive,.. The firing; tines that 
produce stable lunar orbits are denoted where- 
ever the lifetime index is nositive* 'To define 
the relationship between the pericenter radius 
and the orbit period in the region of interest, 
a second attitude reorientation analysis run 
was made using m finer grid. Hie sianLated 
spacecraft attitude' was displaced plus 
minus 10 degrees in 2 degree increments-. 
-6.0 point from that run is itiven in table §, 
The' relationship between the pericenter radius 
and the orbit period as a functitm of the 
change in spacecraft attitude (ia^plane) 
the retro-rocket firing time is In 
figure k m

The data in figure k desired 
conditions could be satisfied by 
selecting the spacecraft attitude fir 
ing time* Examination of these data suggests 
that an orbit with a period veil In of 
10 hours and a pericenter radius below fcn 
could have been achieved 'toy reorienting 
spacecraft about 10 degrees* Having estab 
lished the possibility of obtaining on orbit 
that would the desired conditions* 
tasks of choosing the exact spacecraft orien 
tation and retro-rocket firing time evalu 
ating the risks associated with. 
raffiaine-d* Several factors hod to be In 
to in the final decision % 

:

m» Hew was it th* 
period %t' 10 hours

pericfentfer radius could u*?

if *n %f • 
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b. How might the attitude reorientation 
system fail, and what would the ef 
fect be if it did fail?

c. To what extent should the system error 
souces be increased when performing 
the probability analysis? Since a 
highly successful mission was in the 
making without reorientation, it was 
felt that the analyses supporting a 
decision to reorient should be con 
servative so as to maintain high con 
fidence that the mission would not be 
jeopardized.

A discussion of these and other factors is 
given, where appropriate, in the material which 
follows.

The details of the possible solar power degra 
dation are not pertinent to the intent of this 
paper. Let it suffice to say that it was 
deemed highly desirable to have an orbit period 
of greater than 10 hours.

Close examination of the attitude reorienta 
tion system revealed that the risk involved in 
exercising the system was very small. Only a 
random ordered failure of the attitude reorien 
tation system could have resulted in a fatal 
attitude error. However, such a circumstantial 
failure was considered to be extremely remote.

It has been stated previously that an attitude 
change on the order of 10 degrees appeared to 
be a good choice. The discussion that follows 
shows that this would have been a bad choice. 
Deterministically, this choice would have been 
a good one. However, when consideration was 
given to the fact that the state conditions 
(e.g., anchor vector, spacecraft attitude, and 
retro-rocket impulse) were not known precisely, 
it "became evident that the probability of suc 
cess fell below an acceptable value. Results 
from practice simulations showed that a strong 
correlation existed between the probability of 
achieving a stable lunar orbit and the width 
of the acceptable retro-rocket firing time win 
dow, as evaluated using deterministic data. 
To understand this correlation, assume for the 
moment that conditions are such that a small 
window exists. Runs made during the practice 
simulations revealed that the beginning and 
ending of the window shifted in time as the 
simulated attitude of the spacecraft was 
changed. For a small window, the possibility 
existed that the beginning and ending of the 
•window for the perturbed attitude would not 
overlap that determined for the measured atti 
tude » as illustrated in figure 5. Thus, a 
retro-rocket firing time selected on the basis 
of the measured attitude might not fall within 
the acceptable window for the perturbed, un 
known attitude. The probability of this sit 
uation occurring decreases as the width of the 
window increases, provided, of course, that 
the firing time is not chosen too close to the 
window's edge.

Examination of the lifetime indices (tables 1, 
k and 5) revealed that the width of the win 
dow of acceptable retro-rocket firing times 
was beginning to decrease rapidly as the at 
titude reorientation angle approached -10 
degrees. Thus, it was concluded that the

angle change should be less than 10 degrees 
in order to maintain a. high probability of 
achieving a stable lunar orbit . The data in 
figure k and tables U and 5 show that an at 
titude change of from U to 8 degrees would 
yield the desired orbit.

Based on these findings , it was concluded that 
the risk associated with reorienting the space 
craft was quite low. Since the scientific 
gains made possible through this maneuver were 
significant, the decision was made to reorient.

1_96T. :

Computations with the DART system got underway 
on Thursday at about 11:15 EDT. In order to 
achieve the lowest possible pericenter radius 
consistent with an orbit period greater than 10 
hours and a high probability of mission success, 
the Probability Analysis mode of the DART sys 
tem was run at several attitude orientations in 
the region of interest . To insure that the mis 
sion would not be jeopardized, the one-sigma 
value of the dominant error source (spacecraft 
attitude) was varied. This provided a measure 
of the sensitivity of mission success to this 
error source and permitted the best attitude 
orientation to be chosen with a high degree of 
confidence. An updated anchor vector (AV #3) 
was used for this phase of the analysis even 
though changes from the previous vector were 
minor. A decision was made not to update the 
anchor vector further in this phase of the anal 
ysis so that the data to be compared would be 
consistent. The description of the runs made 
during this phase is not presented in the real 
time sequence; rather, it is presented in* a 
manner which allows the results to be summar 
ized most conveniently.

As a first step, the analytic GO/NOGO mode was 
run for IN PLANE attitude reorientation angle 
changes of 0, -U, -6, and -8 degrees to update 
and more accurately define the orbit data. Re 
call (cf. section 2.2) that the orbit calcula 
tions performed by the attitude reorientation 
mode make use of approximate analytical expres 
sions for the approach trajectory and the addi 
tion of the retro-rocket impulse. Numerical 
confirmation runs were made using the Gauss 
mode at selected firing times to confirm the 
validity of the approximate analysis in the 
region of interest. A series of runs made us 
ing the probability analysis mode resulted in 
the conclusion that the amount by which the 
spacecraft should be reoriented was between 5 
and 7 degrees . Fifty samples were used for 
most of the runs, requiring about 8 minutes per 
case. Table 6 presents the probability of hav 
ing an orbit with a lifetime of greater than 
180 days , as extracted from the probability 
runs, for a -6 degree attitude reorientation, 
Standard deviation errors of 0,5, 1.0, and 2,0 
degrees were assumed in making these runs* The 
accepted value was 0.5 degrees. However, as 
stated previously, larger values were also run 
to introduce conservatism* Similar probability 
data were obtained for the 0, -J*, and -8 degree _ 
reorientation angles . The data snowed that the 
probability of achieving a stable lunar orbit 
was beginning to fall off rapidly as the re- 
orientation angle approached -8 degrees. Fol 
lowing the examination of the above data, a
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reorientation angle of -6.7 degrees was sel 
ected. An angle change of 6.7 degrees was 
chosen since the attitude of the spacecraft 
could be reoriented in steps of no larger than 
1.675 degrees per command. To simplify the 
reorientation maneuver, the use of fractional 
commands was avoided. Four commands yielded 
a total angle change of 6.7 degrees. Two runs 
were made using the probability analysis mode 
for this orientation: one had a standard devi 
ation attitude error of 0.5 degrees, and the 
other an error of 1.0 degrees. The results of 
the probability analysis verified this angle 
to be a good selection. A reorientation angle 
of 6.7 degrees, as shown in figure ^, would re 
sult in an orbit with a pericenter radius below 
2500 kilometers and a period as high as approxi 
mately 15 hours. Thus, the analysis for choos 
ing the angle by which the spacecraft was to be 
reoriented was completed.

Reorientation of the spacecraft attitude was 
successfully accomplished during the night. The 
actual IN PLANE change of the spacecraft atti 
tude was determined to be 5.6 degrees. During 
the process of reorientating the spacecraft, 
each command was assessed to change the angle 
by about 1.86 degrees. This amount was greater 
than that previously expected. Thus, a deci 
sion was made to use only three commands , re 
sulting in a total angle change of 5.6 degrees. 
The use of a fourth command would have caused 
the angle change to be in excess of 7 degrees.

The task which remained was to establish the 
exact time for firing the retro-rocket based 
on the reoriented attitude of the spacecraft . 
Again, it was desired to select an orbit with 
the lowest possible pericenter radius, consis 
tent with an orbit period in excess of 10 hours 
and a high probability of mission success. An 
updated anchor vector (AV #M was used for the 
analysis on the final day. The first run of 
the day was made using the analytic GO/NOGO 
mode for firing times between 66 and 68 hours 
in one-minute steps to define in detail the 
type of orbit which could be achieved as a 
function of retro-rocket firing time. This 
run was followed by a series of numerical con 
firmation runs to verify the adequacy of the 
analytic GO/NOGO mode in the region of interest.

The desired retro-rocket firing time was asses 
sed to be about 67 hours after liftoff. The 
next run processed was a 200 sample size Monte 
Carlo probability analysis for trial firing 
times between 66 .h and 67.3 hours in steps of 
0.05 hours. A standard deviation attitude 
error of 1.5 degrees was assumed. An attitude 
error of this magnitude was believed to account 
conservatively for measurement uncertainties 
and errors due to thrust misalignment or mass 
unbalance . Before the run was made, it was 
decided to change the upper and lower limits 
on the pericenter constraint to 1838 kilometers 
and 2^00 kilometers, respectively. The change 
in pericenter radius limits was made so that 
the probability of satisfying the desired con 
dition could be assessed; little value would 
have been derived from using the original con 
straints (2250 kilometers to 3500 kilometers) 
since a decision had already been made to em

phasize the region below 2500 kilometers. The 
ability to change these constraints was an on 
line capability of the DART system. The out 
put from this run is given in table 2. The 
probability of achieving a stable lunar orbit 
is seen to be 100 percent, based on a sample 
size of 200, for trial firing times through 
67.05 hours, with only a slight drop in prob 
ability through 67.30 hours. Similar proba 
bility runs were made for standard deviation 
attitude errors of 0.5 and 1.0 degrees; a sam 
ple size of 100 was used in making these runs. 
These runs show, as expected, that the proba 
bility of achieving a stable lunar orbit was 
100 percent throughout the range of firing 
times investigated. Data from the first proba 
bility analysis run were presented as a scatter 
diagram on a plot of eccentricity versus semi- 
major axis (or period), as shown in figure 6. 
Lines of constant pericenter radius beginning 
with the lunar surface are shown in the figure. 
This presentation permitted a clear understand 
ing of the possible behavior of the resultant 
orbits; the density distribution and the range 
of the parameters of prime interest (viz., peri 
center radius and orbit period) are illustrated.

The effect of a larger-than expected impulse er 
ror of the retro-rocket was investigated. To ac 
complish this investigation, a run was made in 
which the retro-rocket impulse standard devia 
tion was increased 50 percent. The standard de 
viation attitude error used in this run was 1.0 
degree. The effect of increasing the impulse 
error of the retro-rocket was shown to have 
little effect on the probability of success.

To further evaluate the possible effects of 
errors on the resultant orbit, a run was made 
using the attitude reorientation analysis mode 
of the DART system. The attitude was displaced 
plus and minus 7 degrees in one degree steps 
from its current orientation. The purpose of 
this run was to define deterministically the 
amount by which the attitude could be in error 
and still achieve stable lunar orbit. The al 
lowable IN PLANE attitude error as defined by 
the data from this run was seen to be about 3.5 
degrees for a retro-rocket time of 67 hours» as 
shown in figure 7«

Based on the results of the attitude reorienta 
tion and probability analysis modes., a retro- 
rocket firing time of 67 hours was selected. 
The resultant orbit for this firing time had a 
pericenter radius of 2353 kilometers and an 
orbit period of 11,09. A final run was made 
using the FLIP numerical integration mode to 
obtain a detailed history of the orbit which, 
results from a retro-rocket firing time of €:f 
hours.

The above discussion has shown how the proba 
bility analysis and the attitude reorientation
modes of the DART system were used to select 
the attitude orientation and the retro-rocket
firing time that produced an orbit which signif 
icantly enhanced the scientific objectives of 
the Explorer XXXV mission. The use of the 
system, with its flexibility and sr>eed of oper 
ation, permitted a detailed analysis to be com 
pleted in a relatively short period of time* 
and the analysis provided a high degree of con 
fidence that the proper decision had beta made.
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The retro-rocket vas fired at 67 hours after 
liftoff, and the orbit that resulted was asses 
sed to have the following parameters :

a. Orbit period = 11. U hours

to, Pericenter radius = 2531 kilometers

c. Apocenter radius = 93b2 kilometers

d. Orbit inclination = 169. ̂ 7 degrees
(w.r.t. ecliptic)

k ,

This paper has presented a description of a real 
time system for the determination of lunar orbit 
injection conditions. The development of the DART
system has been traced from its inception as 
several separate mission analysis techniques to 
its culmination as a highly flexible on-line com 
puter program capable of performing many analyses 
quickly and in rapid succession. The Monte Carlo 
error analysis and the orbit lifetime determina 
tion techniques used for the AIMP-D and E mission 
analyses became subroutines in the DART program, 
addressable in many cases by a single FORTRAN 
statement. This block-type design of the basic 
program elements made it possible to combine those 
elements in many different ways with a minimum of 
coding difficulties. A description of these ele 
ments has been presented along with an outline of 
their basic roles in the real time selection of 
the firing time and orientation necessary to in 
ject a spacecraft into a suitable lunar orbit.

An account of the operation of the DART system 
during the launch and trans lunar flight of the 
A1MP-E spacecraft has been included in the paper,. 
Emphasis has been placed on the kinds of decisions

which were necessary and how these decisions were 
made in real time. A description of the analyses 
which were required has been included as well as 
an account of how the results of the analyses were 
presented to the mission director. The need for 
a high degree of flexibility in the DART system 
and how that flexibility was provided through a 
very close man-machine relationship has been 
stressed.

The development of an accurate approximate life 
time prediction method made it possible to per 
form Monte Carlo analyses in real time so as to 
determine the probability of mission success 
versus retro-rocket ignition time and orientation, 
The availability of this real time Monte Carlo 
analysis made it possible for the mission direc 
tor to make a decision, with confidence, which 
resulted in a more scientifically valuable mis 
sion. The benefit to the AIMP-E mission of making 
the decisions on a probabilistic rather than a 
deterministic basis has been emphasized through 
out the paper.
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CQVARIANCE MATRIX

Otl7l2393SE-01-0.22236366E-02 0.2987734*1-01 0.362566o3E-o7-0.373l4937E-Of 
•0»22236366E-Q2 Q«24o38929E.oi-0.47o20456|.oi~Oi3lll5o26E~o6 0.13288173E-06-0.2 
0.29877344E~Ql,Q,47o2Q456E.Qi 0.13Q56542E 00 0.9377l9o6E.o?-0.33239362E-06 Ot82«2?7l6F»06 
0»562366o3E.07-Ot31H3026E-o8 0.937719Q6E-07 0.18831943E.12-0.1093T842E-12 C 

"~~E.Q7 Otl3288l73E-o6«0.33259362E-o6,Ot 10937842E-12 0.11939969E^U-C 
i6-Ott9467o93E-o6 0.82I22786E-Q6 Ot6l531038E.l2-0.24239ol7E.li C

SIGMA THETA- 0.13000000E 00

PARTIAL RT t ACC, W.R.T. THETA« 0»120000E 00 
PARTIAL DEC, W.R.T. THETA* 0,780QOOE 00

SIGMA P8I» 0.700ftOnOOE-01

PARTIAL Rt. ACC. W.t.T. PS|« 0-1090001 01 
PARTIAL DEC, W.R.T. »$!• -0.130000E 00

REORIENTATIDN ERROR MODEL
O.OOOOOOOOE-38 O.OOOOOOOOE-38 O.OOOOOOOOE-38 0,000000001-38

FOURTH STAGE ERRORS
SIGMA RT, ACC. SIGMA DEC.

1*30000000 1.5QOOOOOO

PROBA8ILITY QF SATISFYING CRITERIA
VS. 

FOURTH STAGE FIRING TIME

SIGMA THRUST
3.13999999

TIME

66.400
66.430 '
66.300
66.330
66,600
66.630
66.700
66.730
66.800
66.830
66.900
66.930
67.000
67.030
67.100
67.130
67.200
67.230
67.300

LIFE
TIME

100.00
100.00
100.00
100.00
100.00
100*00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
99.30
99.00
99.00
99.00
98.30

• Table 2.

PERICENTER

2.00
3.00
4,00
5,50
5,50
11,50
13,50
17,00
20,50
29,50
39,50
43,50
60,00
70.00
76,00
79,50
83,00
87,00
81.50

Douglas AIMP-E Real

SHADOW
LIFE TIME

********
********
********
********
********
********
********
********
********
********
********
********
********
41*******
********
********
********
********
********

Time Analysis

AVERAGE
ST/Q?

********
********
********
********
********
********
********
********
********
********
********
********
********
********
********
********
********
********
******** •

: Probability Analysis .

CURRENT ATTlTUtB

It. A, • 236.00 DEC. • -2 3 A 
MOTOR VICTOR A! 16. 0. 55- 
D1LTA T - -1866,000 I.K./Ut.

OUT OF 
PLAIE AIGUE

70.00

60.00 

50.00 

1*0,00

30.00

20 , 00

10.00

-0,00

-10 , 00

-20,00 

-30.00 

-1*0,00 

-50,00

-60,00

-70,00

-70.0 -60.0 -50.0 -1*0.0

-9.00 -9.00 -9.00 . -9,00

-9.00 -9.00 -9,00 

-9.00 -9.00 -9.00 

-9.00 -9.00 -9.00 

-9.00 -9.00 -0,38

-9.00 -9.00 -0.05

-9.00 -9.00 -0.03

-9.00 -9.00 -0,03

-9.00 -9.00 -0,04

-9.00 -9.00 -0.08 

-9.00 -9.00 -9.00 

-9.00 -9,00 -9*QG 

• -9*00 -9*00 -9*00

-9.00 

-9.00 

-0.18

Q.Ql*

0.08

0.08

0.07

0*05

0*01

-0,05 

-9.00

-9,00

-9.00 -9.00 -9.00 -9.00

-9.00 -9*00 -9.CJO -9.00

n puuri AIQUE
-30.0 -20.0 -10,0 0.0 iO.O 10,0

-9.00 -9,00

-9*00 -9.00 

-9,00 -0.1»i

0.08 0,21 

0,19 0,35

0,24 0,U

0,2k 0,43

0.22 O.HO

0.17 0,33

0,11 0,23 

0,0k 0.12"

-0.02 -Q»0l» 

-9*00 -9.00

-9,00 *9.00

*9«00 -9,00

-9.00 -9*00 -9.00 -9.00

-9.00 *9»00 -9v 00' -9.00

-0*02 -0,04 1 0,05 0.0%'

0,30 0*33 0,31 0*25 

0,49 0.56 0*5* 0.39

0,60 0,45 0.53 «.52

0,63^ 0.46 0,VT 0*60

(0,62) ,Q,4B O.tt 0*68:

0*53 0.51 '0,46 0.5ft

0.37 0,54 0.59 O.Vf

0.19 0,25 0»2T i*26

0,01 0,03 0,01 t*il

-f,00' -9*00 -9*00 -9*00

-9,00 -9*00 -9» :&0 -9.00

-9.00 -9,00 -9*00 -9*00

_ 30.0 %S,,0

-9,00 -9^00

-9*00 -9.00 

-0.02 -1.03

O.IT 0,09 

0*86 0*15

0.3V* 0*19

0,39 0»2«

• O.Vl 0*13

i,%l 0,28

0*33 0,19 

O.W 0*U j

-0*09 -9.00 

-9.W *9*00

•9.00 **9,00

-9,00 -9*00

50.0 60,0 TO.O

-9,00 -9^00 -9,00

-9.00 

-9.00

0,00 

0*05

0*06

0*09
0,09

0,09

0*06

-0.32 

-9,00 

•9*00

-9,00 -9.00 

-9*00 -9.00 

-9*00 -9.00 

-0,06 -9*00

-0,02 -9.00

-0,02 -9.00

-0,02 -9*00

-0,0V -9.00

-1,92 -9.00 

-9*00 -9,00 

-9,00 -9,00 

-9*00 -9.00

-9*00 -9,00 *$,00

*9.00 -9*00 *9*00

Table 3* Douglas AIMP-1 Real Tim« Analysis i Attitude Rtoriwtitioa
Lifetime Index GrM - Current .Attitude
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IN OUT OF
PLANS PLANE
ANGLE ANGLE

-10.00 -0.00

FIRING
TIME

60,963 
63,010
64,210 
64,995
65.5*6
65,954
66.269
66,519
66,723
66.893
67,038
67,162
67,272
67,368
67,455
67,534
67,606
67.673
67,733
67,793
67,848
67,901
67.952
68,001
68,049
68, 0^6
68,1*2
68.188
68.234
68.280
68.327
68,375
66.424
68.474
68,527
68.582
68.641
68.703
66.769
6B.841
68,920
69,007
69,104
69,213
69,338
69,482
69.633
69,857

RA
<K V }

5261Q.

2lS?7.
180?6.
15516.
136?0.
121*>5.
10997.
100*6.<»2fti.
36^3.
80*5.
75*>9.
n*0.
6806.
64Q9.
62M. 
5998.
37^4.
5617.
54M.
5331.'
3219.
5l?3.
50*3.
49"3.
4936.
4904.
48*7.
48"5.
49°9.
493Q.
49*3.
30*6.
3223.
55*3.
6202.
69°4.
7996.
9276.
10952.
13216.
164^9.
211*0.
29001,
43719.
603^9.

RP
(K*)

10610.

34°9,
23*7,
2461.
21*7.
1997.
1864,
1771,
1707,
1665,
16*2.
1632.
1635,
16*9.
1673.
1707,

1*«1.
1861.
1932,
2012,
2104.
2207.
2324.
24'6.
2605.
2773.
29*4.
3181.
3429,
3712,
4Q?6.
4402.
4753.
3039.
3231,
53^3.
5573,
578i,
6025.
6314,
6656,
7Q64,
7556.
8153,
8888.

&MS
ANCLE

4.

3?.
37.
41,
46.
50.
34.
37,61'.
64*.
68',
71.
74.
77.
81.84'.

90'.
93.
96.
99,

102.
103.
108.
110.
113'.
115.
117.
119.
120.
120.
117.
108'.
77.
26.
4,

357.
355.
356".
338.
36Q.

3.
6.
9.

13.
16.

INC
(OFG)

174, *

171.0
172.5
172.0
I'M, 3
171,1
170, H
170.
170.
169.
169.
169.
169,1
16 .0
16 .*
16 ,6

16 .3
168,2
168,1
168.0
167,9.
167.8
167.7
167.6
167.6
167. S
167. S
167.*
167,4
167.1
167.3
167.3
167.?
167.2
167,2
167.?
167,2
167,?
167.2
167,2
167.2
167.2
167.3
167.3
167,3

PPRIOO
"(HP)

1*0.09

*4,89
»6,62
n,2*
17.33
14,85
12.83
11.32
10,12
9.17
8,40
7,78
7,27
6.83
6.51
6.23

3.83
3,70
3.60
3.35
5.32
5.53
5,38
5,65
5,77
5,93
6.13
6,38
6.70
7,08
7.35
8,12
8.82
9,69
10.77
12.13
13.93
16.28
19,49
?4,Q5
30.87
41, «3
61,60
1*4,12
235,04

ECC

0,664 
0.69Q
0,709 
0.720
0.726
0,726
0,723
0,718
0.71Q
0-700
0,689
0,676
0,661
0,645
0.623
0,610
0.590
0.370

0,326
0,502
0,478
0.432
0,425
0.398
0.369
0.340
0,309
0.277
0.245
0.211
0.177
0.141
0.105
o,o?o
0,044
0,030
0,085
0,129
0,179
0,232
0.29Q
0,333
0,423
0,500
0,587
0,686
0,801

LIFE
IMO^X

-0,167 
0,0*6
0,082 
0,081
0,068
0,052
0,036
0,020
0,007

-0,005
-0,015
-0,022
-0,027
-0,030
-0,030
-0,027
-0,021
-0,013
-0,002 
0,012
0,029
0,0*8
0.071
0,096
0,124
0.136
0,190
0.227
0,267
0.309
0,355
0,403
0,455
0.508
0.561
0.606
0,617
0,600
0.574
0,542
0,504
0,460
0,407
0.3*?
0,258
0,1*4

-0.0*0
-0.797

-10,00

Table 4« Douglas AMP-E Real Tijne Analysis: Attitude Reorientation Analysis 
Approximate Quick Look Firing Time Analysis

IN OUT OF
PLAN! PLANE
ANCLE ANGLE

-6.00 -0.00

FIRING RA RP
TIME (K*) (KM)

60.963 70375. 17044,
63.010 40835. 10448,
64.210 29Q64. 7197,
64,995 226*6. 5396,
65.546 18616. 4303.
65.954 138H. 3394,
66.269 13753. 3111.
66.319 121*0. 2769,
66.723 109*1. 2522,
66,893 99*2. 2340,
67.038 9122. 2205.
67,162 8439. 2105.
67.272 7863. 2032,
67.368 7373. 1981.
67.453 6933. 19*8.
67.534 6591. 1929.
67.606 6277. 1924,
67.67J 60°*. 1929,
67,733 3767. 1946,
67,793 35*0. 1972,
67.848 33 n O. 2009.
67.901 3224. 2034,
67.932 3Q39, 2110.
68,001 4973. 2175.
68.0*9 4878. 2231.
61.096 4798. 2339,
61,1*2 47*4. 2439,
68.1.88 46<*6. 2553,
61,234 4693. 26*3,
63,280 4633. 2829,
6|»327 4631. 29^6,
68,373 46*6* 31®5«
68,424 4678. 3399,
68,474 4739. 3643,
61,527 4807. 1918,
68,182 4924* 4221,
6| i *41 SlU* 4331,
•0,701 3443. 4800,
61.7*9 S945, SOU.
§6,141 6613* 5223,
•I,f20 *4*4. 3443,
•¥,0<*7 8536, 5694,
•9,104 997i» 99*6*
69*2*1 :i**0. 6**0»
&9',3Jfi 1*4*0. 6719,
•tt 4*2 102*7, 7232,
•9,69) 242^7* 7131,
•9,037 847*3, SSif,
70fl07 872*5, 94*2,

AMS INC PPRIOD ECC LIFE
ANGLE (DEC) >HR) INQEX

337". 174.7 2>7,78 0,610 -0.771
357. 174.1 1*2.35 0.593 0.022
10. 173.5 *0,35 0,603 0,142
20. 173.0 41.43 0.615 0.167
27'. 172.5 10,58 0.625 0.164
33. 172.0 ?3,82 0,630 0,150
39. 171.6 19,30 0,631 0,133
44'. 171,2 \6,11 0,630 0,115
48. 170,8 {3,77 0,625 0,099
53'. 170.4 12.00 0,619 0,084
57'. 170.1 10,62 0,611 0.071
61. 169, B 9.34 0.601 0.060
65. 169.5 8.67 0.389 0.051
69". 169,3 7.97 0,576 0.044
73". 169,0 7,40 0.562 0.040
77. 168. « 6.93 0.547 0,039
80'. 168,6 6,34 0.531 0.040
84. 168.4 6,23 0.514 0.044
88'. 168.5 3*97 0.495 0,030
92. 168.1 3.76 0,476 0.058
96'. 167,9 5,60 0,456 O.Q7Q
99. 167, ft 3,47 0.436 0,084
103. 167,7 5,38 0,414 0,100
107. 167.6 3,33 0,392 0,119
111, 167.4 5,31 0,368 0.141
116. 167,3 3,31 0.343 0,165
120". 167,2 3.35 0,320 0.192
124*. 167,? 5,43 0,295 0,221
129. 167,1 3,54 0.269 0,253
134. 167, o 3,68 0.242 0.287
1*0* 166,9 5^87 0,213 0,323
146*. 166,9 6,11 0,187 0,362
133*, 166*8 6,40 0*158 0.403
161", 166, K 6,73 0,130 0.445
,173, 166,7 7,18 0,102 0.489
1<H* 166.7 7,71 0,077 0,533
220, i6*,7 8,35 O.Q60 0.571
239", 16*. 6 9,14 0,063 Q.3<H
289", 166,6 10*12 0,085 0,596
307*. 166, A 11,35 O.U7 0,583
319, 166,6 I2t93 0»157 0.565
i2f, 166,6 (4,99 0,201 0*339
336", I6li.fr 17,76 0,250 0.304
343, 166,fr *i*62 0.304 0,461
349, 166,4 Ji'7,24 0.365 0,406
355, 166,6 *S»9S 0,433 0.333

l", 166,7 HQ.T3 0,512 0,233
6, 166,7 ff,57 0,605 0,082

12, !••• 7 HI, 07 0.71S' -0,231

•4.00

Tkble Douglas I1WP-1 leal Time Analysis: Attitude Reorientation Analysis 
Quick Look firing Time Analysis
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SAMPUE SIZE « $0

Retro -Fire 
Time (Hrs)

66.0

66.2

66. k

66.6

66.8

67.0

- 67,2

6-r.k
6?. 6

67. 8

68.0

Table 6. Probability Analysis:

Probability
o

100

100

100

100

100

100

100

100

100

100

100

Variation With

(Lifetime

6*1.0°

100

100

10©

100

100

100

100

96

100

100

100

Standard

180 Eeyi)

g .6 - 2.0?

100

100

100

.96

96

9*

90

90

90

100

wo

Deviation Attitude Error
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MISSION PROFILE

UMBRA

H

/

ALTERNATE \
MISSION \
ORBIT i

REGION

OCCULTATION

LUNAR ORBIT

1. THIRD STAGE BURNOUT T + 23MIN
2. RETRO-FIRE FOR ALTERNATE MISSION T + 3-16 HR
3. RETRQ-FI RE FOR LUNAR ORBIT T + 65-90 HR

LO

0.8

G 
5

o "* !^
UJ

0.2

/X

ECCENTRICITY HISTORY
SEMI-MAJOR AXIS • 13,620 KM 

ecrit - 0.872

y\A7s

crit
1

_emax

20 40 60 80 100 120 140

TIME SINCE LUNAR ORBIT INJECTION IDAYSl

160 180
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COMPUTATIONAL FLOW OF DART SYSTEM

CONTROL CENTER DART OPERATIONS CENTER

GO NO GO EVALUATION

LOAD DATA

ALTERNATE 
MISSION 
CALCULATION 
(FLIP)

GO/NO GO 
ANALYSIS 
(SLAP)

GO/NO GO 
NUMERICAL 
CONFIRMATION 
(GAUSS OR FLIP)

GO NO GO
PROBABILITY 
ANALYSIS 
(McSLAP)

ALTERNATE 
MISSION 
NUMERICAL 
INTEGflATION
(FLIP)

GO NO GO
ATTITUDE ! 
ANALYSIS

, vri-i,r; ; : i , .

EFFECT OF ORIENTATION ON ORBIT PARAMETERS

Of 
Of

o
C£ yj 
Q.

12 14 16 
PERIOD, MRS

IS 22
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EFFECT OF ATTITUDE 
ON RETRO-ROCKET WINDOW

TRANSLUNAR
TRAJECTORY

PERICENTER DISTRIBUTION DENSITY

PERI CENTER RADIUS, KM

Tf • 67.05
SAM RLE SIZE 200

=^=^....J^LJL MI=J===JliW/7
2000 2500 3000 

SEMI-MAJOR AXISN. Ml.
3500 4000 4500

3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 
PERIOD, HRS
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ALLOWABLE IN-PLANE ATTITUDE ERROR 
BASED ON LIFETIME INDEX

LU O

Q-i

DO<c

OUT OF
DEC

oo 66.8 67.0 
FIRING TIME, MRS

IT**

5
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