5.6 GENERAL SERVICE ROUTINES

2, 6.1 GENERAL COMMENTS

The routines presented in this section include the

following general service functions;

1) IMU alignment modes

2) Basic Coordinate Transformations

3) Computer initialization procedures

4) Special display routines which can be called by the
astronaut

5) Automatic optics designate routines
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5,6,2 IMU ALIGNMENT MODES

5.6.2.,1 IMU Orientation Determination Program

The IMU Orientation Determination Program { P-51}
is used during free-fali to determine the present IMU stable
member orientation with respect to the Basic Reference Coordinate
System by sighting on two navigation stars or known celestial
bodies with the sextant (SXT) or the scanning telescope (S5CT),
At the start of program P-51 the asironaut acquires the desired
celestial bodies by maneuvering the spacecraft until they are
visible in one of the above optical devices, During this acquisition
phase he monitors the FDAI Ball to avoid IMU gimbal lock, He
may also have the IMU gimbal angles coarse aligned to zero if

he so desires.

Afterwards, the following steps are performed on each

of two celestial bodies:

1} The Sighting Mark Routine ( R-53 of Section 4)
is used to sight on one of the celestial bodies,
The astronaut performs the sighting by centering
the SXT or SCT on the celestial body and presses
the MARK button, This mark causes the measure-
ment time and the optics and IMU gimbal angles to

be recorded by the computer,

2) The identity of the celestial body is indicated by
the astronaut by use of a celestial body code,
Separate codes are provided for the 37 navigation
stars, Sun, Earth, Moon, and a general celestial
body., The latter code is referred to as the Planet

code,
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3)

4)

5)

The subroutine LOSSEM of Section 5, 5,13 is

used to compute the correction for aberration of
light and the line-of-sight vectors of the Sun,
Earth, and Moon in the Basic Reference Coordinate
System for the time of the optical sighting (mark),
If the Sun, Earth, or Moon code was selected,

the vector for that body is set aside for use later,

If the Planet code was selected, the astronaut is
requested to load the coordinates of the desired
celestial body in the Basic Reference Coordinate
System,

The unit vector EEJB defining the direction of the
celestial body as a result of the optical sighting
is obtained in the IMU Stable Member Coordinate

System as follows:

sin TA cos SA
o [NBSM] [SBNB] sin TA sin SA (6.2.1)
cos TA

ch

where [NBSM] is the transformation matrix in
Section 5,6, 3,2, 1 using the TMU gimbal angles
stored for the optical mark, [SBNB] is the matrix
in Section 5.6,.3.1,1, and SA and TA are respec-
tively, the shaft and trunnion angles of the SXT or
SCT stored for the optical mark,
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6) A correction for aberration of light is then applied
&

to the unit vector ‘-JCB defining the direction of the
celesgtial body in the Basic Reference Coordinate
System which was either taken from the computer's
star catalog in fixed memory, computed by the
gubroutine LOSSEM in step 3, or loaded by the
astronaut in step 4, The light aberration correction
is made as follows:

*
t_xCB=UNIT(u_CB+g) {(6.2.2)

where a is the aberration correction vector
computed by the subroutine LOSSEM when this
subroutine was called after the celestial body

* .
YUop and Yo BTE, respectively, the
uncorrected and corrected unit vectors to the

sighting, and

celestial body in basic reference coordinates,
Although this correction is correct only for distant
objects such as stars, it is also applied, for reasons
of program simplification, to the unit vectors of

the Sun, EKarth, Moon, or a planet, if any of these
bodies are being used., It should be noted that the
aberration correction is negligible in comparison

to the errors in sighting on the Sun, Earth, or
Moon,

When the above steps have been performed for two
celestial bodies, the computer has the unit line-of -sight vectors
for the two bodies in both IMU stable member and basic reference
coordinates, Let u} and u! be the unit vectors for the

—CBA ~CBB
two celestial bodies (A and B) which are obtained with Eq. (6.2.1)
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and let U~gaA and UcRpR be the unit vectors for the same bodies

obtained with Eq. (6.2,2), At this point in the program the

Sighting Data Display Routine ( R-54 of Section 4) computes the
T P , .

angle between the unit line-of -sight vectors (ECBA and ECBB)

obtained for the two bodies in stable member coordinates and

the angle between the corresponding unit line-of -sight vectors

(ECBA and ECBB) for the two bodies in basic reference coordinates,

The magnitude of the difference between the two angles is displayed

to the astronaut and he either accepts the results or repeats the

IMU orientation determination process,

If he accepts the results of the Sighting Data Display
. . .
Routine, the unit vectors EbBA’ ECBB' ECBA’ and u—CBB are
used to determine the present stable member orientation and

REFSMMAT, using the procedure given in Section 5,.6.3.3.1,
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5.6.2,2 IMU Realignment Program

The IMU Realignment Program (P-~52) is used during
free-fall to re-align the IMU to its presently assumed orientation
or to align it from a known orientation tc one of the desired
orientations given in Section 5.6, 3, 3 and in P-52 of Section 4,
This alignment is made by sighting on two navigation stars or
known celestial bodies with the sextant {SXT) or the scanning
telescope (SCT).

At the beginning of program P-52 the astronaut indi-

cates which of the following stable member orientations is desired;
1} Preferred - for thrusting maneuvers
2) Landing Site - for LM lunar landing or launch

3) Nominal - for alignment with respect to local

vertical

4) REFSMMAT - for re-alignment to presently

assumed orientation

The Preferred, Landing Site, and Nominal orientations are
defined in Section 5.6, 3,3, If the astronaut selects the Landing
Site or Nominal orientation, it is computed by program P-52

in the manner shown in Section 5.6,.3.3 and in P-52 of Section 4,
The Preferred orientation must be computed prior to entering
program P-52, Whenever, the astronaut selects the Preferred,
Landing Site, or Nominal orientation, the program also computes
and displays the IMU gimbal angles for the desired stable member
orientation using the present vehicle attitude, These angles are
computed by the routine CAILLCGA of Section 5.6. 3,2, 2 where the

9,6-6

Rev.3 - 11/68



inputs to this routine are the unit vectors (EXSM’ Uvrang EZSM)
defining the desired stable member axes with respect to the
Basic Reference Coordinate System, and the unit vectors {( -)ENB’
YNB? ENB) defining the present navigation base axes with respect
to the Basic Reference Coordinate System, which are computed

as follows:

xyp = |[REFSMMAT] " xip
yng = [REFSMMAT]T g (6.2.3)
zyp = [REFSMMAT|T 2y

where [REFSMMAT]T is the transpose of the present [REFSMMAT]
r 1 1

and XNp» Ynp' 2™ ZNB

respect to the present Stable Member Coordinate System and

are computed by the routine CALCSMSC of Section 5,6. 3.2, 5.

define the navigation base axes with

If the computed IMU gimbal angles are unsatisfactory,
the astronaut maneuvers the vehicle to a more suitable attitude
and has the program re-compute and display the new gimbal
angles, Once satigfactory angles have been obtained, the Coarse
Alignment Routine (R -50 of Section 4) is used to coarse align
the IMU to the desired orientation. It should be noted thatthere is no
computation of gimbal angles or coarse alignment of the IMU
if the astronaut selects the REFSMMAT orientation at the begin-

ning of program P-52,
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Afterwards, the astronaut maneuvers the vehicle to
a desired attitude for celestial body acquisition and decides
whether to gelect his own celestial bodies for sighting purposes
or to use the Star Selection Routine of Section 5,6.4. If he selects
the Star Selection Routine, program P-52 will call the subroutine
LOSSEM of Section 5, 5. 13 prior to calling the Star Selection
Routine since LLOSSEM computes the directions and the occulta-
tion cones of the Sun, Earth, and Moon used in the occultation
tests of the Star Selection Routine, When LOSSEM is called
for this purpose, the specified input time is the present time
plus an additional amount (TSS) in order to insure that the time
used in computing the LOS vectors for the Sun, Earth, and Moon
is near the middle of the sighting mark process, The time in-
crement TSS is based upon estimates of the time required to
do the Star Selection Routine and to perform the optical sightings.
Ss is to insure that the LOS
vector of the primary body used in the occultation test is that

The primary purpose of using T

which occurs during the sighting mark process,

If the Star Selection Routine iz unable to find two
satisfactory stars at the present vehicle attitude, the astronaut
either repeats the above process of changing the vehicle attitude
and using the Star Selection Routine, or decides to select his

own celestial bodies.
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Afterwards, the following steps are performed on

each of two celestial bodies:

1)

2)

3)

4)

5)

The celestial body code is established for one of
the two bodies which are to be sighted upon (1. e,
the astronaut either accepis the celestial body

code for one of the stars found by the Star Selection

Routine orloads his own celestial body code),

The subroutine LOSSEM of Section 5.5,13 is
used to compute the line-of-gsight vectors of the
Sun, Earth, and Moon for the current time in
case the Sun, Earth, or Moon code was selected.
I one of these codes was selected, the vector

computed for that body is set aside for use later.

If the Planet code was selected, the astronaut
is requested toload the coordinates of the desired
celestial body in the Basic Reference Coordinate

System,

The program then calls the Auto Optics Positioning
Routine (R-52) which in turn calls the Sighting

Mark Routine (R-53), After the SXT and SCT

have been driven to the LOS of the celestial body

by routine R-52 the astronaut manually centers

the SXT or SCT on the celestial body and presses the
MARK button,

When a satisfactory optical sighting (mark) has
been obtained, the same steps (2 through 6 } are
performed after the optical sighting as are given

in Section 5.6.2,1 for the IMU Orientation Deter-
mination Program (P-51) except that the unit vector
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U~pg (see Eq. (6,2,2} in step 6 of Section 5.6.2,.1)
is expressed in terms of the desired IMU Stable
Member Coordinate System instead of the Basic
Reference Coordinate System as follows:

*
uap UNI'P{[REFSMMAT]D (uig + 5)} (6.2.4)

where a is the aberration correction vector computed
by the subroutine LOSSEM, and [BEFSMMAT]D

is the matrix (Section 5,6, 3, 3) for transforming
vectors from the Basic Reference Coordinate

System to the desired IMU Stable Member Coordinate
System,

After the above steps have been performed on two
celestial bodies, the computer has the unit line-of -sight vectors
for the two bodies in both present and desired IMU stable member

; , .
coordinates, Let YsBA and EbBB be the unit vectors for the two
bodies (A and B) which are obtained with Eq, (6.2.1) and let
Ynpa and Y~BRB be the unit vectors for the same bodies obtained
with Eq. (6,2.4). At this point in the program the Sighting Data
Display Routine (R-54 of Section 4) computes the angle between

1 t

Y-RA and Y-gp and the angle between Yrpa and U-BR’ and
displays the magnitude of the difference between the two angles
to the astronaut. If he accepts the results, the four vectors are
used in the routine AXISGEN of Section 5, 6, 3, 2, 4 to compute the desired
stable member axes with respecttothe present Stable Member Co-

ordinate System, which are used in the Gyro Torquing Routine
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{R-55 of Section 4), Routine R-55 computes the gyro torquing
angles required to drive the IMU stable member to the desired
orientation by using the above vectors in the routine CALCGTA

of Section 5,6.3.2,3, The gyro torquing angles are displayed

to the astronaut so that he can decide whether to have the gyros
torqued through these angles or not, If he is not satisfied with the
results of the Sighting Data Display Routine or the Gyro Torquing
Routine, he may repeat the optical sightings without having to

terminate the program,

It should be noted that the ground can indicate to the
CMC via uplink the present stable member orientation or a desired
stable member orientation, If the present orientation is being
indicated, this is done by transmitting a REFSMMAT to the CMC,
Under normalcircumstances, however, it would not be desirable
for the ground to indicate the present stable member orientation
gince this orientation should be determined by the CSM GNCS,
However, if an orientation different from the present orientaticn is
desired by the ground, this desired orientation can be transmitted
as a Preferred orientation, By treating a desired stable member
orientation in this manner, program P-52 wiil be able to correct
for any large differences between the present and desired orientations
by coarse alignment, In addition, this approach avoids the introduc-

tion of orientation errors which affect celestial bedy acquisition,
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5.6.2.3 Backup IMU Orientation Determination Program

The Backup IMU Orientation Determination Program
(P-53) is used during free-fall to determine the present IMU
stable member orientation with respect to the Bagic Reference
Coordinate System by sighting on two navigation stars or known
celestial bodies with some optical device other than the sextant
or scanning telescope, An optical device which is considered
to be a backup to the normal CSM optics is the Crew Optical
Alignment Sight {COAS). This program is identical to program
P-51 of Section 5,.6.2, 1 except that the Alternate L.LOS Sighting
Mark Routine (R-56 of Section 4) is used in place of the Sight-
ing Mark Routine (R-53) to sight on the celestial bodies, When-
ever routine R-56 is called by program P-53, the astronaut
is requested to load the coordinates of the backup optical device
before performing the optical sighting. These coordinates are
the equivalent SXT shaft and trunnion angles of the device which
would be indicated for the SXT if it were possible to direct the
SXT along the same direction as the optical device, When an
optical sighting is performed using routine R-56, the measure-
ment time, the IMU gimbal angles, and the equivalent shaft and
trunnion angles of the backup device are stored by the computer,
These angles are used just as in step 5 of Section 5.6.2.1 to
obtain a unit vector P—(IZB in the IMU Stable Member Coordinate
System where SA and TA are now the equivalent shaft and trun-
nion angles of the backup device,

5.6.2.4 Backup IMU Realignment Program

The Backup IMU Realignment Program (P-54) is
used during free-fall to re-align the IMU to its presently as-

sumed orientation or to align it from a known orientation to
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one of the desired orientations given in Section 5.6.3.3 and in
P-54 of Section 4 by sighting on two navigation stars or known
celestial bodies with some optical device other than the sextant
or scanning telescope. Such an optical device may be the Crew
Optical Alignment Sight (COAS). This program is identical to
program P-52 of Section 5.6, 2.2 except that the Alternate LOS
Sighting Mark Routine (R-56 of Section 4) is used in place of

the Sighting Mark Routine (R-53) to sight on the celestial bodies.
In addition, the Auto Optics Positioning Routine (R-52) is not
used in this program. A description of Alternate [.OS Sighting

Mark Routine is given in Sections 4 and 5,6.2. 3.
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5.6.3 IMU ROUTINES

5.6,3.1 Sextant Transformations

5.6,.3,1,1 Sextant Base - Navigation Base

To transform a vector from sextant base to navigation
base coordinates, use is made of the following transformation
matrix:

0 -gin o
I:SBN% = 1 0 (6.3.1)
0 Cco8s o

1 1
where & =-322 31 23.19

The above matrix and its transpose LNBSB] are both
present in computer memory.

The sextant base coordinate system referred to
above is frequently called the Block I navigation base
coordinate system in deference to the present navigation base
coordinaie system (Block II). Any transformation of vectors
between the sextant and the present navigation base requires
use of the above transformations,
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5.6.3.1.2 Sextant to Navigation Base (SXTNB)

To obtain a unit vector {ENB)’ which specifies the
direction of the line-of-sight of the sextant in navigation base

coordinates, use is made of the following:

sin TA cos SA
ENB = [SBN:B] sin TA sin SA (6. 3. 2 )
cos TA

where LEBNEI is the iransformaiion matrix given in Section
5.6.3.1.1, and TA and SA are the trunnion {precision) and

shaft angles, respectively, of the sextant.

5.6, 3.1.3 Calculation of Sextant Angles (CALCSXA)

Given a unit star vector SsMm in stable member co-
ordinates, this routine computes the angles SA and TA required
to position the optics such that the line of sight lies along the

star vector,

The star vector is first transformed fo the sextant

base coordinate system as follows:

Ssp [NBSE{] [SMNB—_I Sen1 (6.3.3)
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where I:NBSB] and I:SMNIEI are given in Sections 5,.6,3,1,1
and 5.6.3,2.1, respectively.

Next, a unit vector u DA* defining the direction of

the trunnion { precision) drive axis in sextant base coordinates,

is obtained:

urpa = UNIT I:—Z-SB x ESB—_I (6.3.4)
where
0
Zgp - 0

Using Ssp and YDA * the angles SA and TA are de-

termined as follows:

sinSA = uppy * (- Xgg)
cos SA = Urps - Ygg
(6.3.5)
SA = ARCTRIG (sin SA, cos SA)
-1
TA = cos " [Zgp - Sgp]
5.6-16

[V]Revised COLOSSUS
DAdded GSOP # R-577 PCR # 517 Rev, 3 Date 8-5-68



where ARCTRIG implies computing the angle, choosing either

. -1 -1 . .
Sin © or cos © so as to yield maximum accuracy, and

1 0
ESB = 0 and ZSB = 1
0 0

5,6,.3.2 IMU Transformations

3.6.3.2.1 Stable Member-Navigation Base

Let IGA, MGA, OGA be the IMU inner, middle and
outer gimbal angles, respectively, Define the following matrices:

cos IGA 0 -5in IGA

Ql = 0 1 0 (6.3.6)
sin IGA 0 cos IGA
cos MGA sin MGA 0
Q2 = | -3in MGA cos MGA O (6.3.7)
0 G 1
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1 0 0
Q3 = 0 cos OGA sin OGA {6.3.8)

0 -sin OGA cos OGA

Stable Member to Navigation Base Transformation

Uyp = QyQ; Wy
{6.3.9)

Navigation Base to Stable Member Transformation

T T T T T T
Um = Q Q Q4 Yyp: ENBSM] Q) QT Qy

{6.3.10)
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5.6.3.2.2 Calculation of Gimbal Angles (CALCGA)

Given a stable member orientation and a navigation

base orientation both referred to the same coordinate system,

the following procedure is used to compute the corresponding

gimbal angles,

a =

MG

cos OGA=

8in OGA =

OGA =

cos MGA=

sin MGA=

MGA =

cos IGA

it

n

sin IGA

IGA =

UNIT (xyp X Yopy)
MG © EInB
e © INB

ARCTRIG (sin OGA, cos OGA)

Ysm © (3mg X *nB!

ARCTRIG (sin MGA, cos MGA)

aMe  ZsMm

AMG © *sm

ARCTRIG (sin IGA, cos IGA)
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where the inputs are three vectors along the stable member

axes and three vectors along the navigation base axes,

5.6.3,2.3 Calculation of Gyro Torquing Angles (CALCGTA)

In the fine align procedure, after the present plat-
form orientation is determined, the torquing angles required to
move the platform into the desired orientation must be computed.
This is achieved as follows:

Let ED and 2. be the desired stable member

> y r
=D D
axes referred to present stable member orientation. The ro-

tations are performed in three steps: (1) rotating through 6
about the y axis, yielding -)511“_) Ipe Ell); {2) rotating through

6, about the z' axis, yielding x!! (3) and finally ro-

! L
“_DJ ZD’ ED ’

tating through 6_ about the x" axis, yielding xp, yp» 2p- The
relevant equations are as follows:
J = -
Zn = UNIT ( Xn, 30 0, X5,1)
3 - 1
sin 8 = ZD, 1
cos By = Z]‘D 3 (6.3.12)
By = ARCTRIG (sin 8_, cos & )
sin BZ = XD, 2
9. 6=20
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— 1 - 1
cos BZ = ZDJ 3 xD, 1 z D, 1 XD, 3

BZ = ARCTRIG (sin Bz‘ cos BZ)

coSs Bx = g_b . ED {(6.3.12 cont}
sin Sx = E]l:) “ Yp

GX = ARCTRIG (sin Gx, cos Gx)

The required inputs are the three coordinate axes of
the desired stable member orientation referred to the present

stable member orientation.
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5.6.3. 2.4 Coordinate Axes Generator { AXISGEN)

Given two unit vectors (usually star vectors}), Sp

and s.,, expressed in two coordinate systems, denoted by

B
. - , . , ;
primed and unprimed characters, i.e., Shr EB’ Bps EB‘ this
routine computes the unit vectors x, y, 2 which are the primed
coordinate system axes referred to the unprimed coordinate
system. This is accomplished by defining two ortho-normai

coordinate sets, one in each system, in the following manner:

ux T 8a
E%{ = UNIT (§A X §i3 }

_ 1 ]
uz T UxX Uy

(6.3 13)

Ux = SA
uy - UNIT (5, X 8p)
ug = Uy X uy

The primed coordinate system axes expressed in

terms of the unprimed coordinate system axes are:

5,6-22

Rev,3 - 11/68



I + 1
alx T Uy Yyt Uz

|
1
C--
e

u., + u

- ' 1 t
T Uxalx *Uyaly *uzoly (6.3.14)

[~

N

I 1 t
UxgUx ¥ Uygly + Uy,

It should be noted that vectors can be transformed
from the unprimed to the primed coordinate systems by using
the following matrix constructed with the output (Eq. 6. 3. 14)
of AXISGEN:;

| &

(6.3.15)

[

|
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5.6,3,2.56 Calculation of Stable Member Coordinates of the
Spacecraft (CALCSMSC)

To determine the directions of the X, Y, and Z axes
of the present vehicle coordinate systemn or the navigation base
coordinate system with respect to the IMU Stable Member Co-
ordinate System, use is made of the routine CALCSMSC,

The unit vectors x defining the

Xyp Inp 204 Zng
directions of the navigation base coordinate system axes with
respect to the IMU Stable Member Coordinate System are de-

termined as follows:

cos IGA cos MGA

ENB = sin MGA

-s5in IGA cos MGA

cos IGA sin OGA sin MGA
+ cos OGA sin IGA

ZNB -sin OGA cos MGA

cos OGA cos IGA
-sin OGA sin MGA sin IG

= 2

INB © 2nB ¥ *NB

where IGA, MGA, and OGA are the inner, middle, and outer
IMU gimbal angles, respectively, It should be noted that the

rows of the transformation matrix [SMNB] also give the above

vectors,
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5.6.3.3 REFSMMAT Transformations

The matrix required to transform a vector from the
Basic Reference Coordinate System to the IMU Stable Member
Coordinate System is referred to as REFSMMAT, This matrix
can be constructed as foll ith t i
ollows wi he unit vectors Usvant Syswmre and
Yoo defining the orientations of the stable member axes with re-
spect to reference coordinates.

T

REFSMMAT = | uy .

(6.3.16)

uT
~ZSM

e —

5.6.3.3.1 Present REFSMMAT From Star Sightings

The present IMU stable member orientation with re-
spect to the Basic Reference Coordinate System, and the associated
REFSMMAT, can be determined by sighting on two navigation
stars with the CSM optics, If s, and s;

A B
defining the measured directions of the two stars in the present

are the unit vectors

Stable Member Coordinate System,and s, and EB are the unit
vectors to the corresponding stars as known in the Basic Reference
Coordinate System, then these vectors can be used as the input

to the routine AXISGEN {Section 5,6,3.2, 4} to obtain the

present IMU orientation and REFSMMAT {Eqgs. (6,3.14) and
(6.3.15)).
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5.6,3. 3.2 Alignment for Thrusting Maneuvers (Preferred
Orientation )

During certain thrusting maneuvers the IMU will be
aligned according to the following equations,

Uygy = UNIT (xp)
Uygyy = UNIT {(Ugen, X 1) (6.3.17)
YUzsm ~ Yxsm =X Yysm

where Xn is the vehicle or body X-axis at the preferred vehicle
attitude for ignition and r is the CSM position vector,

The associated transformation matrix (REFSMMAT)

is given by Eq. (6.3.16),

5.6, 3.3.3 Alignment to Local Vertical in Orbit {( Nominal
Orientation)

The IMU stable member may be aligned to the local
vertical at a specified time, For this type of orientation the

stable member axes are found from the following.

Uxsm = (Bysm X Yzswm!
Yocn = UNIT (v X 1) (6.3.18)
EZSM = UNIT ( 'E)

where r and v are the position and velocity vectors of the CSM
at the specified time.

The REFSMMAT associated with this IMU orientation
is found from Eq. (6.3,16).
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5.6.3.3.4

Lunar Landing or Launch Orientation

The proper IMU orientation for lunar landing or

launch is defined by the following equations:

where

gy = UNIT (r o) att
UysMm ~ Szsm X UxsMm (6.3.19)

Uzgm = UNIT (he X uygyy)

he = IeX Ve

is the orbital angular momentum vector of the CSM,

and s is the landing site position vector at the
nominal time of lunar landing or launch, tL’ depend -
ing on the alignment mode,

The REFSMMAT associated with this IMU orientation

is found from Eq. (6.3.16).

5,6.3.3.5

Earth Pre-launch Alignment

Prior to earth launch the IMU Stable Member is aligned

to a local vertical axis system,

Usan = UNIT (-r) (local vertical)

Ysrong = UNIT (A) where A is a horizontal vector

pointed at the desired launch azimuth angle,
YysMm T Yzsm < Zxsm

The REFSMMAT associated with this IMU orientation

is given in Eq. (6.3.16),
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5.6.4 STAR SELECTION ROUTINE

The Star Selection Routine is used by the IMU Realign-
ment Program (P-52) and the Back-Up IMU Realignment Program
(P-54) to select the best pair of stars in the viewing cone of the
sextant for fine alignment of the IMU, The logic diagram for this

routine is shown in Fig. 6. 4-1,

Each pair from the computer catalog of 37 stars is
tested to see if both stars are within a 76 degree viewing cone

centered with respect to the shaft drive axis of the sextant (SXT).

Afterwards, the routine checks to see if the angle of

separation between the stars is as least 30 degrees,

If a pair passes the above tests, a check is then made
to see if either star is occulted by the Sun, Earth, or Moomn. The
sizes of the occultation cones about each of the three bodies are
such as to not only account for true occultation but to also pre-
vent the selection of stars too near the bodies because of visi-
bility problems, The directions and the associated occultation
cone sizes of the three bodies are actually computed by the sub-
routine LOSSEM (Section 5. 5. 13) which is called by the IMU
Realignment Programs just prior to calling the Star Selection

Routine.

The pair of stars passing the above tests and having
the largest angular separation is chosen by this routine. If the
routine is unable to find a satisfactory pair of stars after test-
ing all combinations, it is seen in Program P-52 of Secticn 4
that an Alarm Code is displayed, whereupon the astronaut may
either repeat the star selection process at a different spacecraft

attitude or select his own stars later.
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START

!

Set Flag

Select a pair

of stars

Stars in
viewing cone
o]

Either star occulted

Sun, Earth, or Moo

Reset Flag

Y

Store pair with largest
separation and neglect

any previously stored
pair

Figure 6, 4-1
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5.6.5 GROUND TRACK ROUTINE

This routine is used by the astronaut in near-earth or near-
moon orbit to obtain CSM or LM trajectory information. The astro-
naut specifies a time {GET) and a vehicle (CSM or LM), The routine
uses the Coasting Integration Routine (Section 5. 2. 2) to extrapolate
the desired vehicle's state vector to the specified time. The resulting
estimated position vector is converted to latitude, longitude, altitude
coordinates by means of the Latitude-l.ongitude Subroutine (Section
5, 5, 3) and these data are displayed. Altitude is defined with respect
to the landing site radius for lunar erbit, and the launch pad radius
for earth orbit. The astronaut can request the state vector extra-
polation to continue in ten minute steps, or to another specified time,
and obtain additional displays of the coordinates of points in the
spacecraft's orbit.
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5.6.6 S-BAND ANTENNA ROUTINE

The S-Band Antenna Routine (R - 05) is used to
compute and display 2 angles y and p defined in Fig. 6.6-1.
This routine can be initiated by the astronaut during coasting
flight only, when the inertial system is operative and when com-
puter activity is at a minimum. Once the program is initiated
the computer will automatically update the display at a rate no
less than once every three seconds, This updating will continue
until $S-Band Lock-on is achieved and signaled to the CMC by the
astronaut through the DSKY. If the S-Band Routine is interrupted
the display of ¥ and p will be stopped until the astronaut reinitiates

the routine.

The accuracy associated with the computation and
display of vy and p does not indicate the pointing accuracy of the
associated antenna alignment or the accuracy associated with the

antenna gimbal angles,

The angles shown in Fig, 6,6-1 are computed without
consideration of any constraints imposed by the actual antenna
and therefore, if the present vehicle attitude results in antenna
angles beyond the gimbal limit, the CMC will not indicate that

the antenna line-of-sight cannot be pointed according to these angles.

The equations and logic flow used to compute y and p
are shown in Fig. 6.6-2. With reference to the first portion of
this figure, the program will automatically determine whether the
Basic Reference Coordinate System is earth or mooncentered and

will compute the proper values of v and p for either case,
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v is defined as a positive rotation from the plus body
X axis about the CSM body Z axis. (0 < y <360°%)

p is defined as a positive rotation about the Y' axis.
Y' is an axis in the CSM body XY plane rotated from the CSM
Y body axis about the +Z axis direction an amount y.(—90°§ p< 900)

LOS TO
EARTH CENTER

N -

Figure 6.6-1 Definition of CSM S-Band Display Angles
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START

CMC Kepler Subroutine
; Section 5, 5.5
ADVANCE r ——CM to present time
R = vectorfrom CMto
Earth center Ves
. . Compute R Sectlon 5.5.4
in R . vectorfrom Earth
Ref, =EM center to Mooncenter No
Cood . R
* P =primary body indica- R=-(R +r }
tor (sec, 5.2,2.6) — EM  —CM

R=-rom $
R - [SMNB] [REFSMMAT] EJ R in CM body axes

U, = UNIT (R)

proj. of R into
CM xy-plane

= "vaw angle"
0=+ < 360

| = cos (UR U)rr/2

p1tch angle
- 90 =p =90°

Figure 6. 6-2 S-Band Angle Computations and lLogic
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5.6,7 ADDITIONAL RENDEZVOUS DISPLAYS

During the final phases of rendezvous the following
four routines may be called by the astronaut for the purpose of
computing and displaying special quantities related to the ren-

dezvous geometry,

5.6.7.1 Range, Range Rate, Theta Display

Routine R-31 may be called upon tc compute and dis-
play the range and range rate between the two vehicles and an

angle 6 shown in Fig, 6,7-1,

The angle § represents the angle between the CSM
X-body axis and the local horizontal plane, It is defined in a
manner completely analogous to the definition of E in Section
5.4.4,2. Theta, therefore, can have values between 0 and 3600.

“esm

L \\‘\
/ LOCAL HORIZONTAL

Figure 6, 7- 1 Definition of Theta

™

The equations used to compute the display parameters

for R-31 are given below.

R=r; - re

up = UNIT (R)
RANGE = |R| (6,.7.1)
RANGE RATE = (v; - V) * up (6.7.2)

To compute § the following vector is defined
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1
EX=[REF$WMAT]T[NBSM] 0
0
where NBSM and REFSMMAT are defined in Section 5. 6. 3 and
Us is a unit vector along the X-body axis expressed in basic re-
ference coordinates. The angle § is then found as follows:

u = UNIT (_I_‘_CXXC)

U r
. 2x" Ic
ups UNIT |uy -|=—5—=|x¢
r
C
-1
§ = cos  [Uxeup SGN (upe EXEC)] (6.7.3)
IfEX-£C<0;9=27r—9

The three displays of R-31 are automatically updated
until R-31 is terminated by the astronaut. The logic flow required
to accomplish this update is shown in Fig, 6.7-2.

5,6,7.2 Ra-ng_e, Range Rate, Phi Display

Routine R-34 may be initiation by the astronaut to
display the computed range and range rate between the two

vehicles as well as an angle ¢ shown in Fig, 6.7-3.

Xcsm

ST
Ly

LOCAL HORIZONTAL

SXT LOS

Figure 6,7-3 Definition of Phi
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ENTER

t = presgent time

Extrapolate CSM, LM
state vectors to t using
Coasting Integration
Routine (Section 5, 2, 2)

tF = present time

tF = Average -G Time

Extrapolate LM state
vector to tF from t
using Coasting Inte-
gration Routine
(Section 5, 2. 2)

vectors to tF from t using

Extrapolate CSM, LM state

Kepler Subroutine {Section 3. 5. 5)

Wait Compute and display
. 5 secs. R, R, @

Figure 6. 7-2 Range, Range Rate, §

5, 6-36

Rev.3 - 11/68



The angle ¢ represents the angle between the SXT line
of sight and the local horizontal plane. It is determined in the

same way as # in Eq. (6. 7. 3) except that

. T
uy = [ REFSMMAT] ~ [ NBSM] uyp

where UNB is the sextant line of sight in navigation base coordinates
as given in Section 5.6. 3.1, 2,

The three displays of R-34 are automatically updated

in a manner similar to the R-31 update.

5.6.7.3 Final Attitude Display

Routine R-63 may be used to compute and display the
gimbal angles required to point the CSM X -axis or the prefer-
red tracking axis defined in Section 5.2,5,1 at the LM, After
initiation of this routine the state vectors of both vehicles are
extrapolated to the present time plus one minute, Based on
these new state vectors the required gimbal angles are computed

and displayed.

There is no automatic display update. However, R-63
may easily be recycled to manually accomplish an update of the

display.

5.6.7.4 Out-of-Plane Rendezvous Display

Routine R-36 may be used during any phase of the
rendezvous sequence to provide information about the out-of-
plane geometry., Three quantities Y, Y and ¥ are computed for
a given time which is determined by the astronaut, The first
two, Y and v represent the out-of-plane position, and velocity
in some sense, The third display, ¢ is the angle between the
line of sight and the forward direction, measured in the local
horizontal plane. It is equivalent to the yaw angle on the FDAI
ball if the ball were aligned to an inplane, local horizontal at-
titude and the vehicle were rotated such that the X -axis were

pointed along the line of sight.
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The exact definition of Y, Y and ¢ is demonstrated by
the following set of equations,

u = UNIT (ELXE'_L) {6.71.1)

where Ty, and vy, are the position and velocity vectors of the

LM, respectively.

Y=re~+u
. {6.7.2)
Y=Vea-

where r . and v c are the position and velocity vectors of the

C
CSM, respectively.

EF=UNIT [(ECXXC)XEC]

up = UNIT (z ) (6. 7. 3)

u; g = UNIT [LOS - (LOS « ug) ug]
W= cos™ ! (u - uy) (6.7.4)
Yros" 2F -4
N=4708” %F
EN*r~< 0 ¢=2r-y¢ (6.17.5)
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9. 6.8 AUTOMATIC OPTICS DESIGNATE ROUTINE

5. 6. 8.1 General

This routine is used during alighment and navigation pro-
cedures to automatically point the optics in the direction of a speci-
fied tracking target to aid the astronaut in the acquisition of the

target. The four target modes available in this routine are as follows:

1)} Star mode
2) LM mode
3) Landmark mode

4) Advanced ground track mode

The calculations and positioning commands in this routine
are repeated approximately every two seconds provided the optics

mode switch is set to CMC,

The routine consists of two subroutines, Line-of-Sight and
Command, I.ett be the time (GET) at the beginning of a cycle and
let

t6=t+5t (6,8.1)

where 6t is a lead term to compensate for system lags, During the
first part of the cycle the desired line-of-sight vector at time té,

U1 os? is computed, The Command Subroutine then computes updated
values of the desired optics angles from the desired line-of-sight
vector, Y1 o8’ and the current vehicle attitude, The entire procedure
is then repeated, A basic CMC routine drives the optics to the

orientation indicated by the desired angles
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5. 6, 8. 2 Line -of-3ight Subroutine

5.6.8.2.1 Star Mode

This mode is used during IMU alignment procedures to
point the optics in the direction of a specified star. The desired
line -of-s'ight vector, Y os? is the specified unit star vector stored
in the CMC fixed memory.

5.6.8.2.2 LM Mode

This mode is used during LM tracking phases to point the
optics in the direction of the LM. The Kepler Subroutine (Section
5. 5. 3) is used to compute 'c and r., the estimated conic position
vectors of the CSM and the LM, respectively, at time t5° Then,
the desired line-of-sight vector is given by

= UNIT {r; -r.) (6. 8. 2)

Y108 =

5. 6.8.2.3 Landmark Mode

This mode is used during the orbit navigation phase to

point the optics in the direction of a landmark specified either by
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code number for a stored landmark, or by latitude, longitude, alti-
tude for a landmark whose coordinates are not stored in the CMC
memory. The Kepler Subroutine (Section 5. 5, 5) is used to compute
Tes the estimated conic position vector of the CSM at time ‘c‘5 .
Then, EQ’ the estimated position of the landmark at time t‘5 is
computed by means of the Latitude -Longitude Subroutine (Section

5.5.3). Finally, the desired line-of-sight is given by

u ) (6. 8. 3)

Y og = UNIT (r, -

e

5,6,8.2.4 Advanced Ground Track Mode

This mode is used during the lunar-orbit navigation phase
10 aid in the surveillance, selection and tracking of possible landing
gites by driving the optics to the direction of a point on the ground
track of the CSM at a time slightly more than a specified number of
orbital revolutions from current time. Let the specified revolution
number be N, and assume that N is no greater than four.

Let £C

The local vertical vector, ELV’

be the estimated CSM position vector at time t6 .

at time ‘c‘5 is given by

YHv

= - UNIT (r) (6. 8. 4)
The desired line -of-sight vector, ELOS’iS determined such that the
angle between the vectors 4 o8 and Y v is approximately 60°. Thus,
the astronaut can survey the advanced ground track of the CSM ,and
select a landing site over which the CSM will pass in N orbital revo-
lutions plus about 1/2 (5 ~ N) minutes. After the astronaut selects
the landing site, he switches the optics mode to MANUAL in order to
obtain navigation data as described in Section 5. 2. 4. 1.
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The value of the angle between the vectors Y1 os and U v
is chosen to be 60° in order to ensure that the astronaut will have
sufficient time to center the selected landing site in the field of view
of the optical instrument before the first navigation sighting should
be made. After about one minute of manual tracking, the angle be-
tween the line-of -sight to the selected landing site and the current

loeal vertical direction (not the vector u, ,,} will be approximately

45°, At this time it is desirable for z::Lc}xrrate tracking conditions

to have been attained, and for the MARK button to be pressed. Further
navigation sightings of the landing site should then be made at about
one minute intervals, The data obtained are processed by the Orbit

Navigation Routine (Section 3. 2. 4).

The desired line-of-sight vector, Ui o5’ is computed by
first rotating the local vertical vector about the polar axis of
the moon tc account for lunar rotation, and then rotating the
resulting vector about the normal to the CSM orbital plane to attain

the desired 60° angle. The computation sequence is as follows:

@ Call the Kepler Subroutine {Section 3. 5. 5) to de-
termine e and Ve the estimated CSM counic

position and velocity vectors at time t6 .

®

U og = - UNIT {r.) {6.8.5)

@ Call the Planetary Inertial Orientation Subroutine
to transform the lunar polar vector (0, 0, 1) to the

Basic Reference Coordinate System, obtaining the

first rotation vector ug-
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@ . Let the first rotation angle A be

A=A N (6. 8. 6)

where AM is the angle through which the moon ro-

tates in one nominal lunar-orbital period,

Rotate the vector u

Y 08 through the angle
A by

about ER

U og = (1 - cos A) (up - uy o) up

(6.8.7)
* Uy g €OS A+ ERX Y og Sin A
@ Compute the second rotation vector from
up = UNIT (XC X EC) (6. 8. 8) I
@ L.et the second rotation angle be
A=rn-A (6. 8. 9)
=5 . 8.

Compute the final desired line-of-sight vector Yo
by repeating Eq. (6. 8. 7)
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5.6.8.3 Command Subroutine

In this subroutine the line-of-sight vector, Y os? is
transformed to stable member coordinates by means of

sy - [REFSMMAT] u g (6.8.10)

The desired optics trunnion ( precision) and shaft angles, TA
and SA, respectively, are computed as described in Section
5.6.3,1.3.
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5.6.9 LUNAR LANDMARK SELECTION ROUTINE

The purposes of this routine are (1) to determine
the time that the CSM will pass over the landing site, and {(2)
to select five landmarks which are suitable for orbit navigation.
The use of this routine is restricted to lunar orbit since the
coordinates of only lunar landmarks are stored in the CMC

fixed memory,

The landmark selection procedure is based upon the
assumption that the moon is mapped by five north-south bands
of landmarks at approximately the -600, —300, 00, + 30° and

“+60%meridians of selenographic longitude as shown in Fig. 6.9-1,

It should be noted that if the stored lunar landmarks do not fit

this general pattern, the results of the landmark selection routine

will not produce a practical landmark sighting schedule.;k

‘The number of landmarks in each band { approximately five) is
assumed to be sufficient to cover all lunar orbits within the
prescribed maximum inclination angle. The reason for the

30° separation between landmark bands is to allow about ten
minutes of time for the identification, acquisition and tracking
of a lunar landmark, including all DSKY operations as described

in Section 5.2. 4.

From each longitudinal band, the landmark which is
closest to the ground track of the CSM is chosen. In this man-

ner, five primary landmarks are selected for navigation.

Let the selenographic coordinates of the landing site
(Lat,,
These coordinates are included in the prelaunch erasable data

Long, and Alt,} be stored in the CMC erasable memory,

load and can be changed inflight by the methods described in
Section 5.2.4. The selenographic coordinates of the landmarks

are stored in the CMC fixed memory in the following order:

*Indeed, in this program { COLOSSUS 1 (Rev. 237)), the
landmarks do not fit the assumed pattern,
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MAXIMUM
LATITUDE

Figure 6.9-1 Mapped Lunar Landmarks
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L ., Lat.. , ..., Lat. ,

Lat

Lat,, Lat,, ..., , Lat ,
2 3 N, N1+1 N2 N5
Longs,, Longs, ..., LongNl, LongN1+1 ces LongNz, ceea LongNs,
Alt,, Alt,, ..., Alt ., Alt s eaas At , L., Alt
2 3 N, N, +1 N, Ng
where
Long, "¢ Long, = ... 7 LongNl T -60"
-~ ~ ~ ~ _3°
LongN 41 = LongN 4o T LongN = -30
1 1 2
~ ~ o~ - &
LongN +1 - LongN 2 F = ]_,ongN = +60
4 4 5]
The numbers NO = 1, Nl’ N2’ RN N5 indicate the number of

landmarks contained in each longitudinal band and are assumed

to be stored in the CMC fixed memory.

The astronaut specifies a future time t (GET). The
estimated CSM state vector is extrapolated to the specified time
by means of the Coasting Integration Routine (Section 5.2, 2)
obtaining r and v, the estimated CSM position and velocity vec-
tors, respectively. Let Lat and Long be the estimated
selenographic latitude and longitude of the CSM at time t ob-
tained by means of the Latitude-Longitude Subroutine {Section
5.5.3).
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Next, define the following unit vectors:

UNIT (r)

1e
"

UNIT (r X v)

(6.9.1)

UNIT (Er x EZ)

£

| =
n

UNIT (uy, X u,)

where u, is a unit vector along the polar axis of the moon.
Then, if Lat, and Longj are the selenographic coordinates of a
given landmark, the time of closest arrival to the landmark,
tL’ is determined as shown in Fig, 6.9-2. In the figure, the
factor . 997 is used to account for the relative rates of the
CSM and the landmark,and @ is the central angle from r to the
point of closest arrival,

Finally, the logic for the Lunar Landmark Selection
Routine is illustrated in Fig. 6.9-3.

The following data are computed and displayed in
order by this routine:

1} Time of arrival at landing site

2) Time of arrival at first landmark and landmark
index number

3) Time of arrival at second landmark and landmark
index number

4) Time of arrival at third landmark and landmark
index number

5) Time of arrival at fourth landmark and landmark
index number

6) Time of arrival at fifth landmark and landmark

index number
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ENTER

'

AlLong = 997 (Long - Longj)
Uy = Uy, COS {ALong) + Ung sin (ALong)
U = UNIT (E{/V x E)
0 - -1 :
= cos (BD Er)

Call Time-Theta Subroutine

(Section 5.5.7) to Determine Transfer Time -+

EXIT

Figure 6.9-2 Determination of Time-of-Arrival
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ENTER

!

Call Coasting Integration Routine to
Extrapolate CSM State Vector to Time
t Obtaining r and ¥

v

Call Latitude - Longitude Subroutine
to compute Lat and Long

Call Planetary Inertial Orientation
Subroutine to Transform (0, 0, 1) to N,

v

Compute Unit Vectors
Eqgs. (6.9.1)

Determine tL' Time-of-Arrival
at Landing Site, Fig. 6.9-2

¥

Display tL

L EXIT
k =5
j= N5

I Yes
N=N -

k-1 No =k -

aL=1 [ k=0 k=k-1

: 1

Compute un and ty

O Yes
Fig, 6.9-2 4» Display Ak, tk

Y

Call Latitude - Longitude Subroutine j=j-1 <

to Determine Lat, Latitude of Al_.. = Alat
CSM at Time t; No A =)
t, = tL

¥
A Lat = | Lat - Lat, | @ Yesy]| ¥
. 1

Figure 6.9-3 Lunar Landmark Selection Routine Logic Diagram
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5,6,10 ORBITAL PARAMETER DISPLAY COMPUTATIONS

This section presents the CMC computations required
for the display of various orbital parameters in the following
routines and programs:

a) The Orbital Parameter Display Routine R-30, which
is callable by the astronaut via an extended verb,

b) The Splash Error Computation Subroutine DELRSPL
which is automatically called by R-30 when the Earth Orbital

Injection Monitor Program P-11 is running,

¢} The Maneuver-to-CM/SM Separation-Attitude-
Prior-to-Entry Program (P-61) Displays.

d) The CM/SM-Separation-and Pre-Entry-Maneuver
Program (P62) Display of the IMU Gimbal Angles,
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5,6,10,1 The Orbital Parameter Display Routine R-30

The Orbit Parameter Display Routine R-30 may be
called by the astronaut via an extended verb in order to compute
and display certain orbital parameters defined below. This
display will be automatically updated only when Average G is
running. Also the option to select the vehicle for which these
orbit parameters are to be displayed will only be available when

Average G is not running,

In the normal case the apocenter altitude, pericenter
altitude and the time from a reference altitude (300, 000 ft, for
Earth orbit, 35, 000 for Lunar orbit) is displayed, If the chosen
orbit does not intercept this altitude, the third display is 59B59,
Under certain circumstances explained in Section 4 an additional
display of time from pericenter may also be requested by the
astronaut, The details of each option and acceptable astronaut

responses are discussed in Section 4,

The computational logic and equations used in R-30
are shown in Figs, 6,10-1 and 6, 10-2, The following is a list
of important parameter definitions which apply to these figures.

T

State vector of the selected vehicle
¥y

. X 0 Earth

PC : Primary body designator {1 Moon
ha Apocenter altitude
hp :  Pericenter altitude
T p Earth launch pad radius
LS :  Lunar landing site radius
tff + Time from a reference altitude
tPER Time from pericenter

SPLERROR : See Section 5.6.10.2
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The TFF Subroutines, TFFCONIC, TFFRP/RA,
CALCTPER,and CALCTFF, which are called by R-30 to do the

mathematical computations, are described in Section 5,6, 10, 4,

The Splash Error Computation Subroutine DELRSPL
which is also called by R-30 if P-11 is running is described in
Section 5.6, 10, 2,

It should be noted that R-30 and DELRSPL use the
standard values of the gravitational constants, This is in
contradistinetion to the "adjusted' valves used in the TFF
subroutines for the computations involved in the P-61

Displays.
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ENTER

CSM

L = }

Yes

LM

Extrapolate CSM to present time
obtaining r, v {Section 5. 2. 2}

Extrapolate LM to present time
obtaining r, v (Section 5.2.2)

C—

v
LT TLp LT TLS
rpMIN = 300, 000 ft rpMIN = 35,000 ft
v .L v
Call TFFCONIC Subroutine
Using r, v, N u, obtainr, o, p, h', v‘2

v

Call TFFRP/RA Subroutine
Using «, p, obtain rp, r

a

h = 989899,9 NM = -
a ha r, T T
v ¥
hp = 9999, 9 NM hp = rp - rp
) =
Call CALCTPER using
P T L Y @ p,Nw .
cbtain tPER
l Call CALCTFF using
[ ]
'PER * ~ 'PER » R,.or, 1, v, a PN .
obtain tff, XY
Figure 6.10-1 Orbital Parameter Display Routine
{page 1 of 2)
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Average G
outine
P-11
No
=00
e ?"Enning

Call DELRSPL. using tff, r, r, v

h' "o, X, Y, LATgpy » LONGgpp
Obtain SPLERROR (See Sec, 5.6, 10,2)

as N50
keyed in during
operation of
R-30

as N3Zk
keyedinduring

Wion ol 7

-30
Yes
Display Display Display
h ,t
theR ha’ hp, tff SPLERROR, o’ 4t
RETURN

Figure 6, 10-1 Orbital Parameter Display Routine
{page 2 of 2)

Note: The values ol t;; and tppR are actually made to "count down'
every second, i, e, they are autometically updated once a second,

although this is not shown explicitly in the above bigure,
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5.6,10.2 The Splash Error Computation Subroutine DELRSPL

The Splash Error Computation Subroutine DELRSPL
is automatically called by the Orbital Parameter Display Routine
R-30 if (and only if) the Earth Orbital Injection Menitor Program
P-11 is running,

DELRSPL calculates the quantity SPLERROR which
is the miss distance in nautical miles between the abort target

landing point and the predicted splash point,

DELRSPL uses the VGAMCALC and TFF/TRIG
Subroutines which are described in Section 5, 6,10, 4. It also
uses one of the Latitude -Longitude Subroutines described in
Section 5.5. 3 for converting a known latitude and longitude into
a position vector. Further DELRSPL uses the empirical formulas
for the entry range and entry time given by the AUGEKUGEL
Subroutine.

The coefficient 3437. 7468 which is used twice in the
DELRSPL calculations is a conversion factor of the reentry
calculations, and is defined in Section 5.7 of this GSOP. (It is
called "ATK" in that section).

The parameters LATSPL and LONGSPL are the
geodetic  latitude and longitude of the splash point. These
quantities are either pad loaded, uplinked, or entered via the
DSKY by the astronaut.

It should be noted that the Earth Orbital Insertion
Monitor Program P-11 has automatic displays, which are not
associated with R-30 or DELRSPL. These are described in
Earth Orbital Insertion Monitor Program Section (5.3.5.6).
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ENTER

12 1
tep L5, V4 r, B, N X, Y, LATgn . LONGg L
No Yes No
th. = t..
1t i
i Yes
Call VGAMCALC
r,v'2, rp, b, N
Obtain y
RANGE = 0
Vi TE

Call AUGEKUGEL

e m

Obtain

l

Call TFF/TRIG
, XY

r, r
* Th

Obtain

cos 8, sin @

l

RANGE = ARCCOS (cos ) 3437. 7468 + ¢E

(n.m.}

Figure 6.10-2 Splash Error Computation Subroutine
{page 1 of 2)

5. 6-57

@Revised COLOSSUS
DAdded GSOP #R-577 PCR # gog Rev, 3 Date 11-4-68



ALT =10

T = (State Vector Time) -t'ﬁ.+ t

l

Call LAL.OTORV,

LATSPL’ LONGSPL, ALT, T

E

Obtain

YspL

l

YspL

l

Return SPLERROR

SPLERROR = - ARCCOS (

« r/r) 3437.7468 + RANGE
(n. m.} —

Figure 6,10-2 Splash Error Computation Subroutine
{(page 2 of 2)
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AUGEKUGEL START Ve’ Te

Ve - fps

Cve< 21000 ) Yo - deg
YJ X d)e - nm
K| = 5500 ( v < 28000 ) Te TO€°

N

K. =2400 + 443 {28000 -Ve)

K

= 2400 '

,___.( v, <_'24000 S

Y N

K2 =-3.2 - Q0kaCL {24000 - V) V_ < 28400 )
(54 e — )

Yy

N

K2 =1 -. 00105 ¢28000 -'Ve)

|1<2=2.4+.000285(v5320001

¥

Y N
8666* d’e j ¢
Te = Te = S
v 3

RETURN ¢_, T

Figure 6, 10-3 Empirical Relations for Entry Range & Entry Time
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5.6.10,3 The Maneuver to CM/SM Separation Attitude
Prior to Entry Program (P-61) Displays.

The following display computations are made in
Program P-61:

GMAX :+  Maximum predicted deceleration
for entry at the nominal roll angle
(L/D=0, 3).

VPRED :  Predicted inertial velocity at an
altitude of 400, 000 feet,

GAMMAEI : Predicted flight path angle between

the inertial velocity vector and the
local horizontal at an altitude of
400, 000 feet,

The altitude of 400, 000 feet is referenced to the Fischer ellipsoid,
and a two step iteration is made to calculate this radial length,

The following three display parameters are required
to initialize the Entry Monitor System, EMS:

RTGO : Range-to-go from the EMS altitude
to the predicted splash point,

VIO : Predicted inertial velocity at the
EMS altitude.

TTE : Time to go from the current time

to the EMS altitude,

The EMS altitude is measured above the Fischer ellipscid and is
stored in erasable memory during the pre-launch erasable load.
For earth orbital mission entries, the EMS altitude is 284, 643 feet.
Lunar mission entries use the EMS altitude of 287, 431 feet.
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The principal computation required for these display
parameters is the conic calculation of time to a radius of specified
length, The intersection of a conic with an altitude above the
Fischer ellipscid is a two step iteration. An initial calculation
is made using a guess of the radius length, The latitude of the
conic with this assumed length is then used to calculate the radius
of the Fischer ellipsoid, This is then used to calculate a second
radial length, and display quantities are referred to this second
radius, Additional iterations are not required to achieve the

necegsary display accuracy.

The computation logic for the P-61 displays is
presented in Fig, 6. 10-4, These computations use the TFF

Subroutines which are described in Section 5. 6, 10, 4.

The earth gravitation constant used in these calculations
is increased recognizing that the missions under consideration are
confined to low inclination angles from the equator and cblate earth
effects can be significant, The drag loss in reaching the EMS point

(0. 05 G) is also approximated for these display computations,

Besides the TFF Subroutine symbols (which are
defined in Section 5. 6. 10, 4), and the symbols which are defined

above, the following additional symbols are used in Fig. 6, 10-4:

THETA :; The angle between the present position
and the initial target vector at the nominal
time of arrival. (This is a reentry variable-
See Section 5. 7).

z State vector of the vehicle at the present
v time
5. 6-61
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ry : first guess of the terminal radius
= I'bAD + 284, 643 feet

21, 194, 545 feet

(since ToAD 6, 373, 338 m = 20, 909, 902 ft)

Ky : Adjusted value of the gravitational constant,
It is . 12% greater than the standard value
of the gravitational constant,
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[Call Eniry Initialization] (See Fig. 5. 7-4)

Call Entry Targeting (twice) : R
Resume THETA (See Fig.5.7-6)

(15 EMS altitude -290000 POSD

No&
B ‘“1 - 1. 0012,F ‘

Call TFFCONIC, r, v, Vi,

Resume r, a, p, h', v'z

Call CALCTFF, 1, T, & v, @ p. Vi

Resume t, X, Y

v

Call TFF/TRIG, r, T X, Y

Resume cos 8, sin 6

4
Call FISHCALC, r, v, h', cos #, sin ¢

Resume rF
[
-
reo= rF + (EMS altitude)

T
h 4

Call CALCTFF, r

r, @

(e

T? 3 E 2 ‘“1

Resume~TTE, X, Y

v

Call TFF/TRIG, r, Ty XY

Resume cos 6 sin §

Call VGAMCALC, r, v'°, ro. h', N
Resume Vs Y

Figure 6,10-4 Display Calculations for P-61

(page 1 of 3)
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CALL ENTRY INITIALIZATION (See Fig. 5.7-4)
RESUME BRTO, UTR, BTE

v

urh = UNIT (r) cos 8 + UNIT (r) X {- UNIT (h')) sin @
THETA = cos 1 (URTO . urh), CYCLES = 0
WT = WIE (TTE+ KTETA THETA)
URT = URTO + UTR (cos WT-1) + RTE sin WT
THETA = cos ! (TRT + urh)
CYCLES = CYCLES + 1
CYCLES = 2°
RTGO = 3437. 7468 THETA
(n.m,)
VIO = VT -1,510,000/ (V.. %)
T =T + 300, 000 feet
Call VGAMCALC, r, v'%, ro, h', Vo
Resume Veps Y
v
VBAR - (vT - 36, 000}/ 20, 000 (in feet/sec,)
GMAX = — 2 [y -6.05 -2.4 v, n 2] + 10
1+4. 8 2T T OBAR
-°VBAR

Yes G MAX = 0
[)
No J

Figure 6.10-4 Display Calculations for P-61
(page 2 of 3)
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N/

h 4
ro. = r. + 400, 000 feet

h 4

Call CALCTFF, rT, r, _r_'_; z: a, p, "“1

Resume t, X, Y

l

Call TFF/TRIG, r, v

T XY

Resume cos 8, sin ¢

l

Call FISHCALC, r, v, h', cos @, sin §

Resume r

=

+ 400, 000 feet

:

Call VGAMCAILC, r, V'2.

r.=r

T F

h', Nu

Frps 1

Resume VPRED, GAMMAEIL

l

Return TTE, VIO, RTGO, G MAX, VPRED, GAMMAEI
for display

Figure 6,10-4 Display Calculations for P-61
{(page 3 of 3)
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5.6.10,4 The TFF Subroutines

The TFF Subroutines are used to calculate various
conic parameters, such as the semi-latus rectum, the semi-
major axis, apocenter and pericenter radii, the transfer time
from an initial or present position to specified terminal radii
(which may include apocenter and pericenter), the trangfer
angle of such transfers, and the velocity magnitude and flight-
path angle at the terminal position.

It should be noted that the transfer times when
displayed on the DSKY are the negative of the calculated values,
as in count-down. In the event that the present position lies
between perigee and terminal radius, a positive time representing
time since terminal point is displayed., When perigee is passed,
negative time to terminal radius is displayed once again,

However, for outbound hyperbolas or parabolas, positive time
since terminal point is displayed.
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The TFFCONIC Subroutine (Fig, 6.10~5 ) calculates
various conic parameters and stores them for short-term use,
It also computes other intermediate quantities to avoid duplication

by following subroutines,

The TFFRP/RA Subroutine (Fig, 6, 10- 6 ) calculates
pericenter and apocenter radii for the general conic. For
hyperbolic or parabolic orbits, or for those elliptic orbits where
the apocenter radius exceeds the scaling, r, is set equal to
, which corresponds to the largest number expressible

TaMAX
in the double precision CMC word.

The CALCTFF/CALCTPER Subroutine (Fig, 6.10-7 )
calculates the time of free-fall to a given radius or to pericenter
depending on the entry point to the subroutine. The subroutine
also calculates the quantity Y required by the TFF/TRIG routine
in its computation of the transfer angle. In the event that the
terminal radius does not lie on the present conic, t is set to
the largest time expressible in double precision, 228 -1
centiseconds, as a flag, After TFFCONIC has been called,
CALCTFF/CALCTPER may be called as desired with different
terminal radii to obtain the various times of free fall to these

radii for the same conic,

The TFF/TRIG Subroutine (Fig. 6. 10- 8 ) calculates
the sine and cosine of the transfer angle 6 from the initial
position vector to the terminal position vector., The computation
of the intermediate parameter Y is done during the appropriate
branch in CALCTFF/CALCTPER and saved temporarily. Thus
the caller of TFF/TRIG may make only one call for each call
to CALCTFF/CALCTPFER.
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FISHCALC Subroutine (Fig. 6. 10- 9 ) calculates
the sine of the geocentric latitude of the terminal position
vector, and then calls the Fischer Elipsoid Radius Routine
(part of the lLatitude-Longitude Subroutines of Section 5. 5. 3)
to obtain the radius of the Fischer ellipsoid, using Eq. (5. 3. 1)
of Chapter 5.

VGAMCALC Subroutine (Fig. 6. 10-10) calculates
the velocity magnitude at the terminal position and the flight-path
angle relative to the local horizontal at the terminal position.
The user of the subroutine must supply the proper sign to the
flight-path angle,
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Nomenclature of the TFF Subroutines:

rorr,

-7 Present or initial state vector

v or ¥

In :  Gravitational constant

@ : Reciprocal of the semi-major axis of
conic {negative for hyperbolas)

p :  Semi-latus rectum of conic

e : Eccentricity of conic

rp : Pericenter radius

r, :  Apocenter radius

ry Terminal position radius

Vh Velocity magnitude at terminal position

Vi Flight-path angle relative to local
horizontal at the terminal position

STFF : Switch set to 0 or 1 according to
whether the transfer time is calculated
to the terminal position radius (CALCTFT)
or to the pericenter (CALCTPER)

& : Transfer angle

e Radius of Fisher ellipsoid along the
terminal position unit vector

t ¢ Conic transfer time from the present or
initial position to the terminal position
{CAI.CTFT) or to pericenter (CALCTPER)

r :  The largest apocenter radius expressibile

MAX

in the double precision CMC word at the

relevant scaling,
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r, v, Nu
r = |r|
vl = v/Ng
h' =Xy
p =lll- EI
' = Np
(V')2=!'- E1
@ =%-(V')2

Returnr, a, p, h', (V")Z

Figure 6.10- 8 TFFCONIC Subroutine

5. 6-70

- [V]Revised COLOSSUS
[ ]Added GSOP # R-577 PCR #628  Rev. 3 Date 11-4-68



@, p
e=~N1 -ap
r =pf{1+e)
b p/
No
Yes a=0

ra=(1+e)/a g

Return rp, r Q—J

a

Figure 6,10-6 TFFRP/RA Subroutine
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Call CALCTFF Call CALCTPER

Ty Tge Tpo Voo @ Py Vi Ty Tor Tgp Yor@s Py N
= 1
Strr 0
| —-—
{force pericenter
calculation)*
Conic does not *
intersectter-
minal radius
S
Qh = -V C4 Q - - £h ’ Xh
L e ——
Q0=(£0'z0)/\}lu o
(Outbound)  No AYes (Inbound)
AN s
N =Q, -« N =1 -1
D=C3—roa D=Qh+Q0

{Highly circular, or
rp and rp are peri-
center and apocentexd
or vice-versa, or
D=0l other singularity)*

Yes @ No

Hyperbolic or
parabolic trajec,

*

*Supplementary Information

Figure 6.10-7 CALCTFF/CALCTPER Subroutine (page 1 of 2)
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L]

D/N

0
Fsen(Qy+
1/a 22

H

H

2UXT(X) - 1)] t

t 1 "
tr =L T Qo -qQ +
a[ﬁ O Th Lz

H t=(228.1)

csec

Figure 6, 10-7 CALCTFF / CALCTPER Subroutine
(page 2 of 2)
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ENTER

Y
r, Ty X Y

y

[

cog 8=1-2 IYII[rrh(1+X)]

sin @ = sgn(Y) N1 - (cos 9}2

l

Return cos 6, sin 8

Figure 6,10-8 TFF/TRIG Subroutine
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ENTER

r, v, h', cos 8, sin @

l

u, = UNIT (r)
u, = UNIT (h")

U = Y4, cos g+ ,(P‘rx (-Eh,)) sin 8

l

EW = Unit vector of Earth's North Pole
direction, left by Pad Load
SINL = Yoy Uy

l

Call GETERAD, SINL

Resume rF

Return r

Figure 6,10-8 FISHCALC Subroutine
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ENTER

|

r, (V')2, r

:

h', Vi

h’

v'h = J(V')z + 2 {r - rh)l{r rh)

g = ARCCOS (h'/rh v'h)
v = N v
Return Vh’ 'yE

Figure 6.10-10 VGAMCALC
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5.6.10.5 Egquations Used in Calculating the Conic Time of
Flight

The time of flight along any conic trajectory
proceeding from an arbitrary radius Iy in the direction of
velocity vptoa radius of specified length Ty is provided by
Kepler's equation. The following formulation, while not
quite universal, is explicit and direct. With a single equation,
time of flight can be calculated for conic paths that are
hyperbolic or parabolic and for those elliptic paths having
AR ] < 900. An alternate equation is needed for the elliptic
paths having |AE| > 90°. Highly circular orbits are excluded
by the constraint of length for the terminal radius., In the
absence of a vector direction, highly circular cases are not

treated,

The two conic parameters that appear in the time

of flight equations are given by:

Angular momentum: H = g% Yo
H:-H
Semi-jatus rectum: p==—= (6.10, 1)
[
reciprocal semi-major _ Y0 Yo

axis:

The equation for reciprocal semi-major axis ¢ has the usual
sign convention: ¢ is negative for hyperbolic orbits, zero for

parabolic orbits, and positive for elliptic orbits.
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Two intermediate quantities, given in two useful
equivalent forms, are:

ry Yok

Q- sgn(r"o)'\fro(z-aro) -p
(6.10., 2)

Qy = sgn(f‘h)\/rh(Z-arh)-p = Ly gh/'v';
It is these quantities that exclude highly circular orbits, since
being proportional to radial velocity they become uselessly
small. For TFF application to reentry, Iy is on the returning
gide, so the sign of f-h is chosen as negative. Excepting
ellipses for which |AE| > 900, the conic time of flight is
given by

t= (ZIND) (ry +r, - 222 T(X) (6. 10. 3)

h

where Z is the obtained by one of the following:

if Q0 and Qh have opposite signs:

Z=(Q - QO)I(z -a(ry + rh)) (6. 10, 4a)

if QO and Qh have like signs:

Z = (ry - r)(Q, + Q) {6.10. 4b)
and where if
o Z2 <1.0
then
2
X=aZ (6.10. 5a)
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For those elliptic cases having |AE| > 900,

then

and

X = 1/{a 2% (6.10. 5b)

The conic time of flight is given by

t = 1 " _ Qh + QO + 2 (XT (X) - 1) (6. 10. 6)
aNu | \No o Z
The function T (X} is defined by the series
2 3
X X X
T(X)z-é-‘—s‘F—T—"—g— + ...
z\ff—arctan(\/?) ifOﬁXﬁl
X VX (6.10. 7)

_ _~N-X - arctanh (N-X) HK<O0
K AN-X

The equations (6,10, 4) are equivalent, except that each has
a point of indeterminancy, The selection used in Eq. (6. 10, 4) excludes
the indeterminant point of each from the region of application, The
geometric significance of opposite signs for the Q's is that Ty and
lie on opposite sides of the conic axis of symmetry, For like signs,
the radii lie on the same side. In application to spacecraft landing,
f‘h is negative and Eq, (4a) applies to outbound trajectories while Eq, (4b)

to inbound ones,
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The cheoice of Eq. (6. 10, 3) or Eqg. (6. 10, 6) depends
on whether asz is less than or greater than one. Since both
Eq.(6.10. 3) and Eq. (6. 10, 8) reduce to the same form when
X = 1.0, the division made above is arbitrary. Equation (6,10, 3)
gives both positive and negative values, indicating time to
terminal point, and time since terminal point passage. A
positive value, time to terminal point, is always provided
for the ellipse by replacing negative t by 27/oNon + t.

Equation (6. 10, 6) yields positive values only.

The time of flight equations are exact and involve
approximations only to the extent that the function T (X) is
represented by a polynemial, Furthermore, Eq.{6.10.3) is

continuous as the conic changes from hyperbolic to elliptic.

5. 6-70J

Rev. 3 - 11/68



5.6.10,6 The CM/SM - Separation - and - Pre-Entry - Maneuver
Program (P-62) Display of the IMU Gimbal Angles

In the CM / SM - Separation - and - Pre-Entry - Maneuver
Program ( P-62), the IMU Gimbal Angles corresponding to the

entry attitude at the present time are calculated and displayed,
The calculations are shown in Figure 6.10-11 . The

following nomenclature is used:

KWE : Equatorial Earth Rate = 1546, 70168 ft/sec. (this

is a reentry constant - See Section 5,.7),

U : Unit vector of Earth's North Pole direction, left by
pad load,

UXA The trajectory triad computed each two seconds

UYA : in reference coordinates by CM/ POSE (part of

UZA the DAP calculations ).

UXD Desired body triad for trimmed flight with respect

uyD : to the relative velocity vector, using roll command

uzp and trim angle of attack,

OGA : Outer Gimbal Angle - Roll

IGA : Inner Gimbal Angle - Pitch

MGA : Middle Gimbal Angle - Yaw

ROLLC Commanded Roll Angle

ALFATRIM : Trim Angle of Attack

5, 6-171

Rev.3 - 11/68



ENTER

l

UYA cos (ROLLC) + U ZA sin (ROLLC)

i

UYD

U XD

UNIT (UYD X UXA) sin (ALFATRIM)
+ Y XA cos (ALFATRIM})

:

XNB = UXD
YNB = UYD
ZNB=UZD

l

Store REFSMMAT in
XS8M, YSM, ZSM

l

Call CALCGA

c

N

o
M

UXD X UYD

Resume OGA, IGA, MGA

where;

UXA = - UNIT (V+KWE (UNIT () X u))
UYA = - UNIT (UXA X UNIT (r))

UZA = (UXA X UYA)

Figure 6,10-11 Calculation of Gimbal Angles
Corresponding to Entry Attitude
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5.6,11 LGC INITIALIZATION

The LGC initialization procedure prior to LM sepa-
ration is a manual operation which does not involve a numbered
CMC program, After the LGC is activated the first requirement
is to synchronize the LGC clock with that of the CMC. This is
a count-down and mark procedure described in R-33, CMC/ LGC
Clock Synchronization Routine of Section 4, to obtain an average
clock difference which is then used to increment the LGC clock.
The CMC and LGC clock synchronization can alsc be checked by
the Mission Ground Control Center using telemetry down-link
data, which can provide a more precise difference to increment
the LGC clock,

Next, the following parameters are voice-linked from
the CSM or uplinked from the earth to the LM tc be entered into
the LGC:

1) re CSM position vector

2) ¥e CSM velocity vector

3) tC CSM state vector time

4) ELS lunar landing site vector in
moon-fixed coordinates

5) t0 : time difference bhetween zero GET
and July 1,0, 1968 universal time,

6y P planet identifier

C

All of the above parameters are in octal, and all are double
precision except itemn 9, tO‘ which is triple precision and item
g, PC’ which is one bit, In the lunar landing mission the above
items 1 through 4 are normally determined by the CMC Orbit

Navigation Program P-22,
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5,6,12 CMC IDLING PROGRAM

This program is used to maintain the CMC in a state of readiness
for entry into any other program, While the idling program is in operation,
the Coasting Integration Routine (Section 5, 2, 2) is used to advance the
estimated CSM state vector (and the estimated LM state vector when the
LM is not on the surface of the moon) to approximately current time, This
procedure has the lowest priority of all programs, and is performed only
when no other program is active, This periodic state vector extrapolation
is not necessary from a theoretical point of view, but does have two
practical purposes, First, it is advisable to maintain current (or at least
nearly current) state vector estimates in case an emergency situation
arises, Second, a significant amount of computation time is transferred
from a period of high computer activity (navigation measurement proces-

sing, targeting, etc,) to a period of low activity,

The state vectors of both vehicles are extrapolated even if the
vehicles are attached, There exists a special DSKY verb by means of which
the LM state vector is made equal to the CSM state vector. This verb is
used in conjunction with the LM/CSM separation maneuver in order to
properly initialize the LM state vector, The use of this verb is followed
by astronaut selection of the Target AV Routine (Section 5. 6. 14) to
incorporate the LM separation maneuver AV,

In order to use the Coasting Integration Routine in an efficient
manner, the maximum value for the integration time step, Atmax‘ is
computed as described in Section 5.2,2,5, The value of Atmax is a
function of radial distance and varies from step tc step. Let tC be the
time associated with the estimated CSM state vector and tl be the

current time. The estimated CSM state vector is extrapolated ahead when

>
tl tC + 4Atma.x (6.12,1)
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The integrationis terminated when At_ _ is more than the integration
fime-to-go. In this manner nc extra and smaltler-than-maximum
integration time steps are performed, and the periedic integration

is accomplished most efficiently.

The estimated LM state vector (if applicable) is then ex-
trapolated to the CSM state vector time in the same manner,

The error transition matrix W (see Section 5,2.2.4) is
extrapolated with the estimated CSM (LM ) state vector if ORBWFLAG
(RENDWFLG) indicates that the W matrix is valid, ORBWFLAG is
defined in Sections 5,2.4.5 and 5,2,6,4, and RENDWFLG in Section
5.2.5.2,

The logic for the periodic state vector extrapolation is
illustrated in Fig, 6.12-1. The variables D and V are indicators
which control the Coasting Integration Routine, The quantities X0
and X, are the estimated CSM and LM state vectors, respectively,
and x is a temporary state vector used for integration. Refer to
Section 5.2,2,6 for precise definitions of these items, The switch
SURFFLAG indicates whether or not the LM is on the surface of the
moon, This flag is set to one {zero) by means of a special DSKY verb by
the astronaut when he receives voice confirmation that the LM has
landed on (lifted off from ) the lunar surface,

As shown in the figure, time synchronization of the two
state vectors is achieved and maintained by this program, The

purpose of the state vector synchronization is to guarantee correct

W matrix extrapolation during rendezvous navigation.
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In order to permit correction of wrong erasable memory
parameters which have caused or could cause an invalid and
excessively lengthy integration process to begin, there is an
emergency special DSKY verb to terminate or inhibit the Coasting
Integration Routine., This special verb causes the following to occur:

1. If the Coasting Integration Routine is in operation, it

is terminated at the end of the current time step,
2. .The current program is terminated.
3. The CMC Idling Program {P-00) is activated.

4, The P-00 state vector test is bypassed so that no state

vector integration test occurs until P-00 is reselected,

Note that this operation does not maintain state vector synchronization
and can, therefore, cause incorrect W matrix extrapolation in
rendezvous navigation.
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ENTER

|Inhibit Selection of New Programgh

o+
I
s

=
—

Wait Ten Minutes

Compute &t F—

I <
[

[_A-llow Selection of New Program

D =20 Compute Atmax

Extrapolate CSM State
Vector {and W Matrix
if D = 6) One Time

Step to Time t + Atmax

o

o
o}
| <

Extrapolate LM State Vector (and W
Matrix if D = 6 ) to time tElUsing
e

Coasting Integration Rout {Sec, 5,2,2)

Figure 6,12-1 CMC Idling Program State Vector Extrapolation Logic Diagram
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59.6.13 IMU COMPENSATION

The IMU Compensation is designed to compensate for
PIPA bias and scale factor error and at the same time accumulate
gyro torquing commands necessary to compensate for the as-
sociated bias and acceleration caused gyro drifts. 'The correc-
tion to the PIPA's is

PIPAC = (1 + SFEI) PIPAI - BIASI At
where

is the compensated data for the Ith PIPA
denoted PIPAX PIPAY PIPAZC

PIPA C

C’ C’

SF - SFnom
SFE = —n— (erasable load)

SFI’IOI’D

SF = Scale-factor M

Pulse

BIASI is the bias for the Ith PIPA (anerasableload)

The compensgated data is then used to compute the
IRIG torquing necessary to cancel the NBD, ADIA, and ADSRA

gyro coefficients. The computations are

XIRIG = -ADIAX PIPAXC + ADSRAX PIPAYC - NBDX At
YIRIG = -ADIAY PIPAYC + ADSRAY PIPAZC - NBDY At
ZIRIG = -ADIAZ PIPAZC - ADSRAZ PIPAYC +NBDZ At

*I'he term "'erasable load' refers to data entered into CMC erasable
memory just prior to launch,
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where

XIRIG, YIRIG, ZIRIG are gyrodrift compensation
NBDX, NBDY, NBDZ are gyrobias drifts { anerasable load)

ADSRAX, ADSRAY, ADSRAZ are gyrodrifts due to ac-

celerationin spin reference axis (anerasabile load)

ADIAX, ADIAY, ADIAZ are gyro drifts due to acceleration

in the input axis (an erasable load)

When the magnitude of any IRIG command exceeds two
pulses, the commands are sent to the gyros.

During free-fall only the NBDX, NBDY, NBDZ are
the relevant coefficients and the routine is so ordered that only

these terms are calculated for the gyro compensation,
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5. 6.14 TARGET AV PROGRAM

The purpose of the Target AV Program is to update
the estimated LLM state vector in accordance with the maneuver
AV which is voice-linked to the CSM from the LM and then en-
tered into the CMC as described in Section 5.2.1. The logic for
this program is shown in Fig, 6. 14-1, In the figure, AV is the
maneuver velocity change expressed in a LM local vertical coor-

dinate system and tA is the time of the maneuver,

v
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START

Inhibit Rendezvous Navigation

Data Processing

Y

Extrapolate LM State Vector to

Time t AV using Coasting Integration
Routine (Section 5,2.2)

Y

Rectify LM State Vector
KFig. 2,2-2) Obtaining r t

~Lcon’ XLcon' L

H2 = - UNIT (ELcon)

4 = UNIT (KLcon X ELcon)

Y T X
a T
=0

T _.T T
Yicon T Yicon oV L3}
T

Yo

Extrapolate LM State Vector to
CSM State Vector Time using

Coasting Integration Routine

EXIT
Fig, 6,14-1 Target AV Program
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5,6.16 RMS POSITION AND VELOCITY ERROR DISPLAY

In order to provide the capability for astronaut monitoring
of the G& N system's estimate of state vector accuracy, there
exists a special DSKY verb which causes the RMS position and
velocity errors to be computed from the W matrix and to be
displayed, Based upon the values in this display and the details
of the particular mission, the astronaut will elect to stop the
navigation that is in progress, to resume or continue with the
current navigation procedure, or to reinitialize the W matrix
and continue navigating, The capability of selecting the W matrix

initialization parameters is also included in this process,

The logic for the RMS position error (ArRMS) and

RMS velocity error (AVRMS) display is illustrated in Fig, 6,16-1.

The vectors W, are partitions of the W matrix as defined in

Eq. (2.2, 26) of Section 5,2.2,4, The variablesw__, w__, w_ ,
rr rv fr

W, s W , and w are W matrix initialization parameters, and

fv mr mv
RENDWFLG and ORBWFLAG are the W matrix validity flags,
See Sections 5,2, 5,2, 5.2,.4,5, and 5, 2, 6, 4 for further definitions

and usage of these terms,
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ENTER

Wait Until W Matrix Available ]

Ar =\/§ W. « W,
RMS =g -1 i

17
Avpns T\/ ). MM
{9

Display ATp g AVRMS, Code

Astronaut

Overwrite EXIT
W. = Orgys/ N3
w, = Bvgpg/ V3
ORBWFLAG = 0
RENDWFLG = 0
1 3
Code
2
wrr =W wmr =W
wrv =W me = wV

i EXIT -

Figure 6, 16-1 RMS Position and Velocity Error Display Logic Diagram
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COLOSSUS 1A
ONLY 1A

ENTER

Wait Until W Matrix Available J

ATRMS =\/i Wit Wy
i=0
14
AVRMS Witowy
i =
Display ArRMS’ AVRMS‘ Code
Asgtronaut
Overwrite EXIT
Wy = DTgyg/ V3
W AVRMS/ N3
ORBWFLAG = 0
RENDWFLG = 0
1 3
Code
2
W =W Wor-W
Wev =W Ymv = Wy

= EXIT -

Figure 6, 16 -1 RMS Position and Velocity Error Display Logic Diagram
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5.7 ENTRY GUIDANCE

The entry guidance is used for control of the CM entry
vehicle and is described by the logic flow charts in Fig. 5. 7-1 thru
Fig.5.7-16. A detailed description of the guidance and steering
concept is presented in MIT/IL Report R-532, "Reentry Guidance
for Apollo, " R. Morth, January 1966.

Figure 5,7-1 illustrates the overall picture of opera-
tions during entry, Each block in Fig, 5.7-1 is described in
detail in following figures, Figure 5,7-2 defines the symbols
which represent computed variables stored in erasable memory.

The values and definitions of constants are given in Fig. 5, 7-3,

The initialization routine shown in Fig, 5.7-4 is
entered only once at the start of entry. Besides setting the ap-
propriate variables to their initial values, this routine presets
the variable SELECTOR to INITROLL.

Every pass through the entry equations {done once
every 2 seconds) is begun with the section called navigation
(see Fig. 5.7-5) and is the same as that presented in Section 5. 3. 2.
This integrates to determine the vehicle's new position and velocity
vectors. This navigation routine is started prior to encountering
the entry interface at 400, 000 feet altitude, ard is continuously

operated from that time to landing.

Next, the targeting section updates the desired landing
site position vector and computes some quantities based on the
vehicle’s position and velocity and the position of the landing site,
{See Fig, 5.7-6).
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The mode selector chooses the next sequence of cal-
culations depending upon the phase of entry trajectory that is
currently being flown, The initial roll section maintains whatever
roll angle was previously selected in the initialization routine

and decides when to start the next phase, as shown in Fig, 5.7-7.

The next phase maintains a constant drag trajectory
while testing to see if it is time to enter the up-control phase,
The testing is presented in Figs. 5.7-8 and 5,7-9. The constant
drag equations are given in Fig. 5,7-10, The other phases
{(up-conirol, ballistic, and final) are listed in Figs, 5,7-11,
5.7-12, and 5.7-13, (See Fig. 5.7-1 , ) The final phase is
accomplished by a stored reference trajectory with linear inter-
polation between the stored points, Its characteristics as well
as the steering gains are stored as shown in Fig. 5,7-14, The
routine that prevents excessive acceleration build-up ( G-limiter )
is given in Fig, 5,7-15, Finally, the section that doesg the lateral
logic calculations and computes the commanded roll angle is

shown in Fig, 5.7-186,

The parameters computed for display purposes only

during the entry phase are presented in Section 5. 6. 10.

For descriptive material about the interaction of
Entry Guidance with the Entry DAP and with the mission control
programs P61 - P67, see Section 3,
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lINITIALIZATION

NAVIGATION

]TARGETING

MODE
SELECTOR
1 PR
piTROE gt UPCONTRL "‘é‘p:mcr-’
o
' CHECK FOR
INITIAL startoruel |upconTroL BALLISTIC FINAL
ROLL CONTRO PHASE PHASE

CONSTANT
DRA

LATERAL LOGIC

!

QuUT WITH
ROLL COMMAND

Fig. 5.7-1
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89/11 - g "aey

¥-L°G

VAREABLE

DFSCRIPTION

URTO

AN
LRIV
a1

BLP
ASKEP
ASPEY
ASPUP
huPR

AL PDWN
A% P
CNSG

D

0o
DHOOK
1YIFF
OIFFOLD
NLEWD
N#
DHEFR
DvL

F

Fl

F?

F3
FACTL
FACT?Z
FACTOR
GAMMAL
GAMMEAL ]

INITIAL TARGET VECTGR

UNIT VECTOR NORTH

VELOCITY VECTOR

POSITION VECTOR

INERT 1AL VELOCITY

VECTOR EAST AT INITIAL .ARGET
NORMAL TO RTE AND U2

TARGET VECTOR

UNTT NDRMAL TO TRAJECTORY PLANE
INTEGRATFRL ACCEL. FROM PIPAS
GRAVITY VECTOR

INITIAL DRAG FUR UPCONTRE

TERM N GaMMAL CALC., = AHODK DL
DRAG VALUE IN FACTOR CALCULATION
CONST FOR UPCONTRL

KEPLER RANGE

FINAL PHASE RANGE

UP=RANGF

;AMMA CORRECTTON

RANGE DOUWN TD PULL=1tP
PREDICTED RANGE

CIRSTINE [GAMMAL)

TOTAL ACCELERATION

CONTROLLED CONSTANT D

TERM 1IN GAMMAL COMPUTATION
THFTNM-ASP  (RAMGE DIFFERENCE)
FREVIDUS VALUE OF DIFF

CHANGE [N LEWD

RFFERFENCE DRAG FOR DOWNCONTROL
REFERENCE DRAG

vS1-vL

ECCENTRICITY

DRANGE/D DRAG EFINAL PHASE)
NRANGE/D RDOT {FINAL PHASE)
ORANGE/N (L/D)

CONST FOR UPCUNTRL

CONST FOR UPCONTRL

USED N UPCONTRL

FLIGHT PATH ANGLE AT WL

SIMPLE FORM OF GAMMAL

FIG. 5.7-2 COMPUTTR VARTABLES

MAXTMUM VALUE *

2 {UNIT VYECTOR)
1

2 VSAT

2 EXP 29 METERS
128 M/LENTISEC

2

2

2

?

5.85 163R4 CM/S
126 M/CENTISEC

805 FPSS

A

805 FPSS

1

21600 NM
21600 NM
21600 NM
21400 NMm
21600 NM
21600 N+

2

805 FPSS
ROS FPSS
ROS5 FPSS
21600X16 NM
21600x%16 NM
1

B(5 FPSS
ROS FPSS

2 wsay

&4

2700/R05
2TC0/2¥S NMIFRS
2700 N

R0D5 FPSS
1/B05 FPSS
1

1 RADIAN

1 RAPDIAN

COMPUTER NAME
= RTINIT

= UNITW

= VEL

= RN

= ¥N

a RTEAST

= RTNDRM

= RT

= 6GDT/2

FPSS=FT/SEC/SEC

NM = NAUTICAL MILE

NOT STORED
= LOSh/2

NDT STORED
NOT STORED

NOT STORED
Fx +5

EX &

FXx

i+t M H

# MAXIMIUM VALUE DENOTES UNSCALED
VARTARLE VALUE WHEN SCALED

VAR]ARLE HAS MAXIMUIM VALUE QF ONE,



26/11-8g “asyg

G-L"¢

VARTABLE

DESCRIPYIDN

HEADSUP
K
KLAT
KZrOLL
LAD
LADPAD
LATANG
LEQ
LEWD
LaD
LODPAD
L/D

L/01
L/DCRINR
PREDANGL
Q7

RDOT
ROQTREF
ROTR
ROLLC
RTOGO

SL

T

THETA
THETNM

v

vl

vioLn
YCORR

vL

YREF

¥51

VBARS

V50
W1

X
Y

2
FIG. 5.7-24

INDICATOR FDR 1N1TIAL RGLL

ORAG TO LIFT UP TF DOWN

LATERAL SWITCH GalM

INDICATOR FOR ROLL SWITCH

MAX L/D (MIN ACTUAL YEMICLE L/D)

NOMIMNAL VEMICLE L/Ds SP PAD LOAD

LATERAL RANGE

EXCESS C.F. OVER GRAV={V50~-1)G65

UPCONTROL AEFERENCE L/D

FINAL PHASE L/D

FINALPHASE L/D+SP PAD LOAD

DESIRED LIFT TD DRAG RATIO

(VERTICAL PLANE)

TEMP STORAGE FOR L/D IN LATERAL

LAD COS{150EG)

PREDICTED RANGE (FINAL PHASE)

MENIMUM DRAG FOR UPCONTROL

ALTITUDE RATE

REFERENCE RDOT FOR UPCONTROL

REFERENCE RDOT FOR DOWNCONT

ROLL COMMAND

RANGE TO GO {FINAL PHASE}

SINE OF LATITUDE

TIME

DESIRED RANGE IRADLANS)

OESIRED RANGE (NM)

VELOCITY MAGNITUOE

INITIAL VELOCITY FOR UPCONTROL

PREVIOUS VALUE OF ¥l

YELOCITY CORRECTION FOR UPCONTROL

EXIT ¥ELOCITY FOR UPCONTROL

REFERENCE VELOCITY FOR UPCONTROL

VSAT OR V1, WHICHEVER [5 SMALLER
2 F4

VL /¥5AT

2 4
NORMAL ISED VEL. SQUARED = ¥V /VSAT

EARTH RATE TIMES TIME

INTEAMEDIATE VARIABLE IN G-LIMITER

LFATERAL M1SS LIMIT
VWAL, PHASE

COMPUTER YARIABLES (CONT)

MAX I MUM YALUE

805 FPSS
1

1

1

4 RADIANS
128.8 FPR3S
1

el

1

1

2700 Nm

805 FPSS

2 VSAT

2 Vv5aAT

2 VSAT

1 REVOLUTION

2700 NM

1

B 28 CENTISEC
2 Pl RADIANS

21600 NM

2 vsal

2 V5aATY

2 VSAT
2 V5aAY
2 VSAT
2 VAT
2 VSAT

REVOLUTION

2 VSAT
4 RADIANS

2100 WMy

{ NOM

{NOM

[NOM

{NOM

COMPUTER NAME

= KAT
-0125)

0.18)

0.2895)
= PREDANG

NOT SAYVED

2 FX +2
NOT SAVED

THETAH
NON EXISTENT

= YSQUARE
NOT SAVED

= WIE (DTEAROT}
NOT SAVED
NOT SAVED

PIPTIME~TTME/RTO

* o0



EXTRA COMPUTER EMASABLE LOCATIONS Nﬁ? SHOWN ON FLOW CHARTS

VARIABLE DESCRIPTION MAXIMUMN VALUE

GOTOADDR ADDRESS SELECTED BY SEQUENCER

AP {PBUF BUFFER TO STORE X PIPA COUNTS
YRIPBUF BUFFEN TO STORE ¥ PIPA COUNTS

IPEPBUF BUFFER TO STORE 2 PIPA COUNTS

PIPCTR COUNTS PASSES THRU RIPA READ ROUTINE

JJ INDEX [N FIMAL PHASE TABLE LOOK-UP

MM INOEX IN FINAL PHASE TABLE LDOK-UP

GRAD FNTERPOLATION FACTOR IN FIR:L PHASE

33 DRANGE/D L/D = F3 2700 NM

FX + 1 AREF 805 FPSS

EX + 2 RTOGG 2700 N

FX + 3 RDOTREF VYSAT/4

FX + 4 DRANGE/D RDOT = F2 21600/2¥S NM/FPS
X + 5 DRANGE/D DRAG = F| 2700/805 NM/FPSS
TEMLIB TEMPORARY LOCATION

TIME/RTD TIME OF INITIAL TARGET ATINIT B 28 CENTISEC
OTEARDT EST TIME BETWEEN RTINIT AND RT B 28 CENTISEC
UNITY UNIT ¥ VECTOR 2

UNTTR JUNIT R VECTOR 2

~¥REL NEGAT IVE VELOCITY REL TO ATMOSP 2 VSAT

SWITCHES INITIAL STATE
e S B ——— et e e e
NOSWITEH  INHIB IT LATERAL. SWITCH NOM-BRANCH (0)
COMEPAST INDICATES OVEASHOOT OF TARGET NON=BRANCH (0)
RELVELSW RELATIVE VELOCITY SWITCH NON=BRANCH {0)
EGSW EINAL PHASE SWITCH NON-BRANCH (O}
HIND INDICATES TTERATIDN IN MUNTEST NON-BRANCH (O}
TNRLSW INDICATES INIT ROLL ATTITUDE SET  NON=BRANCH {0)
LATSH INHIBIT DOWNLEFY SWITCH IF NOT SET BRANCH (1)
N L INDICATES DMAG EXCEEDS .05 GS BRANCH (0O}
GONEBY INDICATES GONE PAST TARGET (SET)  SELF=INITIALING

CM/FLAGS = STATE +&

92D,
95D,
960,
970,
990,
100D,
1010,
102D,

112D,

Figure 5.7-2b Computer Variables {cont)
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AODY ATTITUIDFE QHANTITIES  {CM/POSE)

VAR [ARLE DESCRIPTION MAX [MyM yALUE
~VREL NFLATIVE VELDCITY REL TO ATMOS. 2 VSAT

l'—JLDllY-l USED FAR Uy & AELOwW 1000 FPS 2

l-nu/? UNIT vFCTOR TRITAD 2

|-|vuz BASED ON 2

|_le12 THE TRAJECTORY, F4

I-HU(/? UWIT VELTOR 2

l‘lBYIZ AONY TRI14D 2

l-lﬁlil’ FNOR CH. 2

Figure 5, 7-2¢ Computer Variables {cont)
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DI1SPLAY QUANTITIES

VARIASLE

GMAX
VPRED

GAMMAE [
D

YMAGT
THETAK
RT0GO
vIiD

TTE
BETA

XRNGERR
DNRNGERR

DESCRIPTION

PREDICTED MAXEMUM ENTRY ACLCEL
PREDICTED VELOCITY AT ALTITUDE
400K FT ABOYE FISCHER RADIUS.
PREDICTED GAMWA AT ALTITUDE
«00K FT ABDVE FISCHER RADIUS.
DRAG ACCELERATION

INERT[AL VELOCITY MAGNITUDE(Y¥I)
DESIRED RAMGE ANGLE NM
RANGE ANGLE FO SPLASH FRDM
EMSALT FT aBOvE FISCHER RADIUS.
PREDICTED VELOCITY AT ALTITUDE
EMSALT FT ABOVE FISCHER RADIUS.
TIME DF FREE FALL TD aL?Y
EMSALTYT FT ABOVE FISCHER RADIUS.
ROLL COMMAND tROLLC)
CROSS—-RANGE ERRUR (LATANG IN NM)
DOWN RANGE ERROR &

{PREDANG = THETAH IN NM}
ALTITUDE RATE{RDOT)
EX1T DRAG LEVEL (D7)
EXIT VELOCITY
RTOGO IN P67

{(=~THETAH IF GONEBY =0, THETAH
GEODETIC LATITUOE OF VEHICLE
LONG1TUDE DF YEHRICLE

MAXIMUM VALUE

163.A4 G5
128 M/CENTISEC

1 REVOLUTION

BOS FPSS

128 M/CENT]SEC

1 REVOLUTION

1 REVOLUTIDN
{IN NM}

128 M/CENTISEC

A 28 CENTISEC

1 REVOLUTION
1 RE¥OLUTION
1 REVOLUTION

12A M/CENTISEC

BOS FPSS

2 VSAT

1 REVOLUTION
IF GONEBY = 1)

DNANGERR. = 99599 WF GONEPAST =1

&0
&0

zx

z

60

b4
b4y N BS
b4, & 6T
53

z2ZTZZ

N &3
M 63
&6y N &R

1.1
66

zz Z

Figure 5,7-2d Computer Variables {cont.)
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pPepPPVvY D

SNSSOTOD  pesiaey [A]

LLS-d# JOSD

# 90d

62S

A9y

3

89-G6-11 8jed

8-L°G

CONSTANTS AND GAINS

Ccl

clé
c17
ci8
c2o
CHOOK
CH1
cos1s
DLEWDO
DY
GMAX
KAl
KA2
KA3
KA4
KB1
KB2
KDOMIN
KTETA
KLAT1
Ka4
LATRIAS
LEWD1
POINT]

03

05

Q6

QTF
QTMIN
Q19
VFINAL1
VFINAL
VLMIN
VMIN
VRCONTRL

VCORL IM
25NM
voulT
crnl

FACTOR IN ALP COMPUTATION
CONSTD GAIN ON DRAG

CONSTD GAIN ON RDOT

BIAS VEL. FOR FINAL PHASE START
MAX DRAG FOR DOWN-LIFT

FACTOR IN AHOOK COMPUTATION
FACTOR IN GAMMAL COMPUTATION
€0S( 15 DEG)

INITIAL VARIATION IN LEWD
COMPUTATION CYCLE TIME INTERVAL
MAX 1MUM ACCELERATION

FACTOR IN KA CALC

FACTOR IN KA CALC

FACTOR IN DO CALC

FACTOR IN DO CALC

OPTIMIZED UPCONTROL GAIN
OPTIMIZED UPCONTROL GAIN
INCREMENT ON Q7 TO DETECT END OF KEPLER PHASE
TIME OF FLIGHT CONSTANT

FACTOR IN KLAT CALC

GAIN USED IN INITIAL ROLL SECTION
LATERAL SWITCH BIAS TERM
NOMINAL UPCONTROL L/D

FACTOR TO REDUCE UPCONTROL GAIN

FINAL PHASE DRANGE/U V

FINAL PHASE DRANGE/ D GAMMA

FINAL PHASE INITIAL FLIGHT PATH ANGLE
MIN DRAG FOR UPCONTROL

MIN VALUE FOR Q7 IN FACTOR CALCULATION
FACTOR IN GAMMALL CALCULATION

VELOCITY TO START FINAL PHASE ON INITIAL ENTRY
FACTOR IN INITIAL UP-DOWN CALC

MINIMUM VL

VELOCITY TO SWITCH TO RELATIVE VEL
RDOT TO START INTO HUNTEST

VRCONT = COMPUTER NAME

MAX VALUE OF VCORR

TOLERANCE TO STOP RANGE ITERATION
VELOCITY TO STOP STEERING

DRAS FOR NO LATERAL SWITCH

CONVERSION FACTCRS AND STALING CONSTANTS

ATK
GS
HS

J
KWE
MUE
RE
REOQ
VSAT
WIE

ANGLE IN RAD TO NM

NOMINAL G VALUE FOR SCALING
ATMOSPHERE SCALE HEIGHT
GRAVITY HARMONIC COEFFICIENT
EQUATORIAL EARTH RATE

EARTH GRAVITATIONAL CONSTANT
EARTH RADIUS

EARTH EQUATORIAL RADIUS
SATELLITE VELOCITY AT RE
EARTH RATE

F1Gs Se7-3 CONSTANTS, GAINS AND CONVERSION FACTORS

VALUE

1.25
.01
<001
500 FPS
175 FPSS
.25
1
+965

—-.05
2 SEC.
257.6 FPSS (B G=S)
1.3 GS
QTF/6S
90 FPSS
40 FPSS
3.4
.0034"
.5 FPSS
1000
1/24
19749550 FPS
+41252961 NM
15
el

.07 NH/FPS
7050  NM/RAD
.0349  RAD

6 FPSS
40 FPSS
'5

27000 FPS
26600 FPS
18000 FPS
VSAT/2

700 FPS
1000 FPS
25 NM™
1000 FPS

14-0 FPss

3437.7468 NM/RAD

32.2 FPSS
28500 FT
00162346

1546.70168 FPS

3.986032233 E 14 CUBJC M/ SEC SEC
21202900 FT

20925738.2 FT

25766.1973 FPS

«0000729211505 RAD/SEC



INITIALIZATION

URTO = YARGET VECTOR AT TIME OF INITIALIZATION

RTE = UZ*URTO

UTR = RTE*U2

URT = INITIAL TARGET VECTOR AT NOMINAL TIME OF ARRIVAL
(FOR THIS CALCULATION}

= URTO + UTR(COS WT - 1) + RTE SIN WT
WHERE WT = W TNOM, TNOM = 500 SEC

UNI = UNIT (VEUNIT(R))

LATANG = URT.UNI

THETA = ARCCOS(URT.UNIT(R})
K2ROLL = =SIGN(LATANG)

07 = QF

SELECTOR = INITROLL
FACTOR = 1

LOD = LODPAD

LAD = LADPAD

KLAT = KLAT1 LAD

L/DCMINR = LAD COS1$

L/D = = LAD SGN{HEADSUP)
DIFFOLD = 0O

DLEWD = DLEWDO

LEWD = LEWD1

02 = ~1152 + 500 LAD

INITIALIZE SWITCHES

GONEPAST = 1 RELVELSW = 0O GONEBY = O
EGSW = O .05GSW = O NOSWITCH = 0
HIND = O INRLSW = O

LATSW = 1 -

Figure 5.7-4 Entry Program Initialization
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READ & CLEAR PIPAS
SAVE VEL INCREMENT
“AS DELV

kBeu-(m)"BeLv
TEM = VieDT %— . D—E!;,-‘L
R = ReDT TEM

'

R = ABVAL(R) .

UNIT (R)- U2

S . | Mmue REQS 1. 552 ] REQ
: ETiR [0+5880r- 550 ) UNIT )+ 2513 RED 2]
1

S . DELV K
VI-I’EMO—2 + 0T 3

Note:
This routine is identical
to "Average-G'" routine

used elsewhere.
Fig. 5.7-5 "Average-G" Navigation Routine
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\

ARGET NG

{ IS RELVELSW ZERO ? )

YES y ¢y NO
V=V1 V=V1 - KWE ﬁz*UNrr(fﬂ
' {
V= ABVAL(V) \

vsQ = v/ vsAT?

LEQ = (VSQ-1} GS
RDOT = V. UNIT(R)

ONI = UNIT(V*UNIT(R))
D= ABVAiL(ﬁELV)IDT

IS RELVELSW ZERO ¢

YES ¢

poro HRT - ) 5]

NO

B EGSW ZERO ? J WT =WIET

NO ¢ § YES
IS V-VMIN POS? } [WT=WIE(KTETA THETA+T)

NO § YES

RELVELSW = 1'

i

WT= WIE

(RE TVHETA, + T)

! r

= GRTe + UTR{(COS WT - 1) + RTESINWT

URT
LATANG = URT* UNI
THETA = COS NTRT" UNIT(R))

1
C]B D-.05G NEG? )
NO ¢ YES_L
L05GSW = 1 .05GSW = 0
_J_V

1

GO TO SELECTOR|

Figure 5, 7-6 Targeting

9. 7-11
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r—( IS INRLSW 0 Dﬁ

(S RDOT + VRCONTRL NEG)

(S 05GSW = ")

No

Yes * Yeg
INRLSW =1 GO TO 310 (IS D~ KA POS?

GONEPAST= 0

.06GSW = 1 N_o Yes
i GO TO 310

IKA (KAl(é-EQ) + KA2) GS

]

@ V-VFINALL NE@
Yes * * No

SELECTOR=HUNTEST

jgo TO HUNTEST

GO TO CONSTD

SELECTOR = KEP2 |D® = KA3 I—“—GE-SQ + KA4

GO TO 310

( IS V-VFINAL +K44(RDOT /V)° POS?)

No ¥

L/D = LAD

!

+ Yes

L/D=-LAD

'

GO TO 310

Figure 5, 5-7 [Initial Roll

5.7-12
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YES

(1S RDOT NEG * )
NO ‘

V1= V + RDOT/LEWD

A0 = (VI V)2(D+RDOT
Al=D

%f2C1 HS LEWD))

Al = AQ

V1=V ¥ RDOT/LAD
A0 =(V}/V)2(D+RDOT?/ (2C1 HS LAD))

¥
IS L/D NEG )
NO

YES ¢
Vi=V1l - vQUIT

T

ALP - 2 C1 A0 HS/(LEWD V1%
FACTL = V1/(1 - ALP)
FACT2 = ALP(ALP-1)/A0

VI= FACTI{ - SQRT(FACT2 Q7 + ALF))

'

(15 VL - VLMIN NEG?
YES ‘ NO *

EGSW =1

SELECTOR=PREDICTS3

(5 vivsat ros?)

[ YES

GO TO PREDICT3

NO
( IS V1-VSAT POS ? )

NO{

SELE

GO TO CONSTD

CTOR=HUNTEST VSl=Vll

Y

YES *

VSl= \VBAT

v

DVL=V31-VL

DHOOK: ((1-VS1/ FACTD® -ALP)/ FACT2
AHOOK-CHOOK(DHOOK/ Q7-1)/ DVL
GAMMALl= LEWD(V1-VL)/ VL

2
GAMMAL=CAMMALL _CHI1 GS DVL™(I+AHOOK pPvL)

DHOOK VL2

CIS GAMMAL NE@

YES §

VI=VL+ GAMMATL VI,

LEWD-(3AHOOK DVLZ+2DVLYCHIL GS/(DHOOK VL))
Q7=((1-VL/ FACTD)*- ALP))/ FACT2

GAMMAL = 0

1

NO

CAMMA L1=GAMMALL({1-Q19) +Q19 GAMMALJ

. —

GO TO RANGE PREDICTION

Figure 5. 7-8 Huntest
5.7-13
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RANGE
PREDICTION

VBARS = VL2/VSAT?2
COSG = 1 - GAMMALZ/2

E = SQRT (1 + (VBARS -2) COSG? VBARS)

'

ASKEP = 2ATK sin ! (VBARS COSG GAMMAL/E)

ASP1

ASPUP

ASP3
ASPDWN

= %FE-K (HS/GAMMALL1) LOG (A0 VLE/(Q7 v12)),

Q2+ Q3 VL

Q5 (Q6 - GAMMAL)

-RDOT V ATK/{(A0 LAD RE)

ASP = ASKEP + ASP1 + ASPUR+ASP3+ASPDWN

DIFF = THETNM - ASP

, ballistic range

, final phase range
up -phase range
, gamma correction

, range to pullout

, total range

l

IS ABS (DIFF) - 26NM NEG?)

YES

SELECTOR = UPCONTROL

!

GO TO UPCONTROL

JNO

N

IS HIND = ZEROD

NO

JYES

IS DIFF NEG? )

DLEWD =

DLEWD DIFF

Qs LEWD + DLEWD NEG?)

YES ¥ N
DLEWD = -LEWD/ 2
v
LEWD = LEWD+ DLEWD)
v
HIND = 1
DIFFOLD = DIFF
QT = QIF
~

GO TO HUNTEST

Figure 5, 7-9 Range Prediction

5.7-14
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CONSTD

L/D = -LEQ/DO + C16(D-DQO) - C17(RDOT + 2HS DO/V)

( IS D-C20 POS? )

Y N

Note: LATSW is LATSW = O
reset by DAP.

{15 L/D NEG? '

Y N

L/D=0

GO 1O 210

Fig, 5, 7-10 Constant Drag Control

5,7-15
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C IS D-C21 POS 9
Yes No ,
NOSWITCH =1

YES .0
NO | YES
ROTR = LAD (VI-V) TS RDOT NEG & V - VL - C18 NEG?
OR - (VIV12 AO-ROTR/ 2 €1 Hs LADY |1 o YES D
LD =LAD + C16 (D-DR)
-C17 (RDOT-RDTR) SELECTOR = PREDICT3
EGSW = 1
GO TO PREDICT3
(GO TO NEGTEST| [SELECTOR = KEP?]

50 70 KEP2 N%S ADDNEG D)

[UD= LAD, 6010 310]

{ VREF = FACTL [1 - SORT (FACT2 D + ALPY]

(ISVREF - VS1 POS?)
YES TNO

[RDOTREF = LEWD V1-VREF)| RDOTREF = LEWD (V1-VREF}-CH1 GS{VSI-VREF)

[1 + AHOOK (VSI-VREF)]
DHOOK VREF

2

!
S D-Q7MIN NEG?)
NO 1 YES

[FACTOR = (0-Q7) /{A1-Q7)]

[ TEM18 = - KB2 FACTOR [KB1 FACTOR (RDOT - RDOTREF} + V - VREF]

S [TEMIB| - POINTLNEG?)
YES NO

(TEM1B = [POINTI + POINTL ([TEM1B]- POINT)] SIGN (TEMIB)

[L/D = LEWD + TEM1B)

GO TO NEGTEST

Fig. 5. 7-11 Upcontrol

5.7-16
Revised COLOSSUS

[ JAdded  GSOP #R-577 PCR# 529 Rev. 3 Date 11-5-68




IS . 05GSW 0 ?

NO YES

ROLLC =10

@D - {QTF+ KDMIN) POS 9
YES NO

MAINTAIN ATTITUDE CONTROL
ZEROSIDESLIP AND ANGLE OF
ATTACK NEAR ITS TRIM VALUE)

EGSW =1
SELECTOR = PREDICT3 -
GO TO PREDICT3

!

OUT TO AUTOPILOT WITH

ROLL COMMAND

Figure 5. 7-12 Ballistic Phase

5.7-17
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PREDANGL= RTOGO(V)+F2(VKRDOT - RDOTREF(V))
+FI(V)}D-DREFR(V))

|

C B V - VQUIT POS ? )

YES NO
(IS GONEPAST ZER@— ( GO TO 380
YES NO

CLS (URT *R). UNI POS? )
YES NO

GONEPAST =1
GONERY = ]

|
L/D = -LAD ]
GO TO GLIMITER

L/D = LOD+ 4(THETNM-PREDANGL)/F3(V)

GO TO GLIMITER

Figure 5,7-13 Final Phase

5.7-18
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89/11 - £ "aaYy

61-L°GC

VREF

Frs

394
2103
3922
6295
8531

10101

14014

15951

18357

20829

23090

23500

35000

KONTREF PREER

FPS FrSss
-690.9 4l1.1%
=716 60,
-694 8145
-609 93.9
-493 98.5
-416 102.3
-352 118.7
416 12542
-5656 120.4
~-781 95 .4
~927 8.1
-820 bbb
-820 6.4

Figure 5, 7-14a Final Phase Reference

DR/DREBOT

F2
hbSEES

LN02507
.003582
007039
L1446
«02479
+03391
.06139
07683
.09982
«1335
«2175

« 3046

« 3046

DR /DA
F1
MM AFPSS

-.0346
-.05551
09034
-.1410
-.1978
—.2372
~43305
-.3605
—+4956
—«6483
-2.021
-3.354
—3.354

RTOGU

MM

DR/DL/D
F3
MM

6.10
10.91
2lebt
48.35
93.72

141.1
329.4
465.5
682.7
98C.5
1385
1508
1508

X2
xe
X2
X2
X2



Interpolation Procedure

Start with table entries, See Fig, 5.7-14a,

VREF(i) , i

H

1, 13
RDOTREF(i), i

]

1, 13

etc

Vary the index i until velocity magnitude lies between two
values in the table. That is:

VREF(i) < V < VREF(i+1).

Save the value i and form the linear interpolation factor

_ V- VREF(i)
GRAD = VREF{it1) - VREF{)

Then form interpolated values. For example

RDOTREF(V) = RDOTREF(i) + GRAD [RDOTREF(i+1) - RDOTREF{i}]

Figure 5.7-14b Final Phase Reference
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1S GMAX - D POS ?

vts{ NOy

| GO 10 310 1S GMAX-D POSD
NO YES
L/D = LAD
GO 1O 310

X= SQRT [2HS(GMAX-D)( LEQ/GMAX+LAD)+(2HS GMAX/V)z]

1S RDOT+X POS?

GO 10 310

L/D=LAD '

9
GO 1O 310

Fig. 5.7~-15 G-Limiter

5.7-21
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L/DL = L/D
I ]

v

( IS GONEPAST ZERO ?
No

[Y = KLAT vsQ + LATBI.AS’—I

v

Gs ABS(L/D)-L/ DCMINR NEGD

Yes
GS K2ROIL.L. LATANG POSQ
No Yes
v
L/Dl = L/DCMINR SGN (L/D)

v

QS K2ROLL LATANG-Y POS‘D

Yes No
@ NO SWITCH = 1 )
No Yes

K2ROLL = -K2ROLL

l )

IS ABS (L/D1/LAD) - 1 POS?

No Ye
{L/D1/LAD) = SGN {L/D)

v

ROLLC = K2ROLL COS™! (L/D1/LAD), NOSWITCH = 0 |

O

OUT TO AUTCOPILOT WITH ROLL COMMAND

!z Revised

[ ] Added

Fig, 5,7-16 Lateral lLogic

5, 7-22
COLOSSUS

GSOP #R-577 PCR# 529 Rev.

Date11-8-68



5.8 ERASABLE MEMORY PARAMETER LIST

This section presents a list of selected parameters re-
quired for various program operations. It should be noted that this
is a very limited CMC erasable parameter list, The objective of this
selected list is to identify those parameters that would be stored in
eraSable memory and are required primarily to initialize the opera-
tion of programs and routines, In most cases these parameters can
not be originated within the CMC and must be stored prior to the
mission. Thus, all of the listed parameters can be initialized be-
fore launch, and those that are not applicable will be changed during
the mission prior to their usage. Some parameters will vary continually
throughout the mission (e, g, vehicle state vectors), others are constant
for any one mission phase, but may vary between different mission
phases, and finally some may be constant for one mission, but be
required to change for subsequent missions that use the same CMC
program,

Page Parameter
5.2-28 “co’ ILo
Yoo Yo

5,8-1

Rev.3 ~ 11/68



Page
5.2-51

5. 2-52

9, 2-57
5.2-70

5.2-71

5.2-T77

5.2-78

5.2-79
5.2-83
5.2-84

5.2-89
5.2-85

Revised  COLOSSUS
[[JAdded GSOP #R-57T17

Parameter

KNOWN

STyAX

6 Vpmax

va I‘INT

var
R

var ‘
Rmin

rr
rv

varapr

£3 -~ =

mr
mv

522, 526

Rev. 3
Date §-1 5.-.6..3



Page Parameter

5.2-96 H
5.3-3 Av (At)
5.3-18 AV y
Yiq
5.3-19 Sg
m
5.3-23 r(t,)
ty
5.3-24 c
ec
5.3-27 P
v
5.3-30 JFLG
5, 3-33 Avy, (SPS)
5.3-34 K
5.3-47 Ayp
Ay
Kr
g1
tpo
ao; al, «-rap a
5.3-54 Av
~u
5.3-56
5 5 Yy
6Zp
5.4-5 t
E
wt
5. 4-7 AV o(LV)
5.4-10 874
5.4-11 AV(LV)
5.8-3

Rev.3 - 11/68



COLOSSUS TA
ONLY

Page

9,
5.

5.

2-06

.3-24

. 4=

.4-10

5.8-3A

[JRevised COLOSSUS IA
Added  GSOP #R-577 PCR # 250

Parameter

H
Ay_(A‘t)

AViy
e
Sg

m

—

wt

AVppp (LV)

61-3
51’7

AV(LV)

Rev.

.

1A

Date 12-3-68



5.4-37

5,4-65
5,5-13

5.5-16

5.5-22

5,9-23

5,5-24

3.6-60

Parameter

trpr

K

Yo

wt

EMS Altitude

Rev.3 - 11/68



Page Parameter

5.6-73 r

5,6-77 SFEI, SFEza SFE3
BIASI, BIASz, BIAS3
ADIAX, ADIAY, ADIAZ
ADSRAX, ADSRAY, ADSRAZ

NBDX, NBDY, NBDZ

5.8-5

Rev.3 - 11/68
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5,9 FIXED MEMORY CONSTANTS

Section 5, 9,1 contains a list and the numerical values of those
fixed memory constants in Section 5, 2 through 5, 6 which have not been
specified previously, Those constants which are considered to be
control type data are indicated by source references which are listed
in Section 5, 9,2, Explanatory comments are noted in Section 5, 9, 1
where applicable and listed in Section 5.9, 3. It should be noted that

only one page number is given for a constant in the list of Section 5,9,1

even though the constant may appear in other parts of Section 5. In

these cases the same value is used for the constant as reported in Section
5.9.1,

5.9.1 FIXED CONSTANTS

Reference Comments
Page Constant Units Value (Sec,5.9.2) (Sec. 3.9.3)
“E m3/s®  o.3986032x10'° - 2,3,4
5.2-13 M 13
P upg ms/sz 0.4902778% 10 2,3,4
-2
5.2-16 Jop - 0.10823X 10 2,3,4
Ism - 0.23x 1072 ©2,3,4
g - 0,18 x 107° 2,3,4
. m 6,378, 165 2,3, 4
_3 .
5.2-17 Jon - 0,207108x% 10 2,3,4
Janr - 0 2,3,4
Jam - 0 2,3,4
-4
T o - 0.207160X% 10 2,3,4
r m 1,738,090 2,3,4
M 3, 2 21
5.2-18 . m° /& 0.132715445 %10 2,3,4
5,2-27 €4 csec 3.0 1
5.2-29 rME m 7,178, 165 2
MM m 2,538,090 2
5.2-30 - m 64, 373, 760 14 q
5,2-31 . m 80, 467, 200 4
Lym m 16,093, 440 4

5.9-1

Rev.4 - 12/68



Page

5.2-51

Constant

9~ Lat26

Long2 - Long2 6

Lat

Alt

5 ~ Altzﬁ

Varger

var

IMU

KpL

varSXT

VArTRUN

var

Feps
Fres

m (SPS)

g

o

>

Revised COLOSSUS

[ ] Addeda

GSOP #R-5717

Units Value
See Fig.9-2
See Fig.9-2
See Fig.9-2
(mr)? 1.0
(mr)2 0.04
nm / bit 0.01
(mr)? 0, 04
ft/sec 9,835712 X 10
(mr)? 0. 0025
(nm)2 1
pounds 20, 500
pounds 200 or 400
pounds/sec. 63.8
pounds 197
pounds/sec, 19885
pounds/sec, 6590
pounds 26475
5.9-2
PCR # 544

8

Reference
(Sec.5.9,.2) (Sec.5.9.3)

Comments

Rev.

18
18

18

10

20
20

20

12
12

12

15

1s|

10

Date 12-18-68



COLOSSUS 1A
ONLY
Page Constant Units Value
5,2-51 Lat2 - L.':L‘cz6 See Fig, 9-2
Long2 - Long26 See Fig.9-2
Alt2 - Al‘c26 See Fig.9-2
b.2-54 var (mr)2 1.0
) SCT ’
2
Var .y (mr} 0.04
5.2-73 kRL nm/bit 0.01
2
5,2-77 Vargep {mr) 0,04
5.2-86 c ft/sec 9.835712 x 10
2
5.2-95 VarTRUN (mr) 0.0025
var (nm)2 1
5.3-21 FSPS pounds 20, 500
FRCS pounds 200 or 400
5.3-30 FL pounds 197
K1 pounds/sec. 19885
K2 pounds/sec, 65990
K3 pounds 26475
5.9-2A
[ JReviseda covrossus1a

Added "

GSOP #R-57T

PCR # 250, 544

8

1A

Reference Comments
(Sec. 5.9.2) (Sec.5.9,3)
18 12
18 12
18 12
4
5
6
4
2,3,4
4
15
18l
9

Rev,

20
20
20

4 Date 12-3-68



Page

5. 3-33

5.3-34

5.3-49
5,3-48

5,3-50

5,4-61

5.4-62

5.4-63

5.4-68
5.4-69
5.4-70

5.4-73

Constant

Atroil 018 FS)

Ve(SPS)

M
o wO NO '_O OO

M
o

Ll
LT S

Doo =
NN JORE X )

ERevised COLOSSUS

l:]Added

GSOP # R-577

Reference

Comments
(Sec.5.9.3)

Units Value (Sec. 5.9, 2)
sec 0. 57 17
m/sec 3151, 0386 20
rad/sec 7.29211515X10°° 8
0. 993306578 2,3,4
sec 163, 84
m 100, 0
- 0.001
m 1000
- 0. 002
- . 99966 .
m 1.81000432 X 10
- 1. 5078514
1/m -6,49993054 x 1077
1/m? 9,769389245 x 10718
- 0. 00001
- 0. 000007
m 7.0 % 10°
m 6. 495 x 10°
- -. 06105
- -, 10453
m 121920
s fm -4.8760771 X 10°F 19
s 3/m? 4.5410476x 1078 19
s 3m3 -1,4317675 x 1072 19
8
m 8,0 % 10
] 520
m/s 0. 01
m/s 3151, 0396 20
m /s 2706, 64 10
kg/s 0. 16375 10
5. 9-3
PCR # 621 Rev. 3

11

-3

-1 A1 A1 -1 -1 -]

-] =1 =] =] =] =3 =] =] =]

Date 11-5-68



Reference Comments

Page Consgtant Units Value (Sec.5,9.2) (Sec.5.9,3)
5, 4-73 C, - 0.5 ' 16
5.5-8 (Kepler) € - 2-22 12
(Lambert) ¢, - 2719 12
2 -13
€, {moon) ml/ 2 12
x 1/2 -12
e (earth) m 2 12
x -23
€, - 2 12
5. 5-11 K, - 272 12
5,5-16 BO rad 0,409164173 7.8 5
2 rad -6.03249419 7.8 5
FO rad 2,61379488 7.8 5
' B rad/sec -7.19756666X% 1074 7,8 5
G rad/sec -1.07047016x10°°° 7.8 5
i rad/sec  2.67240018x 107 7.8 5
5,5, 17 ol - 0.99964115 7.8 5
SI - 0,02678760 7.8 5
. 5.5'18 a m 6,378, 166 2'3‘4
b m 6,356,784 2.3.4
5,56-22 rLP , m 6,373,338 ) 11
5,6-8 Tgg " sec, 360 6
5,6-39 5t sec, 1.3 :
5.9-5 Star Table sec, See Fig.9-1 17

5.9-4
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Catalogue No,

5 {octal) - Star Name
D 1 o Andromedae (Alpheratz) 2,1
> A 2 8 Ceti (Diphda) 2 9
8‘_ 2 3 ¥ Cassiopeiae (Navi) 2,2
e o 4 o Eridani (Achernar) 0.6
o ! 5 ‘@ Ursae Minoris (Polaris) 2.1
a 05 6 @ ¥Eridani (Acamar) 3.4
= 7 o Ceti{Menkar) 2.8
g 8 ® 10 e Persei {Mirfak) 1.9
O = © i1 a Tauri (Aldebaran) 1.1
"D - 12 3 Orionis (Rigel) 0.3
= 0 13 e Aurigae (Capella) 0,2
:IG & = 14 o Carinaze (Canopus) -0.9
o U E. 15 o Canis Majoris (Sirius) -1.86
a3 - 16 a, Canis Minoris (Procyon) 0.5
@ 17 ¥~ Velorum (Regor) 1.9
a 20 ¢t Ursae Majoris (Dnoces): 3.1
g on 9: 21 o Hydrae (Alphard) ‘2,2
5 o ) 22 o Leonis (Regulus) 1.3
- : g, 23 f Leonis {Denebola} 2,2
W o gg v gorvi (?&enah) f 8
@ o rucis crux .0
© ® 26 a Virginis (Spica; 1.2
g 27 n Ursae Malioris(Alkaid) 1.9
s 30 @ Centauri ( Menkent) 2.3
Ué 31 o Bootis (Arcturus) . 0.2
o 32 o SCoronae(Eoreali;‘; {Alphecca) 2.3
Q 33 o Scorpii ntares 1.2
5 34 a Trianguii Austr. (Atria) 1.9
” 35 e Ophiuchi (Rasalhague) 2.1
o = 36 a Lyrae {Vega) 0.1
< ~ 37 o Sagittarii ( Nunki} L 2.1
i 40 a Aquilae {Altair) 0.9
© 41 B Capricorni {Dabih) 3.2
42 o Pavonis ( Peacock) 2.1
43 e Cygni (Deneb). 1,3
44 ¢ Pegasi (Enif) 2.5
45 a Piscis Austr. (Fomalhaut) 1.3

89/%1/11 93ed

X

Yis: M2g:  coordinate

+.8749183324
+.9342726691

*+.4TT6T46280

+.4917355618
+.0131955837
+.54506626811
+.7033883645
+.4107492871
+.3509587451
+.2013426456
+.1373948084
—. 0614360769
-. 1818957154
-. 4116502629
~.3611937602
- 4656165921
L 7741360248
. 8606970465
LO5L56240240
.9525633510
L 4524416631
.9171065276
.5811943804
. 6899501699
7862552143
L 5328042377
3516772846
«114790612172
. 1126265542
+.1216171923
+.2067145272
+.4535361097
+,5518160037
+,3200014224
+.4540570017
+.813E753897
+.83419%3207

L T T T S T O Y B

Y

Coordinate

+,0258916990
+.1732973829
+.1164935557
+.2203784481
+.0078043793
+.5113738486
+.7074274193
+.4987190610
+.8925545449
+.9689888101
+.6813398852
+.6031700106
+.9405318128
+.9066387314
+.5748077840
+.4775804724
+.61542340725
+.4638127405
+.0528067543
-.0591313500
-.0492700670
~.3500098785
-.2907877154
-.4180817959
-.5216265404
-.7159448596
~.B235967165
-.3399437395
-.9694679589
~-.7703014754%
—.8720349419
- B7BO537171
-. 7934422090
—.4436740480
-+5393383149
-.5559063490
-.2394362567

z

Coordinate

+.4835778442
-.3116128956
+. 8707790771
-. 8423950835
+.9998824772
-. 6484940879

- 4.0692188921

+.7632590132
+.2831507435
-. 1432544058
+. 7189566241
—« 7952430739
—+ 2869039173
+. 0924676785
-.7342581827
+, 7450624681
-+ 1482142053
+.2099484122
+.2545224762
—.2985406935
-. 8906319187
-.1908106439
+. 7600365758
—«5908647707
+.3312227199
+.4511569595
—. 4440853383
~«9334138229
+.2178236347
+. 6259751556
~. 4436486945
+.1527307006
—«256B045150
-+8371095679
+.7091871552
+. 1690413589
—.436TTB0649



‘ Altitude®
Number Latitude Longitude {(Meters)

1 01°57'N 42°16'w _2445™
2 02°49's 36%42'w -2624™*
3 00%49'N 36°18'W 1410™**
4 02%03's 30°38'w 1310%%*
01°10'N 24%30'W 960
8 025318 18°31'W 210
7 01°26'N 08°32'wW 2510
8 04°05'N 07°27'w 2360
9 00°06'N 01%20'w - 935"
10 04°30'S 00°01'E 3910
11 01°15'N 03°45'E 3010™%*
12 01°07'N 08°17'E 5110
13 00°32'8 15%21'E 6910
14 01°%42'3 18%20'E 5110
15 01°14'N 23%42'E -3230™*
16 00°54'N 30°05'E -1490"**
17 06°49'N 33°03'E - 890
18 02°24'N 33°55'E -1549™*
19 01%58's 34°02'E - 290
20 01°03's 37°%41'E - 290
21 01%00'N 38%28'E - 940™*
22 00%40's 41%46'E -1090
23 00°51'N 51°35'E -1790
24 00°47'N 57°31'E -2090"***
25 05%29's 58°01'E -2090™***

*All altitude values are expressed relative to a spherical moon with a
radius of 1, 738, 090 meters, For example, a figure of -2090 indicates
a radius of 1, 736, 000 meters, All are based on LAC's 1:1, 000, 000
scale and converted unless other wise noted,

** hese elevation values were taken from LUNAR MAPS 1:1, 000, 000 scale,

dookok X : :
These landmarks were selected in areas 4° - 10° east of each landing site,

=°n°"M‘No data available on radius. Estimated for computer simulations and
program verification.
Figure 9-2 Landmark Table
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5.9.2

REFERENCES FOR FIXED CONSTANTS

Project Apolio Coordinate System Standards, SE008-001-1, Office
of Manned Space Flight - Apollo Program, National Aeronautics

and Space Administration, Washington, D, C,, June 1965,

Natural Environment and Physical Standards for the Apollo Program,
NASA M-DE-8020-008B, April, 1965,

Directory of Standard Geodetic and Geophysical Constants for
Gemini and Apollo, NASA General Working Paper No. 10,020B,
April 6, 1966,

Apollo Missions and Navigation Systems Characteristics, Apollo

Navigation Working Group Technical Report No, AN-1.3, December 15,
1967,

Airborne Guidance and Navigation Equipment - Block II For Apollc
Command Module, Part I, MEI No, 2015000, MIT, June 21, 1965,
(C).

Command Module Guidance Computer Electrical Interfaces - Block II
NAA-MIT, MHO1-01380-216, North American Aviation, Inc,

Inertial Qrientation of the Moon, R, C. Hutchinson, MIT Instrumentation
Laboratory, Report No, R-385, October, 1962,

Explanatory Supplement to the Astronomical Ephemeris and the

American Ephemeris and Nautical Almanac, 1961,

GFE Guidance, Navigation, and Control Performance and Interface
Specification Block II, SID 65-299A, North American Aviation, Inc,,
June 7, 1867,
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10,

i1,

12,

13.

14,

15,

16,

17,

18y

19.

20,

Performance Data Supplement to Mission Modular Data Book-
Block II Earth Orbital Mission, SID 66-1501 A, North American
Aviation, Inc,, Revised March 15, 1967,

NASA letier of direction to MIT 67-FS55-91-329,

The Fixed Memory Consgtants in the Conic Subroutines, W. M., Robertson,
MIT SGA Memo No, 8-68, March 26, 1968,

NAR-MIT Interface Document, MHO1-01301-116 (Rev, B) BlockIl G& N
Navigation Base and Optics Assembly to Command Module Structure,

Astronautical Guidance, Richard H, Battin, McGraw Hill Book Co,, 1964,

The American Ephemeris and Nautical Almanac, Nautical Almanac
Office, U, S, Naval Observatory, 1969,

Apollo Spacecraft Weight and Mission Performance Definition,
Manned Spacecraft Center, NASA, December 12, 1967,

Apollo Mission Data Specification, TRW 2131-H005-R8-000, Thompson
Ramo Wooldridge, June 9, 1966,

Fixed Memory Lunar Landmarks for COLOSSUS ( Mission D)

Ropes, 68-FS55-21, June 11, 1968,

NASA Letter of Direction to M. L. T. 68-F555-19-172,

CsM/ LM Spacecraft Operational Data Book, Volume I, CSM Data I
Book, NASA, SNA-8D-027, May, 1968.
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5.9,3

COMMENTS ON FIXED CONSTANTS

The quantity €4 is the limit used for the minimum time step in
the Coasting Integration Routine, When the time step drops

below €4 the routine is terminated.

The quantities T ME and M 2Fe the radii used by the Coasting
Integration Routine to define a cislunar midcourse orbit inside
of which the only gravitational force considered is that of the
primary body. Outside these radii the gravitational attraction
of the Earth, Moon, and Sun are all taken into account,

The guantity r is the radius of a sphere that approximates the

SPH
surface of influence of the Moon as given in Fig, 1.3 of Reference
14,

The quantities T4E and r are the radii outside of which only

dM
the central force term of the gravitational attraction of the

primary body is used,

The values given for the fixed constants used in the Planetary
Inertial Orientation Subroutine ( Section 5, 5.2 ) are obtained by
using Chapter 4 of Reference 7 and Sections 4C and 11D of

Reference 8,

The quantity TSS is a rough estimate of the time between the
initiation of the Star Selection Routine in the IMU Realignment
Program (P-52) or the Back—'up IMU Realignment Program

{ P-54) and the midpoint of the optical sightings on the two

celestial bodies,

5,0-8
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The following comments are made with respect to the indicated
quantities;

€ criterion used to determine whether the pre-return position
and velocity vectors are nearly collinear ( € = cos 1, 50)_

€5 criterion used to determine whether the conic portion of

Return to Earth has converged upon a suitable reentry radius,

€3 criterion used to determine whether the conic portion of
Return to Earth has converged upon a suitable reentry angle
(although the test is made on the cotangent of the angle it
is equivalent to . 0580).

€4 criterion used to determine whether the precision portion
of Return to Earth final state vector computation has
reached the desired reentry angle {although the test is
made on the cotangent of the angle it is equivalent to

.00058%),

€5 criterion used to determine whether the final state vector
computation has already reached the best possible reentry
angle,

€q criterion used to determine whether the precision portion

of Return to Earth has converged upon the reentry radius

selected in the conic portion,

€5 criterion used to make a final check on the reentry angle
reached by the precision portion of Return to Earth (although
the test is made on the cotangent of the angle it is equivalent
0
to ,116 ),

2.9-9
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10

Cys Gy
Cqy.Cg

MA

criterion used to determine whether the x (tl) ~ AV
iterator has reached a minimum value,

criterion used to determine whether the x (t1 } - Av
iterator has reached the desgired Av,

polynomial coefficients used to determine the maximum
allowable major axis of return trajectories with a positive
radial component based on the radius magnitude,

Maximum allowable major axis of return trajectories

with a negative radial component

radius used to determine which estimate of reentry angle
should be used,

initial estimate of reentry radius.

initial estimate of the cotangent of the reentry angle used
when the initial radius is less than k1 (equivalent to -3°
29. 5').

initial estimate of the cotangent of the reentry angle used
when the initial radius is greater than kl { equivalent to -5°

58').

polynomial coefficients used to determine the cotangent of

the reentry angle based on reentry velocity magnitude

entry altitude above the Fischer Ellipsoid (equivalent to
400, 000 ft. ).

The 'RCS exhaust velocity was computed by using the nominal

specific impulse of the reference document and an acceleration

of gravity of 32, 174048 ft/sec”,

2
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10,

11,

12,

15.

The quantity FL is ullage thrust using two RCS jets where consid-
eration has been made for the 10° offset of these jets.

The quantity t is the elapsed time from lift-off to when the attitude

KS
error display is disabled,

These landmarks do not fit the mapping pattern assumed and

required by the ILunar Landmark Selection Routine, Section 5,6.9

The quantity var, is a rough estimate of the landmark or horizon

L
error variance during cislunar midcourse navigation,
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16.

17.

18.

Wl Revised  COLOSSUS

The constant Ct when multiplied with the estimated length of the
burn gives the adjustment made to compute the actual ignition
time from the impulsive maneuver time. The presently adopted

value is 0, 5.

The direction of each of the 37 navigation stars in Fig. 9-1 is
expressed as the components of a unit vector in the Basic Reference
Coordinate System, These star directions are the mean places

of the stars at the beginning of the Besselian year 1969. The

term "mean place' is defined in Reference 8. The star directions
are computed by MIT using essentially the same technique employed
by the Nautical Almanac Office. Althrugh there are slight differences
between the directions of some of the stars in Fig. 9-1 and those
given in the American Ephemeris and Nautical Almanac for 1369
{(Reference 15), they are considered negligible in comparison to

the other errors associated with a star sighting.

The precise value of thrust is not available. This value is a good

working number,.
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