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FOREWORD

This report was written by Stanton H. Musick of the
Reference Systems Branch, System Avionics Division, Avionics
Laboratory, Air Force Wright Aeronautical Laboratories,

Wright Patterson AfB, Ohio.

The work documented herein was carried out under Pro-
ject Work Unit 1206 0120. Most of this work occurred in the
period January to May 1978 and was documented in draft form

in June 1978 in AFAL-TM~78-19.

Since June 1978, work has continued on 1206 0120 to re-
fine both the SOFE program and its documentation, contained
herein. This report constitutes a portion of the final
documentation for this work wunit. A companion report on
SOFEPL, Reference 5, documents a postprocessor for SOFE ca-

pable of making Line plots.

The author would lLike to acknowledge three people for
their assistance in developing, testing and documenting both
SOFE and SOFEPL. Nelson Estes, who was involved early in
the day~-to-day work on the SOFE code, wrote several 1/0 rou-
tines and helped implement the external trajectory capabili-
ty. Richard Feldmann, who replaced Nelson during SOFE de-

velopment, modified the sparse matrix processing routines
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to simplify structure and increase efficiency, helped main-
tain the program through numerous revisions, designed and
built the plot postprocessor SOFEPL, and helped author the
SOFEPL report, Reference S. Etizabeth Ditmer put the
manuscript version of this report 1in final printed form
using a Digital Equipment Corporation (DEC) program named
RUNOFF. Most text preparation and all Lline justification,
paragraph spacing, table setup, etc., were accomplished
under RUNOFF while most figures were made using a TEKTRONIX
4014 graphics terminal interacting with an in-house program
called FLOWCHART, which ran on a DEC PDP 11/40 computer. My

special thanks to all of you, Nelson, Dick and Libby.
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1.0 INTRODUCTION

SOFE is a Monte Carlo simulation program that was de-
veloped to help analyze integrated systems that employ Xal-
man filter estimation techniques, SOFE should be useful in
all phases of most filter analysis projects, beginning with
the initial filter design and ending with a full system per-

formance analysis.,

This is the SOFE User's Manual. It is written primari-
Ly for people who already understand Kalman estimation. It
shouid help them shorten the cycle from filter design
through fitlter verification to performance analysis by re-
moving much of the mundane programming load and providing a
broad range of options for viewing performance results. One
such option is provided by an ensemble averaging and plot-
ting program (SOFEPL) which is documented in a companion vo-

Llume to this one, Reference 5.

This section begins with a background discussion that
shows the need for a program such as SOFE and compares the
Monte Carlo to the covarjiance analysis approach, A SOFE
overview then follows to relate the purpose, evolution and
nature of the program. A brief section-by~-section review of

this report concludes this section.




1.1 Background

A Large class of modern problems requires the estima-
tion (and control) of the state of a dynamic system based on
noise~-corrupted observations. These problems arise in a
variety of fields including physics, economics, medicine and
engineering. When the dynamic system is continuous and the
observations discrete, the solution to the estimation part
of such problems is given by an algorithm called the contin-

uous-discrete Kalman filter.

A Kalman filter is an optimal, recursive, computational
algorithm that is used to combine functionally-related meas-
urements in order to estimate desired variables. The filter
design procedure begins with the development of mathematical
and statistical models to describe the truth system includ-
ing system and measurement dynamics, system disturbances and
measurement errors, and initial condition information.
These truth models are often both complex and lLarge and must
usually be simpiLified and reduced in size for implementation
in an operational Kalman filter. As in any formulation of
mathematical models for physical processes, the challenge is
to develop models for the filter that are sufficiently com-
plete to represent the physical phenomenon of interest but
not so complex as to be computationally intractable. Thus
the designer must build a 'reduced-order' filter model that

is simpler than his truth model. This reduced-order filter




will execute faster and use less core than the truth model
would have, advantages which are crucial in many applica-
tions. I1f properly designed, the filter will compensate for
the mismodeling errors and track the physical phenomenon
well enough to satisfy the performance criterion. If im-
properly designed, the filter state will diverge from the

truth state.

In order to develop the required compensation, to se-
lect filter states, to test modeling alternatives, to study
the effects of uncertainties in the truth model, to test vi-
olations of assumptions, to do performance tradeoffs, to
provide problem insight, and so forth, computer programs are
required. Two types of programs are commonly used, the sim-
ulation and the covariance analysis. This document is a

user's manual for a simulation named °'SOFE' (1).

Simulation is a much used procedure whereby one c¢on-
structs an experiment on the <computer that emulates the
truth system (the environment) and the filter system operat-
ing together. The mathematical models for describing the
dynamics of both the filter and truth systems are (possibly
nonlinear) stochastic differential equations. In addition,
(possibly nonlinear) stochastic algebraic equations model
the measurements. The random driving functions for the

(1)Simutation for Optimal Filter Evaluation, pronounced
so-fee,

3




truth system as well as the noisy measurements are simulated
with the aid of random number generation. These measure-
ments are processed by the Kalman algorithm to produce wup-
dated estimates of the filter state and its covariance.
Between measurements, the filter state and covariance are
propagated by numerical integration. By making repeated
runs using different random number sequences, one can form
the appropriate ensemble statistics to determine whether the
candidate filter design diverges or tracks the truth system

within acceptable bounds.

A covariance analysis generates the second-order
statistics for both the truth model and the filter design
directly so that one covariance analysis run 1is equivalent
to an ensemble of Monte Carlo simulation runs. The poten-
tial for computer savings is obvious but the technique only
works under several strict assumptions, principal among
which are linearity 1in all models and Gaussian random
processes. Often covariance analysis is most appropriate in
the early phase of a project when these assumptions are
tolerated for the purpose of making a preliminary design or
performance prediction. A simulation can be used to study
many aspects of a filter design problem that covariance ana-
lysis cannot handle and is therefore a natural next step in

filter development and performance analysis.




1.2 SOFE Overview

SOFE is an efficient, general-purpose, Monte Carlo sim-
ulation program for analyzing integrated systems that employ
Kalman estimation techniques, SOFE is a simulation in the
sense described above, i.e., it provides a means for con-
structing a truth system and for testing a filter to track
that system in a series of computer experiments. The truth
system, represented by a model whose state vector is denoted
Xs, is described by a set of stochastic differential equa-
tions, supplied by the user, that emulate the real world
with 1{its attendant random qualities., The filter system is
also described by differential equations, again

user-supplied. The filter state vector and its error covar-

fance are denoted Xf and Pf respectively.

SOFE is general-purpose in the sense that all types of
filter design problems can be studied. This occurs because
the user describes his particular problem through a set of
nine subroutines that he writes and appends to the basic
SOFE program. No assumptions are made 1in the basic SOFE

program that particularize it to a single problenm.

SOFE is efficient in fts wuse of core and computing
time, Since Pf is symmetric and $ ( Pf=stsT) is upper tri-
angular, it s sufficient to work with only those elements

of Pf and S on and above the diagonals. Thus both Pf and S,




which are square matrices of order NF, are stored and ad-
dressed as Linear arrays of Length NF(NF+1)/2. This costs
something in programming complexity but yields storage sav-
ings for these two arrays approaching 50% in high-order de-
signs. Further core savings are obtained by dense packing
of all wvectors and matrices in a single array that may be
conveniently contracted or expanded to better fit the user's
problem. Computing time savings accrue from increased use
of singly subscripted arrays and elimination of all zero

multiplies in forming the derivative of Pf.

SOFE is an outgrowth of two other programs, GCAP and
MCAP, References 1 and 2. GCAP is a covariance analysis
program that uses sparse matrix storage and efficient matrix
manipulation techniques to save computer space and execution
time. SOFE has borrowed and improved on both of these fea-
tures to achieve similar advantages. MCAP on the other hand
is a true Monte Carlo simulation (like SOFE) that was con-
structed by melding many of the routines from GCAP with a
revised executive and some new routines for handling state
vector propagation/update. Both GCAP and MCAP have several
prominent deficiencies: both use a fixed step integrator
that Lacks error control; MCAP propagates Xs, Xf and Pf as
if they were independent when in general they are not; both

use the standard Kalman filter update equations which can

Lead to negative covarifances; both restrict the size of the

i
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problem that <can be worked. SOFE corrects these deficien-
cies and adds some new capabilities including printer plot-
ting, Line (pen) plotting as is done using a Line plotter or
a graphics terminal, the ability to acquire and interpolate
data from an external trajectory tape, and validation of the
user's input data. In addition, SOFE formats and Limits the
amount of output on each printed page, centralizes the con-
trol of output in a single routine, provides a standard
check number at run conclusion, uses a very compact struc-
ture for packing the vectors and matrices of the problem in
blank COMMON, and adheres to ANSI constructs insofar as pos-

sible.

SOFE is written in FORTRAN using only single precision
quantities. It was developed on a Control Data Corporation
CYBER 74 computer where it executes in batch mode, It con-
sists of a main program, 29 subprograms and a block data
routine which together are called 'basic SOFE'. A complete
load module <consists of basic SOFE plus nine user-written
routines. Basic SOFE lLoads in 70000 octal words of memory
on the CDC system. A sample problem consisting of 9 truth
states and 5 filter states (Section 5.1) boosts the total

memory requirement to 74000 octal words.

A reasonable effort has been made to use conventions,

ANS1 standard constructs and modular concepts that will ex-




pedite SOFE's transfer to other machines. SOFE uses several
routines from the standard FORTRAN math Library (SQRT, ABS,
AMINY, etc.) plus five special CDC Llibrary routines: DATE,
TIME, EOF, RANSET and RANF ., SOFE requires these
peripherals: card reader or data 1input terminal; line
printer; eight (local) files for data 1/0. In addition, if
line plots are desired, the user will need the DISSPLA post-~

processor software and a computer graphics device.

1.3 Scope

This report is a user's manual for SOFE. We will try
to acquaint the user with all its attributes and Limitations
and, by examplte, show him how it operates. However, this
will not be a training manual for Kalman filter design.
Such an effort is considerably beyond the scope of this re-

port.

Section 2 presents the propagation and square root up-
date equations that form the mathematical basis for SOFE's
design. Section 3 describes the program, giving information
about its structure and coding conventions. Section & spec-
jfies the format and content of program inputs, outputs and
user-written routines. Section 5 presents two example Kal-
man filter design problems, one Linear and one nonlinear.
Appendices A, B and C give samples of output from these de-

signs. Appendix D covers job control for attaching, compil-




ing, Lloading and executing SOFE on the CDC computer under

the NOS/BE operating system.




BECEING FPAGE BLANK-MOT FILMED

2.0 SIMULATION MATHEMATICS

The mathematics underlying the SOFE simulation consists
of general models for the truth and filter systems together
with algorithms for the extended Kalman filter, ALL of
these models and algorithms are presented in this section,
along with some discussion of numerical techniques that are
used in the basic SOFE code. The section emphasizes what
‘data' the user must supply, via his own code, to effect a

solution of the Kalman algorithms.

We assume physical processes that are inherently con-
tinuous and measurements that are discrete, a combination
that lLeads to the so-called 'continuous discrete Kalman
filter', Purely continuous systems or other
discrete-continuous combinations are not addressed. Since
the Lliterature abounds with good material on the Kalman
filter equations, e.g. Reference 6, we present them here

with some explanation but without derivation.

A OEC program named RUNOFF was wused to produce this
document on a computer printer. Since RUNOFF cannot gener-
ate subscripts or superscripts, some compromises must be
used, especially when writing equations. In particular, we
chose to dse trafling letters instead of subscripts (e.g.

ti dinstead of t; ) and to insert superscripts manually

1




(e.g. 1in Zf the = is so entered). Also, only one Greek
letter 1is used (a concocted 8) and special symbols such as

overbars are employed sparingly.

Note that a trailing 's’' on a symbol (e.g. Xs, ws, vs)
marks that symbol as a truth model quantity. Similarly, a
trailing 'f' on a symbol (e.g. Xf, @f, hf) marks it as a
filter model quantity. s’ was wused instead of 't' for
truth model quantities because 't' is reserved for time.
The s-quantities may be thought of as standards against

which f-quantities will be compared.

To distinguish between matrices, vectors and scalars,
matrices are denoted by a leading upper-case letter that is
not underlined, e.g. F, H, Aas, Vectors are denoted by
upper— or lower—-case letters and are always underlined, e.g.
Xs, ws, f(.). Scalars are either upper- or Llower~-case and
are not underlined, e.g. 1, j, t, Ai. This scheme allows
one to recognize a vector immediately by its underline, but
forces one to distinguish a matrix from an uppercase scalar

by the context of its use.

2.1 Truth Model

A quite general representation of a dynamic,
continuous-time, physical system is given by the following

vector, stochastic, ordinary differential equation:

12




where

Xs(t) = g(Xs,t) + us(t) 2-1)

t is time
Xs(t) is the truth system state vector (NSx1)
9¢(.) is the truth system dynamics vector (NSx1)
ws(t) is a zero-mean white Gaussian ran-

dom process of dimension NSx1 with

ECws (1)ws(t+TD} = Qs (t)*5(T)

Qs(t) is the truth system noise strength (NSxNS)

and where, for an initial time to, Xs(to) is a random wvec-

tor,

independent of ws(t), distributed as a zero-mean Gaus-

sian variable. This initial value is denoted Xso. In the

above,

8(T) s the Dirac delta function and € is the ex-

pected value operator.

The discrete-time vector output 2Zs(ti) for the system

represented by (2-1) is modeled as

where

2Is(ti) = hs(Xs,ti) ¢ vs(ti) (2-2)

ti is a discrete measurement time, i=1,2,3,...
s(ti1) is the measurement vector (Mx1)

hs(.) is the measurement model function (Mx1)
vs(ti) 1s an Mx1 zero-mean white Gaussian random

sequence independent of both ws(t) and Xso with

13 }




ECys (tidvs(tjd) = Rs(ti)e8ij
where Rs is the MxM measurement noise matrix and

8ij is the Kronecker delta function

Together equations (2-1) and (2-2) form the most
cetailed model of the truth (meaning actual) system. Since
most physical systems of any complexity are nonlinear in na-
ture, both functions g(Xs,t) and hs(Xs,ti) are potentially
nonlinear in Xs, a fact connoted here by the inclusion of Xs
in the argument lists of g(.) and hs(.). Xs is the physical
process that the filter will attempt to track. SOFE solves

the differential equation in (2-1) in two stages.

In the first stage the homogeneous part of (2-1), name-
ly dXxs/dt = g(Xs,t), 1is propagated over a time interval
(DTNOYS) specified by the user. This propagation occurs by
means of a fifth-order numerical integrator provided in
SOFE. The user supplies the function g(.) in subroutine

XSDOT, and the numerical integration occurs automatically,

In the second stage, propagation has just concluded and
the accumulated effect of ws(t) must be accounted for. A
typical method for doing this begins by computing the fol-

lowing 'delta-covariance' matrix:

Qd(tj) = @s(tj)*DTNOYS (2-3)

14
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If DTNOYS is small compared to the Shannon sampling per od
in g(.), @d(tj) approximates the growth in covariance of the
Xs process caused by the random system diszturbance ws (t) on
the interval DTNOYS from tj to tj+1. Random noise is in-
jected in Xs by generating a multivariate Gaussian sample
wd(tj) having covariance Qd(tj), and then adding this sample
directly to Xs. These actions occur in SNOYS, 3
user-written subroutine that SOFE calls at DTNOYS intervals.
Function subroutine GAUSS is provided in basic SOFE for gen-
erating uncorrelated random Gaussian samples of specified
mean and variance. Correlated random Gaussian samples can
also be generated (for Qd(tj) nondiagonal) by using basic
SOFE subroutines PSQRT and GAUSS 1in conjunction with one

another (e.g. see [6]J, p. 408, problem 7.14).

In some situations the approximation in (2-3) is inef-
ficient and/or inaccurate, Inefficiencies occur when the
Shannon sampling period of g(.) varies significantly during
a run. In this situation DTNOYS, which is fixed, must be
set small to accommodate the shortest sampling period in
g(.). But a small DTNOYS forces a large number of interrup-
tions in the integration process and raises the computation
time. Attempting to correct the problem by simply enlarging
LTNOYS without changing (2-3) will eventually lLead to inac-
curate realizations of the Xs process. 1In such situations

other options should be considered for computing Qd(tj).
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1f g(.) is linear in Xs, several options surface imme-

diately. In this case (2-1) is written
Xs(t) = G(t)Xs(t) + ws(t)

With Linear dynamics, methods for improving the numerical
approximation in (2-3) are available (e.g. [6], Subsection
6.11) and can be used effectively in a practical filter im-
plementation. For a simulation truth model, however, the
exact representation for Qd(tj) is of greater interest. For
the Llinear case, Qd(tj) may be computed exactly by solving

the following ordinary differential equation for E(t,tj).

. - - 7
alt,tj) 2 6(rIalt,ti) + Q(t,tj)6(t) + Qs(t)

up

actj,tid 0

ad(tj) = a(tj+yr,t;)

To implement this solution in SOFE, one would include
E(t,tj) in the state vector Xs and use SNOYS to formulate
wd(tj) from Qd(tj) as described above. Before exiting from
SNOYS, a(tj+1,tj) would be reset to zero to initialize the
next integration from tj+1 to tj+2. Operating in this
manner will allow DTNOYS to be set Larger than if (2-3) is
used with assurances that dynam*cs 6(t) and plant noise
ws(t) are coupled accurately. As a practical matter,

however, this approach {is significantly more complex than

16
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(2-3) so it may not often be worth the effort.

If g(.) is truly nonlinear in Xs, the problem of a more
efficient computation for @Q@d(tj) than (2-3) is even more
complex, involving stochastic integrals of products of g(.)
and ws(t), and is well beyond the scope of what can be dis-

cussed here.

The knowledgeable reader will note that us(t), the ad-
ditive deterministic forcing function, 1is omitted from
(2-1). This omission was made in order to simplify the pre-
sentation. If us(t) were present in the user's problem, it
would be accounted for Like g(.) is, namely by including it
as an additional term in the derivatives specified in
user-subroutine XSDOT. Basic SOFE would not need altera-
tion. Similar statements apply for the omission of uf(t)
from the filter state differential equation, (2-4), to be

discussed nert.

2.2 Filter Model

The continuous-time physical system and its
discrete~time measurement output are modeled for the filter

by these two (possibl} nonlinear) equations:

XFCE) = £(XF,t) 4 wi(t) (2-4)
2ECEH) = hE(Xf,ti) + vi(td) (2-5)
17




where

t and ti are defined in (2-1) and (2-2)

Xf(t) is the filter state vector (NFx1)

f(.) is the filter dynamics vector (NFx1)

wf(t) is a zero-mean white Gaussian random
process of dimension NFx1 with
E{!f(t)!f¥t+T)} = Qf ()= 5(T)

Qf(t) is the filter noise strength (NFxNF)

2f(ti) is the measurement vector (Mx1)

hf(.) is the measurement model function (Mx1)

vf(ti) is an Mx1 zero-mean white Gaussian random
sequence independent of wf(t) with
ECyf (tvf(tid) = RFC(Eid#5i]

where Rf is the MxM measurement noise matrix

and where Xf(to) is a zero-mean Gaussian random vector, in-

dependent of both wf(t) and vf(ti), and denoted Xfo.

In general, (2-4) and (2-5) for the filter are not
jdentical to (2-1) and (2-2) for the truth because of the
necessity to construct the filter as a reduced-order system
suitable to reat-time solution. Thus NF is usually less
than NS, f(.)¥g(.) and hf(.)$hs(.). Obviously the white
Gaussian noise terms are not equal, filter to truth, znd
their strengths may not be matched either, i.e. Rf may not

match Rs nor Qf match Qs.

18




Note that in (2-4) and (2-5) we are not yet dealing
with filter estimates or actual measurements but with under-
Lying models that will eventually lead us to estimates based

on measurements.,

2.3 Conventional Kalman Filter Equation Summary

The discrete Kalman filter is a recursive data process-
ing algorithm wusually implemented in software on a digital
computer. At update time, it combines available measure-
ments plus prior knowledge about the system and the measur-
ing devices to produce an estimate of the state Xf in such
a manner that the mean square error is minimized statisti-
cally. During propagation, it advances the estimate in such

a way as to again maintain optimality.

The coventional Kalman filter performs the above tasks

for Linear systems and Llinear measurements in which the

driving and measurement noises are assumed to be mutually
uncorrelated, white, zero-mean and Gaussian, and the initial
conditions are independent, zero-mean and Gaussian. These
are precisely the assumptions made for the filter model
given by equations (2-4) and (2-5), except that f(.) and
hf(.) may not be Llinear in Xf. When the system dynamics and
measurement relationships are linear in Xf, (2-4) and (2-5)

can be rewritten as

19




Xt (t) FCEIXFCE)  + wf(t) (2-6)

2f (i) HGtiIXxfCed) + vf(ti) (2-7)
where the assumptions regarding noises and initial condi-

tions remain those listed with (2-64) and (2-5).

Now define if as the estimate of Xf, specifically the
conditional mean, conditioned on the history of measurements
taken up to the present time. The error covariance of Xf,

termed Pf, is the expected value of the error in this esti-

mate,
Pt = EC(XF-XF)(XF-Xf) ) (2-8)

The Kalman estimation equations appropriate for the
system in (2-6) and (2-7) are summarized in Figure 2-1.
Note that the superscripts = and + on Zf and Pf refer
respectively to before and after measurement incorporation

at ti. Also note that the tilde over Is in (2-12) denotes

a realized value from the measurement truth model.
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2.4 Extended Kalman fFilter Formulation

The extended Kalman filter is a variation of the con-
ventional filter which relaxes the requirement that the sys-
tem and measurements be Llinear. It is the filter generally
used in practice for nonlinear applications. This subsec-
tion presents the extended filter equations as a logical ex-

tension of the conventional aguations.

For f(.) or hf(.) nonlinear in Xf, define these partial

derivatives

ud

FCt;Xf) dF(XT, ) /xS (2-16)

up

H(ti; Xf) ohf(xf, tid/oxf (2-17)
where the differentiation is 'row-type' meaning that the
derivative of a scalar with respect to a column vector is a
row vector. This produces dimensions for F(.) and H(.) of
NFxNF and MxNF respectively. F(.) and H(.) may be viewed as
sensitivity matrices that relate small perturbations in xf
to changes in if and Zf as in the differential calculus.
FC(.) is called the 'filter dynamics partial matrix' and H(.)
the ‘'measurement sensitivity matrix'. ODefine the perturba-

tion DX of Xf from its current estimate if.

ox € xt - xt L 2=18)
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The perturbation DX is called the error state while Xf s

the full state,

Expand if and Zf from (2-4) and (2-5) in Taylor series
expansions about Xf in powers of DX. After truncating DX#DX
and all higher powers of DX from the resulting expansions,

one arrives at the following linearized perturbation equa-

tions in DX.

PX(t) = F(t;XfIDX(t)  + wf(t) (2-19)
DZ(ti) = H(ti;XfIDX(ti) + vf(ti) (2-20)

In (2-19) and (2~20) we have equations that meet the assump-
tions of the conventional filter. Thus, a direct estimate
ii* of the error state DX can be made from measurements
éz(ti) using equations (2-11) through (2-13). The measure-
ment difference éi(ti) is called the residual. It is formed
in this <case by subtracting the actual (is) and predicted

(lf) measurements.

DZ(ti) = Zs(ti) - 2f(ti) (2-21)
where
Zs(ti) = hs(Xs,ti) + vs(ti) (2-22)
itcet) = RFaxe, oD
T heCxe, e | (2-23)
23




With 21* in hand, (2-18) can be turned around to yield an

updated full-state vector.
xtt = x¢~ + ox* (2-24)

Equation (2-24) folds all the available data into a sfingle
full-state estimate and thereby allows !l(ti*) to be reset
to zero. Returning to (2-19) and taking the expected value
of both sides, we see that, with a zero initial condition,
él(t) will be zero over the entire interval between updates.

~

bX(t) = 0 for tit <t < tin” (2-25)

With éi(ti') zero, the error-state update equation (based on
(2-12)) simplifies to E£+=K2£' which on substitution in the

full-state update equation (2-24) produces
XFCeih) = XFCedT) + KCeH0ZCed) (2-26)
where DZ(ti) 1s given by (2-21).

To obtain an equation for the propagation of if between
updates, take the expectsation of Taylor's expansion of (2-4)
retaining only the first term.

- N
Xf(t) = f(xf,t)

3 fexf,0) (2-27)
24




Note that the form of f(.) in (2-27) is identical to that in
(2-4) so that none of the dynamic nonlinearities are lost

during propagation.

In (2-27) we have arrived at the desired equation for
propagation of if. Derivatives if are supplied to SOFE
through user-routine XFDOT, and SOFE's fifth-order numericatl
integrator solves (2-27) for if with inftial conditions
after each update being those produced by (2-26). Equation
(2-26) not only updates the full state vector but, in ef-
fect, relinearizes the state around a new nominal that en-
hances the validity of (2-19) and (2-20) for the next propa-
gation. Although (2-26) could serve as written, it will be
replaced by a numerically superior method as discussed in

the next subsection.
Consider now the gquestion of the error covariance Pf of
the full-state Xf and its relationship to the error covari-

ance Pfd of DX.

Ptd = E{DX-DX) (DX-DX) 3

= E{DX DX by (2-25)
= ECCXE-XE) (XE-XP) ) by (2-18)
- pt by (2-8)

In words, the error covarfance of Xf is identical to that of

25




bX. But DX's covariance s given by conventional filter

equation (2-10) with F(t;Xf) replacing F(t). Thus

1]

if(t) F(e; Xf)Pf(t) + Pf(t);kt;lf) + Qf(t) (2-28)

Equation (2-28) governs the evolution of Pf between up-
dates. For measurement update of Pf: (2-13) could serve,
but a numerically superior algorithm exists and is imple-
mented in SOFE. The next subsection presents that

algorithm,

2.5 Square Root Update Algorithm

The measurement update formulation used in SOFE is the
sequential square root form developed by Carlson and docu-
mented in [31. Carlson's approach is algebraically equiva-
lent to the standard approach of (2-11) through (2-13) if
these standard equations are used in a 'recursive scalar up-
date mode'. In ¢this mode Hj+1 and ;fj01, the measurement
sensitivity (row) vector and the predicted value for the
j*#1th of M simultaneous measurements, are computed based on
2f+3, the state estimate available after j scalar measure-
ments have been dincorporated dteratively. In nonltinear
problems this recursive relinearization between measurements
yields improved estimates of £f+and Pf+hhether Carlson
square root or standard equations are wused. However, the

Carlson form offers several additional numerical advantages
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on finite wordlength computers [6, p 399):

o It is numerically stable whereas the standard form s
unstable.

o It is approximately twice as precise as the standard
form.

o It effectively guarantees a nonnegative square root
matrix S*t.
The cost of these advantages, a modest increase in computa-
tion time and required storage, is judged small compared to

their benefit.

This section summarizes the Carlson update equations
used in SOFE. Note that the time-propagation equations dis-
cussed previously are not those suggested by Carilson in [3].
However, the two time-propagation approaches are alike in
the essential fact that both propagate Pf instead of its
square root S. For notational simplicity, we suppress time

arguments in this subsection.

The error covariance square root matrix S is related to

Pf by

P

Pf = sas (2-29)

To make S unfque, Carlson chooses the upper triangular form
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obtained by Cholesky decomposition of Pf., The update pro-
cess begins by computing S  from Pf , the error covariance
available at the end of time propagation. Such an S~ can
always be found if Pf is positive semidefinite (e.g.[4],
p.81). Next, each measurement is processed individually by

the update algorithm to produce from the original S~ and

-~

lf- » updated versions denoted s*and £f+. Finally, st is

*squared' using (2-29) to re-form pet , and the
time-propagation procedure {is ready to resume. The equa-

tions for this sequence are detailed below.

Begin update by computing the Cholesky square root s~ ,

denoted symbolically as follows:

$~ = Pf™ (2-30)
for the details of the computations in (2-30), see Reference
6, page 372. For each realized measurement 2sj, § =

1,2,...,M, perform the following sequence:

d = (st

Ao = Rfj
bo =0
Repeat for ¥ =1 to NF (2-31)
k = §-1
2
Al = Ak + di
28
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bi = bk + Si” di

sit= (517 -bkdi/AK) (Ak/a) 12
Xt* = Xt™ 4 (b, /A,,)02] (2-32)
where
Hji = measurement gradient vector, the jth (2-33)

row of H(ti;gf) from (2-17)

Rfj = measurement error variance, the j,jth (2-34)
element of diagonal Rf
di = ith element of d

th
$i7 = ith column of S~
6ij = measurement residual, the jth element (2-35)

of DZ(ti) from (2-21)

Where zf data is requfred to evaluate Hj or 6ij, the esti-
mate through j-1 iterations should be used since it is the

best available data.

Note the similarity of the if update equation in
(2-26) to its replacement (2-32), the gain K for the vector
measurement residual él(ti) corresponding to b.,/Ays for the
scalar measurement resfidual 6}j. When all N measurements
have been processed through (2-31) and (2-32), Xf and § are

fully updated and Pf can be re-formed using (2-29).

When the M measurements are uncorrelated, Rf is diago-

nal and the above procedure goes through directly. When the

29




M measurements are instead correlated, Rf is not diagonal
and the following Llinear transformation is recommended to

provide M uncorrelated measurement combinations DZ':

v = af”z
V*H' = H -==> H'
R'* =1

If V is obtained as the Cholesky square root of Rf, then éz'
and H' can be obtained by back substitution without invert-

ing V.

2.6 Summary of Extended Filter Equations

Equations (2-27) through (2-32) form the system of
equations <comprising the extended Kalman filter as imple-
mented in SOFE. These are the equations incorporated in the
ba;ip SOFE code. Through his subroutines, the user supplies
£¢.), F(.), Qf(.), Hj, Rfj, and DZj to effect the solution
of these imbedded equations. A summary of equations (2-27)
through (2-32), together with the necessary supporting for-

mulas, is given in Figure 2-2,

Note that SOFE makes no distinction between a Llinear
and a nonlinear problem. puring propagation, SOFE only

knows 1t must numerically integrate D.E.s for the truth
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model, the filter model and the covariance. It cannot tell
linear D.E.s from nonlinear ones. During update, SOFE per-
forms algebraic operations on Pf and if using Hj, Rfj and
6}j data supplied by the user-written subroutine HRZ. It is
true that Hj and 6ij may depend on gf, but this does not
alter the form of SOFE's internal algebra. Moreover, since
DZj is just a scalar residual to (2-32) =-- DZj=Isj-HjXf
for Llinear problems or 6}j=isj-21j for nonlinear problems
-- the Linear/nonlinear problem structures are again masked
from view in SOFE. In short, SOFE is equally applicable to

linear problems and to nonlinear problems that employ ex-

tended filter design principles.
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2.7 Feedback Control

After update, impulsive changes in if‘ and Xs can be
applied as the user desires through subroutine AMEND. These
impulsive changes, i1f used, usually emulate a feedback cor-
rection path not directly affected by (2-32). A pure error
state formulation of the filter can give rise to the need
for such impulsive changes. Another control option is con-
tinuous control which was discussed earlier 1{in Subsection
2.1. Control options involving combinations of continuous
control and discrete resets may also be implemented. The
fact 1s that the method of control depends on Linearity or
lack of it, on full state or error state formulation, on ac-
cessibility of feedback paths, etc., and 1is highly
problem~dependent. It should be possible to implement most
forms of <control with the structures already available in

SOFE.

2.8 Vector Structure

To avoid the overhead associated with double subscript-
ing, both Pf and S are carried in SOFE as vectors (linear
arrays), Since Pf is symmetric and S is upper triangulsr,
only the upper triangular part of each matrix need be saved
to preserve its information. The scheme for constructing
the appropriate vector from 1ts matrix is to scan the upper
trisngular part of each matrix columnwise starting with the

1-1 element:
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Pf-vector = (pi1 p12 p22 p13 p23 p33 plb ...)" (2-36)
S-vector = (s11 s12 s22 s13 s23 33 s14 ... (2-37)

The size of these vectors is
NTR = NF(NF + 1)/2 (2-38)

For propagation, the three vectors of interest are Xs,
Zf and Pf-vector, which are concatenated into a composite

named Y.

(%

-ty

(2-39)

| =<
np
1) Ix

Pf-vector

The derivative Y is governed by equation (2-1) for Xs,

>

(2-27) for Xf, and (2-28) for Pf. The user supplies g(.)
for Xs in XSpoOT, if in XFDOT, and F and af for Pf in FQGEN.
0f course, 5f could not be implemented using the straight-
forward matrix adds and multiplies of (2-28) because of the

vector storage mode of Pf. Two special sparse matrix rou-

tines were written to form a Pf-vector equivalent to (2-28).

In update, the vectors of interest are 2f and S-vector,
In Appendix C of (3], Carlson gives computer algorithms for

update of S-vector carried as prescribed in (2-37). His al-
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gorithms were used as written,

2.9 Summary

This section has developed equations for propagation of
a truth model state Xs, and for propagation and update of a
filter model composed of a state if and an error covariance
Pf. AlLL propagation is accomplished in SOFE via numerical
integration using a self-starting, fifth-order, Runge-Kutta
type differential equation solver having automatic error
control via step-size adjustment. Update 1is accomplished
using the algebraic relationships in (2-29) through (2-32).
The operative equations for the truth model are given in

Section 2.1 and are summarized for the filter model in Fig-

ure 2-2.
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3.0 PROGRAM DESCRIPTION

This section presents information about the concept,
structure and coding conventions of SOFE. Our goal is to
convey the approach and the implementation that were devel-
oped for solving the simulation/Kalman estimation problem

outlined in Sections 1 and 2.

3.1 Program Concept

SOFE is intended as an efficient. general-purpose tool
for expediting the construction of a simulation for Kalman
filter design and system performance analysis. As such, it
carries the flexibility to handle a wide variety of problems
without revision in its basic structure. We now discuss
some of the strategies that were used to achieve the afore-

mentioned goals.

Examination of filter design simulations shows that
tasks performed may be grouped into these eight categories:

bata 1/0

Problem setup

Run inftfalization
Time propagation
Measurement update
Feedback correction
Run termination
Problem termination

0 0000O0COO

These eight tasks are organized into the macro-level flow

chart in Figure 3-1.

37




"YARYY MO 18A87 oudey

1eTque s
s
ouyy

|

..q—.u&“’.

]
(2]

*t-€ ounByy

38




Any filter design simulation must be able to carry out these
tasks and SOFE is no different in this regard. SOFE differs
in that more of the data for accomplishing these tasks can

be user-supplied.

The aforementioned data are of two types, constant and
variable. The constant data, which are read into SOFE as
card inpu€ (Subsection 4.1.1), do not change as the simula-
tion evolves in time. These data contain items such as the
dimensions of Xs and if, the time intervals between various

events, I/0 control oparameters, etc. These constant data

must be supplied to any digital simulation.

The variable data are generated by user-written rou-
tines that are called periodically to compute time-varying
quantities that bear on the problem solution. Examples of
such quantities are derivatives, measurements, truth model
fluctuations, trajectory data, etc. These user-written rou-
tines give SOFE the flexibility to handle most Kalman filter

design studies.

Although user-written routines do provide flexibility,
they represent extra time and work to gain access to SOFE.
Qur constant goal was to keep the user's work to a minimum
by doing as much as possible of the repetitious portion of
the problem in basic SOFE. This 'principle' produced these
interfaces between user code and basic SOFE code.

39
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o Time propagation is accomplished using a (fifth
order) numerical integrator in basic SOFE.
Derivative values are supplied in user-written su-
broutines XSDOT, XFDOT and FQGEN.

o Basic SOFE propagates the homogeneous part of
dXs/dt while the user must inject random noise as an
impulse change to Xs using wuser-written subroutine
SNOYS.

o ALl update processing of Xf and Pf occurs in basic
SOFE but the user must supply H, Rf and Z residual
in HRZ.

0 The user applies whatever impulsive control he
wishes using subroutine AMEND. (Any continuous con-
trol would be specified to basic SOFE through the
derivatives in XSPOT and XFDOT.)

0 Basic SOFE does 1/0 but USRIN and ESTIX are called
from basic SOFE for user-specific input and output
respectively.

o Basic SOFE will read and 1interpolate trajectory
data but, 1if he so desires, the user can construct
his own trajectory during ex2cution using
user-written TRAJ.

A more detailed picture of the interaction of user-written

and basic routines is found in Subsection 3.2

SOFE is designed to be efficient in two areas: use of

core and time. Core savings are obtained by the following

o Since Pf is symmetric, complete covariance i{nfor-
mation 4s retained when only the upper triangular
portion (pij , 1<j) 1s processed. SOFE propagation,
update and I/0 algorithms are designed for this
upper triangular storage mode. The collected sav-
ings in Pf and S total NF(NF-1) words of core.

/ ;
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o Since F and Qf are often sparse matrices, space is
provided only for thefr nonzero values, This re-
quires storing two additional words for the
row-column indices of each nonzero element, but usu-
ally there is a substantial net saving of core.

o ALL vectors and matrices needed to solve the
user's problem are retained in unlabeled COMMON area
A in a dense format. When SOFE needs a particular
array, that array is found from its first-word ad-
dress in A, an address that is assigned at problem
setup based on dimensions and sizes specified by the
user. Putting all arrays in A allows the wuser to
shrink or enlarge A to fit his problem, a change
that can be made by altering just two statements in
the main routine (see comments in SOFE).

o The general working space is only NF+2M words, s
relatively small number.

Computing time savings are obtained by these means:

o Sparse matrix manipulation methods are wused to
form the derivative of Pf. Subroutines FPPPFT and
ASYSP exploit the sparse nature of F and Qf by elim-
inating all zero multiplies.

o Elimination of most doubly subscripted arrays in
favor of singly subscripted vectors.

Reference 1 contains further details about most of these ef-
ficiency techniques. Note that additional computational
savings were obtained in SOFE by switching to an upper tri-
angular storage mode for Pf. The indexing computations are
remarkably simpler than those for the Llower storage wmode

used in C1) and [2].
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3.2 Program Structure

SOFE is a modular computer program consisting of a main
executive, 29 subprograms and a block data routine. SOFE
was constructed using a 'top down' approach. Thus it con-
tains a small number of top level, mainly logical routines
to provide sequencing and control while the computational
algorithms are relegated to Llower Llevel routines. This
structure is visible in Figure 3-2, a subroutine dependency
chart showing, 1in approximate time order, what calls what.
The reader will note the correspondence of the descriptive
phrases on the right of Figure 3-2 and the operations in

Figure 3-1.

A complete review of program structure would require
discussion of individual subroutines. Such a discussion is
beyond the scope of this user's manual, but a few notes
about the executive structure are needed. Two routines con-

tain almost all the executive functions: SOFE and ADVANS.

SOFE is the main executive. It controls problem and
run initfalization, measurement update processing and feed-
back. ADVANS is in charge of propagation via numerical in=+
tegration. 1t schedules all periodic events and forces the
integration to pause at egch event time so the event action

may take place. The six events are:
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o Update o Printer plot output
o Printed output o User output
o Calcomp output o Noise injection in Xs

ADVANS also causes the correct data to be selected from the
external trajectory tape (TAPE3) for integration and update

purposes.

SOFE uses ten labeled COMMON areas to store data perti-

nent to its internal workings. Table 3-1 Lists these areas

and their contents.

Table 3-1

LABELED COMMON DESCRIPTIONS

Area Contents

DAYTIM Simulation date and time

DELTAT Event time intervals

DIFEQ Integratior related gquantities

ICOM A mixture of control and index
data beginning with letter I

IPOINT First word address of all arrays
in unlabeled COMMON area A

LCOM Logical parameters for output
control

NCOM Dimensions and sizes

OTHER Measurement residual and exter-
nal trajectory control

TCOM Times given at input

TITLE Problem title

The user must not name any COMMON area in his code with one
of the above ten names nor should he attempt to use any un-

Labeled COMMON.
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3.3 Coding Conventions

SOFE s written in FORTRAN using mainly 1966 ANSI stan-
dard constructs. Exceptions to the ANSI standard rule are:
o Use of the 'NAMELIST' and *‘Llist directed' conven-~-
tions for reading fnput

o In FORMAT statements, use of special symbols for
tabbing and delimiting Hollerith data

o Use of the ENTRY statement

o Use of comments following STOPs

0 DATA statements for arrays

0 Use of the ENCODE capability (in GOPLOT only)

0 Use of the octal constant (in GOPLOT only)

Insofar as possible, routines have been kept to a sin-
gle page for readabiiity purposes. Each routine has a set
of comments at 1fts beginning describing 1ts function.
Comments are sprinkled throughout the code and considerable
effort has been made to make them complete, informative and
accurate. The following order was used to List the nonexe-

cutable statements at the beginning of each routine:

CORMON
DIMENSION
EQUIVALENCE
EXTERNAL
Type

DATA
NAMELIST

0 00000

Note that equivalence statements were rarely used. Also
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note that only logical variables were 'typed' since the
first character default rule for real and integer variables
was followed throughout. Required format statements appear

following the last return statement.

SOFE uses only single precision variables of the REAL,
INTEGER and LOGICAL type. Variables are given meaningful
names from the 36 alphanumeric characters (no special sym-

bols).
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4.0 SOFFE INTERFACES

This section covers input, output and the construction
of user-written routines. It begins with an overview that
jllustrates the flow of input (data and program modules) to
the computer and the output of informé}ion from the com-

puter.

All input and output in SOFE s accomplished through
external data files called tapes. It is usually most con-
venient for all of these files to reside on disk or magnetic
tape, although one file, TAPES, may be input from cards.
SOFE also accepts input from up to two special files, TAPEs
3 and 9. SOFE generates listable output on TAPE6, output
for Calcomp plots on TAPE4 and output for problem continua-
tion purposes on TAPE10. Also provided are TAPE8 for
user-defined output and TAPE? for accumulation of printer

plot data. These allocations are summarized in Table 4-1.

Table 4-1

SOFE FILE DEFINITION

TAPE3 Input External trajectory data
TAPE4 Ouput Data for Calcomp plots
TAPES Input Cards defining user's problenm
TAPES Qutput Listable output device
TAPE? Temporary Data for printer plots
TAPES Output User defined
TAPE9 Input Initial values of Xs,Xf,Pf
TAPE10 Output Final values of Xs,Xf,Pf
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These tapes are sized and ordered on the FORTRAN program

card in the main routine of SOFE as follows:

PROGRAM SOFE(TAPES=64/80,TAPE3, TAPE9=512,
OUTPUT ,TAPE4 ,TAPE6=0UTPUT ,TAPE8B=512,TAPE10=512,
TAPE7=512)
Note the explicit naming of OUTPUT, the Llistable output
device or printer, the absence of INPUT, and the position of

TAPES. These factors can affect job control which is dis-

cussed more fully in Appendix 0.

Figure 4-1 shows the flow of SOFE and its data to and
from the computer. The solid (dashed . lines that connect to
the computer indicate which tapes are mandatory (optional).
The flow shown in Figure 4-1 was devised for a CDC computer
but would be essentially the same on any computer. Note the
special input module called ‘user-written routines'. This
module contains nine routines that together with the 31 rou-

tines of basic SOFE produce a complete program.

4.1 Input
Table 4-1 shows SOFE input on TAPEs 3, 5 and 9. TAPES

3 and 9 are potentially large files that will usually re-
quire magnetic tape or disk storage. TAPES is a small file
that can be constructed on cards, if desired. TAPEs 3 and 9
are rewound in subroutine SOFEIN during SOFE inftialization.

TAPES is not rewound,
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4.1.1 TAPES (Card) Input, Problem Setup and Control

TAPES input, which we will often refer to as card
input, is read with FORTRAN read statements Like the follow-

ing three:

A. READ (5,100) TITLE
B. READ (5,%) IROW,ICOL,PDUM
C. READ (5,PRDATA)

Type A is the familiar formatted read. SOFE wuses it only
for input of 'alpha' data in A format. Type B is a special
free-form convention that CDC calls 'list directed'. bData
input under this convention must be in order but need not
reside in preassigned columns on the card. In addition,
multiple quantities may be entered on a single card separat-
ed only by commas. Type C is a special convention called
NAMELIST which is also of the free-form variety. Taken to-
gether, the NAMELIST and list directed conventions form a
complete free-form capability. The user should consult the
COC FORTRAN manual for complete deta’ls on these conven-
tions. Examples of both are presented herein. Warning to
C0C users: avoid the TS and EDITOR compilers because they

occasionally choke on List directed input.

Table 4-2 is the orde-ed List of the quantities to be
read from cards, and Figure 4-2 is an example set of card

input for the INS problem discussed in Section S and Appen-
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dix A. Blank lines are inserted between some data sets in
Figure 4-2 to enhance readability. They are not required,

but they do no harm when used as shown,

The title, in 20A4 format, is the first card. It must
be present and may occupy up to one full card (80 columns).
The PRDATA namelist, containing problem definition parame-
ters, 1/0 control flags and integration specifications, fol-
lows. If the user desired only defaults, he would enter
SPRDATAS. The next section offers a full discussion of each
PRDATA parameter. Both the title and the PRDATA List are

read from subroutine SOFEIN.

The next card(s) contains the nonzero indices for F.
Each index pair is the row-column Location of a nonzero ele-
ment in F. These pairs may be entered in any order so Llong
as the order chosen agrees with that used for nonzero F(i)
evaluation in FQGEN (see 4.3.3). The nonzero indices of af
follow, with the same order convention as F. Since Qf is
symmetric, only the indices of nonzero elements on and above
the diagonal need be entered. ALl nonzero indices for both

F and Qf are read from NZRCIO.
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Table

4-2

SOFE CARD INPUT SEQUENCE

Item
Problem title

PRDATA group

Row-column indices
nonzero elements

Row-column indices
nonzero elements

Initial values Xso
Initial values Xfo
Row index,column in

and value of all
zero elements of

for
of F

for
of @f

dex
non-
Ppfo.

Num

ber Format

1
1

NZF

NZ@Q

NS
NF

<NF

A 0,0,0. card terminates

this input.

User defined input
called from USRIN

Time-axis scale fac
Plot parameter sets
A 0,0,0,0. card

terminates this i
Time-axis title
Title for ith plot

Y-axis title for
ith plot (8)

tor

nput.

<20

<20
<20

(1) At Least SPRDATAS must be
even if only defaults are
(2) These data are omitted if
(3) These data are omitted if
(4) These data are omitted if
(5) These data are required only if LPP is TRUE.
(6) Repeat the lLast two items once for each plot.
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20A4
Namelist

List Directed

List Directed

List Directed
List Directed

**2 | ist Directed

List Directed

List Directed

3A10
8A10

3A0

given,
desired.
NZF = 0.
Ni@ = O,
ICONT = 1,

No

No

No

No

No

No

No

Yes

Yes

Yes

Yes

Yes

Yes

Optional

1

(2)

(3

%)
(&)

(4)

(5)
s

)
(5)
(5)

e




— column 1
GCAP/MCAP SINGLE AXIS INS ~~- A STANDARD LONG TEST FOR 'SOFE'’

SPRDATA

NFs5, NS=9, M=2, NZF=7, NIQ=2, NXTJ=1, TF=36000.,
DTMEAS=30., DTPRNT=3600., DTPRPL=360., DTNOYS=30.,
LpP=.T.,IPGSI2=55, §

1,2, 2,3, 2,5, 3,2, 3,4, 4,4, 5,5
4,4, 5,5

9+0.

5#0.

1,1,14400.
2,2,h.
3,3,3.046E-6
4,4,2.350€E-15
5,5,64.147E-5
0,0,0.

SINF TAUF(1)=3600., 200.,

SOWF(1)=4_.8B48E-8, 6.442E-3,

RFVCTR(1)=10000.0, 0.25, S

$INS TAUS (1)=3600., 300., 3600., 1800.0, 300.0,

SDWS (1)=4.848E-8, 6.442E-3, 3.22€-3, 3.0e+42, S.0e-1,
SDWS0=2.42E-8, S$

1.0

1,1,1,1.
2,2,2,1.
3,3,3,3437.75
b,4,6,206265.
5,5,5,1.
0,0,0,0.
TIME (SECONDS)
PLOT PARAMETER SET 1,1,1
POSITION #FEET*
PLOT PARAMETER SET 2,2,2
VELOCITY *FEET PER SECOND#
PLOT PARAMETER SET 3,3,3
TILT #ARC MINUTES*
PLOT PARAMETER SET 4,4,4
GYRO DRIFT #DEG PER MHR®
PLOT PARAMETER SET 5,5,5
ACCEL BIAS *FEET PER SECOND2*

FIGURE 4-2., SAMPLE OF CARD INPUT
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Initial conditions for Xs and Xf, denoted Xso and xfo,
are entered next. There must be NS entries for Xso and NF
for Efo. In the example, repetition factors of 9 (9+#0.) and

S (5+0.) have been used to expedite this input.

The nonzero values of the initial <covariance Pfo are
entered next. These values are entered in any order by giv-
ing their row-column Llocation followed by their numeric
value. In the example, Figure 4-2, only one entry per line
has been used, but multiple entries are possible if each
pair 1is seéparated by a slash (see Figure 0D-2 for an exam-
ple). Since Pf is symmetric, only nonzero values on and
above the diagonal need be specified. Should values below
the diagonal be found, their row-column indices are inter-
changed before normal storage occurs. A card having a non-
positive entry in either the row or column position signals

the end of Pfo input.

Xso and ifo are read from GETX, while Pfo is read from
GETPF. 1If ICONT is 1, initial state and covariance data are
obtained from TAPE9 and should be omitted from cards (see

4.17.1.1),

USRIN input is entered next. It can have any FORTRAN
input form, the only requirement being that it reside at

this location in the card deck.
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The Last set of data to be entered from cards s that
governing printer plotting. Several printer plot options
are available as discussed in 4,.1.1,2. The time-axis scale
factor is given first, followed by a max of 20 plot parame-
ter sets, one per card. A card whose first three entries
are nonpositive signals theAend of the plot parameter sets.
These plot data are read during SOFE initialization by PLPR.
At SOFE conclusion PLPR reads the time-axis title followed
by the plot title and Y-axis title for each plot. Note the

A formats for these titles in Table 4-2.

4.1.1.1 PRDATA NAMELIST Definitions

Forty parameters are entered through the PRDATA Llist in
CDC NAMELIST format. These parameters, which remain fixed
throughout the simulation, specify the user's problem, con-
trol 1/0, and regulate numerical integration. ALl parame-
ters have a default value (see Table 4~3) that is invoked in
tieu of input data. All numeric parameters are single pre-
cision. The following list defines each parameter and gives
explanatory data as required. 1If the parameter is logical,

the definition given is for its true state.

PARAMETER Type units
NF Integer

The number of states in the filter model.
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(1) Seconds are

NS

NZF

NZ aQ

NXTJ

LXTJ

70

creteness.
minutes, hours,

SOFE.

1f

Integer

The number of states in the truth model.

Integer

The number of measurements to be processed
at wupdate time. 1If M is 0O, updates are not
attempted.

integer

The number of non-zero elements in the NFxNF
filter dynamics partial matrix F.

Integer

The number of non-zero elements in the NFxNF
filter noise strength matrix Qaf.

Integer

The number of variables, not counting time,
to be read from the external 'trajectory’
data tape (TAPE3).

Logical

If TRUE, 'trajectory®' data 1is external,
j.e., available to SOFE on TAPE3. Each
TAPE3 record is binary and consists of time
followed by NXTJ) variables. A description
of TAPE3 structure is given 1in Subsection
4.1.2. If FALSE, any trajectory data re-
quired to find F, W, D2, Xs, etc., must be
generated dur ing the simulation in
user-supplied routines, e.g. in TRAJ.

Real seconds (1)

Initial time of each run. Note: the Last
character 4n parameter names TO, TMEASO and
MD is a zero.

shown here and elsewhere primarily for con-
the user wishes to scale his problem in
days, etc., he may do so without altering
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TF

TMEASQ

DTMEAS

DTPRNT

pTCCPL

DTPRPL

DTSTIX

Real seconds

Final time of each run. The simulation will
not run backwards, so TF must be greater
than 70.

Real seconds

Updates are prohibited before this time.

Real seconds

The time interval between measurements.
DTMEAS and the next five DT.... quantities
are referenced to zero seconds; e.g., if TO
= 50, and ODTPRNT = 6., the simulation will
pause to print output at T = (50., S4., 6C.,
66-'!.0).

Real seconds

Print interval. See LPR.

Real seconds

Data storage iJnterval for Calcomp plots.
See LCC,

Real seconds

Data storage 1interval for printer plots.
Sampling will occur at a max of only 101
times. More samples are unwarranted because
of Llimited printer plot resolution., See
LPP.

Real seconds

The time interval between calls to
user-subroutine ESTIX. The user may wish to
use these calls to sample error, to con-
struct some statistic, to output something
not controlled by & PRDATA parasmeter, to
modify 8 data base, etc. TAPES {s provided
for output from ESTIX.
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DTNOYS

LPR

LPRXS

LPRXF

LPRDG

LPRLT

LPRUD

Real seconds

The time interval between calls to
user-subroutine SNOYS. These calls are for
the purpose of adding noise to the truth
state.

togical

Master control for printing. If TRUE, for-
matted writes are made to TAPE6 at synchro-
nous intervals governed by DTPRNT. ALL
other parameters that begin with the lLetters
'LPR' also control printing and are logical-
Ly 'ANDED' with LPR. TAPE6 is for all Llist-
able output and will contain error messages,
summary data, printer plots, etc., in addi-
tion to the synchronous output governed by
LPR. See IPRRUN,

Logical

Prints truth state vector Xs at the interval
specified by DTPRNT.

Logical

Prints filter state vector Xf at DTPRNT in-
terval.

Logical

Prints the square root of the diagonal ele-
ments of Pf at DTPRNT interval. These are
the one-sigma values for the states in Xf.

Logical

Prints the symmetric covariance matrix Pf in
a Lower triangular display at DTPRNT inter-
val.

Logical

Allows printed output of states and covari-
ance values at wupdate time. The previous
five parameters still govern what is print-
ed.
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LPRZR

LPRH

LPRK

LPRXTJ

LCC

LPP

LPPLD

Logical

Prints measurement residuals and their stan-
dard deviations at update time. These are
the residuals 2RES=0Zj constructed by the
user 1in subroutine HRZ. The residual stan-
dard deviation 1is the square root of
Rf+H*PftHT.

Logical

Prints the vector H at update time.

Logical

Prints the Kalman gain K at update time.

Logical

Prints interpolated external trajectory data
at DTPRNT intervals if LXTJ is true.

Logical

Master control for Calcomp plotting. 1f
TRUE, LCC enables storage of data on TAPE4
(at TO, DTCCPL intervals, update times and
at TF) for subsequent Calcomp plotting by
SOFEPL, [S1].

Logical

Master control for printer plotting. 1f
TRUE, LPP enables storage of data on TAPE?
(at TO, DTPRPL intervals, update times if
LPPUP is true, and at TF) during the first
run for generation of printer plots at prob-
lem completion. Up to 20 plots may be made,
each containing a max of 101 time samples.
Control of what gets plotted is through data
cards described below.

Logical
Lists the data to be plotted when printer
plots are generated. Each (x,y) pair for
each curve is Listed.
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LPPUP

ICONT

ISEED

IPASS

IPRRUN

IP6S 12

Logical

Atlows output to the printer plot file
(TAPE7) at update times {f printer plots are
generated. The counterpart for printed out-
put is LPRUD.

Integer

tontrol for Xso, Xfo, and Pfo fnput. If set
to 1, this problem is the continuation of a
previous problem and the above values are
read from TAPES9, If other than 1, these
values are read from TAPE5 (new run).

Integer

Seed value for random number generator.
ISEED is wused to tinitialize the random
number generator and thereby assure that a
random number sequence can be repeated.

integer runs

Number of runs over [TO,TF] 1in the Monte
Carlo simutation.

Integer runs

Number of runs for which printed output s
desired. IPRRUN has no effect if LPR is
false, If LPR is true, atlt synchronous
printed output is disabled after run IPRRUN
is complete.

Integer Lines

The number of Lines to be printed on each
psge. On most printers, approximately 60
tines fill one page. 1If more are printed,
some will fall on the fold between pages un-
Lless the printer has its own page sfize con-
trol. If IPGSIZ {s not positive, page con-
trol 4s turned off in SOFE.
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MODE

TOLER

HMAX

HM IN

Integer

Indicates type of integration. If 1, the
step size s ‘'variable', 4{.e., H {is ad-
justed automatically to maintain the inte-
gration error below its allowed value. 1If
not 1, the step size i3 fixed at HO.
Variable step integration is strongly recom-
mended.

Real

The permissible integration error per wunit
step when variable step mode is used. This
tolerance, which applies equally to all var-
fables, 1is applied as a relative (absolute)
criterion when a variable's magnitude is >1
(€1).

Real seconds

Maximum permissible step size. This gquan-
tity {is 1{intended to be a measure of the
'scale’ of the problem. If ¢the <dintegrator
never uses a step size Larger than HMAX, it
should never step over, and therefore miss
completely, any fluctuations in the solu-
tion. In effect, HMAX tells the integrator
approximately how fine a mesh is needed for
a reasonable attempt at solving the numeri-
cal integration problem.

Real seconds

Minimum permissible step size. 1I1f, in or-
der to handle severe dynamics, the integra-
tor reduces its step size to HMIN without
satisfying the specified error criterion, an
integration failure has occurred. If this
happens, an error message is printed and the
simulation stops.

Real seconds

Initial integration step size. See MODE.
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A vword of explanation and caution is needed here. SOFE
performs events in the order prescribed by the six DTs.
When events occur simultaneously, SOFE does them in reverse
order to the DT Llist above: i.e. <calls to SNOYS first,
calls to ESTIX second, ... , measurement processing Llast.
To illustrate, if both a print and a measurement were sche-
duled at 7=50, the print would be done first. NOow suppose
DTPRNT=3 .4, DTMEAS=10.2 and T is approaching 30.6. This ap-
pears to be a simultaneous event situation, but this time
the measurement will be done first because its event time
computes to 30.599... while the prints event time computes
to 30.600... . A computed event time can be slightly in
error (either Llow or high) whenever its DT cannot be exactly
represented in a full computer word, i.e. is not a power of
two. For example, neither 3.4 nor 10.2 are so representable
but 3.375 and 10.25 are. 1f the user wants to avoid the
random ordering of events that can occur when T is a common
multiple of several DTs, he must choose each DT to be exact-

Ly representable in one computer word.
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Table 4-3

PRDATA RANGE AND DEFAULTS

Parameter Range De fault
NF >0 1

NS >0 1

L >0 0

NZF >0 0

NZa >0 0

NXTJ >0 0

LXTJ T or F F

T0 >0 0.0

TF >T0 1.0
TMEASO >0 0.0
DTMEAS >0 1.£409
DTPRNT >0 1.E409
DYCCPL > D 1.E+09
DTPRPL > 0 1.E409
DTSTIX >0 1.€+409
DTNOYS >0 1.E+09
LPR T or F T

LPR XS T or F T

LPR XF T or F T
LPRDG T or F T
LPRLT T or F F
LPRUD T or F F
LPRZR T or F F

LPRH T or F F

LPRK T or F F
LPRXTJ T or F F

Lcc T or F F

LPP T or F F
LPPLD T or F F
LPPUP T or F F
ICONT 1 or not 1 0
ISEED Unlimited 77
IPASS >0 1
IPRRUN >0 1

1pP6S I > 0 0

MO DE T or not 1 1
TOLER >0 1.€-4
HMAX > HMIN 1.6+9
MMIN >0 1.E-4
MO >0 1.E-2
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4.9.1.2 Printer Plot §gecification

SOFE was designed to make up to 20 printer plots. Each
plot 1s a time history of user-specified variables as they
evolved in the first run. The data for making the specified
plots are saved on TAPE7 during the first run and then plot-
ted after the last run. Data sampling, which occurs at 70,
at DTPRPL intervals, at update times (if LPPUP is true) and
at TF, is discontinued after 101 samples since 101 points
saturate the time axis resolution. Note that when LPPUP is
true, each update produces three samples at ti (one each at
ti—, ti* and ti*C) which can rapidly fill the 101 available
sample slots. Printer plots are shoun in Appendices A and

Clearly printer plots are meant to provide only a
quick-look capability. They will not satisfy the need for
ensemble-of-runs plots or statistical calculations. This
need 1is met by SOFEPL [5] as discussed in 4.2.2. 1If a user
wants to go to the trouble of writing more <code, ensemble
statistics can also be computed in user-supplied routines as
illustrated in subroutine ESTIX of the satellite orbit prob-

lem, Section 5.2 and Appendix B.

Each printer plot is specified by a 4~tuple called the
'plot parameter set'. This &4-tuple specifies what to plot

sgafnst time and how the plot data are to be scaled. To 1L~
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lustrate, suppose (for some perverse reason) one wanted to
plot the difference Xs(5) - Xf(4) surrounded by *SQRT(Pf(7))
with a scale factor of 100 on all curves; the plot parame-

ter set would be (5,4,7,100.).

In general, a plot parameter set is in the form NXS,
NXF, NPF, R where NXS is the index for the required Xs vari-
able, etc., and R is the scale factor applied equally to
every curve,. Missing variables are indicated by a 0 in a
set. For example, (5,0,0,0.3) plots 0.3*#%Xs(5) versus time.
Table 4-4 shows which curves are drawn for the six allowable

combinations of NXS, NXF, NPF, R.

Table 4-4

PRINTER PLOT PARAMETER SET DEFINITIONS

Parameter Set Curve(s) Drawn (R Factor Omitted)
1 "NXS, D, 0 ,r Xs (NXS)
2 NXS, O ,NPF,R !s(NXS),XS(NXS):SORT(Pf(NPF))
3 0 ,NXF, 0 R XfINXF)
4 0 ,NXF,NPF,R Xf(NXF),}f(NKF)iSGRT(Pf(NPF))
S NXS,NXF,NPF,R Xs(NXS)-{f(NXF),:SQRT(Pf(NPF))
6 NXS,NXF, O ,R Xs (NXS) ,Xf(NXF)

4.1.2 TAPE3 Input, External Trajectory

TAPE3 contains unformatted records that are wused to
supply external trajectory information., An example of TAPE3
use would be to supply exact whole-valued position, velocity
and attitude for the simulation of a navigation system.

TAPES contains a header (optional) followed by fixed-length
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records in binary format. If the trajectory is either
internal or not required, LXTJ is set FALSE and TAPE3 is not

used.

SOFE begins each run by rewinding TAPE3 and calling
TRAJO which 1is responsible for reading the TAPE3 header.
Doing things this way allows the user to write any header he
desi~es since he must also write TRAJO. The header should
probably be echoed to TAPES Listable output, but only on run

one.

After TRAJO has read the user's header, SOFE will begin
to access trajectory data. Each fixed—-length trajectory
record is now read using a FORTRAN unformatted read state-

ment like the following:

READ (3) T,(DUMMY(I),I=1,NXTJ)

Each TAPE3 record must contain time followed by NXTJ vari-
ables. Recall that NXTJ is specified to SOFE in PRDATA.
The NXTJ variables are those chosen by the user and placed

on TAPE3 for his particular problem.

The TAPE3 read process occurs in subroutine SPAN.
6iven simulation time T, SPAN surrounds T with trajectory

data from three consecutive TAPE3 times (T1,7T2,7T3) such that
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T1 <€ T < T2 < T3, If this inequality cannot be satisfied or
if SPAN runs into an wunexpected end-of-file (EOF), SPAN

halts the program and writes a diagnostic message.

After SPAN has acquired the correct data, subroutine
INTERP interpolates that data using cubic splines.
Interpolation occurs at points in [T1,7T3] where the integra-
tor needs derivative evaluations of Xs, if and Pf. Current
jnterpolated data are made available to the user by passing
them in the argument Llist of every user routine except

USRIN. See Section 4.3 and Table 4-5.

The following are points to remember about the external

trajectory capability:

o0 TAPE3 records need not be equally spaced in time
but they must be in (ascending) chronological order.

o The time spacing of TAPE3 data should be close
enough to portray the activity in the trajectory.
Shannon's sampling theorem applies here. However,
oversampling could be costly in computer time be-
cause SOFE uses every TAPE3 record it sees.

o TO must not be Less than the first TAPE3 time.

o The next to last TAPE3 time must be strictly
greater than TF.

These Last two conditions may be summarized as follows:
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minT1 < TO < TF < maxT2 (4-1)

4.1.3 TAPEY Input, Previous Problem Continuing

When the present problem is the continuation of a pre-
vious problem, TAPE? is required to supply Xso, ifo and Pfo
data to restart each run, IRUN=1,2,..., IPASS. If this is a
brand new problem, not related ¢to any previous problem,
ICONT should be set to a value other than 1 to show TAPE9 is

not required.

When TAPE9 is required, it must contain the following

sequence of unformatted variable-length records:

Record Length Use

Xso NS

Xfo NF Used to continue run 1

Pfo NTR

Xso NS

Xfo NF Used to continue run 2

Pfo NTR

Xso NS

Xto NF Used to continue run IPASS
Pfo NTR

TAPEY9 will be configured this way automatically if it is the
TAPE10 snapshot output from a previous run. SOFE will read
TAPE? in subroutines GETX and GETPF using the READ (9) ...

statement.
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6.2 Output

This section has four parts, one for each of the four
tapes (numbered 4, 6, 8 and 10) that SOFE can output. The
records on these tapes contain perjodic summaries of the
state of the truth and filter models. The output rate to
each tape (except TAPE10) can be set independently by wusing

control parameters in the PRDATA group.

4.2.17 TAPES Output, Listable Information

Listable output records consist of the following in the
given order. Appendices A, B and C provide examples of

Listable output.

a. Banner, UPDATE Summary, Date and Time - The (DC
banner page appears first followed by a page summar-
jzing the subroutines and corrections 1{in the SOFE
deck. This page is generated by the UPDATE utility.
At the bottom of this page are the date and time of
the run.

b. SOFE Header Page - Contains general words naming
the program, echoing the wuser's title, and again
giving the run date and time.

c. Namelist and Nonzero Elements - Contains the
PRDATA List of 40 parameters and two statements to
echo the row-column pairs of the nonzero elements of
F and Qf

d. Unlabeled Common - The next page of output be-
gins with a table showing the structure of blank
common area 'A', A statement comparing the present
size of A to 1{ts required size appears after the
table. If A is too small, SOFE prints a message to
this effect, tells the user to increase the size of
A by altering two statements in the main program,
and STOP's. A's present size s 1900.

e. User Input - Anything written by USRIN or by the
entry phase of the other eight user-written routines
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is output next.

f. Run Initialization Header -~ Each Listed run be-
gins with the user's title followed by run date, run
time and run number.

g. Initial Values Echoed - Xso, Zfo, SQRTLPfo(i,i)])
and Pfo are displayed at TO before problem execution
begins. FALSE settings for LPR or for LPRXS, LPRXF,
LPRDG and LPRLT will suppress all or any of these
outputs.

h. Periodic Solution Printout - At DTPRNT intervals
and at filter wupdate times solution records are
Listed. The contents of these records are governed
by the ten print control parameters that begin LPR.
At DTPRNT intervals the maximum listed output is Xs,
xf the sigma value for each filter state, Pf shown
Tn a lower triangul ar display and the interpolated
trajectory data. At update times, if LPRUD is true,
these same quantities are displayed just before the
update (T-), Xf+ and Pf+ are displayed after the up-
date (T+), and Xs+C and Xf+C are displayed just
after the feedback correction (T+C). In addition,
the measurement residuals, the standard deviations
of those residuals, the H matrix computed by HRZ,
and the Kalman gain may be displayed at update time.
AlLL output is in units specified by the user for his ‘
problem, e.g., 1in meters, seconds and radians.
Units conversion is not done by SOFE.

i. Final Values - same output set as at TO is
printed at TF.

j. Printer PLots - Up to 20 plots are generated as
specified by the plot parameter sets. If LPPLD is
TRUE, the point pairs for each plot are also listed.

k. Final Check Product - This scaler is formed by
chaining together 1in a single product all the non-
zero elements of Xs, Xf and Pf at TF. This product
is a handy index for checking whether a particular
simulation run changed unexpectedly.

The repeatable output consists of items f. through .
which recur on every simulation run until the run number
exceeds IPRRUN. The only output for runs after IPRRUN is a

s'wple statement that the run was completed. ALL f,
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through i. output is commanded to TAPES from the output ex-

ecutive routine 'OUT'.

Subroutine PAGCON maintains page control of Llistable
output. AllL periodic print commands are preceded by a call
to PAGCON indicating 1) the number of Lines to print and 2)

whether an a priori page eject should occur. When re-

quired, PAGCON issues a page eject of its own, thus main-
taining line count and avoiding the breakup of output over a
page boundary. When a printer has page size :ontrols built
in, one can save some computation time by setting 1PGSIZ to

zero, thereby disabling all calls to PAGCON.

4.2.1.1 Diagnostic Output

In addition {0 the planned-for output cited above, a
diagnostic message is listed when SOFE detects a processing
error. Tabulated below are the subroutines that produce
such messages, together with the errors they detect. ALl
these errors are fatal to further execution, so SOFE is

$TOPed if one occurs.

ADVANS: Integration failed in KUTMER

GETPF: IROW or ICOL > NF on input

INTERP: Spline construction failed

INTERP: Spline evaluation failed

PLPR: More than 20 printer plots requested .
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PLPR: Insufficient data cards

PSQRT: Covariance not positive semidefinite
SOFEIN: A dimension or size is out-of-range
SPAN: TAPE3 data not in sync

SPLITA: Blank COMMON too smaltl

VALDTA: An input parameter is out-of-range

The printed error message usually contains some 1information
to help pinpoint the problem. 1In addition, any routine that
reads input checks each FORTRAN READ for an EOF and STOP's
the program when any EOF is found. The input subroutines

are GETPF, GETX, NZRCIO, SOFEIN and SPAN.

About half of the above-listed processing errors arise
from very specific flaws ¢that are easily fixed, e.g.
increasing the size of blank COMMON array A (and the DATA
statement for MAXA) fixes the problem detected in SPLITA.
Note that the dimension of array A must be no smaller than

this:

4NFx%2 + 15NF + 7NS + 2M + 3 (NZF+NZQ) + 13NXTJ + 3

The remainder of the error messages arise for a variety of
reasons that are not easily characterized. A case in point
is an integration failure. This error may occur due to an

fnappropriate choice of the pair TOLER and HMIN, or to an
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incorrect specification of derjvatives in XFDOT or XSDOT,
such as the insertion of a step change in some rate., This
writer has not seen the errors cited in INTERP an& SPAN
occur 1in practice; the tests remain in place for safety.
An indefinite covariance occurred once and was detected by
PSQRT; it was caused by some incorrect off-diagonal terms

in PF input.

4.2.2 TAPES4 Output, Calcomp

When LCC is true, TAPE4 is generated to be the input to
SOFEPL [5]), ¢the postprocessor program for the plotting of
averages formed across an enpemble of Monte Carlo runs.
TAPESL consists of variable Length records containing time,
Xs, Xf, the diagonal elements of Pf, measurement residuals
and residual variances. These records are written to TAPES
using unformatted binary writes, Datz sampling, which oc-
curs at TO, DTPLCC intervals, update times (ti~, ti* and

ti*©) and TF, continues for all IPASS runs.

Using the data on TAPE4, SOFEPL can make 16 different
types of plots (all versus time) with options available for

scaling, time windowing and printing. To 1{tlilustrate, one

can plot Xs(3), Xf(6), E = Xs(4)-Rf(3), SE (which is the
standard deviation of E), PT(3,3)*+0.5, IRES(2), etc., where

the overbar 1indicates an ensemble average has been formed

across a collection ot Monte Carlo runs specified by the
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user. SOFEPL uses the computer graphics language DISSPLA to
generate an intermediate file that may lLater be lLinked to a
Calcomp plotter, a CRT plotting terminal, or other graphics
devices, ssme plots made with SOFEPL are shown in Appendix

4.2.3 TAPE8 Output, User-Defined

TAPE8 is provided for user-defined output. Examples of
such output might be error differences, normalized error
quantities, data to interface SOFE with another processor,
etc. A convenient place from which to write such output is
user-written subroutine ESTIX which is called at DTSTIX in-

tervals. Basic SOFE does nothing with TAPES.

4.2.4 TAPETO Output, Final Snapshot

TAPE10 is generated automatically by SOFE. At problem
completion it contains a complete set of Xs(TF), zf(TF) and
Pf(TF) values for each run. TAPE10 is closed with an EOF
mark after the IPASSth run is complete. The use of this

data for problem continuation is discussed in 4.1.3.
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4.3 User-Written Subroutines

Basic SOFE consists of 31 routines that are constant
from one problem to the next. SOFE 'adapts' to new problems
by accepting user-written subroutines that define the wvari-
able aspects of every new application. This section out-
lines the purpose and minimum requirements for each

user-written subroutine. We List their names below:

AMEND ESTIX FQGEN
HRZ SNOYS TRAJO
USRIN XFDOT XSDOT

Each user routiné is a FORTRAN subroutine. Except for USRIN
and TRAJO, each must contain a FORTRAN ENTRY statement. The
entry name is formed by adding an '0' ¢to the subroutine's
name, e.g., AMENDO from AMEND. These entry names are called
once at the beginning of each run in crder to initialize the
data or variables particular to that routine., The run
number (1,2,...,IPASS) is supplied in the argument List to
allow the user to modify or inhibit this initialization as

he might desire from run to run.

Definitions for the parameters and variables that ap-
pear in the argument lists of the user routines are given in
Table 4-5. The first twelve quantities in Table 4-5 are for
input and must not be altered in any user routines. The

routines that may output and thereby alter the Last eight
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quantities in Table 4-5 are mentioned in the individual des-
criptions that follow next. Examples of each routine are

given in Appendices A and B.

PF,XF and XS are FORTRAN naﬁes for pPf, if and Xs. H,
RF and ZRES are FORTRAN names for Hj, Rfj and Sij as defined
by equations (2-33), (2-34) and (2-35) respectively. F and
QF are FORTRAN names for F(t;zf) and Qf(t) as defined by
(2-16) and the remarks after (2-4) respectively. XDOT is
the homogeneous part of Zs or if; it is computed as g(Xs,t)
in subroutine XSDOT and as i(if,t) in subroutine XFDOT.
Naturally, the wuser is free to alter any of these FORTRAN
names to better suit his problem or his preferences. The
FORTRAN names in Table 4-5 will be used in the user-routine
descriptions that follow now and also in coding for the two

examples in Section 5.

4.3.1 AMEND

Subroutine AMEND is called at ti (after all M measure-
ments have been processed) to apply feedback of newly com-
puted estimates to both filter and truth staces. A typical
use of this routine would be to implement total, impulsive

control in which:

o ALL filter estimates are zeroed: XF,new = 0.

0 The corresponding truth states are bumped by the
same amount as the filter states changed.
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o

I1f the user wished to implement an open Lloop system, he
would do nothing to alter either XS or XF in AMEND. Other
feedback schemes, including continuous control, can be
achieved by wusing AMEND in conjunction with the derivative
routines XSDOT and XFDOT., Table 4-6 shows the Llayout of

AMEND with the required statements in capital Letters.

Table 4-6
REQUIRED STATEMENTS FOR AMEND

SUBROUT INE AMEND (IRUN,T,NF,NS,NXTJ,XF,XS, XTRAJ)
DIMENSION XF(NF) XS (NS), XTRAJ(NXTJ)

feedback computations

RETURN

ENTRY AMENDO

infitialization

RETURN

END

Subroutine ESTIX is called at DTSTIX intervals to com-
pute whatever quantities the user desires. TAPE8 is provid-
ed for storing these‘quantities if so required. Table &4-7
shows the Llayout of ESTIX with the required statements in

capital Lletters.

Table &4-7
REQUIRED STATEMENTS FOR ESTIX

SUBROUTINE ESTIXC(IRUN,T, NF, NS, NXTJ,XF,XS,XTRAJ,
* NTR,PF)

DIMENSION XF(NF) ,XS(NS) XTRAJ(NXTJ) PF(NTR)

computations for user quantities

RETURN

ENTRY ESTIXO
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initiatization
RETURN
END

4.3.3 FQGEN

Subroutine FQGEN computes the values for the nonzero
elements of the filter matrices F and QF where F is .2fined
by equation (2-16) and QF by eguation (2-4). F and QF are
used in FPPPFT and ASYSP to compute the derivative

PF = FPF + PF*F'+ QFf (2-28)

It is important to note that the indices assigned to the
nonzero values of F and QF in FQGEN must agree with the
order in which the nonzero row-column pairs were specified
on input. That is, using F for illustration, the first non-
zero row-column pair is associated with Ff(1), the second
with F(2), etc. Any order is allowed so Long as the nonzero

row-column pair order and the F element index order agree.

Table 4-8 shows the layout of FQGEN with the required
statements in capital Letters. Note that the ENTRY area is
a convenient and efficient place for assigning the time in-
variant values of F and QF. Also note that FQGEN is in the
innermost integration Loop which means it is called, along
with XFDOT and XSDOT, much more frequently than most other

routines. The user should therefore endeavor to write effi~
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cient code in constructing FQGEN, XFDOT and XSDOT.

Table 4-8
REQUIRED STATEMENTS FOR FQGEN

SUBROUTINE FQGENC(IRUN,T,NF, NS NXTJ, XF,XS,XTRAJ,
* NZF,NZQ,F,QF)

DIMENS ION XF(NF) ,XS(NS) XTRAJ(NXTJI), F(NZF) _ QF(NZQ)
computations for nonzeroes of F and QF {in proper
order

RETURN

ENTRY FQGENO

initialization

RETURN
END

4.3.4 HR1

Subroutine HRZ is called M times at each measurement
update time to compute values for the vector H and the sca-
Lars RF and ZRES. The user schedules measurement updates at
desired times by proper <choice of the input parameters
TMEASO and DTMEAS. He car suppress a2 particular measurement
at any update time by returning a negative RF which SOFE in-
terprets as a command to increment IMEAS and then proceed
immediately to the next measurement. In short, every update
session results in M calls from SOFE to HRZ, with the update
algebra dinvoked in SOFE after any call in which RF is
nonnegative. A varied measurement schedule can be arranged
by the appropriate combination of input parameter choices

and Logic in HRZ,
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Function subprogram GAUSS (AMEAN,STD) is available for
conputing random samples from a Gaussian distribution to aid
in constructing ZRES. AMEAN and STD are the mean and stan-
dard deviation of the desired distribution. Table 4-9 shows
the layout of HRZ with the required statements in capital

Letters.

Note that PF, one of the formal parameters in the HRZ
argument List, 1is not used in either the linear or the ex-
tended Xalman filter. It is there because most higher-order
fitter mechanizations, e.g. the Gaussian second-order
filter, require it to form a bias term for compensating
ZRES. PF is also included in the argument List of XFDOT in

anticipation of higher-order filter needs.

Table 4-9
REQUIRED STATEMENTS FOR HRZ

SUBROUTINE HRZ(IRUN, T, NF, NS, NXTJ, XF,XS,XTRAJ,NTR, PF,
* IMEAS, M, H, RF, ZRES)

DIMENS ION XF(NF) ,XS(NS) , XTRAJ(NXTJI) PF(NTR) H(NF)
computations for H,RF and ZRES

RETURN

ENTRY HR10

initislization

RETURN

END

£.3.5 SNOYS

Subroutine SNOYS 4s called at DTNOYS intervals to allow

the wuser to inject noise into the appropriate states of XS.
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These are the truth states influenced by the ws(t) term in
equation (2-1)., The usual procedure here is: first, obtain
a delta covariance based on Qs that accounts for the random
portion of the growth of the covariance of the XS process
over the previous DTNOYS seconds; second, using this delta
covariance, sample from a Gaussian distribution to obtain a
random sample wd; and third, add wd to XS to produce a per-
turbed truth state. The sampling procedure can use function
GAUSS, which was described in HRZ opreviously. Table 4-10
shows the Layout of SNOYS with the required statements in

capital letters.

Table 4-10
REQUIRED STATEMENTS FOR SNOYS

SUBROUT INE SNOYS (IRUN,T,NF, NS, NXTJ,XF, XS, XTRAJ)
DIMENSION XF(NF) , XS (NS), XTRAJ(NXTJ)
computations to inject noise in XS

RETURN

ENTRY SNOYSO

inftialization

RETURN

END

4.3.6 TRAJO

The phrase 'trajectory data' comes out of the INS con-
text where 1{t wusually means true, whole~vatued position,
velocity and attitude. Such data can be produced during
SOFE simulation runs (e.g. by inclusion in XS) or drawn in
from an external trajectory tape. The Latter ‘approach is

generally preferred because it reduces the computational
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load; SOFE is fully ready to accommodate this approach (see

Subsection 4.1.2 on TAPE3 input).

However, when trajectories need to be generated during
SOFE runs, TRAJ could be constructed and called by the user
to do the job. SOFE itself never <calls TRAJ. Therefore,
unless and until the user assigns TRAJ a job to do, it is

not needed.

TRAJO, on the other hand, is called by SOFE at the be-
ginning of each new run to jnitialize TRAJ if necessary or
to read the TAPE3 header if LXTJ is TRUE, Table 4-11 shows
a layout for both TRAJ and TRAJO (although only TRAJO is es-

sential) with the required statements in capital letters.

Table 4-11
REQUIRED STATEMENTS FOR TRAJO

SUBROUT INE TRAJ(IRUN,T,NF NS, NXTJ,XF,XS,XTRAJ)
DIMENSION XF(NF) XS (NS), XTRAJ(NXTJ)
COMMON/.../...(optional)

computation of actual trajectory quantities (optional)
RETURN

ENTRY TRAJO

inftialize actual trajectory (optional)

read TAPE3 header (required if LXTJ = .T.)

RETURN

END

4.3.7 USRIN
Subroutine USRIN is called once by SOFE during problenm

inftialization for the primary purpose of reading
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user-supplied data. However, USRIN could be used to perform
any function that needed to be done only once at problem
startup. If card input data are to be read by USRIN, those
data must be inserted between the initial covariance data
and the printer plot data (see Table 4~-2). Table 4-12 shows
the Layout of USRIN with the required statements in capital

Letters. Note that USRIN has no ENTRY statement.

Table 4-12
REQUIRED STATEMENTS FOR USRIN
SUBROUTINE USRIN
read user data

RETURN
END

4.3.8 XFDOT
Subroutine XFDOT computes the homogeneous part of the
derivative XDOT of the filter state vector XF. This deriva-

tive is given by (2-27) as

XpOT = f(XF,t) (2-27)
X00T output is used to propagate the filter state vector
between updates via numerical integration. As mentioned be-

fore in 4.,3.3, this routine is called often, so efficiency

of coding here could significantly shorten run time.
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We remark that (2-27) is the most general equation,
descriptive of the nonlinear situation when the extended
Kalman filter is appropriate. 1If (2-27) can be reorganized

XDOT = F(t)*XF (4-2)

linear filter principles apply and the user's job is simpli-

fied. To wit:

o The nonzero values of F(t) computed for (4-2) are
the ones required for F in FQGEN. Sharing of these
values through a user-defined Labeled COMMON area
should result in computer savings. Note that XFDOT
is called before FQGEN.

Note that basic SOFE makes no distinction between linear and
nonlinear problems. Atl such differences are manifested in
the user's computations for f, F, h, H and ZRES. Table
4-13 shows the lLayout of XFDOT with the required statements

in capital letters.

Table 4-13
REQUIRED STATEMENTS FOR XFDOT

SUBROUTINE XFDOTCIRUN,T,NF,NS,NXTJ,XF,XS,XTRAJ,
* NTR,PF _ XDOT)
DIMENSION XF(NF) , XS INS) ,XTRAJ(NXTJI)  PFINTR) XDOT(NF)
computations to form XDOT
RETURN
ENTRY XFDOTO
jnitiatization
RETURN
END
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4.3.9 xspoT

Subroutine XSPOT computes the homogeneous part of the
derivative of the truth state vector XS. This derivative,
which again carries the FORTRAN name XDOT, is given from

(2-1) as

XDOT = g (XS,t) (4-3)

XDOT is used to propagate the truth state via numerical in-
tegration between noise addition points. As with FQGEN and
XFDOT, XSDOT is called often, so efficiency in coding is im-
portant. Table 4-14 shows the lLayout of XSDOT with the re-

quired statements in capital letters.

Table 4-14
REQUIRED STATEMENTS FOR XSDOT

SUBROUTINE XSDOTCIRUN,T,NF,NS,NXTJ,XF, XS, XTRAJ XDOT)
DIMENSION XF(NF) _ XS(NS) ,XTRAJ (NXTJ) ,XDOT(NS)
computations to form XDOT

RETURN

ENTRY XSDOTO

initialization

RETURN

END

4.3.10 Summary of User-Written Routines

The following is a short summary of Subsection 4.3. It
provides a brief definition of what calculations each
user-written routine must perform and gives the appropriate

equations as required.
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OAMEND
:Apply Feedback

OESTIX

c:User-Defined Output

oFQGEN

tCatculate Nonzero Values of F and QF

df(XF, 1)

F(t) = -
axf Xf = xf

ECuf(Wft+T)] = @f (1) » B(T)

OHRZ
: Catculate H, Assign RF, Simulate ZRES
Shf(xf, ti)
H(ti) = s R
axf Xf = Xxf
T . ‘s
ELvf(tidvf(tj)] = RF(tI*5ij
ZRES = | hs(Xs,ti) + vs - hf(if,ti) nonlinear
( Hs*Xs + vs ~ H*Xf linear
OSNOYS

Inject Additive Noise wud Into Truth States

ECud(tidud(ti)] = Qs(ti) * At
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: Supply Trajectory Data for Computing

-~

F,af,ks,Xf, hs,hf, etc.

oUSRIN

: User-defined Input

oXFDOT
Calculate Filter Derivatives (Homogeneous Part Only)

Xf = | f(xf,t) nonlinear
FOt)#Xf linear

oXSDOT
Calculate Truth Derivatives (Homogeneous Part Only)

fs = gixs, )
Xs = g(Xs,t) nonlinear
G(t)xXs Linear
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5.0 EXAMPLE PROBLEMS

This section presents examples of SOFE and SOFEPL wuse
for two simple problems. The first example, taken from (1]
and [21, is for a totally lLinear system. The second example
is a nonlinear orbit determination problem that is studied
using extended Kalman filter techniques. For each example
we describe the truth model and the reduced-order filter
model, summarize the example's implementation in SOFE, and

discuss the results.

5.1 Linear System Example

This Llinear example is a simplified, undamped,
single-axis inertial navigation system (INS) having position
and velocity measurements for outputs. In general, the
navigation equations for an INS are nonlinear. By confining
our attention to the error states of this simplified INS, we

construct a purely linear example.

5.1.1 Truth Model

The model for the truth system is shown in Figure 5-1.
The trufh system consists of a single-axis INS driven by
gyro and accelerometer sensor errors. In the figure, R s
earth’s radfus and g is acceleration due to gravity. The
system outputs are biased measurements of position and velo-

city that occur every 30 seconds.
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The basic INS truth system consists of position error
(s1), velocity error (s2), and tilt error (s3). Tilt is
driven by two random drift processes; the first 1{is a
first-order Markov process (s4) while the second is a random
constant (sé). Velocity error is driven by two random ac-
ceteration processes, both first-order Markov, one having a
long correlation time (s7) and one a short correlation time
(s5). The other two states in the truth model are biases on
the measurements. Both measurement biases are first-order
Markov processes with s8 being the bias on position and s9
the bias on velocity., The above information {is summarized
in Table 5-1 where data on the nature and statistics of each

random process are also given.

Table 5-1

DEFINITION OF TRUTH MODEL STATES

State Description Process Sigma Correlation
Type Value Time
s1 Position error - - -
82 Velocity error - - -
s3 Tilt error - - -
s4 Drift bias 1st Markov .01 deg/hr 3600
s5 Accel. bias 18t Markov 200E-6 g's 300
86 Drift bias Random constant ,005 deg/hr infinite
s7 Accel. bias 1st Markov 100E-6 g's 3600
s8 Pos.meas.bias 18t Markov 300 ft. 1800
s9 Vel .meas.bias 13t Markov 0.5 ft/sec 300
95




Denoting Xs as the set of states (s1,s2,...,59), the
differential equation for the truth system is linear and may

be written in state-space form as:

Xs= [0 1 0 0O o 0 o 0 o Jxs [o |
0 0 -g 0O 1 0 1 0 0 0
01/R 0 1 o 1 0 0 0 + {0
0 0 0-1/3606 0 0 O 0 0 ws
0 00 0 -1/3000 O 0 0 ws2
0 00 O o 0 O 0 0 0
000 O 0 0 -1/3600 O 0 ws3
000 O 0 o 0 -1/1800 0O wsh
0o 00 o0 o o0 0 0 -1/300 | wss
(5-1)

The vector output equation is also Llinear in Xs

Is Ipos
Zvel

= {100
010

0] Xs + vs (5-2)

n 1
o 01

00 0
00 0

The two measurements are uncorrelated and have covariance

Rs = |100.##%2 0 (5-3)
Q 0.5%%2

where position and velocity units are feet and ft/sec. Note

that ( )#*2 means ( ) squared.

5.1.2 Filter Model

One primary concept for a filter model s that it
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should be <computationally simple. This is usually accom-
plished in part by deleting states from the truth model that
are deemed non-significant. 1In the case at hand, the ast
four states of Xs, viz. sé through s9, were dropped, leav-
ing a dynamic model for Xf Llike that for truth states s
through s5. Compensation for this mismodeling would typi-
cally include increasing the noise at the ports where the
deleted states drove the system and increasing the measure-
ment error variance. Neither compensation will be used in
this implementation so we may obtain results comparable to

those of [1] and [2].

The filter model equations corresponding to (5-1) and

(5-2) are therefore

-
Xf =10 1 0 0 0 xf + {0 (5-4)
0 0-g O 1 0
0 1/R 0 1 0 0
0 0 0 -1/3600 0 w1
(0 0 0 0 -1/300 wf2
2£=[10000] xf + vt (5-5)
01000

The strengths of the noises wfl and wf2 were chosen to equal
those of ws1 and ws2. Similarly, the standard deviations of
the position and velocity measurement noises were Left wun-

changed so Rf is
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Rf = ] 100.#%2 0 (5-6)
0 0.5%*2

The initial covariance matrix is diagonal and has the values
listed in Table 5-2. Smaller initial values were used here
than in (1] and [2] in order to narrow the dynamic range of
the <covariance output so the printer plots will better show

what happens.

Table 5-2

INITIAL FILTER COVARIANCE - INS PROBLEM

Filter Pfii(0)
State,i English Units Computation Units
1 (120 ft)*x2 14400 ftan2
2 (2 fps)*x*2 4 (fps)xx2
3 (0.1 deg)xx2 3.046E-6 rads«x2
4 (0.01 deg/hr)=*2 2.350E-15 (rad/sec)**?2
5 (200 micro g's)*=x? 4.147€-5 (fps2) x#*2

S.1.3 SOFE Implementation

The subroutines required to implement the foregoing
problem are shown at the beginning of Appendix A. The input
data for this problem were previously shown in Figure 4-2.

Some notes about this imptementation follow:

o Total impulsive control was implemented in AMEND.

o Since F and Qf are constant, all computations for
these quantities were done in FQGENO.
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o The INS was at rest on the earth's surface, so
trajectory <computations were not needed, either
internally or externally. Thus TRAJ is eliminated
and TRAJO is Little more than a program stub.

o Given a first order Markov process with time con-
stant TAU and steady state variance SIGMA#%*2, the
increase in process variance over an interval OT 'S
(SIGMA**2) x (1~-EXP(2*DT/TAU)) which is approximated
for small DOT/TAU (in SNOYS) by (SIGMA*x2) *
(2#DT/TAU)

0 USRIN was used to read the statistical data des-
cribing the Markov processes and the measurement
noises. Two NAMELISTS were set up for this purpose,
rne for the filter (INF) and one for the truth
(INS).

o Function subroutine GAUSS, supplied for the user's
convenience 1in basic SOFE, was wused 1in HRZ, in
SNOYS, and in XSDOT to obtain random Gaussian sam-
ples. GAUSS has two arguments, the first being the
sample's desired mean and the second 1its standard
deviation. GAUSS was used in HRZ to simulate the
measurement noise vf, 1in SNOYS to simulate the
change 1in Xs due to driving noise ws, and in XSDOT
to initialize the random constant state sé.

0 The problem was set up as a single run (IPASS=1)
of ten hours duration.

5.1.4 Results and Conclusions

Appendix A contains the printed output for this sample

problem. Note that:

o The data echoed on the early pages of the printout
matches that prescribed by Figure 4-2.

o Printout is disabled at update times - 1200  wup-
dates occurred - to avoid excessive output.
Periodic output occurs only at one hour intervals.
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o A total of five plots have been made. The plot
titles have been chosen to match their plot parame-
ter set input (see Table 4-4),

o The last page of printed output s the dayfile
showing the CDC job control used in making this run.
Note the parameters on the first card, the job card,
and the time required to complete the run. Note
also that the source code, including the wuser pro-
grams, is being <carried 1in CDC "UPDATE" format.
Both this code and the data are stored as permanent
files on the CDC disc. The required information for
accessing these files is given on the ATTACH caris.

The printer plots near the end of Appendix A show that
filter states ;fz, ;fS, ;fk and ;fS track the corresponding
truth states within acceptable <covariance Llimits. This
point might be argued 1in the case of state ;fz since the
true error is occasionally over 3 sigma from the error as
estimated by Pf. Since state ;fz always rights itself we

have chosen to label its performance acceptable.

However, the first printer plot clearly shows that ;f1
does not track Xs1. Pf11 shrinks to tess than 10 feet in
the first hour (a “*" on the plot <indicates <coincident
points, in this <case between 2, which corresponds to
+SART(Pf11) and 3, which corresponds to -SQRT(Pf11)) while
the difference Xs1-;f1 (represented by curve 1) meanders
about aimlessly. Xs8, being a large unmodeled bias on each
position measurement, 1is probubly the root cause of diver-

gence in Xf1.
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Since one state is divergent, the filter is considered
divergent and would require either redesign or tuning (ad-

justment of parameters) to get acceptable performance.

5.2 Nonlinear System Example

The following are the in-plane equations of motion for

a unit mass in an inverse square law force field:

ré - Go/r (5-7)

8 = -2r8/r (5-8)

In (5-7) and (5-8), r is the range from the center of the
force field to the unit mass (satellite) and @ is the angle
between the unit mass and a reference Line passing through
the center of the field and fixed in space. For conveni-
ence, we let Go = 1 and r(T0)=1. In addition, if TITO)  is
zero, the forces produced at TO are roughly 1/32 those on
earth's surface, The general solutijon 1is an orbit along
some conic section, two versions of which are & circle and
an ellipse, Figure 5-2. When the ellipse is a transfer path
from one circular orbit of radius r1 to another of radius r2
and the speed change required to achieve the transfer is dv,
the doubly-tangent elliptical path that results is called
the Hohmann transfer orbit. These orbits are determined by

the initial conditfons on (5-7) and (5-8).
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Given measurements of r and 8, the problem will be to
determine the position (r,8) and velocity (;,é) of the sa-
tellite. This example is an adaptation of material from

Reference 6.

S.2.1T Truth Model

Define the state vector Xs as

Xs =] Xs1 | =]r
Xs2 r (5-9
Xs3 0
Xs& e
and rewrite (5-7) and (5-8) in state-space form as
is =g (Xs,t) = Xs2
Xs1*Xsb4**2 - GO/ XsT1*x%x2 (5-10)
Xsh
-2%*Xs2%Xs4/Xs1

Note the peculiar absence of random driving terms in (5-10).
Phenomena such as solar pressure, atmospheric drag, gravity
anomalies, outgassing and satellite tumbling could add un-
certainty to (5-10) but these factors have been ignored.
The truth model thereby becomes an idealized representation
of nature. One consequence is to make the implementation in
SOFE somewhat esasier: (5-10) provides the equations for
XSDOT while SNOYS has no role at all. Ground observations
of r and 8 are available every 0.5 time units, ;

{
:
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Is(ti) =/ xs1(ti) + vs1(ti) (5-11)
Xs3(ti) + vs3(ti)

where vs is a zero-mean white Gaussian noise having a diago-

nal 2x2 covariance matrix Rs given by

Rs = 0.1#%%2 0
0 0.2%*2

5.2.2 Filter Model

The highly nonlinear nature of the satellite equations
of motion suggests very strongly that the filter propagation
equations must alsc be nonlinear. Thus the following equa-

tions were adopted to model the satelilite motion for the

filter:

Xf = fOXF,t) + wf(t)
= Xf2 +] 0
Xf1#XForu2-Go/XF1#w2 w1 (5-12)
X f4 0
—2%xf2*Xf4/XF1 wf2

The states in Xf correspond one-for-one to those in Xs. The
distinction between (5-12) and (5-10) is that the two random
driving processes wfl and wf2 have been added to account for

orbit uncertainties,
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The filter measurement equation is

2f(ti) =[{xf1(ti) + vf1(ti) (5-13)
Xf3(ti) + vf3(ti)

where vf is a zero-mean white Gaussian noise having a diago-

nal 2x2 covariance matrix Rf given by

Rf [0.1**2 0
0  0.2%%2

Since the filter model is nonlinear, the extended Kal-

man filter will be used. The state propagation equation is

(5-14)

[><e)
-
[}
j=~
”~
1>
-+
~
-+
St

where f(.) is given by (5-12). In order to keep track of
the covariance of the error DX in Xf, F(t;Xf) was

established using (2-16):

FCt;xf) = 0 1 0 0
Xfox"242G0/XF14#3 0 0 2xf1*xf4((5-15)
0 0 0 1

2XF*XF4L/XE12%2 -2Xf4/Xf1 0O -2Xf2/Xf1

Also, based on (5-12), Qf is

ef = | 0 0 0 0
0 Qf1 0 0 (5-16)
0 0 0 0
0 0 0 af2
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The nonzero elements in (5-15) and (5-16) are wused to

L] T
form P = FP+PF +Qf to propagate the covariance.

The filter processes two measurement differences at up-

date time:

02z =[xs1 + vs1 - xf1 (5-17) 1
Xs3 + vs3 - xf3

By inspection of (5-17) H is
W ={1000 (5-18)
0010

The initial covariance matrix Pfo is diagonal with values

listed in the table below.

Table 5-3

INITIAL FILTER COVARIANCE - ORBIT PROBLEM

Filter
State,i Pfo(i,i) Units
1 0.1 length#*#*2
2 0.1 (Length/unit time)»x2
3 0.1 radianst*?2
4 0.1 (radians/unit time) *%2

5.2.3 SOFE Implementation

The input data for this study are shown in Appendix D.
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The subroutines required to implement this nonlinear problem
are included with the listed output 1in Appendix B. Some

notes about this implementation follow:

o Since subroutine XPLUS in basic SOFE’ computes 1f+

as
Xf* = Xf~ + K*IRES (5-19)

the whole-valued estimate Xf is completely correct-
ed at ti . No further corrective action is re-
quired so AMEND was merely a RETURN statement.

o Since @f is constant, it was computed once for all
time in FQGENO.

o Since the truth model was devoid of random driving
noise, SNOYS was only 3 stub in the load module.

o As with the linear example, no trajectory computa-
tions were needed (outside those in XSPOT and XFDOT)
so TRAJ is not required at all, and TRAJO is re-
quired only as a stub.

o Two different truth orbits were implemented in
this study. The first truth orbit was circular
while the second was elliptical with r2:r1 = 10:1.
Since initial conditions completely determine orbit,
the two orbits were created using the following
values at TO0:

(1. 0. 0. f.) circular orbit

(1. 0. 0. 1.3483997245) elliptical orbit
The above values initialized both Xs and zf. The
circular amd elliptical orbit studies were conducted
in separate computer runs. The output in Appendix 8

and the job <control in Appendix D illustrate the
circular orbit case.
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o Subroutine ESTIX was constructed to compute the
average sigma (pf(i,i)**0.5) as well as the mean and
standard deviation of true error for an ensemble of
Monte Carlo runs. _True error in state Xf(i) is the
difference Xs(i) - Xf(i)., In this study, sampling
of sigmas and true error values occurred at DTSTIX =
0.5 time units, just before each update, on all four
states, When T reached TF on the last run, ESTIX
computed the appropriate statistics for each state
at each sample time for the ensemble of IPASS runs.
These ensemble statistics are printed just before
the printer plots in Appendix 8.

o TF was 5 time units, Qf1 was 0.02 Length2/time3,
and @f2 was 0.02 rad2/time3.

5S.2.4 Results and Conclusions

Before viewing results for the problem as presented,
consider a variation in which just the angle 8 is the meas-
ured quantity. This was tried first, unsuccessful ly. Some
runs worked alright, but eventually a run occurred where r
would shrink to nearly zero, causing Pf to blow up - note
all the r's in the denominators of (5-15). At first, scal-
ing was suspected, e.g. a huge force field (Go too large)
or an wunreasonably small ?(TO), but changing these parame-
ters failed to relieve the problem. Next, measurement accu-
racy was improved, but the blow-ups continued. Some tinker-
ing with a@fs also was done, but.the blow-ups remained. In
the end, some performance improvement had resulted but at-
tempts to make the filter work with just 8 measurements were
called off and Llabeled unsuccessful. The cause of this
fatilure is the weak coupling between range and angle.

Evidently one can know 8 very well and know tittle about r,
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even though the system is theoretically observable with only

8 measurements present.

We now return to the problem as presented. Appendix B
begins with the printed output for the circular orbit case.
This output contains a listing of the user-written routines,
printer plots and periodic data for the first run, and
statistics for the 50-run study. 1In addition, Figures B-1
through B8-8, which were made by the postprocessor SOFEPL
from SOFE's TAPE4 output, depict this filter's performance

using ensemble averages.

ALl available data indicate that if tracks Xs within
acceptable bounds. Figures B-1 through B-4 show the average
of true estimation error & surrounded by + Se, the standard
deviation computed from e data. The & curve in these four
figures is approximately zero mean as it should be. Note
the agreement between the pair ,5Se as displayed in the 50-
FEPL curves and in the statistical summary near the end of
the listing. This summary certainly provides some
quick=-Look numbers, but the cost in coding of ESTIX and the
limited visibility that raw numbers can provide work in

favor of using SOFEPL to view results whenever possible.

Figures B-5 through B~-8 each contain two curves, a

solid line for Se and a broken line for SART(P¥). 1In a con-
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servative filter design, BART(PTJ should generally be some-
what greater than Se so that the filter will be 'open' to
the variability in the actual system. Figures B-5 through
B-8 show that this dictum has not been consistently satis-
fied, indicating that, at a minimum, tuning is needed. 1f

tuning is neglected, tracking may diverge for longer orbits.

The study described above was repeated using 10:1 el-
tiptical orbit initial conditions for both the filter and
truth models. The results (not shown here) were similar to
those for the circutar orbit with some improvement in track-

ing between Se and SQRT(Pf).

In a third and final study the truth orbit was the 10:1
ellipse (Xso = 1,0,0,1.34...) while the filter state was in-
itialized with these values: 2.0,0.1,0.2,1.0 . This offset
in initial conditions 1is within the 1-sigma bounds pres-
cribed by Pfo for all states except ;, where the error s
roughly 3-sigma. These initial offsets produced a transient
in e for all four states that died out af“er iwo time units
had elapsed and four measurements were processed. Other

measures of performance were essentially unchanged from the

previous 10:1 study.

In summary, the four-state extended filter was able to

estimate actual satellite trajectories despite fairly large
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initial condition errors. The match between Se and SQRT(Pf)
was satisfactory for all four states at all times except for
the circular orbit at about five time units. A problem may
be surfacing for this case, but it was not pursued here. On
balance, Pfo, Rf and Q@f appear to be fairly well chosen for

the range of missions that were tried.

5.3 Standard Short Test

Appendix C shows three pages of printed output for the
linear INS problem with a TF of 61 seconds instead of ten
hours. This short run serves as a standard short test —case
for SOFE. Three propagations (0 to 30, 30 to 60, 60 to 61)
and two updates (at 30 and 60) occur in the &1 seconds of
the run, thereby exercising all of SOFE's code except the
printer plotting and the external trajectory capability.
This amounts to a thorough check for a very small expendi-

ture of computer time (lLess than two seconds).

Since LPRUD, LPRH, LPRK and LPRZR are TRUE, a Llarge
amount of output is displayed at update time. Since DTPRNT
exceeds 61, the only other output occurs at TO and Tf. Note
the final check product at the run's conclusion:

-0.132880246897869 E-143
This number provides a quick and handy check of ‘duplicate’

test cases.




APPENDIX A

Subroutines and Output for INS Problem
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APPENDIX B

Subroutines and Output for Orbit Problem

137




PRECEDING FPulB BLAMK-NOT FIilG.

[
(4]
-

$s $s $33¢3s $s £ 31 $538S ¢ ¢ $8  $s st 12322}
1 3 3 $s s $s 1 3 $s $8 $ s L A IR 3 $%  $8 13
L2 SN S T 3 $s s $s S8 $88  s¢ $s s L3 SR 3
$8 3% $S8$%  $% $353888 S8 $ S s L2 S 3 ] L X SR 3
$8¢8 AR 2 $8¢ $3 33 ST 3% $S S¢S s s¢
$3%% s %8 $¢ S 3 $% $EESSETE  $3EISESS 23223
$s ¢ 12N 1 s $% $8 ¢t sts S8 s $s
t R SR 2 TS 1 st $8 $s s $ $s $s  $¢ $s  s¢ $s

s $s $338ss $$883¢S ¢ $338S s $ s ss 1232331




315097 SN4sx viQva
130Sd X¥d 1 Tud
OIJ¥IN 3A0W LELFU
14139 ssnvo 14ddds

31v0dN SINL A9 031V3I¥D SI 3INO 41 A¥YEBI WY¥O0Ud

1004x NI13SN fvai
371092 SA4SX Yigva
L3084 X¥d 144
01J¥7N 3A0M LELRL) |
44139 $SNVY9 l4dddd
osNne SNYdsx [o1:2 1 0]
10a8x 1004X NI ¥SN
ON3IwY 32710¥2 viava
130Sd Xud 1744
O1J3ZN 3A0N LELFY¢) ]
44139 sSNyH 13dddd

SudS viids
964 4d1d
d¥3iN] nJIsA
Al¥3Q dSASY

H3IN ¥ ND 3IININENIIO0

SAONS Z¥M
S¥LS vi1ds
90%d ¥d1d

d¥3IIN] noIsII

AT¥3g 4SASY

SX33Q N3N 43gavy snd

oe834 oBNYF
rvys SAONS
$30¢ vi174S
9Gd BdVd
d¥3UINT ad1821%
Al¥3Q 4SASY

A
NY4S N1340S 083408
pell) NOJOV4 100

NA3SOT 107409 X439

SNYAQGY 340 $SSNVA

¥I3HL 40 ¥3ICV0 IHL NI G3ILSITT 3¥Y SHOIC

1008X

N3904 xX1183 aN3uy
NVdS N1340S$ 093408
4 NOJOVde ANQ
TERRD 107409 X139
SNYAQY 3408 SSTUNYA

14070 Wo¥4 QY3I¥ SV LSIT XJ3Q

64120 6L YN 6INYE
121 ] N390d X11s3
NVdS NI340S a9340§
NN NOJOVd in0
NA3S)1 107409 X139
SNYAQY 3408 SESANVA

NOTL¥3ISNI 40 ¥3Q¥0 TYIIS0TONO¥HI NI GILSIT ¥y SINIAT NOILIIN¥0D

1 39% ¢ “184°971°80 08/867/40 ‘R6v-€°T I(VAdN

LAINT NI QIBILNNOINT SQUYD

SCUYD MWUING) 7 SNOILVIISI00M

321092*340S 3V14M0de

140

10107

140 03VISVYINN




<

I9v«

*18°91°¢0

08/62/10

Q83308
ing
X139

100 4X
3ziom
13084
OIJNIN
44139

3210327
13084
01J¥IN
44139

NI¥SN
SN4SX
x¥d
AW
sEnvo

*864—€*1 3ivadn

SNI4SX
X34
IAOM
sSNYO

rvas
viaIva
1744
3IWANN
13ddd4

V1Q0VA

17¥d
¥3ININH
Aiddddd

SAONS
$¥0S
9044

d¥3IAN]

Al¥3Q

*3%09

S¥0S
95Qyd
d¥3IN]
Al¥3q

b2 ]
viIles
¥dd
niIsdl
dSASY

TANIN IVIANINDIS OL M3ILLTUN SV A1SIT ND3IQ

141

40 SQUOM €009%€ QGIVINOIY Iivaén SIML

ViIVdS
¥d1d
Nd1sd1
dSASY

NVdS
334
NA3SIT
SNV AQY

NI340S$
NOJOYY
107409

3408

3714 3T16W0) OL w3LLTWM SHI3I0

N3O0
NYdS
A4

NA3SII
SNYAQY

VEMIN 4T CNILLTYM SV ASTT XI30

xiis3
N1340S
NOJ9OVd
101409

3 s0¢

100$X
an3uy
Ge340S$
0o
X139
SSEANVA

V4GT0 GINAVINN




I%vy¢

N3

N3NL3Y
OON3NY A¥IN3
N¥nl3y

0321N03% 0WINGD %IVEQ334 ON
%3700%d 11880 31IVV3ivs ¥V INIINON
INILNOYENS NILLT¥M=-u3SA

.9<¢hx.mx.ux.ﬁ»x1.m2.uz.b.z:mu-QZwtq ELFFUTITT TS

{1°02°80 08762740 86%¢8°0 N1g4 1=140 LZ¥A T ON3WY INIANO¥SNS

VLULLO

o1

142




INNTANDD
(LAVAL O IXYNY)LNOS»{Ld2IA3TLS
LT-STMYSNY /1S VINYSN/ 12001141 °ILVISTIXWNS )~
(141¢34V4iSTIZXNNS)=BYA
T1¢T=14d1 09 Q@
¥*1=31¥4S1 0L DQ
(0E0T¢9)311uN
NYGLIY (Z°LT°STANYSNY 41

INNTINDD
CTT1 Tl dI (LI OAVYXDSILYLST (OZ0149)3iTun
ANNTINOD

STIANYSN/ {1dI¢IUVISTIXNNSwIL1d])SAYX

11*T=1d41 0% 00

viI=3(¥iSI 05 0OQ

VIRYSL (OTOT*9) 31T uM

STANYSN {000T1°9)3UT UM

(0*2€INDJ9Yd TIVD (39v4T) 41

N¥AL3IY (SSYLJI®INCNABT *¥0® T1°L7I%iNdl) 4]

09

0¢

(11

CSYNIIS 304 SIIVEIAY SY T13Im SY SNOILVIAIGQ

GUVANYLS GNY SNY3IN JOU¥3I 3N¥L ININd ONY 3iNdWOT *GNI N3II80¥d LY

3NNILINOD
CAT)Id)1BDS ¢ LANDI*IAVAISTIQ4dWNNS=(INAI*3AVLSTIQ44NAS
31ViSIefer
XI10eXATA¢(AINGTI*3IVISTIZXNAS =L ANGT*ILVLIST) 2XKNNS
XSTQe (ANAI*3LYLSTIXWNOS=( ANJI*I LV LSTIXNNS
{31V1ST14X=-(3LVISTISX=X3]Q

*¢T=31viS] 0f 0¢

Q=r

Le(IndI)dWVS L

T4INdI=INd]

NEN13® (TT1°3I9°INdI) 41

N3¥NL3y (T°D3°SSvdId SI

41

ot

oY

CSIVARIANT XIASA0 O AX3N 341 LY ONY O1 1Y SKNS YWOIS ONY 03¥VYNDS
S3ONIAIAJIQ IHL 40 WNS * SIINIAI441Q IML 40 WNS IAVS

JO/SI4NVYSN ViVQ

39v471 IVI1901

(TT) TEWYSLO(TTIOVIGIA  (TU S )IQAINAS LTTIAICLS CTTIOAYX NOISNINLG

CTTCHIZANASHLITOH IXMNSS (BANY FAS ESNISXCLIN ) IX zo~m2w1~°
39Yd1dNddI* 0NV da 14DV P ANBI 1 U Y

ACEZRRR PR TR I ERISOL PR UETRAEI FRLES S TR TRV iLRY] zo:tou

SSY41*Q3IST*AINOITI/HOII/ NOWWO)D

“0T/741 04 135 SVYK XILSIQ 0SS SS¥6 HI¥3

Nl

SINIOd 37dWYS 1T 3IUANYH OF QINOISNIWIO 3dIN SAYNAY 3INQ

*W3180¥d 3WL 40 ON3I 3FHL 1Y SNY3IN YNOIS SIANaNDD ONY 44 WONS

ViVO YWOLS S3¥0LS 0SIV XI11S3 *W3IT80dd 3IHL 40 QNI IHL AV SIAVIS 3ISIHL
¥04 3 30 3INYIYYA ONY NY3IW FIHL SIINEWOD QNY SNNY TYE3IAIS SSONIVY
S31V1S ¥NDS IO HIVI ¥OJ S3IINIYISII0 IX-SX = 3 SINOLS XI1S3

*%3T80Y¥d L1090 3417731VS ¥VINI INON

"INILINONBNS NILLI¥M=-¥3SQ

CAd YANCPYULXO SN AX CAXNCSN S AN LENABTIXTLST INTLNOXEBNS

3oV {1°02°60 06/62/710 foveR*e Nid 1«140 LZ¥A TS

LVWLWoL

(SRS RN RN

QULLLLLLDOLY

¢S

0s

134

o

[13

o€

1 14

(114

§1

ot

X1 1S3 INIinO¥ENS

143




ERA R

{1*02°€0

anN3

(//(u #6)29°%61/)1VMa04 0501

( w=1 1V ((1*1)344)1%0S 40 3§
JCYYIAY = WOuEI INBL 40 NOTAVIAIG QUVANYLES 0315D34XIu021°0HTILVNEOI 0401
( =1 1V ¥0¥¥3 3N¥1 40 SNOILVIA30 CUVONVISLO¥L1*OHT)LIVYWY0S OEOT
((E°OTIITISXS*Z1*XL)AVHYEOS 0201

( w~l 1V ¥O¥¥3 3N¥L 40 S3IOVY3IAV. 3
SOL//72°0T9TT 6T u31VIiSuX9/uINI1us9L//)1VNN04 OT0T

{ «l183
¥C aVINIUID 40 SNNY w€la ¥ILAY SITASIAVISHSL//(u ¢u)29¢61//7)1VH¥04 0001

01 0t 09
ANNIINGD 011

C°0=(XX)044HNS
0°0=(%AN) ZXHAS
0°0=0N)IXKAS

¥¥t1=3 011 00

01 04 09 (T*3IN*NNII! 41

W3180¥d 40 ONINNIO38 1V 32ITVILAINI 2

T+STINYSN=STdRNYSN
O=iNd1
N¥OL3Y (T°03°SSvdl) 41
HY390¥d HONOUKL NNY HIVI 40 ONINNIOIE LV 3IZITWILINI I

OXI1S3 A¥IN3

N¥NL3Y
(060T*9) 3ILIUN
INNTLANCD 06
(TYSTo NI * (AINDT)OVIO44)¢ILVLSI(OZOT*9I3LT AN
3NNTANGD (1]
STANYSN/CINGTI*IAVASTIIQIdNNS={ING]IIOVIQSd
T11¢1=INd]l 08 0C
¥¢1=31VviS] 06 0Q
(OVOT*SI3LTUN

3NNTILINDD O
(T1TmldI*(LdIDA3QLS) *IAVLIST (0201490311 uN

08/62/10 f6ve8°y Nid 1=140 L ZYALS XI4S3 3INILINOWENS

(1.3

06

£

(1)

L

12

09

144




39vd

aN3

LEVE) ]
(2INT40=(2140
(TINI40=(1) 40
*T=iy)d
SI=t1)3
ON3904 A¥LINI

NINL3Y

(1)3X/(2) IXe>2-={2) 4

(RS VAR ) (RSP LIS S
Zee{Y)3X/42)3Xei9)IXa"2n(G)d
(913X t1)3Xe"2=(E) S

(Eent1)3X) /009024200l 0)3X=(2)d

(FAXNIPYUAXSCOINI O (AN IS ESNISX 1INDIX NOISNINIO
09/09/NDWND D
(2INIJD/I0O/NONND D

Jd XI¥IVYW 3INYIDVADD 3L 30 NODILYOVHO¥d 3IML ¥0d4 40 QNY

4 S3IJTWLIYN 3IHL J0 SININITII O¥3IZ NON 3IML SILYINIIVD N3IODOS
W3700¥4 11830 3ILITIILVYS AVINYINON

INTLANOYENS NILITAR-YISN

(DS JCOIN  JINCPYUANCSXCINCTIXNESNCINCLICNNYITIINIODS INTLAQAENS

$e

oz

el

ol

LV W
"

11°02°80 08/62/10 gove8 s Nid 1=4id0 LENFA. 37Dz INT LAOVONS

eaie o

148




anN3

N3NL3Y

((ZINI4¥)L30S=~(2)01S
(CTINTA¥)L90S=(T1)04S 2

OZ¥H A¥INI

146

N3N 3Y
((2)Q1S**0ISSNYI+(E) IX~(E)SX=SIY2
*TI=(€IN 02 02
AN3INIYNSYIN 3TNV J
2
N3NL3IY
(ET)ALS*°0)SSNYI+ (T ) 4X-(TISXnSIYZ
*T=(1)H o1 [
IN3WIWNSYIN JONVY J
J
02¢0T%0T (Y-SY3W]) 41
(SYINIINIJY=4Yy
(H*IN*T)IZ1087 TV [+

(Z)OLS CANIHE (UINI S  (PLXNIPYRAXCCSNDSXS (IN)3X NOISN3WIG
(ZINI4¥/748/NONKDD

W380¥d 11840 34ITI3LAVS YV3INIINON
INILINO¥ENS NILLIBE~¥3ISN

[SESRERE]

(S3U7*JYtHoNeSYIN] *
CAdCULNC P YUAXCS XS IXSPLXNCSNG AN L S NAUT ) 2 ¥H INTLNONENS 1

3ovd L1°02°80 08/62/L0 86v+8°y NI 1=140 Yervl Z¥H 3IN1LANOYUSBNS




147

an3 01
N¥NL3Y
OSAONS A¥iIN3
N3N13Yy
)
ISTON ONIAIYO LINOHLIK SI 300K HANWL 3HL J [
¥3780¥d L19%¥0 3111131VS WVINIINON J
INILNOAENS NILLIBM-¥3ISN J
J
(PYULXCSXEIXCPAXNE SN INS LONNST DSAONS 3N1LINO¥ENS 1

B6¥*6°% N4 T=1id0 Y/ SAONS 3NILNQxeNS

illll'l-lll[

39v¢ L1°02°80 08/62/.i0




39vy4

11°02°90

08/6c/710

148

ON3
LEITER ]
J
X ANV SX 304 ISOHL GONOA3IE 033IN0O3N SNOTLAVINGWDD A¥0LI3FrVYL ON 2 <
W3780¥d LIGY0 31I77134YS WY3NIINON J
INILANOYENS NILLI¥K~-¥3SN J
2
(EVYAXESX S AX P LXNC SN INS LONNUTNOrY L INTLNOYENS 1
86¥+8°y N14 T=1d40 vi/ve Ofv¥l 3NILNO¥ENS




3%vd

41°02°80 06/62/20

SINVAISNOD NILLTUN-¥3SA 3IHL SINI¥d GNY sav3y INILNOY SIML

860+8°4 Nid

ON3

N3n13Y
(NI¢9)31]13K
INI*S)aVaY

O9*NIJONI4N/NI/ ASTI3MYN
09/709/N0ONKC D
(ZINTSU/99/NOMNOI
(ZINI40/40/NONND )

W3700¥d L18%0 3119%734vS AVINIINON
INILNOYENS N3 LLTUN-¥3ISH

Voowo

NI¥SN 3INILNGuENS

l=1d0 Y79 NI¥SA 3InILnouens

1} ¢

01

149




anN3
N3NL3Y
01004X A¥AN3

NUNL3Y (94
(Y1AX/€2)3IXa (0 ) IXe"2~={¥ )} 100X
() 3IXx=(E)100X
CLEIAXS(TIAXD/709~(#) IXe (W) IX2(T) IX=(2) 100X
(2)4X=(1)100X

(ANILOGXC CUAND I (PLAXNDIPYALXC(SNISX  CdAND4X NOISNINIG
09/709/N0WKDD

(144X) 3= 004X
S3AJAVAI¥3Q ¥31714 3HL S3iNdW0I 100Q1X
W3T80¥d L1830 3LITI3LVS ¥VINIINON
INILACYENS NILLT¥M-33SN

VOUWYWLY

(LOGX* 4  UANSPYBAXESXOIXCPLXNSSNS NS LENNATIL0QAX INTLNOYENS 1

) 39vd L1°02°80 0€/62/40 86¥+8°¢ N1d I=14d0 LTYATS 1004%X INT LNOBENS




SRR s,

*26°12°80 08/62/20 3 3WIL GNY 34VO NN

151

an3
N¥NL3A
0L00SX A¥AINI

LEBER ] et
(1)SX/(2)SXetp)SXe*2-=(#)}100X
{8 )SX={€1100X
CLTISXACTISXI/09-(ISXa{YISNS L TISXN=L23000X
(2)sx=(1)100X

(SNPLOOXC(PIXNIPYULXS (SNISXECANI4X NDISNINIC
09/09/N0NN0D

CA4SXYO=1D0SX
SIAILVALIB30 W3LSAS 2H1 $31AdN0D 10aSX
W3ITH0Ud LIG¥0 ILTTVNILYS AVINIINON
INIANOBENS S3TN44NS BISN

VVWOOLY
]

CLOOXSP YHLNCSXCAXSTAXNSSN INCLENNETL0GSX INTLNOYENS )

o1 39vd {1°02°80 08/62/L0 06448°% NIJ 1=140 /v 400SX 3NI1N0uENS

v e lew




*26°12°80 09/62/40 ¢ 3IL ONVY 31V0 NNY

¥31713 NYWIYX 0IONILXI NV ONISN NOTIYNINB3LIO L16¥0 3AITIIAVS & 31141 W3180¥d

152

SINDINHIIL ¥31T14 NYHIVE ONISN GINIEK0D ST ViVA INIHM
SWILSAS WOSNISILINW 30 SISATIYNY 3INVWYOI¥3Id GONV NOIS3IQ 3IMd
¥03 NOILIVINKIS QTWVYD ILINON Q3IZ1IVYIN3D ¥

3108

0000000000000 00004040040080020000804%000¢80200088 S N 1 9 3 ¢ 3 30 S 90098000888 80000004 0008002000000 0200000008000




ey

L4 v *2 4 Z |
40 X1¥iavW 3Savds 3IMy 40 S1IN3IN3T3I O¥IZNON IML 31Y207 Sulvde z::JOUD:OuN uz—xbaaauw:»

L] 1 L
L] ‘9 1 L] ‘s L] € ‘y ] 2 i 2 1 2 K4 2 1 °1
3 XIiVW 3SaYdS 3INL 40 SIN3IW3II 0¥3IZNON IHL 3LYIGY Sulvde NNNYDDI~N0¥ 2 INIROIWS 3INg

- ——t— - - -

0¢ = $Svdl €2 = 0338} 0 = INDD)
ISNAY JO ¥IBWNN  +g33¢ FIQNAN NOONYY s9yqy NOTLYONTINGD
10-300001°* L ] €0-300001° " NINH 0T+300001" = XVYWH £0-300001° = ¥3701 1 = 300K
$S¥3ILINVEVY 10¥INGD NOIivu93.N]
4 = dNdd 4 = Q1dd 1 = 4470
SONILLOVE ¥NIINING ININYIA0Y S¥u313wvyvd
L = 3
$ONILLI014 dWOI V) NN¥iSOd 304 39vy0iS VIVO ININ¥3ADOS ¥313nvyve
1 = NN¥¥41] $¢ = 218941 3 = fIX¥47 4 = Nad 4 = N¥d1 1 = 372347
1 * (N4 1 = 174 1 = 95Q¥47 1 = dxud7 1 = Sxud7 i = ¥1
1l04IN0 QIANTNY ININYIA0Y S¥IL3uvyvd
01+300001° = SAON1O 00006° = XIiS10 10-30000¢° = du4iq
10~30000%* = 4010 01+3000071" - IN2440Q 0000¢° = SYawio

SSAONS OMY X11S3 0} STIV) ¢S10%W ¥2iNI¥4 QNY dR8JIY) ¥03 3I9vu0ys ‘SiNI¥¢ *s31vagn NIINLIG WVANIINT 3INIL

‘0 = OSVY3IWL
ENIO38 AVW SILVGAN N3IHN MIL

0200°¢ = 3 ‘0 = Qi
SNNY HIY3 40 3wl GN3 aNY NI938

4 = £ix
n>¢o»uws¢abddzuw>kw

0 * FIXN 4 = OIN I = 42N b4 - W L2 = SN v - 4N
$SIZIS GNY SNOISNIWIG

- - - . - -

IN0B9 ISIIINYN 2VAVO0¥ds 3IHL NI S3nTVA AINVI30 ONY viva 1ndwi 40 311S04N0D

153




T TNODM~NO
—t =4

(UAINeIN*SN) A 31VLS 31150400 40 NOISNIWIQ

181

981

0001

WITE0Ad S433SN AE QIVINDIY ¥, NI 3IVdS

4d 40 1l¥vd

oV

NOWWOD MNVI8 NI 3IVvdS 3T18VIIVAY

3dV1L PVELX NO S3TEVI¥YA 40 AIGHAN = [LXN
30 NI S30UIINON 40 ¥3ICUNN = OIN
4 NI S30%3ZNON 40 ¥3GRON = 4IN
= TIVN
YYMNIONVIBL 40 ITIS = UiN
31v0dN ¥3d SINIWIVNSYIW 40 VIGWAN = W
31viS ¥317I3 JO NOISNIWIQ = 3N
31V1S W3ILSAS 40 NOISNINWIQ = SN 310N

NOILVI0Y
Q¥0m LS¥Id

oV

FLXN®9
FLXN*®
fAXN®E
€
4N
4N
4N
FIVNES
¥iN
4N
SN
TIYN
¥iN
3N
SN
DIN
4IN
OZNe2
42N%2
JIN
YAN
4N
SN
TIVN
HeZ¢ 3N

H19NIT

Y33V NOWWOD

SIN3III44300 NOIIVIOdAIUINI FVY¥IX
YiVa GIL1VI04U¥IANI FVYLX
YiVQ FV¥LX

S3WIL FY¥LX

NIVO NYWIVN

H ONY S 40 120Q0¥d

H SALIAILISNIS LANIWHIBNSVYIN
IIvdS ININ¥OM °3°C

34 40 3IAILVAIN¥3G

4X 40 3IATLIVAINIG

SX 30 3AI1IVAIN30

A 40 3AIAVALYIO

4d 304 SNOILIOGNOD IVILINI
3X 303 SNOILIAGNOD IVILINI
SX ¥04 SNOLLIIGNOD TVILINI
40 NI S30¥3IZNON 40 SINTIVA
4 NI S30¥3INON 40 $3INTVA
40 NI S30¥3ZINON 30 S3IIIONI
4 NI S30YIINON 40 SIIIONI
S ¢44 40 100¥ 3J¥VYNOS

3d SIINVINVAOQD ¥3IL V4

34X *¥0123A 31viS ¥34IA

SX SNOLI3IA 3LAVLES WILSAS

A ¢(3d¢34xX*SX) 40 311S04u0D
3IVdS ONINYOM TYUINID

XTYAVW ¥0 ¥OLD3A

G3738VINA 40 3ANLINYULS

156




R

"
[, ]
-

oN3s

‘10e31° w 09

‘10-32° $70-32° « wl d0
‘10-3¢° ¢1Q0~31° « ul 4y
uis




tv00242°
2e€0012°
69% " 982°
26l%t02°
6896062°
899¢9912°
$q29€0¢€”
2%21602°
2066482°
06%0212°
Yoh6682°
1182661 "
svltr122t
2606622°
9ReE9L2"
2228 T A
Y9620 0¢ "
16029%2°
220€50¢°
08929L%*

- WIBWNOAN NNY

A3Q
A3Q
A3Q
LEL
A3Q
A3@
A3Q
A3C
A30
A3g
A3Q
A3Q
A3C
A3Q
A30
A30
A3dQ
A30
A30
A30

*26°12°%0

Qais
aLs
ais
ais
aLs
ais
ais
ais
als
018
aits
ais
ais
ais
alis
ais
ais
[{F %Y
ais
ais

892¢12°
€E6v0°1

00000°1

IVPGIS 3y
Ivagls 3y
IvrarsS 3y
vYNaIS3y
IYNGIS3e
Ivnors3y
IvNaIS 3y
Vol s 3
AYNO1S 38
Ivnors Iy
ALIH 81 ]
IvNOIS 3y
IVEOLs 3y
IvPaIs 3w
Ivrarsae
IvnolS3s
IvNOIS 3y
IPoisId
vrgrs 3y
IvNeLIS3Y

82291¢°
00000°1

00000°1

08/62/200

*y
‘e

°y

LA 4]
see
98
‘et
20%
L1 1
o0
o0
L 3
o8
92
L 224
s8¢
L 12
LA 1]
e
e
L 124
s68
4

e
‘Y

*y

9lteeE1” *c
1W0¥26° b
00000°S °t
988LO6 V1" = 3NTVA
10~-366¢L6116° = INAvA
20-3L6199¢€L°~ = 3INTVA
$68EL62°= = INTVA
20-36688691°~ = 3INAVA
6L8965E" = 3NvA
120864C° = 3ATYA
10-31126886°~ = 3INIVA
¥926621° = 3NTVA
6b28L€E” = 3INTIVA
16%196€°= = INT¥A
2084097 °= = 3JINVA
6028L02° = 30VA
€sE9192” = 3INVA
T0-39604461°= = 3NTVA
€6668ST1°~ = 3INTVA
LIRS XA = INIVA
2991462 = 3INIVA
10-38046241¢° * 3INTIVA
t69ve81° = 3INIVA
82291€° *t
"0 °t
‘0 °t

331714

20-3

vngrs3v
IYN01S3Y
IvYNCIS3Y
WOQIS3Y
IvNGIS 3y
AV oIS 3N
IVNGISIY
IvNOIS Y
IvNoIsy
wNIIS3y
AVNOIS 3
avnarsay
IvNOIS3Y
IvNaIsay
WwNA1S 3y
Ivna1S3y
WwNQIs3Iy
AIYNGIS3IN
wvRQISIY
AIVNCIS3Y

000000°S = 11y
000000°» -l 1V
000000°S = 1 1V
000000°¢ =} XV
L X4 ] 20-3902°1
20-36¢16"1
0000°S
t12681° *2
0000°$
862€02°~ *2
0000°s
*0 "2
0000°¢
e 0000°6
sse 0000° ¢
(2 1] 000S° s
[T 13 0005°y
314 0000°%
s 0000°y
[ X 2] 000s°¢
[ X 1] 0006°€
**e 0000°€
[ X1 0000°¢€
[l 0006°2
e 0006°2
e 0000°*2
e 0000°2
e 000s°1
e 000s°1
(31 0000°1
[ 11 0000°1
(X 1] 00005 °
(317 00006 *
112 e *0
001°
°0
g2291¢° *2
*0
*0 *2
°0
*0 2
*0

g R -
31374W00 & YIAWNN NNY
31374M0D € ¥IGHON NNY
31374W00 2 FIGNON NNY
31374M0D 1 YIGHON NNY

€0~-3601°L~ 20-3162°1~
20-3¢£L0°1 *0-3€40°€~
20-366%°€ 20-3902°1
€0~-3022°%¢L
=11V 44 FONVIBVAG)D
20-391€£164°9 °1
= 1 4V 4X ¥04 SYNOIS
262908° 1
= 11V IX ¥0123A 31ViS
00000°1 1
- 11V $X ¥01J3A 3tvis
= 11V 4 AN3NIANSYIN
=11V 1 AN3IWIVNSYIN
= 1 1V 4 AN3NIWNSYIN
- 11y 1 AN3INIVNSYIU
= 1 iV 2 IN3NIUNSY IW
= 1 1V 1 INIMIANASYIN
=141y F4 ANINIINS Y IN
=11V 1 AN3UIWNSYIN
= 1 iV 2 IN3WNIANSYIN
= 4 LV 1 ANINIUNSYIN
= 11V 4 AININIANSYIN
- 11v 1 ANINIBNSYIN
= 44V [4 ANINIVNSYIN
= 11y 1 ANINIYNSYIN
=11y 4 ANINIUNSYINM
= 11V 1 ANINIWINSYIN
= 11V 2 AN3INIVNSYIN
= 11y 1 IN3NIUNSYIU
= 1 1v 4 ANINIUNSYIN
= 11V 1 1R3INIBNSYIUN
*0 *0
°0 *0
oot1* °0
(1)
= 1 1V 044 IAINVINVADD
82291¢° *1
= 11V 04X 04 SVYNIIS
00000°Y 1
= L 1Y 04X ¥04iD3A 3iVAS
C0000°1 ‘1
= 1 1Y 0SX ¥30423a 31viS

NYNIYX GIONILIXI NV ONISN NOTIVNIWE3IL3I0 AIGN0 311ITNY3AVS




000000°¢
000000°¢
000000°¢
000000°s
000000°s
000000°s
000000°¢
000000°¢
000000°¢
000000°¢
000000°s
000000°s
000000°s
000000°$
800000°S
000000°$
000000°¢
000000°¢
000000°¢
000000°¢
000000°¢
000000°S
000000°¢
000000°¢
000000°¢s
000000°¢

000000°¢

iv
1v
iv
iv
1v
1v
iV
1v
v
1v
1v
1v
1v
1v
v
LV
iv
v
iv
iv
1v
iv
1y
1v
1v
iy

1v

31374W0D
3434w 0D
31374%00
313VH0I
31374M02
31374N02
31374M0D
3137dW0D
343W4u0)
313N0D
3137400
3137dN0D
3137Wd%0D
34274400
331374%09
34374u00
313 14W0J
313W%0D
313WdK0D
31374%0)
3137Wd%02
3137%4%0)
31374%0I
313%N0)
343WdN0D
31374%00

313M0D

1€
0€
62
82
IX4
92
s2
L 24
€2
22
124
0z
61
el
A
91
st
L2
€1
21
1
01

° ~

¥IGHNN
A3IBWNN
AIGHON
YISNAN
¥3ILHOAN
¥IGNNAN
¥3AWNN
23GWNN
UIBHAN
YIGHNN
YIBHNN
UIYWAN
Y3 BWNN
YIANON
239NN
YIAUNN
YAGUNN
YIGUNN
¥INN
YIANNN
YIEHON
YIGNON
¥3IBWON
u3ennN
y3IeWNN
¥I9NNN

YIBNNN

NNY
NN Y
N2
NNY
NNY
NNY
NOY
NOY
NOY
NNY
NNY
NOY
NNY
NOY
NNY
NOY
NNY
NAY
NOY
NNY
Ny
NNy
NNY
NNy
NOE
NN

NN Y

157




000000°¢<
000000°¢S
000000°¢
000000°S
000000°S
000000°¢
000000°¢
000000°S
000000°S
000000°S
000000°¢S
000000°S
000000°¢
000000°%
000000°S
000000°9%
000000°¢

000000°¢

ilJllIIlIIIllIIIIlIIIlIlllllllll‘lllllllllllll

1v

v

1v

iv

iv

iv

1v

Ly

iv

1v

iv

iv

1v

Ly

lv
1v
1v

1y

3137dM0D
3137dW 02
31374W0D
313M4W0D
31374W0D
31374N0D
313746 0D
31374W00
31374W0D
3137dW0D
31314% 0D
31374407
3131d% 02
3137WN0D
3137dW0D
3137dK0D
31374W0D

31374400

6%
8
Ly
9
%
>y
€y
2
1%
0%
6¢
g€
L€
9€
S€
113
€€

2t

YIBHAN
Y3IBHAN
YIONNN
YIBNNN
¥IGWAN
AIENNN
¥3IENNN
LELLTIL
LELLIL]
LER LML
Y3IAHNAN
UIBHNN
Y¥39MNN
YIPUNN
AIBUNAN
YIAWAN
AIGNNN

LELL L]

NN ¥
NNY
NN Y
NN Y
NOLY
NN Y
NN Y
NN Y
NNY
NN ¥
NO Y
NN Y
NN Y
NNY
NOY
NN Y
HOY

NNY

158




0s NAY ¥344V 3L374H0D NOILVINMNIS 232713 NwaIvX

000000°$ = L 1V 3{37du00 0§ B39UNN NNY

QOOOOQQOQQIQ.QQQOOﬁQQQQQQQOQCQQ.QQQQOO6’.Q&&.OGQCQ.’.QOOOO..GG”

-

122° 61¢° 26t 26§ ° 29¢° $9¢e* .11 sle* 6%E"° 228" ole* L]

T61° g02° 202° *02Z* 902° s02° 202° 912° 6€2° (19 3 ?1¢€° €

861° 90¢€° 10€° i62° 662° 90¢” (335 10%° LA 4 e £29° 91e* 2
10~-3028° 181° 081"° [.78 08T 181° 202° gz2° vEZ"® 994 ° 91¢° 1

=1 5y (€1°%1)34)1¥0S 30 39VY33IAY = ¥0¥Y¥3 3INVL JO NOIIYIAIO ONVONVLS 031D34X3

20°1 131 iee* 7e* 042° 66¢° 682"* 682° (113 0 °0 L4

2e1” LA ¢ A 8s1° A TR By 681° 802° et .YA &4 P42 & °0 ‘0 €

61¢"° 662° s02° 9Lt 981° 1e2° 212" so02° eL1* *0 °0 4
10~3248° 861°® 13 & r4 2 'L 2 [+ 1% & €91° 129 O L2410 *0 *0 1

=1 1¥v ¥0¥¥3 3IN¥L 3J0 SNOILVYIA3IQ QAVANVILS

662° 10-396L°~ 20-36E2°~ 20~3608°~ 10-32V%*~ 20-3221° 10-IT9°~ 10-3622°~ 10-34L2° *0 ‘0 L
20-38€¢°  10-34€9° 10-3699° 10-389%° 10-32¥%° 10-361%* 10-3821° 10-308€* 20-3146° *0 °0 €
10-3242°~ 961° 10-38¥6°* 10-3048° ST 10~3788° 10-329L° T10-3609° T10-3Tlé°~ *0 0 4
10-36€1°  10~3989" 10-3€61° 710-3202° 10-314e* 10-3282° 10~392€° 20-32€8°* 10-3916°- Y °0 1

=4 LV ¥0¥¥3I 3INUL 40 SIVVUIAV
0°¢ $°e 0° $°€ 0°€ 1 944 0°Z s*1 01 (1 34 *o 3Lvis

LR

11830 ¥¥INJATI 40 SNA¥ 0S ¥3L4V SIILASILVLS

LA I A B A N AR A I B 2 BN BN BN Bk BN BE BE BF E 2N B BN BE NE SE B R N BN BE BE R BE BE BN IE BE NF BN Y K BN NN I N RN NN N W




0 ¢e0T1e¥040V4 3IVIS (SLINN 3WILY 3NIL
0C¢*¢ 0s°s 00°*w 06°¢€ 00°¢ 0%°2 00°2 0s°1 00°1 0s° 00°0
Ittt Rl Rl Rtk Bl Rl R ek Sl e O Ny s — * . . . focmmranecaa(0¢3L 594"~
1 € 1
1 1
1 € 1
I € 1
L) € Y
1 € 1
f te 1
1 1 tEee
1 1 1
. 11 +00+3%6L2°~
1 1 1
1 1 1
1 € € 1 1
1 1t € € € 1 I
€ € 1 €t t te € € 1 *
1€ € M € € €e (33 € € €€ I
1 ¢ [11 1 € [ 13 [ t (1% € I
1 €t £te 11 {41 €t (33 (33 [ 41 € (43 1
1 €t €ee € €ee €€ tee €e (32 €t 1
. (41 € (4% t te t €t € +10-3€1€6°~
1 TITITIVINN I
1 1
1 Tt 19588841 I
1 111t 111 I
* 11 TITTINTITIY
1 1 1
1 1 I
1 1 1
H 1t 1 1
L | 22 4 (1] 2 *2 4 112 4 *10-3¢1€6"
11 22 222 Tes 222 13 222 122 22 22 1
I 22 22 12 r<4 le 22 1#2 4 22 1
1 22 el 112 t x4 L4 22 12 22 t4 I
12 b4 12 2 221 22 112 2 22 1
k4 Z 22 2 1 122 2 2 .
1 1 4 2 4 I
1 b4 F4 I
1 1
1 1
* +00+30622°
1 1
1 222
1 22 1
1 e 1
. b4 .
1 4 1
1 F4 I
1 1
1 2 1
et D R T T ¥ TP SR WP SR, . . * . . . tm——- 2 ~00+3LC90°
€ <=~ WNIIS~ t 2 <== VHIIS+ : T <-= ¥OB¥W3I 3IONVYE 3NN1

XRXZOW B JWEO=TS

160




0 ¢s01=2010V3 3IT¥DS (SLINN 3WIL) 3INWTIL
[\EVAY 06 s 00y 06°¢ 00°¢ 06°2 002 06°1 00°1 0¢* 00°0
cemmmrcescleccadencnf e rmmr el e et et m e refmenad mrcnf o anae e ened S oo - oo §o e o o —e———————0 ¢ INC 29~
1 1
1 € I
1 € 1
1 1
. £ *
1 1
1 € 1
1 € 1
1 te € 1
. [ %1 3 +00¢38€LE°~
1 € € € €€ €t €e 1
t €t t (11 (23 €¢ €€
1€€ (X% € €t €€ € 1844 € I
1 ¢ €t € [ 3% t €€ € (31 L &SI 1
. (4 e |13 j 313 £t €E €€ € 111 *
1 (41 €Etel t (131 €e tEEE €t I
1 (31 1T € € € € €e 1
1 111 H
1 11 1
. 1 «00+39421°~
1 1
1 111 1
1 T I
1 1 11 I
. 1 TTITTITITINL IR0 888004¢
1 A 1
1 11 I
1 1 1
1 1
. 11 +00+39427°
1 Tt 1
1 1 R RAR ¢
1 182 21 4 2 2 22 1
1 L X4 2222 P4 c2e 22 2222 . 1
. 2 222 P24 222 22 1 22 Iss k4 .
1 21 22 2 22 b4 1 22 111112 22 F4 1
121 22 2 22 11 22 2 4 1
21 22 2 1 22 2 22 22
1 2 2 1 2 22 22 22 1
. 1 22 2 +00+38€LE"
1 11 22 2 1
1 2 k4 1
1 2 1
1 1
. 4 L4
1 1
1 2 1
1 2 1
1 1
——m—————— ——— ———— - . b ———— R e et L e D R e A mmtenn VA T R S 24 A
€ K== YNOIS~ : 2 <== V¥NOISe : 1 <== 20¥x3 3i* - IONVYY 3034

A X WS JWZNIDZra WS

o AT OW

161

||||I|I|I||I.I-II||.II|‘




0 ¢s0T=¥01Iv4 3ITVIS (SLIINA INIL) INIL
00°¢ 06y 00°s 06" ¢ 00°¢ 0¢*2 00°2 0s°1 00°1 0¢’ 00°0
L Lt Lt Rttt B LR T Ly R kel Tt e . . . . S t————y € 20432¢02°~
1 (331 I
1 ¢EEE 1
1 €ee
1 1
. *
1 ) {
1 1
1 I
1 te te 1
. te t t t (13 +20436121°~
€ tee [ 39 €t (11 € (341 I
1€¢ €t (%3 [X9 € (33 te (1223 {33 3 1
1 €€t €t (3% (41 €Le €t (43 €Eee 1
1 tee tee € £t tE (33 (X% €t 1
. € € te tee *
1 1
1 1
1 1 X 1
1 1 111 1
. 1 111 1 +X0+34904°~
1 1 1 I
I 1 1 1 1 11 1
1 1 111 1 11 1
I 1 1 11 1t 11 1
. 1 11 11t T yrrraxTeRtty
1 111 1 I
1 1 1 1
1 1 1 I
1 1 1 I
. 1 1 1 *10¢3990%"
1 11 I
1 1 1 1 1
1 1t 1 11 1 1
1 11 1 111 1
Ty F4 1 b4 44 22 *
1 el 222 4 1 22 22 Fx4 222 22 1
1 222 22 222 11T 22 e2e 2e e2 2222 I
122 22 27 1 2z 2 22 22 2222 222 1
2 222 22 T 2 22 Z 222 I
. 22 2 2 e 22 *20¢36121°
1 22 22 1
1 1
1 1
1 I
. .
I 1
1 2ee
1 2zeZ 1
1 222 1
Bt i et R Dl B e a L . . . . . 2 -=20+32€02°

€ C(~= VWIS~ 2 2 (== VNOIS+ =z 1

<~= 30¥A3 ITONVY 3NuL

POWODRWWAS

CETO W

162

Tl e



VTRt .

0 $#01~3040V4 3IIVIS (SLINN 3NIL) 3INIL

00°¢ 06*Y 00°y 06"t 00°¢ 06°2 00°2 0s°1 00°1 0¢* 00°0
B el S e TS T Y P EET Y T g S D L R T R L S et DL T Y * - . * 20¢36262°~
1 1
1 1
4 € I
1 € € € 1
. .
1 € € € € 1
1 1 € 1
t € €€ 1 tt 1
1 te € € CEECE]
e+t € et [ 43 1 €20+36SLT1°~ =
1 1 t Tttt t [ X137 € €ee 1 3
1t 1 t 1 €gee 1 ¢ et 1 ]
1 € t €e € £ £€ee I 1
1 € feceeeete 1 €€ t 1 ¢ € €e 1 I
. € 1 1 (43 € €€ .
1 €ee 1 1 te teLeEe 1 i
1 € T 1 1 1 1
1 1 1 N
1 1 1 I fn
. 1 1 1 +10+30685°~ /
1 1 1 9
1 1 1 3
1 1 1 1 (<]
11 1 L
o 1 1 10888488084 ¢ w“
1 I i~
1 1 1 I v
1 1 1 1 |
1 1844 1
. 1 TI11t TTTITITILT +10¢3068¢° 3
1 1 1t 1 1 3
1 1 11 1 9
I e T I N
I 222 22 222222 1 1 v
* 4 22 Z 22 1 .
1 2 222222222 2211 2 2 4 21 I
| B4 Z b2 4 11t 4 2 422 4
I 2 e Tt 2222 2 1 22 1
1 2 2ee 2 2eee 2 1 222 1
*2 1t 4 222 22 22043682 1°
1 1 22 2 2 22zl
4 n 2 22 22 1
1 11 4 1
1 11t 4 b4 2 2 I
* L
1 2 Z r4 1
1 2 I
1 1
1 1
B e T T L P T et A e e e T Lt 2 PP Db e ———t t———— r———— L + . . 20¢36262°

£

C== YHOIS- ¢t 2 <== VWOISe : T <~== ¥OUUI 3LVY ITONY 3I0¥L




0.0.000000.000...000O..Q..000.0.000.000.0.00.0.0

GINHSINIG

3408

TN

164

00..00000000.0000000000..000.60.000.00.000......

02-3LE26€62€2909219°~ SI 1INGO¥4 NIIMD I 4




*0€T1022A NI *Q0F 40 GN3I (3°LE°S2°00

08/62/L0 34vQ *J3s 19s*2M 4d4°LE°S2° 90
) Ol $ 150J3°L€°s2°e0
989°1¢ SN¥J*LE°$2°80

‘rQGv 86¥°12 *SHN T189°2¢92 HJ)°Le*s2° 90
“rav %09°sy *J3S <0e°8¢ o1°L€e°s2°e0
*rav v8s5°s? *J3S 660°1s vdl*Lle*s2°¢€0

(Q3ISN XYW 420621 ) SO¥OM SOTTITIT SKHOLE®S2°90
0% 30 ¢ INdiND 314 -~ SOUOM ¥4T90000 40°L€°$2°€0
*SQ¥0M 82520700 T00 =AD 12°9€°$2°60
3dY1107451880330S=N3d WHS =01 1)°9¢€°s2°80
SAVQ 800 = 4d¥°9€°$2°60
20IVIV) TIVILINI®9€®62°80
*HHS=QT*¢3dV1i10741108%0340S¢¥3dVL¢90TIVIVI®GE®S2°80
“ONI1107d ¥31V7 Y04 ¥34V1 3AVS $°S€°62°60
*6€°¢2°80
IWIL NOTLAJ3IXI SONOI3IS d) 88v°LE *g€*s2°090
ANOGG 340S 4dOLS °$€°62°90
(23dV1°0T3dV1°83dVi°1°8€°02°90
NELNO*H3dVLINAIN0*6I4VICEIAVICININIIDDT*EE*02° B0

*31d#4%34V1¢ L1SINOIV LE02°80 =
*3°4€°02°80
14 1NdNI NO ViVQ S3dV1 ONISN 350S NAY ¢°LE°02°90
*1€°02°00
IWIL NOILVIIdWO)D SONQJIS dI S66° *L€°02°90

*d'0=YLNINI=I*NL4°LT"02° 80
*SINILNCUBNS NILLIYM-YISA ITVIdN0D ¢°L1°02°60

°L1°02° %0
3V dW0I* 1400 *NBNLIV*9T°02° 80
W11 NOILVIIdWOD SONDDI3S 4D ¥18°6 °91°02° 00

*0=7*371dH0I=]*N14°06°9T1° €0
*SINILNOY 340S IJISVE 3ITIdK0D ¢°0%*91°80
*06°91°¢0
*3134N0Y 3LVAIN *6v°9T1°C0
*371dH0I=J¢0431VA4N"T14°91° 80
*T=¥n°6E°91°90
CAVIVY=NS HHS=Q1¢666=A04340S * VIOV *HIVLAV*6E°9T1° 80
*w3710¥2°3308 DJeu SAVIV #°6E°91°00
31VadN ONIKOTI0S 304 QYYD VIVG ITINIS +°6€°91°¢0
*6€°S1° 00
*N3T80¥d LI8Y0 3ILITVTILVS UVININON ¢°6€°91°@0
YLV 4 NYNIVY GIANILIXT #°6E°91° 00
*ITdMIYXT 43408, ¢°6E°91°00
*6€°91° 00
NIISAW *0ET02LA °*0000LMI*0OTOI*O09L“HHSE*SE*9T1°80
%0 20 ¢ INANI 3714 ~ SOUON 91210000 41°SE°91°80
NO/7VS) WO%A SZAIUHS*HE*9T*00

08/91/90 EYNI-Q664T 06647 3IV/SON €"3




BTN 1 - e

(SLINN JWIL) 3WIL
5°¢ 0°¢ 52 02 S 01 50 00

0c 0~

/
7
—
“
47
£
‘Z
-

r
S0 °0-

(SIINO HLONIT) ¥0¥¥3 3ONBY

0c'0
166

T

S0°0

T~

01D

T
st'o

\\3\??\
AV

11840 ¥9IN0YIQ “"A30 "0lS ONH "9AH “¥0¥M3 m_@zcmo

*1-g aambt4




T R A e,

(SLINN 3WIL) 3WIl
'S S'h G'b <°¢ 0°¢ 2 0°¢ 5°1 01 S0

o
o

¥ 0-

=
¢ 2
rm\vm
\ .WW
/ /7 rol
~
/ . w
N Lo X
- 20
=
=g
&
P =
_ —

20
(IWIL LIINN ¥3d HI

™
N
ﬁ
)
\

-2

11890 ¥87N34910 “*ATQ "ULS ONH "9AH “Youy3 ENNCY! JINGY

-4 amnbry

167




(SLINA 3WIL) 3WIL

g6 5% G'b 5'¢ 0'¢ 5'¢c g2 S°1 G'1 SQ 60

[ i i i i 1 e 1 | [N 7.»
I
o
o
-V
o
o
N - O

|
[
L&
o
o
ﬁr\r\\—l\\\#ll\\—‘l\/l o
L
Q

“ _ \\\A\\\\\lq r\\\\\\a\ (
{ % - —
) ) \—\ 1 5
Q
5
(=]
-8

11840 ¥YIN3YI0 “A30 "ALS ANY "9AY “H0YY3 uy_@zcn

‘-4 aumbtd

(S33¥930) ¥0¥A3 319NY

168




(SLINA 3WIL) 3WIL
6S S b G'b S°% G'¢ i 02 51

01 S0 G0

L1640 ¥57N0YIT “°A30 QLS ONB “9AY

€

0°08-

T T
0°0¥- 0°09-

T
G 02~

O'Eb DZEZ 00
(3WIL LINN ¥3d S33y330) HOM¥Y3 316y 319NY

T
009

r
o8

YONY3 3I8Y 319NY

*p-g aambrd

169




(SLINN 3WIL) 3WIL
6'S 5'b v 5'¢ C¢ K 02 S°1 01 S 0

o
o

\ \_
\ dravd7d7

JONHY ‘1I8Y0 “0¥10 “Y0¥¥3 NOILBWILSI "(03¥d ONH THNIJH

(1)

1

10

(SIINN HIINITN) HO¥Y3 NOTIUWILIS3 39NUY

L)

20

¥

£°0

‘0

T
1 4

o

*G-g aanbr 4

170




(SLINM 3WIL)Y 3WIL
TS 5b Gb s'¢ o' 52 a2 st
- .

o
—
w
o
o
o

e

1By JONBY ‘L18Y¥0 "3¥I0 ‘40Y¥3 NOILWUWILS3

—
1°0 0o

r
Z2'0

~
;
€0

m

-T

¥ 0

50
WIL LINN ¥3d HIINIT) 4O¥¥3 NOILUWILS3 318 3JINUN

—
.
90

L.Uﬁd

"034d ONY UNLaY

*9-g aanb1y




(SLIND 3WIL) 3WII
, s b Cv A€ G¢ 8¢ 02 St 01 S0 00
[ - oo [ S Lo L e L i 4 i

(U0

U

g’s

N AT A A 4
a4

) 2

/ a .
TIONH “11880 0810 “MOYY3 NOTIWUWILSI "034¥d ONH 6N1dy
* -8 aanbrg




Ld
E.-_,q
C
[K [ow]
! —— f.h
_J
&) i
Z 's
a- .
E__..q
— o
CD oo
O
O
2 w
) -
o7
A
J
SR
= 'z
- =
o o~
N
- g
5 w
O e =
— N —t
= £t
a
>
— w
E_.q ——
U
LJ
° e
D —
L]
0 el
CL' [Fg
o
2
<z
) ©
.or T T T T T T ° ;
T % 0 09 0°0S 0°gb 0'0¢% 002 o-at 60 1
) w1 LINN ¥3d S33M930) H0YY3 NOTIWWIIS3 31dd 319NY

173
1

__________-M




APPENDIX C

Standard Short Test Qutput

175

s,

o —————
s S

T
i



PRECRDING  PAGR BLANK-NO? FILp

£r=-3050824°6  *¢

$N=-31€80%¢*7 *¢

SC=-3791799°*1  °¢
.H‘ .ﬁ

REGRGG 2
HT1-3Q2142%°F  *¢§

*0 °*s

060Z°9S1

E0-F4€T10%%°9 ¢

LY (X4

H0-34¢9962°c  *¢

RO-36R9.248°

€1-3€24292°%2-

2Y-SFLENGL Y~
*0

s A3C QLS VPOl S3Y
22-:1%26€9"9~-

*Q

= A3Q¢ Q1S TYnOIS3Iy

B80~36689258"%
*0

20-3%01291¢
OT=-3626G6NE "G~

P00 200000440 4930000408420 %4839

EC~-302L6€5°9 *¢

RC-z089/48"

0 (X4 M
M
L2 .5 *0
- WTARON KRY IO IG°YY cRI2YJ20

*y

*y

*y
°y

400
i

b/

98

s
Y

*6
4y

00¢°CF

b
°y

‘s

€0~-3206€6€°

60-3€€9L62°9~ °¢

S0-3821° 61-3029°¢ 10-3%98°y
$1-306€°2 »T1-3%29°¢
G0-3¢E9° Y
000°0¢€
| S 1 9% 1166° *2
000°0¢
LEw2Yw1® b4
€00 0¢

%0-3102611°

b~ ¢

b UNER 1

€e9824Y" -

$1-3260919%8~ ¢

INTIVA VARQ1IS3x

968996 * ~2

€00°0¢€
0CCo0Y *?
000°0¢
(21 000°0€

0tr~314€L61%€ *2

000°0¢

‘0t M I 4

000°0¢

8%620°€¢ * JNTVA TvNATISIY  ¢ue 060°0¢
60-3861°% 0 01-3%6€ 8
€1-306€°7 *1-3610°2
$0-3240°¢

000°0¢

€0~32400%2°1 °*¢ gE129°2 b4

c00°0€

*0 °t ‘0 2

Qoo0°cte

6532°62- °9 $0-36060%¢°Y *¢

20~ 32€€98H°2~ °¢ $C-36€CT02°1 °¢

= § 1V 3IvadN INIKIENSYIN N1238

<0

€0-26429%L°

2330,

000°0¢

~3HTy *C *o
$1-309€°2 °0
§0-~39%0°¢
°C

L B 0CC00°*? bt 4
*o

LA 3 b 4
°0

0 g b S §

0 °f *0 2
*c

W03 153 1¥0HS CWVONVIEIS ¥

P ——

§0=-3651°%s 0Y-3068°1-
21-36R1°T~ @T-394¢"°¢
$0~-30€0°1~ 07-386S°S
Te2° 240-3221°1
€0+3206°¢
= L IV e¢dd IINVIUVAGD
Y229°91 Y
= § 1V edx ¥0d SYKTIS
1668° %S b |
= 1 LY +4X% WOBL33IA 3IEVLS

L0~-3€E9084 %y  °*1

= 1 iy 3 NIYD NYKTYY
b R |

= 1 1V W ¥04I3IA °SviN

= 1 1V 2 ININIYFSY3IN

251066 ° 1

= 1 1y ¥

NIVO  avNOYX

00000 *1 *1

= 1 4Y  H ¥01IIA *SVIN
= 11y U INIKIWCSYIN
€0-3%81°1  OT-3SGE"E
11-398€°¢- £1-3619°}~
€0-3%€6°2- 6C-3201°2-
18°9 90-3208°¢ N
v0e3Cab Y
= 1 1y =44 FINVIWYVAODD
000°021  °Y
* 1 1y -34x w04 SWNSLS
0 °1
e L 1V —4X ¥0133A 31Vl

60-340,602°8~ °S
€0-3260102°Y 1

= 1 1y =Sx

¥0LI3IA 34v1S

5459308960008 004048000400%04¢0EY

-== SN]

0 *c
*0 *c
*Q *e
00 *c
$0¢304%° 1Y
= ! 1V 04 ERINRE LYY b}
000°92¢ *t
= 1 1v O04x w03 SYu21S
‘0 °1
= § lv Od4x ¥0LJI3IA 31WAS

60~-3%Qs6€7°0~ °9
.° Q‘
= £ 1Y OSX ¥OLI3IA 3ivwiS

SIXV IVINIS €vIn/eév:e



fC-36V206R*2~ °¢

€L120t° ‘6
6C0-216469¢°7 *»

90PN 48R40 000832982009

FO-IEYRLOYS  °6

GO-3TE2%RL2°F °¢

$0-3969%22°¢  °¢
‘0 *S

CRY266°Y
»1-~3€¢60896°7 *g

b R

210792y

€E0-3564220°9 ¢

0 te

F0-3208718°2- °¢

RO-3209248°%  °y

Z1-CEABEGZ %~ %

T1-3¢20189° ¢~ °*%

‘0 *h

A3C 01S “VNAIS3A  see

12-3669%710°€- *»

0 LTS

A3C CLS TVRCQIS3N  wus

B0-3CELILHE"Y *
bR

¢L1201° *t
60=-32C6T196°2 *%

SHIPODB P20 200002 0008000200800 0¢

0 g

»O~36662850°C *g

*e oy

2C~Z8CE2BYI*G ‘¢
0Y~-285TR62°G~ °%

V0004404004042 9009090¢994894404¢099

862°2€71- °8
yC-3019216°T  *¢

= 1 4V 3IvA4N INIWIHNSYIW  ON3I

S0-3901°%

»0=-3€202T€°9  °*¢

G0~-360R8€C06°8~ *¢

»0-30%6%0L°2- *¢

*0 ¢

26666TT" = INTva
»1-3290T86°S~ °*¢€
*0 ‘€

SEON* {12~ = INTea
c0=-32¢1°

€0~-269Q26€*T  °¢
b 3

8b2°2€1~- °8
SC-~3€42222°9 °¢

= 1 1y 31vQadn ININFINSYIN NIC3B

*0 tf

£%9L°6¢- R
§C-20/2222%9 °¢

=~ § }Vv 3LVGdN ININIAICSYIN ON3

s 5 .
A A,

€0-39991L6°8 ¢
sTIte2°~ °2
000°09

60~3404682°8~ °9
199,°a2 b |
®= § Vv JeSX ¥0133a 3RVIS

OOV EDIPRLVNPPD¢404 9000004800049

HT1-3118°¢ $0-3160° 1 60-3f81°e 113260~
S1-30¢¢ *? »1-3562°¢ 21-3€02°¢- QT-39VL°¢
10~30066" € 40-392¢°1- 01-3901°1
»22° 00-36€S%¢
€0+3T7T2°¢
000°09 = 1 1¥ s34 IINVIBVAD)

99¢€€ELy” *2 8026° 09 1
€00°09 = 1 AV +d4X w04 SYNIIS

926801" .2 8689°08- °1Y
000°09 = § IV +dX ¥ORIIA 31VIS

1CE968 " 2 L0-318%5T9°t  *1
¢00°09 - 11V ¥ NIVY  Nvhitwy
00000°1 *2 ‘a1
cco o9 - 11y H  W01I3A Sy
IVACISIY  ses 000°09 = ] 1V Z ININIWNSYIU
T1-139¢9061°6  *2 yETT2€E° ¢
000°09 = 31y » NIVY  NYNIYXM
‘0 *2? 00000°1 b
600 °09 = 1 1v H WOLI3A °SVY3IM

TH¥D0ISIA eee c00°09 = 5 1v 1 ININIWNAS YN

L €1-3060°¢ 20-392%°%¢ s0-360€°2 07-340C"y
C1-3Cse*2 t1-3652°1 11-3%20°8~ 27-3€62°y~
90-30¢8"° Y €0-3868° 1~ OT-IVTVC ¢~

91°? S0-3t9%*

£0e3206°¢C
000°09 = ] 1y ~-4d JINVINVACY

16094 %Y b4 122092 *1

00009 = 1 lv -4X w04 SWNTIS
'a .N 'o .‘

00009 * 1 1Y —4X ¥03103a 31viS
$0-398912¢°8 ¢ 60~3%Q¢6R2°8~ °9
REGIBI®~ 2 oT808~ °Y

00009 * 1 4V ~SX ¥C1J3A 3I1VIS

D800 000902380500000000000600009009

*c *2 ¢ °*t
000°0¢ = 4 4V JedX WOLI3A 3ILViS
*O-36CH0VE™T %2 60-3%020602°%~ 9
LLELNTS- 2 SB8° VG- Y
co0* ok = 1 1V JeSX BO2RIIA 3MVIS

C8000900000004008000000000000000400

178




N P .

4408808058000 0980 000000040000 30000900840280008808¢ 0 3 ¥ S I N T S J A0S 2990092080099 0000950803200000000080000808008¢004808

179

EVT-69626890208B2ET°~ S 1INA0¥ XIINIT VALY

1 NNY ¥314Y 31374NGI NOILVINWIS ¥3ILT4 NV¥EIWX !

00000°19 = £ 1V 31374800 1 WIGNNN A NY

$0~3901°S ST-3¢E6E°¢C S0~32%0°1 €0-3998°P 11=-3670°%-
SY=-3Cot 2 S1-3980° ¢ T1=-3901°1~ @QY-3T€2°¢

20~3066° € 40-3440%2~ O0T1-3270°1

L€z 40~30€0° ¢

€0e3TTLE
000°19 = 1 1V EL | JINVIWVAD)
€C-30%0R0%°9  °¢ BO=31689248°% °y $0-3€2891€°9 °t 8C89LRN° b 4 9026° 09 b ¢
000°19 « 1 1v 4x 04 SYWOIS
0 °s ‘" ‘0 °€ *a 2 ‘e 1
000°19 = 1 1V 4% ¥0133A 31VIS
e€gINT" ‘s $22°2¢1~ "% G0~3secte90e ¢ 60~3802682°8~ °9
€0-32€21n8°7~ °¢ 60-3860696°7 °% $0~-3TTH215°T ‘¢ 182862~ *2 2148002 *1

00019 = t iV SX ¥01J33A VLS

0 Q@ cﬁ oy .Q -ﬂ oC .N .0 Od
- 000°09 1 AV JedX ¥OL33A 3494S

i‘llll'lllli




APPENDIX D

Job Control

19




-t e

TR e

APPENDIX D

Job Controt

SOFE was developed on the CDC CYBER-74 computer system
at Wright-Patterson AFfB, Ohio, using the NOS/BE operating
system. The central memory requirements of SOFE are usually
too Large for it to run interactively on this system so var-
ious methods of batch-entry job control have been devised.
These methods involve considerations of both program and
data manipulation which in this case includes manipulation
of: 1) basic SOFE; 2) wuser-written SOFE; and 3) the
numerical data. Two possible methods for job control will
be demonstrated here in Figures 0D-1 and D~2. Figure D-1 is
the permanent file approach while D=2 is the card input ap-

proach.

Figure D-1 is the job control for the linear system ex-
ample of Section 5.1. Figure D~1 illustrates job control
setup and SOFE use when: 1) Basic SOFE and the user-written
subroutines are on one local file named 'OLDPL' in the CDC
UPDATE format; 2) the numerical data are on another Llocal
file named TAPES. Both OLDPL and TAPES are permanently
stored on disk, OLDPL being in a perm file named SOFE and
TAPES being in a perm file named SOFEDATA. To create an ob-
ject module, a full update is performed on the OLDPL file

thereby producing a card-~image file called COMPILE which is

183




then compiled. With this complete object module plus the

TAPES data, SOFE execution can commence.

Figure D-2 is the job controlL for the nonlinear system
example of Section 5.2. Figure D-2 illustrates deck setup
and SOFE use when: 1) basic SOFE is part of an UPDATE file
named OLDPL; 2) the user-written subroutines are on cards
following the JCL; 3) the numerical data are on cards fol-
lowing the wuser-written subroutines. Selective update of
basic SOFE is illustrated 1in the JCL using . the
*»C SOFE.ZROIZE' data card. Following compilation of basic
SOFE, a compilation of the user-written subroutines occurs.

Both object modules end up on the file named LGO.

The numerical input (problem title, PRDATA group, etc.)
for the Figure D-2 example is at the end of the card deck on
the INPUT file. Since SOFE expects 1its input on TAPES,
INPUT must be equated to TAPES at load time. This can be
done under NOS/BE by inserting the name INPUT in the Lloca-
tion reserved for TAPES on the LGO card, viz. the first lo-
cation. For reference, all file assignments are shown on
the LGO0O card in Figure D-2 even though only the first re-

placement is needed in this case.
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SHM,T35,CM7500C. V720130,MuSICK
COMMENT . #

COMMENT . + STANDARD LONG TEST FOR 'SOFE®
COMMENT .+

COMMENT .# ATTACH AND COMPILE BASIC SOFE WITH
COMMENT . USER-WRITTEN ROUTINES APPENDED.
ATTACH,OLDPL,SOFE,CY=999,ID=SHM,SN=AFAL MR=1.
UPDATE,F,C=COMPILE ,0=0UTPUT.
FTN,1=COMPILE,L=0.

RETURN,OLDPL,COMPILE.

COMMENT , »

COMMENT .+ ATTACH CARD INPUT DATA AND RUN SOFE.
ATTACH,TAPES,SOFEDATA,CY=222,1D=5SHM,SN=AFAL ,MR=1.
LGO.

*EOR

Figure D-1. Job Control, ALL Files on Disk
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SHM,T60,10100,CM70000. V720130, MUSICK
COMMENT .

COMMENT .* 'SOFE' EXAMPLE.

COMMENT .» EXTENDED KALMAN FILTER.

COMMENT .* NONLINEAR SATELLITE ORBIT PROBLEM.
COMMENT.

COMMENT .* SINGLE DATA CARD FOR FOLLOWING UPDATE
COMMENT . » READS "#C SOFE.ZROIZE".
ATTACH,OLDPL ,SOFE ,CY=999,ID=SHM, SN=AFAL ,MR=1.
UPDATE ,Q,C=COMPILE.

COMMENT.

COMMENT .* COMPILE BASIC SOFE SUBROUTINES.
FTN,I=COMPILE,L=0.

RETURN,OLDPL ,COMPILE.

COMMENT.

COMMENT .* COMPILE USER-WRITTEN SUBROUTINES.
FTN,I=INPUT ,R=0,P.

COMMENT .
COMMENT .* RUN SOFE USING TAPES5S DATA ON INPUT FILE.
REQUEST ,TAPE4 ,*PF.

LGO (INPUT ,TAPE3,TAPE9 ,OUTPUT ,TAPE4 ,OUTPUT ,TAPES ,TAPE1D0,TAPE7).
COMMENT.
COMMENT .* SAVE TAPE4 FOR LATER PLOTTING.
CATALOG,TAPE4 ,SOFEORBITPLOTTAPE ,ID=SHM.
7/8/9
*C SOFE.ZROIZE
7/879
(USER-WRITTEN SUBROUTINES GO HERE. SEE APPENDIX B)
7/8/9
SATELLITE ORBIT DETERMINATION USING AN EXTENDED KALMAN FILTER
SPRDATA NF=4, NS=4, M=2, NIF=7, NIQ=2, ISEED=23, IPGS1Z=55,
TF=5.0, DTPRPL=0.05, DTCCPL=0.05, DTMEAS=0.5, OTSTIX=0.5,
IPASS=50, IPRRUN=1, LPRZR=.T., LPRLT=.T., LPP=.T., LCC=.T., $
1,2, 2,1, 2,4, 3,4, 4,1, 4,2, 4,4 / 2,2, 4,4
1.,0.,0.,17. /7 1.,0.,0.,1.
1.,%,.17 2,2,.1/ 3,3,.1/ 4,4,.1/ 0,0,.0
$IN RFIN(1)=0.01,0.04, QRFIN(1)=2%0.02, 60=1.0 s

1,1

2,1.

3,57.2957795

4,57.2957795

0,0,1.

TIME (TIME UNITS)

TRUE RANGE ERROR ~--> 1 : +SIGMA --> 2 : ~-SIGMA --> 3
RANGE *LENGTH~*

TRUE RANGE RATE ERROR --> 1 : #SIGMA --> 2 : -SIGMA --> 3
RANGE RATEWLEN/UNIT TIME~»

TRUE ANGLE ERROR =-=> 1 : +SIGMA --> 2 : -SIGMA --> 3
ANGLE +*DEGREES*

TRUE ANGLE RATE ERROR --> 1 : +SIGMA --> 2 : -SIGMA --> 3
ANGLE RATE#DEG/UNIT TIME=*

?7/8/9

6/7/8/9

SN

.0
1,
IZI
’30
"I
[ dadt 4

Figure 0-2. Job Control, AlLL User Input on Cards
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E Errata for AD A(093887
Feb 82

SOFE: A Gencralized Digital Simulation for Optimal
i Filter Evaluation, User's Manual, Oct 1980

1. Page 25, third line from bottom. Correct this line to read
~ A T
= B { (Xf-xf) (Xf-xf)" } by (2-18)

|

!
P ! 2. Page 46. Subroutine 'goplot' has been rewritten and now calls

! subroutine 'scale' for scaling of the y and t axes.
; 'scale' should be shown feeding into ‘goplot' in the
- flowchart.

. 3. Page 48, lines 11 and 12 from top. These two lines note
T exceptions to ANSI standard practice that were employed
. 'in GOPLOT only'. The revised GOPLOT avoids these
practices so these lines can be ignored.

4. Page 101, eq (5-7). Correct eq (5-7) to read

T = rd? - Go/r? (5-7)
Note that the error being corrected here appeared in the
SOFE manual but not in the computer code; therefore the
satellite orbit results are correct as they appear in
the manual.

.5. Page 111, third line from bottom. New check product reflects
correction of errata item 6.

-0.208788421550344 E-114
6. Page 116, subroutine FQGEN. Change F(l) to agree with eq (5-4).

F(1) = 1.

Note that correction 6 causes a substantial increase in
the sigma of filter state 1l (at T=36000, old 2.88592, new
36,3497) and affects other states also but not nearly

as much. The conclusion that the INS Kalman filter
diverges is still correct.




