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SECTION 1
BACKGROUND

The recognition by the Air Force Avionics Laboratory (AFAL)
of the need for improved sensors and techniques for implementing
fire control director algorithms has resulted largely from the
conclusions of two programs - EXPO V and Fire/Fly. EXPO V
is the latest in a series of man-in-the-loop simulation studies
of new fire control and gunsight concepts. The Fire/Fly
program is the integrated Fire Control/Flight Control study
which is investigating methods for integrating the fire control
system with the flight control system to improve effectiveness
while increasing survivability. Both programs have cited the
necessity for improved sensors as well as improved director
algorithms.

The purpose of the Fire Control Systems analysis effort,
summarized in the following report, was to examine existing fire
control systems test data (Sight Eval), identify error sources,
evaluate and modify fire control algorithms, and perform
programming for simulation, weapon system investigation, and

validation.

The tasks contained in this volume were for computer

programming support.
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SECTION 2
TASK DEFINITION

The broad categories of effort contained in the Statement
of Work were refined by coordination with Captain J. Silverthorn,

RWT-2, and resulted in the following series of tasks.

2.1 REHOST MODULAR DIGITAL SCAN CONVERTER (MDSC) CROSS

ASSEMBLER

The Hughes Aircraft Company Modular Digital Scan Converter
(MDSC) forms an important part of the director gunsight flight test.
It will be performing important computations and Heads Up Display
(HUD) symbol generation. It is imperative that a capability exist
at Tyndall Air Force Base (TAFB) to modify the MDSC assembly
language program in order to change computationé\or symbols.
To accomplish this, an existing MDSC cross assembler will be
rehosted on either a PDP-11 or ROLM 16/64 computer, or both.

2.2 DEVELOP AN AERIAL COMBAT EVALUATOR (ACE) ALGORITHM

An Aerial Combat Evaluator (ACE) algorithm was used on
the Sight Eval program and shown to be valuable. It indicates
to the pilot the expected number of bullets that would have hit
the target had he fired the gun. As a result, it provides
feedback even during "dry run® passes. The algorithm used in
Sight Eval and the algorithm developed in a previous contract
will be compared, the best selected, and then implemented on

the ROLM computer.

2.3 FIRE CONTROL DOCUMENTATION

A significant amount of documentation of previously
developed algorithms needs to be performed. Many of these
algorithms are being used in the director flight test.

o
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SECTION 3
PROGRAM SUPPORT

il & REHOST MODULAR DIGITAL SCAN CONVERTER (MDSC)

CROSS ASSEMBLER

The Modular Digital Scan Converter (MDSC) computer was
developed by Hughes Aircraft Company for use in airborne fire
control systems. Since the MDSC computer does not have an
assembly language compiler, programming is done through a
cross assembler. (A cross assembler is a program that
generates machine code for a given computer from the assembly
language of another computer.) The cross assembler for the MDSC
computer was initially hosted on the Sigma V computer at
Hughes and all programming had to be done through this system.
To expedite work on programming on the MDSC computer, the AFAL
of Wright-Patterson Air Force Base (WPAFB) contracted with the
University of Dayton Research Institute (UDRI) to rehost the
MDSC Cross Assembler to the PDP-11 computer and the ROLM 16/64
computer. These computers are on-site at TAFB where the Cross

Assembler program is to be implemented.

3ol 1 Approach

The rehosting process is illustrated in Figure 1. The
first step in rehosting the FORTRAN coded MDSC Cross Assembler to
the PDP-11 and ROLM 16/64 computers was to rehost it to the
CDC computer at WPAFB. The step of rehosting the MDSC Cross
Assembler to the CDC computer system was taken because of the
familiarity and availability of this system to the UDRI personnel.
An added advantage of this step was that the CDC system checked
the operation of all subsections of a program. Once the MDSC
Cross Assembler was operational on the CDC system, work was
directed to the task of rehosting it on the PDP-11 and ROLM
16/64 computers.

The PDP-11/55 computer available at TAFB has the
R5X-11M operating system and a FORTRAN IV~PLUS compiler. UDRI
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was unable to locate a PDP-11/55 computer at WPAFB, but a
PDP-11/45 with the same operating system and compiler was
located. This proved to be a satisfactory substitute since
the two systems are operationally the same. The rehosting of
the Cross Assembler to the PDP-11/45 was completed in August
1977 and sent to TAFB for implementation.

Although the initial plans were to rehost the Cross
Assembler to both the PDP-11 and the ROLM 16/64 computers,
only the rehosting to the PDP-11 was completed. Rehosting
to the ROLM 16/64 computer could not be initiated because of
scheduling problems on this computer. The Air Force Flight
Dynamics Laboratory (AFFDL) had priority on this computer and
its current programs consumed practically all of the avail- \

able time.

312 Verification

Verification of the rehosted MDSC Cross Assembler was
accomplished by running five documented assembly language
programs on each of the versions and comparing the output values

to the verification values. Two of the verification programs

were written by Hughes (Reference 1) and three by AFAL
(Reference 2). Four of the five agreed perfectly with the
verification listings. The output of one of the AFAL programs
did not agree fully with the expected output. However, this
was not considered a serious problem since this program has
not been completely debugged. The listing of these five
verification programs as compiled by the PDP-11 version of the

MDSC Cross Assembler are shown in Appendix A.

v b3 Rehost on the CDC

Rehosting the MDSC Cross Assembler program from the
Sigma V computer to the CDC computer system required several
modifications because of hardware differences. The major
difference in the two computer systems is word size. The
Sigma V uses a 32-bit word with four bytes per word and the

CDC uses a 60-bit word with 10 bytes per word. To circumvent
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this problem, Sigma V coding was changed to the CDC format of
10 bytes/word.

Another difference in the two systems is that the
Sigma V is a two's complement computer and the CDC is a one's
complement computer.l It was found that this problem could be
overcome by modifying the masking subprogram to make the CDC

function as a two's complement computer.

Modifications that had to be made to further make the
Cross Assembler compatible to the CDC system were as follows.

(1) A program specification statment had
to be added as the first statement of the
main program.

(2) Variable and subroutine names had to
be reduced to seven or less characters.

(3) The end-of-file check and READ statement
had to be modified.

(4) Logical unit numbers for input and
output had to be less than 100.

(5) All DO statements had to be changed
so that:

a) no computations occurred within the
DO statement.

b) all index increments were positive,

c) the index started at an integer
greater than or equal to 1.

d) the branch statements back into a
DO loop had to be eliminated.

(6) External function names had to be
changed to agree with those used in the
CDC FORTRAN compiler.

(7) FORMAT statements were changed to make
the output more readable.

lA one's complement computer represents negative integers as the
complement bit-by-bit of the positive integers. A two's
complement computer represents negative integers as a one's
complement with the number one added to the negative integer.

8




Several definite coding errors were detected in the

Cross Assembler program and corrected in the rehosting process.
Several of the major errors“occurred in the assembly language
symbolic names and the machine language for each. These

errors were corrected to agree with Reference 1. In addition,
the tabbing subprogram code was changed to tab ove.  commas

and blanks in the assembly language cards. As a result of
rehosting the Cross Assembler program to the CDC, the operation

of each subprogram was checked and demonstrated to be accurate.

3.1.4 Rehost on the PDP-11/55

The major changes required to rehost the MDSC Cross
Assembler to the PDF-11/55 computer were similar to those
required for the rehost to the CDC computer. Machine com- 4
patibility was not a problem in . his rehosting since the PDP-11/55
computer with the RSX-11lM operating system and FORTRAN IV-PLUS

compiler mimics the word structure of the Sigma V computer.

In rehosting the CDC compatible Cross Assembler to
the PDP-11, the following changes were made.

(1) Variable and subroutine names had to be
reduced to six or less characters.

(2) DATA statements had to be altered to
eliminate implied DO loops.

(3) The end-of-file check in the READ
statement had to be modified.

(4) The FORMAT had to be changed to output
a PDP-11 compatible output.

(5) External function names had to be
changed to the corresponding names in the
PDP compiler.

(6) Multiple assignment statments had to
be recoded so that there was no more than one
equal sign in each line of code.

(7) A routine had to be coded to handle
the decoding of hexidecimal input integers




as characters to the respective numerical
integer values used to compute machine
language instruction from assembly language
input.

(8) DOUBLE PRECISION statements removed

in rehosting to the CDC system had to be

replaced.

In compiling the Cross Assembler on the PDP-11

computer, it was found that the Cross Assembler program exceeded
the capacity of the machine. The maximum capacity of the PDP~11
is 32 K words of 16-bit length. To obviate this problem, the
concordance table of assembly language labels was deleted from

the program. After the above modifications were made and the

program shown to be operational, punched card decks of the
Cross Assembler and its verification programs were delivered
to AFAL. Appendix B is a listing of the MDSC Cross Assembler
program.
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32 AIR COMBAT EVALUATION ALGORITHM

3.2.1 Task Definition

The University of Dayton Research Institute has developed
an Air Combat Evaluation (ACE) algorithm to simulate the number
of hits scored during air encounters between an attacking air-
craft and a target aircraft. This algorithm, when integrated
into the flight control system of an attack aircraft, will allow
the pilot to experience combat conditions involving evasive maneu-
vers without using live ammunition. The obvious consequence of
the use of this algorithm is improved aircraft-aircraft combat

training techniques.

The ACE algorithm uses a statistical approach to compute
the expected number of hits scored by the attacking aircraft on
the target aircraft. This information is recorded and available
to the pilot on a real-time basis. The position of the target
aircraft is obtained from the fire control system of the attacking
aircraft. Specific inputs to the ACE algorithm are azimuth and
elevation of the computed projectile stream at target range with
respect to the target.

3.2.2 Algorithm Development

The ACE algorithm is a modification of the Uniform Normal
Algorithm (Appendix 1; Ref. 1). ACE is coded in FORTRAN as a
subroutine for implementation on the ROLM 16/64 computer. However,
because of the unavailability of the ROLM system the major coding
effort was done using the CDC computer system. '

The geometry for the ACE algorithm is shown in Figure 2.
The target plane is normal to the line of sight from the attack
aircraft to the target with its origin at the center of the tar-
get. The point of intersection of the previous projectile stream
(one computer cycle before) with the target plane is represented

by the vector iﬁo and the point of intersection of the current

11
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projectile stream by E;. The relative motion of the projectile
—

stream is represented by L. The left-handed coordinate system
—_—
is chosen with the y-axis parallel to L and positive x down.

The trajectory of the projectile stream is that of a
nominal projectile. The dispersion oI projectiles about the
projectile stream is assumed to be uniform along.f‘and random
and normally distributed in the target plane as shown in Figure

2. The density function for the projectile stream is

e ZOBZ
fBS(X:Y) = ﬁ-BT ’ ‘Y‘i L/2 (1)
=0 " ly|> L/2

where og is the standard deviation of this projectile stream, in
radians, and L is themagnitude, in radians, of the relative

.
motion vector L.

The target is represented by a bivariate normal distri-
bution in the target plane as shown in Figure 3. The density
function for the target is

(x=%q) 2+ (y-y,,) 2

2omen
£(x,y) = € = (2)
where o T is the standard deviation of the target, in feet, and

Xy Xqr Yo Yo in feet. The standard deviation of the target in
radians is then given by

g =

e
TR R

Using this notation the density function of the target can be
written (x-xT)2+(y-yT)2

- 2
. 20TR

fT(x,y) (3)

where x, X Yr Yq are now also radians.

T’

13
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The expected number of hits on the target is given by the
product of the number of projectiles in the interval L and the
probability that one projectile will hit the target. The
probability that one projectile will hit the target is the
intersection of the two density functions. Therefore, the
expected number of hits is

w L/y
E = NB_/f fT(x,y)fBS(x,y)dy dx (4)
o -L/2
Preliminary to computing expected number of hits, several

important intermediate values must be found. The principle
computations are described below.

3.2.3 The Relative Motion Vector

The relative motion vector defines the motion of
the projectile stream between the previous position and the
current position. The magnitude, L, of this vector is the dis-
tance between successive projectile streams at target range
measured relative to the target position in the plane. Thus,

_

L is given by

-_— —_ -
L =R - R (5)
mo m

—_ -
where Ren is the previous position vector and R is the current
position vector.

— —
3.2.4 The Angle Between the L and R

The angle between the vectors L and ﬁ%o is repre-

sented by § in Figure 1 and is computed by the dot product rela-

tionship

PR Y
L°R
cos § Ll (6)




3.2.5 The Miss Distance

The miss distance, with components X and Yopr is

the line in the target plane from the target to the midpoint of

L, as shown in Figure 4. The component x
—
from the target to L and is given by

= IR Ehecnss
s IRmOI 1l-cos“$ (7)

The component Yop is along L and is given by

T is the normal distance

Yo s |Rm0]cosé—lL|/2 (8)
3.2:6 The Expected Number of Hits

The expected number of hits is calculated from
Equation (4) which has been integrated to obtain the following
closed form expression

X (9)
2 - L L
N, O,V 2T 2 2 = =y - 5 = ¥\
E = —E—Zg———— = e 2(GTR £ oB ) erf(g————g)— erf (——EL———J)
L/ork * 93 9rR %R

where NB is the number of projectiles at target range per com-
puter cycle time (fire rate x cycle time), Spr is the angular
standard deviation of the target (radians), g is the angular
standard deviation of the projectile stream (radians), L is the
magnitude of the relative motion vector (radians).

3.2.7 The Error Function

The Error Function used in the ACE algorithm is given by

X - ui/z
ERF (x) = —/ e du (10)

1
-\/21r

o

16
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This function has the following properties:

ERF (-x) = -ERF(x)
ERF (») = 1/2
ERF(0) = 0

ERF (x>3.5)x1/2

The error function described in (10) cannot be evaluated in closed

forw and, therefore, its value must be found numerically.

Four methods of approximating values for the error
function were considered.

(1) The use of a table of values for the error function
at specified argument values.

(2) A series expansion of the error function.

(3) Numerical integration of the Equation 10.

(4) A least square polynomial representation of the

error function.

These four methods of approximating values of the error function
were compared relative to computer space and time requirements.
As a result of this comparison it was concluded that the best
method for this subroutine was a least square polynomial fit.

A regression technique was used to fit third through sixth degree
polynomials to (10) the error function. A third degree poly-
nomial was chosen for the fit with appropriate linear corrections

for small and large x. The specific error function approximation

is
ERF (x) = K. +K,X+K.x2+K.x> (11)
0 "1 2 3
where, for x €[0.0, 0.2] Kl = 0.39629855
KO = K2 = K3 =0
% (0.2, 3.5) Ko = =0.01322336
K1 = 0.49613046
18




K2 = =-0.15942666

K3 = 0.01698544
X 5(3-51 °°) KO = 0.5

Kl = K2 = K3 =0

The least square fit of linear polynomials for 0<x<0.2 and

x>3.5 was done to improve the fit in these regions. The error
function and the corresponding approximated values are plotted

in Figure 5. The actual differences between the true values

of the error function and the approximated values is more clearly
shown in Figure 6. The corresponding percent difference is

shown in Figure 7. The improvement in the approximation in the

regions 0<x<0.2 and x>3.5 can be seen in these figures. \

3.2.8 Results

Results obtained from the ACE algorithm for selected ;
input parameters are shown in Figure 8. The number of expected
hits is plotted versus miss distance in this figure. No
empirical data is available at this time for comparison. If
there is a discrepancy in the results obtained and the antici-
pated results, a detailed study of the approximation to the
error function should be considered, because the given approxi-
mation could lead to rather large errors in the expected
number of hits.

3.2.9 Flowcharts

Figure 9 shows the descriptive flow chart for the ACE
algorithm and Figure 10 shows the flow chart for the error func-

tion.

3.2.10 Input-Output

INPUTS
VARIABLE NAME UNITS DESCRIPTION
AZ Radians The azimuth position of the computed

projectiles at target range with
respect to the target

EL Radians The elevation peosition of the com-
puted projectiles at target range
with respect to the target

19
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Figure 9.
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Figure 9.
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Figure 10. ERF Flow Chart
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VARIABLE NAME UNITS DESCRIPTION

RANGE Feet The range of the target with respect
to the attacker

IFLAG - The initialization flag that either
initializes or runs the subprogram.
If IFLAG = 1, then the program is
run and computes the expected number
of hits.
If IFLAG # 1, then the program
initializes several constants to
be used in the program.

The input variables are in common and the calling program
must have a common statement as follows to input values to this

subprogram:
COMMON/INPT/AZ, EL, RANGE, IFLAG .
OUTPUT

VARIABLE NAME DESCRIPTION

EXPHTS This value is the expected number
of hits of the projectiles on the
target when both are at target range.
It is the expected number of hits per

computer cycle.

This output variable is in common and the calling program
must have a common statement as follows to output values from this
subprogram;

COMMON/OQUTPT/EXPHTS .
INPUT CONSTANTS

VARIABLE NAME UNITS DESCRIPTION

BULN - The number of projectiles at target
range per computer cycle time (fire
rate x cycle time)

SIGT Feet The standard deviation of the target

SIGBS Radians The standard deviation of the pro-

jectile stream or projectile dis-
persion.




The constant variables are common, and the calling
] program must have a common statement as follows to input these

constant values to the subprogram:
COMMON/CONST/BULN, SIGT, SIGBS

INTERNAL CONSTANTS

VARIABLE NAME UNITS DESCRIPTION

SQ2PI == Square root of 2 x 7

E Exponential

AZOLD Radians Previous value of the azimuth

position of the computed projectiles
at target range with respect to
the target

ELOLD Radians Previous value of the elevation
position of the computed pro-
jectile at target range with
respect to the target

W2 Radians2 SIGBS2

These variables are common only to this subprogram. The
later three are in common and are assigned their values at the

initialization stage of the subprogram. The common is as follows:
COMMON/ACECOM/SQ2PI, E, AZOLD, ELOLD, W2 .

The first several values are constant at all times and

therefore are in data statements as follows:
DATA SQ2PI/2.5066283/ ,
DATA E/2.7182818/ .

3,2.11 Algorithm Listing

The listing of the ACE algorithm as a coded FORTRAN sub-

routine is contained in Appendix C.

3.2.12 References

Edwards, Verlan E. and Ted G. Johnson, Air-to-Air Gunfire
Control System Evaluator, Honeywell, Inc., Technical
Report AFAL-TR-73-20, November 1972.
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3.3 FIRE CONTROL DOCUMENTATION

3.3.1 Task Definition

The Large Amplitude Aerospace Research Simulator (LAMARS)
facility, which is supported by the AFFDL at WPAFB, is designed
to simulate the total environment of an aircraft in flight.
The LAMARS facility consists of a cockpit mounted on a large
movable arm, various television picture projectors and a j
computer controlled servo-system. The cockpit area can be
modified to meet the cockpit specifications of the aircraft

being simulated.

Aircraft motion is simulated by a combination of arm
movement and motion picture projection of terrain. The move-

ment of the arm is activated through the controls in the cock-

pit as the pilot "flys" the aircraft. The terrain over which
the pilot is flying is simulated by projecting televised
pictures of a terrain onto a screen that surrounds the cockpit
area. When the facility is being used to simulate fighter
aircraft in combat, the image of a target is projected onto the
screen. The flight path of the target aircraft is input to

the system.

The LAMARS facility was modified to simulate the F-106

fighter aircraft. The major aircraft responses and terrain

along with the target were provided by AFFDL and the fire
control algorithms were provided by AFAL. The integration of

i the AFAL algorithms took place on the ROLM 16/64 computer on

the computer deck at LAMARS facility. The ROLM 16/64 computer
was used because this computer is part of the air-borne computer
system in the F-106 aircraft. The ROLM 16/64 used in the LAMARS

| facility, is connected to several other computers on the com-

puter deck by use of a Direct Memory Access (DMA) channel. The
, inputs to the fire control algorithms are passed from the air-
? craft simulation computer through the DMA to the ROLM 16/64.

% The outputs of the fire control algorithms are then passed

| from the ROLM 16/64 through the DMA to the symbol generator

¢ g P —
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computer to input the symbology to the Heads Up Display

for viewing by the pilot.

The addition of the fire control algorithms to the simu-
lation facility allows the pilot to use the symbology on the
HUD. The pilot can, as in an actual flight, select what is to
be displayed on the HUD and then use the symbology to track the
image of the target on the screen. This addition to the LAMARS
facility adds to the realism of flight to the pilot and
helps to train the pilot to effectively fly a fighter aircraft
to track a target while in flight.

3.3.2 Basic Support Efforts Completed

The role of the University of Dayton Research Institute
in the integration of the fire control algorithms was basically
one of a supportive nature. The AFAL planned the entire
integration package using the most common top-down programming
approach. The UDRI assisted in integrating five of the fire
control algorithms into the planned integration set by the AFAL.
Each algorithm, coded in FORTRAN for the ROLM 16/64 computer,
had to be adapted for the integration. The adaptation of each
algorithm required the specification of the inputs, outputs,

and constants by the appropriate common blocks as set by AFAL.

The completed algorithms for the integration are listed
in Appendix D. These listings are the compiled versions of the
five algorithms adapted for the LAMARS integration.

3.3.3 Documentation Support

Sample documentation was provided to Captain Silverthorn
to assist in documenting Hot Line Gunsight (HLGS) and Lead
Computing Optical Sight (LCOS).
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APPENDIX A
VERIFICATION PROGRAMS

Five assembly language programs were obtained from
Reference 1 (see Paragraph 3.1.5 of this volume) to verify
the operation of the Cross Assembler. These programs were
written for the MDSC computer and compiled by the PDP version
of the Cross Assembler on the PDP-11/45 at WPAFB. Verification
Programs 1 and 2 are those taken from Reference 1. Verification,
Programs 3, 4, and 5 are those supplied by the AFAL branch
which deals with the MDSC computer. Verification Program 3
has the complete test of the assembly language instruction set
and all modes of each instruction. It should be noted that
Verification Program 4 has an error indicated. Also, errors
have been detected in the verification 1listing. Consequently,
there is a question as to the validity of this program.
Verification Programs 1, 2, and 5 are typical of the programs
used in the MDSC computer. Verification Programs 1, 2, 3, and

5 have been checked out with the verification listings.
The output format consists of 4 columns.

Column 1 is the card or line number of the
assembly language instruction

Column 2 is the location counter (octal)
Column 3 is the machine code (octal)

Column 4 is the input assembly language
instruction which generated the machine code

A listing of each of the five verification programs follows.
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APPENDIX B
COMPILED PDP-11/45 LISTING OF CROSS ASSEMBLER

Following is a listing of the MDSC Cross Assembler
program coded in FORTRAN as compiled by the PDP-11/45 computer
at WPAFB with the RSX-11M operating system with the FORTRAN IV-
PLUS compiler.
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FIRE CONTROL SYSTEM ANALYSIS VOLUME II. COMPUTER PROGRAMMING TA==ETC(U)
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APPENDIX C
ACE ALGORITHM

Following is a listing of the ACE Algorithm subprogram
coded in FORTRAN as compiled by the CDC CYBER-74 series computer
system.
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} APPENDIX D
LAMARS SUPPORT PROGRAMS

Following are the‘listings of the five subprograms
as compiled by the CDC CYBER-74 series computer system for the
LAMARS fire control integration to be implemented on the ROLM

16/64 computer.
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