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ABSTRACT
Reuse of existing tools for modeling the battle management aspects of integrated offense and defense missions is predicated on an understanding of the underlying functionality and opportunities to enhance flexibility with minimum intrusion and effort.  An important component of the selected legacy code, the Los Alamos Battle Planner, is an existing interface with the Joint Theater Air and Missile Viewer and the Threat Missile Trajectory simulator.  Exploiting this coupling allows us to plan, visualize and revise scenarios by modifying interceptor trajectories and threat missile trajectories.  This paper describes our work toward defining Battle Planner functionality and providing a user interface to simply specify command and control constraints on battle planning while minimally modifying legacy code.  We also describe a potential expanded capability, buried within the existing code, which  would allow the user to specify a concise set of understandable parameters that appropriately constrain interceptor battle space: shoot-look-shoot, launch delay, and altitude windows that provide the required flexibility.  Legacy code would be minimally modified.
Introduction. 

Offense/Defense Integration (ODI) requires a considerable amount of planning. Fundamental, spatial, and temporal aspects of the plan (such as aircraft, missile, and interceptor trajectories) are difficult to visualize and validate without adequate tools.  We needed a quick way to visualize and replan these trajectories and to provide direct input into more detailed planning tools. Allowing planners to participate through a graphic user interface (GUI) without manual trajectory iteration was deemed important. In addition, we wanted to reuse existing code with minimal modifications to allow rapid implementation. The selected code should also provide 3-D animated views of the battlefield, sensor coverage volumes, etc., and we wished not to perturb the functionality, but to extend it to provide a rapid, easy-to-use, GUI that automatically generated a complete 3-D animated common operating picture of the battlefield.

Background.

The basis of the ODI simulator consists of four parts: 1) a Government-Off-The-Shelf simulation framework called Synchronous Parallel Emulation and Execution of Discrete Event Simulations (SPEEDES); 2) an application containing functional code for missile defense (PROX); 3) a 3-D animated graphics interface (GISP); and 4) a battle planner from Los Alamos National Laboratory (LBP). This end-to-end capability has been demonstrated at numerous conferences and in-house workshops.  The LBP contains an interface to a Simulated Commander and to Fog-of-War modules. GISP was extensively modified and renamed Joint Theater Air and Missile Viewer (JTAMV). It was subsequently further modified to display TADIL-J trajectory data and was the basis for a Field Officer/General Officer (FOGO) video which portrayed Hardware-in-the-loop-test (HWILT) interoperability problems.

The analytical portion of the ODI simulator - consisting of PROX, JTAMV, and LBP - provides a robust, proven means of generating missile threat trajectories (National Missile Defense (NMD) and Theater Air Missile Defense (TAMD)), interceptor trajectories, sensor coverage patterns, space-based sensor platforms, aircraft trajectories, terrain, weather, map icons, impact dispersion ellipses, etc. The LBP contains battle planning algorithms for the Ground-Based Interceptor (GBI), space-based interceptors (Brilliant Pebbles), and a sophisticated set of algorithms for planning ground-based intercepts against theater threat missiles. 
Analysis.

The collection of PROX, GISP, and LBP is referred to hereafter as the Offense/Defense Simulator (ODISIM).  The LBP tool described here is useful for its utility in aiding in the planning, re-planning, and visualizing of integrated offense/defense scenarios. A companion memo
 describes the upgrade necessary to allow flexible specification of threat missile specification, consisting of user-defined launch point, impact point, and maximum altitude.  The intent of this memo is to define the existing modeling and simulation capabilities of LBP in sufficient detail to allow reuse and efficient user specification of command and control strategies.

The intercept problem (Figure 2) is to hit a missile with a missile.  The orbit of the threat missile is assumed known; however, the interceptor is earth-fixed and its orbit varies with its launch time.  This complication assures that numerical methods are required. Keplerian propagation of both missiles is sufficiently accurate. (The upcoming description of what legacy code is available for reuse does not constitute an endorsement of the algorithms.)
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Figure 2.  The Intercept Problem
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General.
The intercept point is specified as an Earth Centered Inertial (ECI) position vector (Figure 3) based on our knowledge of the threat orbit. The distinction that the position be specified inertially (fixed relative to the distant stars) is vital: the orbit plane shifts relative to the earth, but not the stars.
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The existing Los Alamos Battle Planner code is a sequence of FORTRAN subroutines (Figure 4) that computes an interceptor orbit based on default constraints.  Because the intent of this paper is to document the code, algorithm descriptions reference subroutine names.

An overview of the computations follows:

· Data is initialized and read.


· Threat trajectories are propagated as a basis for intercept trajectories.


· Intercept opportunities are computed based on temporal and spatial constraints and expected damage is estimated.


· Weapon/target assignments (WTAs) are determined based on auction/bid.


· An engagement plan is produced which provides a schedule of intercepts on targets.
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Details.

(gpals
_sim) - The main program includes shared data (shared.h) such as number of simulation objects, physical constants, trajectory shaping coefficients, interceptor range, altitude, and launch delays.  The shared data file specifies all parameters that a user is likely to change.

(Initial) - Constants and run time parameters are initialized. Two options are nominally ‘.FALSE.‘ These are ‘pebbles_on’ and ‘tpt’.  The former excludes the notional Brilliant Pebbles space-based intercept system (which is not discussed) and the latter excludes detailed control of the intercept geometry.

(Read_data) - Asset data, including identification, position, value and hardness is read. Attributes of GBIs (e.g. number of sites, number of GBIs, shots/GBI) and location are also obtained. Transformations are performed on location coordinates. The WTA matrix is initialized.

(Get Data) - If the ‘tpt’ option is active, this subroutine initializes inteceptor flyout parameters for use by the feasibility subroutine. Specific computations are: minimum and maximum intercept altitudes, maximum interceptor time-of-flight, and a curve of maximum range versus coast time.  Tables for probability of kill are also read.

(Gipos) - If ‘tpt’ option is active, this subroutine provides curve fits for the range and altitude of the interceptor from the launch point as a function of the mode, the burnout elevation angle, and the coast time.

(Read Threats) - Initializes active threats, reads threat state (position and velocity vectors), threat time, and reentry time, and updates WTA matrix and WTA time.

(Fly Threat) - Converts position and velocity vectors to orbital elements, solves Kepler’s equation for a time interval to propagate the threat missile forward in time, and re-computes the updated state vector.

(Feas) - If the ‘tpt’ option is active, this subroutine uses map coordinates of weapon sites and threats to calculate the distance between them.  It also computes the minimum coast
 time (TCMIN = propagation step = 2 sec) and the maximum coast time (TCMAX  =  threat time – {threat effectiveness time + total delay in launching interceptor}).  In addition, threat/weapon status is assigned:

Threat in Play :                       Status = 1

Threat not in Play :                 Status = 10

TCMAX < DTC    :                Status = 20     Maximum coast time is less than step size

Threat Altitude > max alt.      Status = 30    Threat altitude is higher than interceptor max altitude

Threat Altitude < min alt .      Status = 40   Threat altitude is lower than interceptor min altitude

Target in Range:

Status = 50   Both min & max range to target > interceptor range

Pairs don’t cross

Status = 60   Interceptor / Threat trajectories don’t cross

Coast Time


Status = 70  Minimum coast time > max coast time allowed

Coast Time


Status = 80   Coast time < min or > max ,  then  try later 

(Giroot) - This subroutine finds roots for the interceptor position equations given input values of range and altitude. The equations are quadratic and produce either 0 or 2 roots.  The result for each existing solution is an elevation angle and a coast time.         

(Matrix) - If ‘tpt’ option is off, this subroutine is used instead of (Feas) to simplify WTA data.  Sets WTA matrix entry = distance between threat missile and weapon site.  Sets WTA time to threat time.

(Expected damage) - Compute threat impact latitude, longitude and time.  Compute distance between threat impact and asset site.  Asset is threatened if threat impact is within a predefined radius.  Print that asset is targeted by threat.

(Preprocess) - This subroutine determines which weapon site has the best shot at each threat, based on minimum distance.  The threat is allocated to best weapon site and the number of shots by the weapon site is incremented.  Attribute this to the cost matrix as long as maximum number of shots has not been exceeded.  The entry in the cost matrix is the distance between a weapon/threat pair. The cost matrix is then set up for auction by computing a normalization parameter called the maximum value.  This is computed as the largest cost for each target; i.e., longest distance (D), for all weapon/threat pairs.  The cost matrix is then normalized based on maximum value:


Cost ( i , j ) =  MAX [ { D – d ( i , j ) }/ INT {D / 10 } + 5   ,   { D – d ( i , j )  }  ]

This cost is used in weapon / target assignment.

(Wta) - This subroutine solves the weapon/target assignment problem.  Weapons bid on threats.  The maximum value is the cost minus the price


V (j )    =   C ( i , j )   -   P ( j )


where  C ( i , j )  =  cost of  the threat  “j” to the weapon “i"



P ( j )  =  price of threat  “j”, an input

(Engagement Plan) - This is the final subroutine in the battle planner and it organizes the results of command/control decisions and weapon/target assignment.

The LBP configuration shown (Figure 5) is for NMD Battle Management Command, Control, and Communications, Capability Increment #3  (NMD BMC3 CI3) with extensions necessary for ODI and with the optional tabular summary of track engagements. Fields include: track number, object type, missile type, lethality value, target type, predicted impact location, time to impact, threat track status and launch site, engagement status, number of weapons, time to intercept, probability of kill, and remaining intercept opportunities.


[image: image4.wmf]Figure 5.  Battle Planner


Results.
This paper provides a rudimentary explanation of the existing theater planning code used by ODISIM. The code structure is easy to understand and the content is reasonably well documented with comments. Significant flexibility exists in the ‘tpt’ option to constrain interceptor trajectories for ODI planning.  The following parameters in shared.h are identified for presentation to the user: num_threats, num_assets, num_gbis, num_weapon_sites, asset_id, asset_lat, asset_lon, asset_value, asset hardness, wartime_increment, rmax, gi_lops_delay, min_alt, max_alt, wpn_endoacq, pkang, dtc, max_range, total_delay, eff_time.

The interceptor equations are curve fits and this introduces many issues:

· No documentation exists to determine the basis for the fit – modification to suit a new interceptor is therefore difficult.


· Brute force iteration is required with nested loops on threats, interceptors and time.  These are repeated to determine feasibility, to check each constraint, and to determine key trajectory states.
   

· Analytical methods, based on Kepler’s laws, can not be used because the interceptor is a curve fit rather than a segment of an ellipse.
 

· A suggested option, based on two radius vectors and a time-of –flight is given in Appendix A.  This formulation of the inteceptor problem is applicable to all interceptor and is computationally more efficient that the methods currently used in the code.

Future Work.
Our legacy software automatically computes a ground-based interceptor (GBI) trajectory.  This code appears to suffer from the same lack of flexibility that the apogee algorithm addresses: no user-selectable options.  An interceptor optimally reaches a threat missile as quickly as possible; however, this is not always possible.  For a shoot-look-shoot firing doctrine, the second shot must await an assessment of the first.  Latencies in command and control can also delay GBI launch.  Finally, launch may be timed to limit dispersion of warhead remnants or to otherwise satisfy range safety constraints. Using the apogee code as a model, we plan to insert a subroutine into the GBI simulation to allow multiple shots at user-selectable intercept times or threat altitudes.

Appendix A - Interceptor Equations 
 Based on Lambert’s Theorem

Lambert’s theorem states that two points and a time-of-flight uniquely determine an elliptical orbit.  This is the same as the interceptor problem: one point is the interceptor burnout position and the second is the intercept position.  The time of flight is the interceptor coast time.  The steps in formulating the problem in inertial space are:

1) from the threat trajectory, pick an intercept time & Earth-Centered Inertial (ECI) position (R)

2) subtract time-of-flight (t) and burn time from intercept time to produce launch time

3) construct the ECI launch position (r) at the launch time

Given the position vectors (r,R) and the time of flight (t), we can now construct a solution.  The radii (distance from earth’s center to launch and intercept) are defined as:

r = a ( 1 – e cos E1)                      R = a ( 1 – e cos E2)

  


where,  a = semi-major axis of the ellipse


 


e = eccentricity 


 


E1 = eccentric anomaly angle at launch


 


E2 = eccentric anomaly angle at intercept

Since the dot product of the radius vectors (r, R) yields an expression for the true anomaly difference ((f), and the true anomaly angles are related to eccentric anomaly angles, we write


cos ((f) = cos (f2) cos (f1) + sin (f2) sin (f1)



 = {[e – cos(E2)]/[e cos (E2) – 1]} {[e – cos(E1)]/[e cos (E1) – 1]}



 +  {[a sin(E2) sqrt( 1 – e*e)]/R}  {[a sin(E1) sqrt( 1 – e*e)]/r}

Substituting the equations for the radii yields,


cos ((f)  = {[e – cos(E2)]/[e cos (E2) – 1]} {[e – cos(E1)]/[e cos (E1) – 1]}


 +  {[sin(E2) sqrt(1– e*e)]/[1–e cos (E2)]}  {[sin(E1) sqrt(1– e*e)]/[1–e cos E1]    eq. [1]
To obtain the solution; i.e., the orbital elements (a, e), guess E1 and E2 then solve for the eccentricity:




e = [ R – r ] / [ R cos(E1) – r cos (E2)]



eq. [2]
Use this estimate to solve for the semi-major axis:




a = R / [ 1 – e cos E2 ]





eq. [3]

The time of flight defined using these parameters, by Kepler’s equation, 


t = a ^3/2 [ E2 – e sin (E2) – E1 + e sin(E1) ]
 for  (( = 1)



eq. [4]
Solve also for eq. [1] and compare {t, ((f)} with the required values.  Iterate to converge.

A special case occurs when r = R and the orbit segment passes through apogee.  The equation for eccentricity eq. [2] is indeterminate.  The case is handled by noting that the orbit is symmetric about the major axis.  For the ballistic missile problem, proceed by halving t and (f.  Set E2 and f2 to (. Solve for a, e, R, E1.  Guess E1 and solve for e, a, R, t.  If t ( t required, adjust E1 and continue to iterate.

If r = R and the orbit segment passes through perigee (not the case for ballistic trajectories), again halve t and (f. Set E1 = 0 and f1 = 0.  Solve for a, e, r, and E2.  Guess E2 and solve for e, a, r, t.  If t ( t required, adjust E2 and repeat.

This algorithm and its special cases have been implemented
 on an Excel spreadsheet Four sample cases are given below.  In the 1st and 2nd, r ( R.  In the 3rd, r = R and the orbit passes through apogee.  In the 4th, r = R and the orbit passes through perigee.  
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� Rapid Missile Trajectory Specification, by Pat Talbot, 3/1/200, unpublished.


� Global Protection Against Limited Strikes is a “Star Wars” concept from circa 1988.


� Coast time is the time interval between launch time and intercept time


� Due to Joe Widhalm


� to good visual approximation, we can subtract burn time and use the launch point


� Due to Joe Widhalm






4

1

_1013850161.ppt


Figure 5.  Battle Planner
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				Calc		p =		0.8444282208		DU

				Calc		apogee =		3.9998603605		DU

				Calc		Energy =		-0.2236185033		(DU/TU)Sq

				Calc		Nu1 =		101.3735327494		degrees

				Calc		Nu2 =		116.3735329452		degrees

				Calc		V1 =		1.2460991105		DU/TU

				Calc		V2 =		1.0446169306		DU/TU





Sheet3

		

				Use this sheet only if R1 = R2 and the path from R1 to R2 passes through apogee.

				Input		R1 (Earth Radii) =		1

				Input		R2 (Earth Radii) =		1

				Input		Delta NU (Degrees) =		90		Delta NU (Radians) =		1.5707963268		Cosine Delta NU =		6.1257422745431E-17

				Input		Delta T (Seconds) =		2040		Delta T (Time Units) =		2.5284650631

						(Delta NU)/2 =		0.7853981634

						(Delta T)/2 =		1.2642325315

				Find		E1 =		1.9581966454		Solver Tool

				Find		e =		0.4493639021

				Find		a (DU) =		0.8548748311

				Find		Ra (DU) =		1.239024721

				Constraint		C1 =		-0.0000002286

				Calc		E2 =		4.3249886618		radians		COS NU1 =		-0.7071067812

				Calc		p =		0.6822517376		DU		COS NU2 =		-0.7071067812

				Calc		Energy =		-0.5848809461		(DU/TU)Sq		SIN NU1 =		0.7071067812

				Calc		Nu1 =		135		degrees		SIN NU2 =		-0.7071067812

				Calc		Nu2 =		225		degrees

				Calc		V1 =		0.9111740272		DU/TU

				Calc		V2 =		0.9111740272		DU/TU





Sheet4

		

				Use this sheet only if R1 = R2 and the path from R1 to R2 passes through perigee.

				Input		R1 (Earth Radii) =		1

				Input		R2 (Earth Radii) =		1

				Input		Delta NU (Degrees) =		90		Delta NU (Radians) =		1.5707963268		Cosine Delta NU =		6.1257422745431E-17

				Input		Delta T (Seconds) =		1267.339865		Delta T (Time Units) =		1.5707963587

						(Delta NU)/2 =		0.7853981634

						(Delta T)/2 =		0.7853981793

				Find		E2 =		0.7853981874		Solver Tool

				Find		e =		-0.0000000339

				Find		a (DU) =		0.999999976

				Find		Rp (DU) =		1.0000000099

				Constraint		C1 =		-0.0000000038

				Calc		E1 =		5.4977871198		radians		COS NU1 =		0.7071067812

				Calc		p =		0.999999976		DU		COS NU2 =		0.7071067812

				Calc		Energy =		-0.500000012		(DU/TU)Sq		SIN NU1 =		-0.7071067812

				Calc		Nu1 =		315		degrees		SIN NU2 =		0.7071067812

				Calc		Nu2 =		45		degrees

				Calc		V1 =		0.999999988		DU/TU

				Calc		V2 =		0.999999988		DU/TU






_1013865803.xls
Sheet1

		

				Do not use if R1 = R2.  Go to Sheet 3 or Sheet 4.

				Input		R1 (Earth Radii) =		1

				Input		R2 (Earth Radii) =		1.3

				Input		Delta NU (Degrees) =		15		Delta NU (Radians) =		0.2617993878		Cosine Delta NU =		0.9659258263

				Input		Delta T (Seconds) =		400		Delta T (Time Units) =		0.4957774633

				Find		a (DU) =		1.0025061718		Solver Tool

				Find		e =		0.7177656892		Solver Tool

				Find		E1 =		1.5673138772		Solver Tool

				Find		E2 =		1.9970216639		Solver Tool

				Constraint		C1 =		-0.0000003296

				Constraint		C2 =		-0.0000006309

				Constraint		C3 =		-0.0000003802

				Constraint		C4 =		-0.0000000992		-0.8723360985		-0.7160731271		0.4889069065		0.6980254994

				Calc		p =		0.4860274386		DU

				Calc		apogee =		1.722070705		DU

				Calc		Energy =		-0.4987500467		(DU/TU)Sq

				Calc		Nu1 =		135.7312055471		degrees

				Calc		Nu2 =		150.731242724		degrees

				Calc		V1 =		1.0012491731		DU/TU

				Calc		V2 =		0.7355008124		DU/TU





Sheet2

		

				Do not use if R1 = R2.  Go to Sheet 3 or Sheet 4.

				Input		R1 (Earth Radii) =		1

				Input		R2 (Earth Radii) =		1.3

				Input		Delta NU (Degrees) =		15		Delta NU (Radians) =		0.2617993878		Cosine Delta NU =		0.9659258263

				Input		Delta T (Seconds) =		300		Delta T (Time Units) =		0.3718330975

				Find		E1 =		0.7944343821		Solver Tool

				Find		E2 =		1.0114742892		Solver Tool

				Find		e =		0.7888855748

				Find		a (DU) =		2.2359509277

				Constraint		C1 =		-0.0000000009

				Constraint		C2 =		0.0000000009		-0.4442213691		-0.1972044922		0.8959170582		0.980362376

				Calc		p =		0.8444282208		DU

				Calc		apogee =		3.9998603605		DU

				Calc		Energy =		-0.2236185033		(DU/TU)Sq

				Calc		Nu1 =		101.3735327494		degrees

				Calc		Nu2 =		116.3735329452		degrees

				Calc		V1 =		1.2460991105		DU/TU

				Calc		V2 =		1.0446169306		DU/TU





Sheet3

		

				Use this sheet only if R1 = R2 and the path from R1 to R2 passes through apogee.

				Input		R1 (Earth Radii) =		1

				Input		R2 (Earth Radii) =		1

				Input		Delta NU (Degrees) =		90		Delta NU (Radians) =		1.5707963268		Cosine Delta NU =		6.1257422745431E-17

				Input		Delta T (Seconds) =		2040		Delta T (Time Units) =		2.5284650631

						(Delta NU)/2 =		0.7853981634

						(Delta T)/2 =		1.2642325315

				Find		E1 =		1.9581966454		Solver Tool

				Find		e =		0.4493639021

				Find		a (DU) =		0.8548748311

				Find		Ra (DU) =		1.239024721

				Constraint		C1 =		-0.0000002286

				Calc		E2 =		4.3249886618		radians		COS NU1 =		-0.7071067812

				Calc		p =		0.6822517376		DU		COS NU2 =		-0.7071067812

				Calc		Energy =		-0.5848809461		(DU/TU)Sq		SIN NU1 =		0.7071067812

				Calc		Nu1 =		135		degrees		SIN NU2 =		-0.7071067812

				Calc		Nu2 =		225		degrees

				Calc		V1 =		0.9111740272		DU/TU

				Calc		V2 =		0.9111740272		DU/TU





Sheet4

		

				Use this sheet only if R1 = R2 and the path from R1 to R2 passes through perigee.

				Input		R1 (Earth Radii) =		1

				Input		R2 (Earth Radii) =		1

				Input		Delta NU (Degrees) =		90		Delta NU (Radians) =		1.5707963268		Cosine Delta NU =		6.1257422745431E-17

				Input		Delta T (Seconds) =		1267.339865		Delta T (Time Units) =		1.5707963587

						(Delta NU)/2 =		0.7853981634

						(Delta T)/2 =		0.7853981793

				Find		E2 =		0.7853981874		Solver Tool

				Find		e =		-0.0000000339

				Find		a (DU) =		0.999999976

				Find		Rp (DU) =		1.0000000099

				Constraint		C1 =		-0.0000000038

				Calc		E1 =		5.4977871198		radians		COS NU1 =		0.7071067812

				Calc		p =		0.999999976		DU		COS NU2 =		0.7071067812

				Calc		Energy =		-0.500000012		(DU/TU)Sq		SIN NU1 =		-0.7071067812

				Calc		Nu1 =		315		degrees		SIN NU2 =		0.7071067812

				Calc		Nu2 =		45		degrees

				Calc		V1 =		0.999999988		DU/TU

				Calc		V2 =		0.999999988		DU/TU






_1013864128.xls
Sheet1

		

				Do not use if R1 = R2.  Go to Sheet 3 or Sheet 4.

				Input		R1 (Earth Radii) =		1

				Input		R2 (Earth Radii) =		1.3

				Input		Delta NU (Degrees) =		15		Delta NU (Radians) =		0.2617993878		Cosine Delta NU =		0.9659258263

				Input		Delta T (Seconds) =		400		Delta T (Time Units) =		0.4957774633

				Find		a (DU) =		1.0025061718		Solver Tool

				Find		e =		0.7177656892		Solver Tool

				Find		E1 =		1.5673138772		Solver Tool

				Find		E2 =		1.9970216639		Solver Tool

				Constraint		C1 =		-0.0000003296

				Constraint		C2 =		-0.0000006309

				Constraint		C3 =		-0.0000003802

				Constraint		C4 =		-0.0000000992		-0.8723360985		-0.7160731271		0.4889069065		0.6980254994

				Calc		p =		0.4860274386		DU

				Calc		apogee =		1.722070705		DU

				Calc		Energy =		-0.4987500467		(DU/TU)Sq

				Calc		Nu1 =		135.7312055471		degrees

				Calc		Nu2 =		150.731242724		degrees

				Calc		V1 =		1.0012491731		DU/TU

				Calc		V2 =		0.7355008124		DU/TU





Sheet2

		

				Do not use if R1 = R2.  Go to Sheet 3 or Sheet 4.

				Input		R1 (Earth Radii) =		1

				Input		R2 (Earth Radii) =		1.3

				Input		Delta NU (Degrees) =		15		Delta NU (Radians) =		0.2617993878		Cosine Delta NU =		0.9659258263

				Input		Delta T (Seconds) =		300		Delta T (Time Units) =		0.3718330975

				Find		E1 =		0.7944343821		Solver Tool

				Find		E2 =		1.0114742892		Solver Tool

				Find		e =		0.7888855748

				Find		a (DU) =		2.2359509277

				Constraint		C1 =		-0.0000000009

				Constraint		C2 =		0.0000000009		-0.4442213691		-0.1972044922		0.8959170582		0.980362376

				Calc		p =		0.8444282208		DU

				Calc		apogee =		3.9998603605		DU

				Calc		Energy =		-0.2236185033		(DU/TU)Sq

				Calc		Nu1 =		101.3735327494		degrees

				Calc		Nu2 =		116.3735329452		degrees

				Calc		V1 =		1.2460991105		DU/TU

				Calc		V2 =		1.0446169306		DU/TU





Sheet3

		

				Use this sheet only if R1 = R2 and the path from R1 to R2 passes through apogee.

				Input		R1 (Earth Radii) =		1

				Input		R2 (Earth Radii) =		1

				Input		Delta NU (Degrees) =		90		Delta NU (Radians) =		1.5707963268		Cosine Delta NU =		6.1257422745431E-17

				Input		Delta T (Seconds) =		2040		Delta T (Time Units) =		2.5284650631

						(Delta NU)/2 =		0.7853981634

						(Delta T)/2 =		1.2642325315

				Find		E1 =		1.9581966454		Solver Tool

				Find		e =		0.4493639021

				Find		a (DU) =		0.8548748311

				Find		Ra (DU) =		1.239024721

				Constraint		C1 =		-0.0000002286

				Calc		E2 =		4.3249886618		radians		COS NU1 =		-0.7071067812

				Calc		p =		0.6822517376		DU		COS NU2 =		-0.7071067812

				Calc		Energy =		-0.5848809461		(DU/TU)Sq		SIN NU1 =		0.7071067812

				Calc		Nu1 =		135		degrees		SIN NU2 =		-0.7071067812

				Calc		Nu2 =		225		degrees

				Calc		V1 =		0.9111740272		DU/TU

				Calc		V2 =		0.9111740272		DU/TU





Sheet4

		

				Use this sheet only if R1 = R2 and the path from R1 to R2 passes through perigee.

				Input		R1 (Earth Radii) =		1

				Input		R2 (Earth Radii) =		1

				Input		Delta NU (Degrees) =		90		Delta NU (Radians) =		1.5707963268		Cosine Delta NU =		6.1257422745431E-17

				Input		Delta T (Seconds) =		1267.339865		Delta T (Time Units) =		1.5707963587

						(Delta NU)/2 =		0.7853981634

						(Delta T)/2 =		0.7853981793

				Find		E2 =		0.7853981874		Solver Tool

				Find		e =		-0.0000000339

				Find		a (DU) =		0.999999976

				Find		Rp (DU) =		1.0000000099

				Constraint		C1 =		-0.0000000038

				Calc		E1 =		5.4977871198		radians		COS NU1 =		0.7071067812

				Calc		p =		0.999999976		DU		COS NU2 =		0.7071067812

				Calc		Energy =		-0.500000012		(DU/TU)Sq		SIN NU1 =		-0.7071067812

				Calc		Nu1 =		315		degrees		SIN NU2 =		0.7071067812

				Calc		Nu2 =		45		degrees

				Calc		V1 =		0.999999988		DU/TU

				Calc		V2 =		0.999999988		DU/TU






_1013863857.xls
Sheet1

		

				Do not use if R1 = R2.  Go to Sheet 3 or Sheet 4.

				Input		R1 (Earth Radii) =		1

				Input		R2 (Earth Radii) =		1.3

				Input		Delta NU (Degrees) =		15		Delta NU (Radians) =		0.2617993878		Cosine Delta NU =		0.9659258263

				Input		Delta T (Seconds) =		400		Delta T (Time Units) =		0.4957774633

				Find		a (DU) =		1.0025061718		Solver Tool

				Find		e =		0.7177656892		Solver Tool

				Find		E1 =		1.5673138772		Solver Tool

				Find		E2 =		1.9970216639		Solver Tool

				Constraint		C1 =		-0.0000003296

				Constraint		C2 =		-0.0000006309

				Constraint		C3 =		-0.0000003802

				Constraint		C4 =		-0.0000000992		-0.8723360985		-0.7160731271		0.4889069065		0.6980254994

				Calc		p =		0.4860274386		DU

				Calc		apogee =		1.722070705		DU

				Calc		Energy =		-0.4987500467		(DU/TU)Sq

				Calc		Nu1 =		135.7312055471		degrees

				Calc		Nu2 =		150.731242724		degrees

				Calc		V1 =		1.0012491731		DU/TU

				Calc		V2 =		0.7355008124		DU/TU





Sheet2

		

				Do not use if R1 = R2.  Go to Sheet 3 or Sheet 4.

				Input		R1 (Earth Radii) =		1

				Input		R2 (Earth Radii) =		1.3

				Input		Delta NU (Degrees) =		15		Delta NU (Radians) =		0.2617993878		Cosine Delta NU =		0.9659258263

				Input		Delta T (Seconds) =		300		Delta T (Time Units) =		0.3718330975

				Find		E1 =		0.7944343821		Solver Tool

				Find		E2 =		1.0114742892		Solver Tool

				Find		e =		0.7888855748

				Find		a (DU) =		2.2359509277

				Constraint		C1 =		-0.0000000009

				Constraint		C2 =		0.0000000009		-0.4442213691		-0.1972044922		0.8959170582		0.980362376

				Calc		p =		0.8444282208		DU

				Calc		apogee =		3.9998603605		DU

				Calc		Energy =		-0.2236185033		(DU/TU)Sq

				Calc		Nu1 =		101.3735327494		degrees

				Calc		Nu2 =		116.3735329452		degrees

				Calc		V1 =		1.2460991105		DU/TU

				Calc		V2 =		1.0446169306		DU/TU





Sheet3

		

				Use this sheet only if R1 = R2 and the path from R1 to R2 passes through apogee.

				Input		R1 (Earth Radii) =		1

				Input		R2 (Earth Radii) =		1

				Input		Delta NU (Degrees) =		90		Delta NU (Radians) =		1.5707963268		Cosine Delta NU =		6.1257422745431E-17

				Input		Delta T (Seconds) =		2040		Delta T (Time Units) =		2.5284650631

						(Delta NU)/2 =		0.7853981634

						(Delta T)/2 =		1.2642325315

				Find		E1 =		1.9581966454		Solver Tool

				Find		e =		0.4493639021

				Find		a (DU) =		0.8548748311

				Find		Ra (DU) =		1.239024721

				Constraint		C1 =		-0.0000002286

				Calc		E2 =		4.3249886618		radians		COS NU1 =		-0.7071067812

				Calc		p =		0.6822517376		DU		COS NU2 =		-0.7071067812

				Calc		Energy =		-0.5848809461		(DU/TU)Sq		SIN NU1 =		0.7071067812

				Calc		Nu1 =		135		degrees		SIN NU2 =		-0.7071067812

				Calc		Nu2 =		225		degrees

				Calc		V1 =		0.9111740272		DU/TU

				Calc		V2 =		0.9111740272		DU/TU





Sheet4

		

				Use this sheet only if R1 = R2 and the path from R1 to R2 passes through perigee.

				Input		R1 (Earth Radii) =		1

				Input		R2 (Earth Radii) =		1

				Input		Delta NU (Degrees) =		90		Delta NU (Radians) =		1.5707963268		Cosine Delta NU =		6.1257422745431E-17

				Input		Delta T (Seconds) =		1267.339865		Delta T (Time Units) =		1.5707963587

						(Delta NU)/2 =		0.7853981634

						(Delta T)/2 =		0.7853981793

				Find		E2 =		0.7853981874		Solver Tool

				Find		e =		-0.0000000339

				Find		a (DU) =		0.999999976

				Find		Rp (DU) =		1.0000000099

				Constraint		C1 =		-0.0000000038

				Calc		E1 =		5.4977871198		radians		COS NU1 =		0.7071067812

				Calc		p =		0.999999976		DU		COS NU2 =		0.7071067812

				Calc		Energy =		-0.500000012		(DU/TU)Sq		SIN NU1 =		-0.7071067812

				Calc		Nu1 =		315		degrees		SIN NU2 =		0.7071067812

				Calc		Nu2 =		45		degrees

				Calc		V1 =		0.999999988		DU/TU

				Calc		V2 =		0.999999988		DU/TU
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Figure 2.  The Intercept Problem
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Figure 4.  Functionality

GPALS_sim subroutine call sequence:

	Initial: defines physical constants, run time parameters, and values for tpt code

	Read Data: asset location & attributes, BP orbits, GBI, # shots, xyz coordinates

	  if  tpt  Get_data: initializes inteceptor min/max alt, TOF max, max range vs coast

		Gipos: computes range & alt of launch point to interceptor, given coast

			 time, burnout elevation angle and mode

		Giinterp: two dimensional linear interpolation

	Read Threats: threat state (6), threat time, reentry time for arctic threats, wta matrix

	  if pebbles_on  Conin1

	  if pebbles_on  Orbit

	Fly Threat: r0, v0, dt, , , Kepler propagate

	  if tpt  Feas  

		Status_out: prints status of threats vs weapon sites as constraints are levied

		Giroots: find intercept solution given range and altitude

			Giquad: GBI quartic equation solver (0 or 2 roots)

		Gistate: state at intercept Launch to ECI coordinates for “fit” trajectory

		Giprobk: probalility of kill based on geometry and miss distance 

	else Matrix: distance for GBI sites vs. threats

		Distance: accessibility based on range from weapon to threat at threat time

	Expected Damage: compute alt, lat, lon for threats, impact/site distance vs. radius

	Preprocess: find sites with best shots, set cost matrix for auction  

	WTA: weapon/target assignment, price/bid/index, iterate.  GBIs bid on threats

	Engagement Plan: sorts weapon/threat/time of intercept, adds time to impact (TTI)
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Figure 3.  Coordinate Frames
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