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employment tactics within a given tactical scenario. Input
variables pertaining to comTfland guidance , type of operation ,
weather conditions , and weapons and ammunition available
provide the set t ing .  At the appropriate time during the battle ,
smoke is automatically placed on or near the opposing force’s
location so that the smoke clouds drift into the line—of—sight
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tntervisihiltty exists between opposing forces at each second
of the battle. As a representation of a smoke cloud , a sphere
is used to simulate white phosphorous (WP) and a cone is used
to simulate hexachioroethane (HC). The program calculates if
the line—of—sight intersects any part of either one of these
types of three dimensional figures. If an intersection occurs.
the line—of—sight is blocked ; therefore , intervisibility does
not exist.

A series of test runs were conducted ~o verify the model.Bursting radii of the smoke rounds, atmospheric stability
conditions , type of smoke munitions , wind speeds , and wind
directions were the parameters varied I or the tests. —In all
cages the model produced results consistent with the xpected
outcome.

The methodolgy used in this study provides a basi~ for
future simulations of tactical smoke emplyinent in compu~erized
combat models.
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ABSTRACT

Recent intelligence reports indicate that Warsaw Pact forces

are placing increased emphasis on the use of tactical smoke, In

response, US forces have begun to evaluate their own capabilities

to employ smoke. One method of conducting this evaluation is

to inc l ude smoke employment in combat models . This thesis presents

a computer model , SIMSMOKE , which has this capability .
The first part of the model consists of simulating the smoke

employment tactics within a given tactical scenario. Input “ariables

• ~ierLainlng to coninand guidance, type of operation , weather condi-

tions , and weapons and aninunition available provide the setting.

At the appropriate time during the battle, smoke is automatically

placed on or near the opposing force’s locations so that the

smoke clouds drift into the line-of-sight between attacker and

defender.

The second part of the model consists of computing if inter-

visibi lity exists between opposing forces at each second of the

battle. As a representation of a smoke cloud , a sphere is used

to simulate white phosphorous (WP) and a cone is used to simulate

• 
- 

hexachoroethane (HC). The program calculates If the line-of-sight

intersects any part of either one of these types of three dimen-

slona l figures. If an intersection occurs, the line-of-sight is

blocked ; therefore, intervisibility does not exist.

A series of test runs were conducted to veri fy the model .

Bursting radii of the smoke rounds , atmospheric stability condi-

tions , type of smoke muniti ons , wind speeds , and wind directions

were the parameters varied for the tests, In all cases the model
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produced results consistent with the expected outcome.

The methodology used in this study provides a basis for future

simulations of tactical smoke employment in computerized combat

m ode ls.
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CHAP1 ER I

INTRO ~1tJCT1ON

i~ecent intelligence reports ind i cate that Warsaw Pact forces

are increasing their use of tactical smoke in trainin g exercises ,

rhere are also indications that they are updating their smoke

delivery means and improving their smoke protective systems.1

As a result of these new activities , US forces have begun to eval-

uate their own capabilities to employ smoke, and to determine what

effects smoke employment by either side might have on the outcome

of future battles.

Although smoke was used duri ng the Korean War and occasionally

rn the Vietnam conflict , documentation and technology have advanced

little since World War II. Many field manuals and technical manua ls2’3

which describe US delivery means and employment policies show little

change from their 1940 and 1950 predecessors, The smoke generating

units used In WW II and Korea have been inactivated and their

equipment has been turned over to unmanned units or salvaged , US

smoke capability today is primarily artillery delivered white phos-

phorous (WP ) and hexachioroethane (HC), The amunition is mostly

the same type as that used in the Korean War or earlier .

In the past three years the US Army has become Increasingly

interested in Improving Its smoke program, Hea dquar ters , Tra i nin g

and Doctrine Command (TRADOC) has become particularly active in

examining US capability to employ smoke, TRADOC has also been

in terested in US forces’ ability to survive in a smoke environment.

Field tests have been conducted and more are scheduled on the

effectiveness of %mr~ke munitions and their effect on US weapons

syst ems.4 New ammunitions , particularly the artillery “wick”

~~~~— ~~~~~~~~~~~~~~~~~~~~~~~~~~ . L!. ~~~
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round , are under development. Army officials have now appointed a

smoke Project Manager under the proponency of the US Army Material

Development and Readiness Comand.

The use of smoke on the battlefiel d poses many complex questions :

a. When should it be employed?

b. How should smoke be employed?

c. What type of amunition is best for a given situation?

d. What are the effects on target acquisition?

e. Will US weapons performance be seriously degraded?

These are just a few problems which face Army tacticians and tech-

nicians.

One approach to answering these questions is to use computerized

combd t simulations. Recognizing this fact , Headquarters , TRADOC

directed that current combat models be modified so that smoke could

be represented. Jo support this effort, TRADOC sponsored two work-

shops at Fort Leavenworth , Modelers from major Army analysis agencies

met in May 1976 and July 1976 to pool their knowledge and to provide

direction for the modelin g effort, The resulting document from the

meetings was the Modeler ’s Guide to the Tactics and Doctrine g~ Smoke

• ~mp Loyment,
5

The pu rpose of this thesis is to develop and present a computer

model which can represent tactical smoke. The program is designed

to be used with external terrain and movement subroutines . Collectively

these routines may be used to drive larger comba t simulations or be

used independently in order to conduct analysis of smoke operations .

ihe scope of the study is limited by the following :

a. Onl y Intentional smoke Is modeled , i.e., non—deliberate smoke

such as that generated by battlefield fires and high explosive rounds

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
_ _ _ _  •
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is  not represented .

b. Ammunition which is not currently in the Army inventory , such

• as the new wick round , is not repre;ented slnc~ there is a lack of

v~~ldated performance data on the ne r rounds . In par ticu lar , only

current IC and WP munitions are considered .

• c. The model considers only obscuration effects on lines— of-sight

• between friendly and enemy elements. Factor~ such as degradation of

maneuverability and probabilities of hit are not represented .

d. The tactics and doctrine of smoke employment used in the model

are established fer modeling purposes only. They are incorporated in

the model in such a manner that they may be readily Juanged as US

• and Warsaw Pact tactics and doctrine change.

There are terms frequently used in smoke studies wh ch have dual

definitions and , therefore, are misleading . For this study the

• followi ng definitions are provided :

a. Smoke Screen : ~ cloud of smoke used to obscure vision ,

b. Effective Fire : Direct or indirect fire which either

suppresses or destroys the enemy. More specificall y, if a friendly

force uses smoke on an enemy, both sides are obscured , However , the

friendly force can still place fire In the genera l location of the

‘~nemy thereby either suppressing or destroying him , On the other

han d , the enemy is within the smoke cloud and therefore has no way

of effectively tracking and thereby suppressing the friendly force.

c. Point Smoke : Smoke fired by an artiller y or mortar unit at

a sin gle point using normal round dispersion ,

d. Smoke Sheaf: A smoke screen created by smoke rounds impacting

along a strai ght line.

Chapter II is largely an expansion and revision of the Modeler ’s

4 ~~.
••
~~

4
~~~~~~~~ L~~~~ ~~~~~~~• • ~~~~~~~~~~~~~~~~~~~~~~~~~ ‘ •~~~ ~~~
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uid~ to th~ ld (tit ~. and Doctriop of Smoke Lmpioynient . Chapter III

pn’sents a detaili~d (lescription of the smoke simulation model (SIMSM~)KE ),

lollowed in Chaoter IV by a discussion of the results of verification

and sensitivity runs of the smoke program . The final chapters presents

conclusions and recommendations , as well as areas for further research.
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LIIAI’ (III I I

ThCI II:AL SMOKE LMPIOYMENI

A battle between NATO and Warsaw Pact forces in the next decade

w i ll undoubtedly be extremely violent and very complex . Unit

cc~iunanders will have far more sophisticdted weapons and far more

fire power than ever before. Confusion on the battlefield will

be a constant problem for both sides. Even without i ntentiona l

smoke, obscuration created by explosions alone will plague opposirg

forces. A look at the weapons which might be available to a single

battalion commander on the US side emphasizes this point .

81mm Mortar LAW

4.2 in Mortar DRAGON

155 mm Howitzer (HE) TOW

8 tn Howitzer (HE) 7.62 mm Machine Gun

XMl Tank 50 Caliber Machine Gun

BUSHMASTER Attack Hel i copter

FASCAM Close Air Support (LSAF )

CLG? VULCAN

Table 1. Weapons Available to a US Battalion

If the opposing battalion co~imander has similar weaponry and

in an equal or greater quantity , then direct fire engagement ranges

may be significantly decreased because of acquisition and tracking

problems caused by obscuration. If smoke is introduced on the battle-

field by either side, visibilit y could further be degraded to the

point that maximum effective ranges of weapons may become a purely
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dcadelnic number . Iii fact , the dorvilnant weapons performance charac-

teristic may become the minimum eff ect ive range. Antitank guided

missiles may never have a chance to be acquired by their trackers.

En the most ex treme cases of obscura tion , forces might even pass

through each other without acquiring a target.

(liven that smoke can be an important factor in determining

combat effectiveness , the question ari ses, “Wha t is the best way to

~~ploy smokeV’ Several Army documents provide general guidel ines

which are particularly useful to the tactician;6’7 however , the
technician attempting to simulate smoke employment needs more

definitive guidance.

For the purpose of this study the use of smoke in the three

major types of operations -- the offense , defense , and retrograde --

~ir ’ discussed . In addition , two special types of offensive

operations -- the river crossing and the minefield breachi ng -- are

separately considered . The objective of the discussion is to explain

the criteria for determining impact points and when to fire the

smoke rounds. The rationale for these recommendations is also dis-

cussed so that the technicians who simulate smoke operations will

better understand the tacticians ’ decision process,

Offense

In the offense the objective of the attacker is to obscure the

defender’s vision so that the attacker can move swiftly towards

his enemy without coming under effective fire. This can best be

accomplished by placing a smoke screen in a sheaf immediately in

front of and parallel to the defender ’s frontline , direct fire

weapons and point smoke on suspected and known artillery forward

~~~~~~~~~~~ ~~~~~~~~~~~~~~~~
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observer locations . An example is depicted in Fiqure 1.

Figure 1. The Offense

Defense

In the defense the objective of the defender is to obscure the

attacker’s vision at and immediately beyond the defender ’s primary

antitank weapons ’ maximum effective range, The purpose of this tactic

is to service enemy targets as soon as they break out of the smoke

screen and are just inside of the maximum effective range of the

Jefender’s antitank guided missiles (ATGM), Hopefu l ly the attacker

will be slowed down and disorien ted , and will have difficulty

acquiring defender targets. Additiona lly, smoke shoul d be fired in
a sheaf immediately In front of and parallel to any overwatch

V. • •

__._
~

_ d - ~~~-~—-~ — .4~ ~
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i ti oris. As wi h the of fense, the defender should p I ace point smoke

Ofl suspected or known enemy forward observer locations .

Figure 2. The Defense

Retrograde

Of the three types of retrograde operations , delay , withdrawa l ,

and retirement, only the first two will be considered since the latter

Should not require smoke,

In the delaying action forces left In contact are essentially

fight ing a temporary defensive battle and , therefore, should employ

smoke as In the defense.

In the withdrawal the objective of the wi thdrawing force is to

mask its movement to the rear, Therefore, smoke should be fired

In a sheaf Immediately to the rear of the withdrawing elements,
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This w i ll not only screen the friendly force but also w ill obscure

the enemy ’s visio n as he pursues through the smoke cloud , For higher

resolution models individua l tanks and reconnaissance vehicles should

be represented using exhaust smoke such as the Teledyne system or

smoke grenades such as the XM-239 system, As In the other type

Operations , point smoke should be fired on suspected or known enemy

forward observer locations.

( )c
~~

U&
Figure 3. The Withdrawa l

~~~ cr9.~J1~a
The river crossing is a special type of offensive operation, The

objective of the attacker is to obscure the defender ’s vision as the

attacker crosses the water obstacle , As in the offensive operation

discussion , the attacker should place a smoke sheaf immediately in

front of the defender ’s forward positions and place point smoke on

the enemy ’s forward observer l ocations . Additionally, the attacker

should place smoke on both banks of the river and on the water, if

~~~~~~ 
_ _

— ~~ ~~ V~_ ~ —~~ ~~~~~~~~~~~~~~ V V - ~~~ ~ •
V — - •~ — • V  ~~ ~~ 
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necessary, in order to mask the crossing and to deceive the enemy

cts to the actual crossing site, This normally will be done using

smoi
~ 

generators or pots ,

Figure 4. The River Crossing

Minefield Breachj~~
The minefield breaching is also a special case of an offensive

operation. The objective of the attacker is to obscure the enemy’s

vision as the attacker crosses the minefield , It shoul d be assumed

that the defender has registered preplanned artillery fires on the

minefield; therefore, smoke can do little to degrade the Indirect

fire effectiveness, However, the enemy ’s direct fire weapons must

still be aimed . To assist in countering the threat, the force

crossing the minefield should place a sheaf immediately in front of

the breaching elements In order to obscure the defender ’s vision.

~~~~~~~~~

- -

~ 
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Smoke should also be employed as in any offensive operation .

Figure 5. The Minefield Breaching

It is recognized that a commander may not desire to use smoke

in every Instance and at every location just discussed . However ,
the model should be designed to provide the capability for representing

such employment should the need arise.

Besides the tactical consideratlor’s of placement and timing of

smoke screens, several other kinds of variables must be considered .

Typical questions which remain unanswered include the followi ng :

a. What guidance has been issued from higher headquarters?

b. Which of the operati ons just discussed is to be conducted

(offense , defense , or retrograde)?

c. What are the atmospheric conditions?

d, What are the macro-terrain features?

e. What are the quantity and kinds of smoke rounds available?

~~~~~~ 4 ~~~.- V V V
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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Al Usouqh these qu~c (I otis can be answered in a variety of ways , a

convenient method is to divide them into five major categories and

to respond to each category in a logica l order. These groupings

include command guidance , tactical situation , weather and terrain ,

weapons availabl e, and ammunition available , A flow chart of these

is shown in Figure 6 on the following page,

With In these broad categories are many smaller , more specific

problems which must be solved before smoke can be represented in a

combat model, These are discussed in the next chapter as a part of

the description of the SIMSMOKE model ,

~~~~~~~~~~~ ~~~~~~~~ ~~~ V -V V V V •
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COMMAND GUIDANCE

Will smoke be used?

Under what conditions?

.1~
TACTICAL SITU&TION

What type operation is being conducted?
Offense? Defense? Withdrawal?

WEATHER AND TERRAI N V

Do the weather and terrain

permit the use of smoke? V

What are the limitations?

WEAPONS AVAILABLE

Wha t types of wea pons are

ava i lab le to the commander

which can provide smoke?

AMMUNITION AVAILABLE

Given that the weapon is ava il able,
is sufficient smoke amunition V

ava ilable to perform the mission?

FIgure 6. Major Decision Rules

~~~~~~~~~~~~~~~~~ .. ~~~~~ ~~~~
.,.
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CHAPTER III

MODEL DESCRIPTION

SIMSMOKE is a computer model which determines if interv isibility V

exists between an attacker and a defender under simulated smoke

conditions . The smoke may be fired by either side or both , using V

either HC or W p munit ions , and under a variety of atmospheric

conditions. The program is designed to be used with terrain and

movement subroutines as a line-of-sight preprocessor for combat

models or as a subroutine to the Simulated Terrain Model (SIllIER).8

If used as a preprocessor, the smoke is treated as moving macro-terrain , V

thereby raising elevation data in those areas in which the smoke is

present.. For this particular study , however , SIMSMOKE is used in

conjunction with SIMTER. SIMSMOKE/SIMTER model structure is shown

in Figure 7.

SIllIER is a computer model which simulates continuous macro-

terrain by randomly creating bivariate normal distributions which

graphically resemble hills. Since the terrain is continuous , lines-

of-sight can be determined at any time wi thout approximating the V

terrain elevation between discrete points , Furthermore , interv isibi lity

output data is provided at one second time intervals as the attacker

moves towards his objective. This frequent output is particularly V

useful for conducting sensitivity analysis of smoke employment tech-

niques when the SIMSMOKE subroutine is used. 
V

The sjniulated smoke model has two main parts, The first is the

main pro~jram which handles the processing of external guidance and

variables . It represents both the tactical and technica l decision

logic which is necessary to employ tactical smoke , The second part ,

V
.
— 

V

~
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~ 
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whici ’ consists of two subroutines , does the line— of-sight calcula-

tions. By checkin() to see if any smoke is directly between the

attacker and defender , intervisib ili ty is determined . One of the

subroutines is used for HC smoke , the other for WP , Both the main

program and the subroutines are discussed in detail in the followin g

sections.

Th.eV ~i~r!. ?r~~!~ i

Once SIMTER has determined that intervisibiHty exists between

two points , it calls the SIMSMOKE subroutine to see if smoke

interferes with this line-of—sight . Several input variables are

passed along with the call. These variables are discussed as they

are used in the program , and are further explained in the User 1 s

Guide at Appendix A.

The first part of SIMSMOKE is called “comand gu idance ” . This

is a check to see if the user desires for the west force (defender)

or the east force (attacker) or for both forces to emp loy smoke.

The inpu t variable is ICG , and can be assigned a value of zero

through three. Zero indicates that neither side uses smoke , one

means that only east uses smoke , two means that only west uses

smoke, and three means both sides use smoke , A flow chart of 
V

conunand guidance is shown in figure 8.

Since an attacker and a defender use different smoke emp l oyment

tactics , the program does line-of-sight calculations twice if both V

sides use smoke. The program logic is different for each side ,

The second block of logica l statements is ‘type of operation ”.

The subroutine examines if the east force is movin g toward his

objective , not moving at all , or moving away from h i s objective.

The appropriate type of operation is assigned to the variable TYP ,

I- . 4 ~~~•. 
- V

L ” .. V V ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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V I ~~OIIl I M E l

~~~~~~~~~~~~~~~~~~~~~ R[lU;~N to S I M T E V R
Neither side uses

IF smoke.
ICG=O

IF
~CG=2

GO TO west side
intervisibility
calculation . Only

V west uses smoke.r
or

L
1~

GO TO “Type of Operation ”

Figure 8. Comand Guidance

The weather -in a battle area has considerable effect on smoke

employment. It determines whether ‘r not smoke shoul d be used and

how It should be used. The significant factors Include wind speed ,

wind directi on , tei.n~’rature , humidity , precipitation , cloud cover ,

and temperature gradient. For the purpose of incorporatin g smoke

into SIMSMOKL and most other Army simulations these factors may be

aggreqated into w ind speed , wind direction , and atmospheric stability .

The latt’~r ter~ i~ a p~ran~ter which is used to predict whether a

smok~ cloud will rise rapidly (lapse), rise moderately (neutral),

( i ~ reniain at a co,;stant altitude (Inversion), The wind direction

for this model may be categorized as a headwind , tailwind , crosswind ,

or quartering wind. Under certain circumstances the wind conditions



r VV ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ VVV V~~~~~~_~-V V V ~~~~~~~~~~~~~~~~~~~~~~ - .

18

t orn “Command Gu ulance ”

f ii movement is
( toward objective

TV P =OFFENSE

f IF movement is
I away from objective

TVP=WITHDRAWAL

IF there is
no movement
TYP=DEFENSE

GO TO “Weather Conditions ”

Figure 9. Type of Operation

dictate courses of action. One case is when the wind is greater than

8 meters per second . The wind is too strong for the smoke to form

into a useful size and shape cloud ; consequently, smoke should not be

used. A second case is when an attacker has a headwind . If he

f ires smoke In front of his objective , the smoke will drift back

onto his own forces . Again , smoke should not be used , The flow

chart for the weather logic Is provided on the following page . WS

is the wind speed , WD is the wind di,’ection , STB is the stability

cond ition , and ZV is the rate of rise of the smoke cloud ,

The final set of questions answered by SIMSMOKE before the smoke

rounds are fired include “How many rounds are available to fire the

± • ~~~~~~~~L • ~~~~~~~ 
• V q ~~~~ ~~~~~~~~~~~~~ V~~~~~~ V 

~~~~~~~V VV
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From “Type of Operation ”

UFTURN to SLMTER

V WS.GT.8 Yes 
Windy for Smoke”

No

RETURN to SIMTER

IF TY P.EQ.OFFENSE WRITE “Headwind
and WO Is headwind Yes puts smoke on

STB.EQ. INVERSION

zV=O

_ _ _
SE

~ 
IF STB.EQ.NEUTRA L

ZV=2

~~~~iF STB.EQ.LAPSE )

~~~~

Figure 10. Weather Conditions
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mission? ” , “Wha t kind of smoke rounds are they ?” , and “How many

tubes are available to fire them? ” All of these are answered using

V Input data.

The remainder of the ma in program Includes the dynamics of

firing the rounds , calling the line-of-sight subroutines , and

updating the locations of the smoke clot ds as they drift downwind .

lo assis t In the explanation of these dynamics , illustrations and

~ sample scenario are provided ,

Range

Figure 11. Sample Scenario

An attacker is moving from east to west along a preselected route.

His objective is to assault the defending force on Hill 250,

Assuming that the attacker has been directed to use smoke on his

objective , the first question he will ask is “W hen should I have

my artillery or mortars fire smoke?” To answer this , the model

first calculates the distance between the attacker and the objective .

V If the attacker is beyond the range of the defender ’s 41GM , no smoke

i. V  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
V
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~s tired. However , as soon as he moves within range , the program

automatica lly represents smoke in accordance with the doctrine

mentioned in Chapter II , Li kewise, when the attacker reaches

the vicinity of his objective , the smoke is shut off, The next

question for the attacker to answer is “Where should I fire the
V 

smoke?” The answer to this depends upon the wind , In all cases
the model will place the smoke between the attacker and the defender,

never on or behind . The objective is to have all of the cloud

between the two forces. A smoke cloud which lands to the rear of

the defender may drift onto him but much of the smoke will be

wasted . Since the purpose of employ -~iq smoke is to obscure the

defender ’s view of the attacker, the smoke is placed so that it

will always drift into the lines—of-sight , Possible cases are

illustrated below .

_________________ 

~~~~~~~~~~~

A 
~ A

J~~~~~~vZ ~~
J

Figure 12. Smoke round impact points under
various wind condit ions .
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Once the genera l location of the center of mass of the smoke

sheaf has been determi ned , the next step is to determi ne the impact

points of individ ua l rounds. It Is assumed that the first rounds of

smoke will be fired simultaneousl y by all tubes of the battery or

platoon . They will also impact in a sheaf with rounds fai rly equally

spaced apart. The distance between the rounds will be determined

by the width of the sheaf, Subsequent rounds will arrive at the

average firing rate of the battery as a whole , and the rounds will

Impact at random points along the long axis of the sheaf, If at

any time during this firing , the number of rounds fired exceeds the

number of rounds al1oc~ted , the smoke mission is automatically

terminated.

At this point In SIEISMOKE , the I-IC or WP line-of-sight subroutines

are called to see if Intervis ibility exists , These subroutines are

covered in detail In the next section.

V The remainder of the main program deals with moving the

center of mass of the WP smoke cloud and the tail of the HC smoke

cloud downw ind. This consists of finding the product of the wind

speed , t ime  interval , and appropriate trigonometric function of the

wind direction . The vertical movement is also updated based on the

input atmospheric stabilit y conditions ,

If thc~ user should desire to have the defender (west) employ

smo~ ’, then the model will direct that Intervisibi lity again be

determjn~d. The defender version of the main program is almost

Identical to that of the attacker , The only major difference Is

that the defender fires smoke on the lead element of the attacker

at the maximum effective range of the defender ’s ATGM , In the

fr.

~ 
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case j ust covered , smoke was fired in front of the enemy .

L i  of ~j~~t Subroutines

f3oth of the line-of-sight subroutines compute if a straight
V 

line and a three dimensinal solid intersect. In these cases the

straight line represents the line between the attacker position and

the defender position , and the solid represents a smoke cloud . If

the line intersec ts any one of the sol ids , then the smoke blocks

line-of-sight and , therefore, intervis ibility does not exist .

The first subroutine, WPLOS , does the calculations for the
white phosphorous rounds. The assumption is made that the shape

of a WP cloud is spherical. The main program passes the current

locations of the center of masses of each smoke round and the loca-

tion of both the attacker and defender. The subroutine converts

this information into equations , and calculates if the perpend icular

distance between the line-of-sight and each of the sphere’s centers

Is larger or smaller than each of the sphere’s radi us , If one of the
distances is less than a radius , then there Is no Intervisibi lity .

The subroutine returns a binary response to the i ntervisibilit y

query, i.e.,, “1” indica tes there is line-of-sight or “0” indicates

there is not.

The HC subroutine is more complicated . The first problem was to

determine If  there is a fairly common three dimensional figure which

closely resembles the NC smoke cloud , A three dimens ional cone
appeared to be the most realistic and subsequently was selected,

Although not as simple as solving for the intersection of a line

and a spheroid, the solution for a line and a cone is a trivial

operation for the computer. The mathematics cons ists of determining 



V 25

tVhC shortest distance between two st.raiqht lines in three space.

One line is the attacker-defender line , the other is the axis ‘~f

V the cone. If this distance Is greater than the radius of the cone ’s

ross section alonq the perpendicular line then int.ervisib ility does

ex I .;t. The m ethod used to determine the shortest distance between

the two lines consists of finding the cross product of the two vectors

in order to find a line perpendicular to both; and then solving a

system of three simu l taneous, parametric equations in order to find

the points of intersection. A summary of the mathematics is pre-

sented In Appendix C,

- 

~~~ a l c o u ~~~~ 
-- 

~~~ic cLr
V Figure 14. Cloud Shape Approximations 

V

As with WPLOS , the HG subroutine returns either 0 or 1 in response

to intervisibility ,

Figure 15 on the followi ng page illustrates typical smoke

missions and how the clouds react over time.
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SIMSMOKE Interface with Other Models

The fi rst two sections of this chapter dealt with using 
V

V 
SIMSMOKE as a subroutine to SIMTER . For users desiring to

employ SIMSMOKE. with other models , this section provides V

additional information foi affecting the interface ,

SIMSMOKE requires three major types of input as shown in

Figure 16. The first of these is user guidance wh i ch includes

command guidance , type of operation , weather conditions , and

weapons and ammunition availab le. These are discussed in

detail -In the first section of this chapter and are further

discussed In Appendix A , User ’s Guide ,

The second block of input information required by

SIMSMOKE is terrain data. The program must be provided with

the altitude of the terrain on which the attacker and the de-

fender are located, as well as the altitude of the terrain at

the points of impact of the smoke rounds. When SIMSMOKE is

used wi th SIMTER P the altitude of the smoke rounds ’ impacts are

determined within SIMSMOKE , V

The third type of Input data consists of the map coordi-

nates of the opposing elements. The defender location w ill

be fixed , while the attacker location will consist of an array

of (x,Y) data points as the attacker moves towards the

defender. Depending upon the models with which SIMSMOKE is

used , terrain and route Information may be combined , The

important point Is that SIMSMOKE must have X , Y , and Z values
for the attacker, defender , and smoke round impacts in order

to develop equations for interv isibility calculations,

~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~
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The output provided by SIMSMOKE is a ‘1” for intervis ibility

or a “0” for no interv isibility. Since many high resolution

combat models have sophisticated probability of detection

routines , this binary response should be expanded as smoke

performance data becomes available. Chapter V presents recom-

mendations on this subject,

So far In this section on interface , the discussion has been

lim i ted to what SIMSMOKE requires and what It provides a larger

model . It is also necessary to comment on where in a simulation

SIMSMOKE wil l be placed . Most Army combat models have a similar

sequence of events , This includes the following:

a. Determining if intervisibi lity exists between opposing

elements.

b , Determining if each side detects the other, once

intervis ibi lity has been established ,

c. Firing at the targets detected In the previous step.

d. Assessing the damage which results from the firing

rn~agement.
Oepending upon the model with which SIMSMOKE Is used , SIMSMOKC V

wil l most likely be placed between (a) and (b) above.

~~~~~~~~~~~~~~~~ ~~
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CHAPTER IV

V E R I F I C A 1 I O N  AND SENS IT I V I T Y  ANALYSIS

V The purpose of this chapter is to cemonstrate that SIMSMOKE

is in fact representing smoke as explained in the previous chapter

and that the model does respond to changes in input variables

Selected by the user. There is no attempt here to draw conclu-

sions about the effectiveness of smoke empl oyment on the outcome

of a battle.

ihe output information available to the user is firs t explained

as an aid to understanding the model . That portion of output

which pertains solely to SIMTER is discussed in detail In the

SIMTER reference.9 The explanation which follows is limi ted

primarily to the SIMSMOKE model .

The first block of information is a matrix of the input

variables supplied by the user.

WEST EAST

V WIL L EMPLOY SMOKE NO YES
NUMBER OF TUBES 6 6

NUMBER OF ROUNDS 50 50

BURSTING RADIUS 20,0000 20,0000

FIRING RAT E .2000 .2000

SCREEN S IZE 200.0000 200,0000

RANGE AT A-I WPNS 3000,0000 3000 .0000

Table 2. Output Matrix of Input Variables

4 ~~~~ 
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u s e  second block of output information is a second-by-second
V 

description of attacker locations and speed of movement , fol l owed

by inter visib iui ty data . The first col umn supplies the time in
V seconds , At the beg i nning of each battle the time is set to zero,

V [he next three column s are map coordinates and e evation of the

attacker , and the fifth column indicates attack speed along a

predetermined attack route. ror all iterations executed in this

Study, the speed is a function of the terrain s1ope~ The next
F column , labeled ‘Visper ’ , indicates whether (i) or not (0) the

attacker can be seen by the defender. Visper , along with “%

Exposed” and “Tgt (area) Exposed ” , pertain to terrain masking

only. Since the outer edge of a smoke cloud is not clearly defined ,

the target is treated as a point target. The fina l three columns

Indicate the number of smoke rounds fired by each side and whether

smoke interferes wi th intervisib ility . The last entry mentioned ,

‘Vismo k ” , returns either a “0” or a “1” . Table 3 presents an

excerpt of a sample output.

The final output data (Table 4) consists of a summary of results

of each run of the program. This includes a list of the intervisi—

bility segments and thei r lengths , distance traveled both covered

and uncovered , average length of intervis ibility segments , and

per cent of the time interv isibility exists , The last entry men-

tioned pertains only to terrain masking,

In order to demonstrate the SIMSMOKE program’s ability to

represent tac tical smoke, numerous tes t runs o f the model were
conducted , The objective of these test runs was to test the

model ’s sens iti v ity to changes in external var i ab les . In parti-

cular , wind speed , wind direction , bursting radius, atmospheric
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I NT I R V I S I B 1 L I 1 Y  SF G ML N T LEN GTHS

1 167.907

2 154.190
V 3 146.699

4 23.084

5 118.557

V 

6 49.660
7 1856.918

DISTANCE DISTANCE TOTAL AVG DISTANCE PER CENT TIME
IJNCOV ERED COVERED DISTANCE I NTERV I S IB LE INTERV I S IB LE
2517.014 1919.219 4436.233 314,627 .638

Table 4. Summary of Results

stability conditions , and type of smoke were eac h a ltered on

seperate executions of the program , Screen width and number of

weapons firing were not changed because of their interdependence

with bursting radius. To seperate terrain masking from smoke

masking an initial run was made without smoke, The resu lts
ind icated that the attacker, as he moved upon his objective ,

was not vis ible to the defender 36,20 per cent of the time ,

The terrain and route shown in Figure 17 remained unchanged

for all subsequent executions of the program, Average

height of the peaks is 100 meters,

The test consisted of two major blocks , attacker using WP

smoke and attacker using HC smoke. Within these blocks the

other externa l variables were changed , The first group of tests

used wind speeds of one, four, and nine meters per second. The

difference In distance traveled while masked by smoke or terrain

using wlndspeeds of one &nd four meters per second was about

. 4  
~~~~~~~~~~~~~~~~~~~~ ~~~~~~ 
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o 1000 1000 5000 ~ 00O ~ooo ~ooo

Figure 17. Terrain and Route

one per cent , or 42.09 and 43.26 per cent as compared with the

initial masking of 36,20 per cent wi th no smoke. The nine meters

per second wind speed returned a “Too wi ndy for smoke ’ error

message.

The second series of tests changed wind direction , using a

fix ed wind speed of two meters per second . Applying wind

directions of 300 and 150 degrees, the masking again changed about

one per cent.

The fina l test In the first block consisted of increasing the

bursting radius of the smoke rounds from twenty up to forty meters.

As expected, the change was significant , Distance traveled while

totally obscurød jumped from 43,51 per cent to 52,87 per cent,

With six rounds equally spaced over a 200 meter screen width , the

bursting radii overlap.

The second b loc k of tests , which consisted of the attacker

_____ ~~~~~~~~~~~~ 
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BLOCK 1
East Force Using WP Smoke

Run Wind Wind Bursting Atmosphere Per Cent
Nuinber Speed Direction Radius Stability Masked

V 
0 Smoke Not Used 36.20
1A 1 60 20 Neutral 42.09
2A 4 60 20 Neutral 43.26
3A 9 60 20 Neutral Too Windy
4A 2 300 20 Neutral 42,54
5A 2 150 20 Neutra l 43~51
6A 2 150 40 Neutral 52.87

BLOCK 2
East Force Us ing HC Smoke

Run Wind Wind Bursting Atmosphere Per CentV 
Number Speed Direction Radius Stability Masked

lB 1 60 20 Neutral 41.36
2B 4 60 20 Neutral 39.09
3B 9 60 20 Neutral Too Windy
4B 2 300 20 Neutral 41.27
SB 2 150 20 Neutral 42,29
68 2 150 40 Neutral 51~30

Additional Runs

~un Wind Wind Bursting Atmosphere Per Cent
Number Speed Direction Radius Stability Masked

7 West 2 150 20 Neutral 48.51
WP

8 West 2 150 20 Neutral 27.01
HC

9 East 2 150 20 Inverse 56.75
WI,

10 East 2 150 20 Lapse 39,30
WI,

11 East -- Same as 5A but impact moved to 25 meters
WP from defender location -- 42. 77

Table 5, Sensi tivity Results

A



r
36

using HC smoke instead of WP , was conducted using the same values

for the external variables as were used in the first block .

These results are displayed in Table 5. In general , the results

of the NC runs were comparable to those of the WP runs ,

Five additional test runs were executed, The f i r s t  two

were to check if the program operated properly If the defender

V used smoke . The second two were to check the effect of

changing the values of vertical wind velocity. The assumptions
used in this program are that under inversion stability conditions

the smoke does not rise , under neutral it rises at two meters
per second , and under lapse it rises at four meters per second ,

As the results indicate , the difference between inversion and

lapse is significant , 39 percent to 56 percent, The final run

had the smoke impact points moved from 50 meters to 25 meters In

front of the defenders . The result was a slight drop in obscuration,

Numerous other verification runs were executed , but not reported.

These runs consisted of such tests as checking to see if the smoke

clouds were in fact moving downwi nd , or that the smoke had a vertical

rise comensurate with the atmospheric stability conditions , These

were accomplished by recording and manually plotting the coordirates

of each smoke cloud after each iteration of line-of-sight calculations.
V The results of these veri fication runs, along with the sensi-

tivity runs depicted In Table 5, suggest that the SIMSMOKE program
does represent tactical smoke employment in a rationa l and reasonably

realistic ~ianner,

41
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Chapter V

V CONCLUSIONS AND RECOMMENDATIONS

The length of time an attacking armored vehicle can be seen

by a defender, once the attacker is wi thin range of the defender ’s

weapons , is extremely important, During this intervisibility

segment, the defender must acquire his target, launch hi s ATGM,

and track the round until it strikes its target, If the Inter-

visibility time Is less than the sum of the times it takes the

defender to complete these three activities , he will miss his

opportunity to kill his target. Therefore, the effect of reducing

this’ intervisibility time by employing smoke is quite significant ,

Since tactical smoke is Important, it should be represented

In appropriate combat simulations , SIMSMOKE is a model which

does make it poss ible to s imulate smoke , Used with terrain and

movement routines, SIMSMOKE can be used to conduct smoke effect-

Iveness research or to drive larger combat simulations which

are used for war gaming or weapons effectiveness analysis ,

In its current form, the primary product of SIMSMOKE is the

V methodology it uses to simulate smoke, Al though the model has

been used effectively in Its present configuration, the program

should be modified to meet the requirements of the larger

simulations with which It might be used, Both the scope and

the resolution should be altered to provide the appropriate

interface. Here the term scope refers to the types of smoke

sources available, More specifically1 this study Is limited

to artillery or mortar del ivered white phosphorous or NC

~~~~~~ - 

4 - - -
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mun itions. As more smoke performance data becomes available ,

artillery wick rounds, tank smoke exhaust systems, and other

smoke dispensing systems could be added. Smoke grenades , smoke
pots, and even smoke from battlefield fires could be modeled.

The resolution of SIMSMOKE should also be modified , For
combat models which do not simulate elements smaller than a

battalion, the assumption that a smoke cloud either totally

obscures a target or does not obscure a target at a ll may be

adequate. However, for high resolution models suc h as DYNTACS’°
more detailed data is required . Var iables such as smoke cloud

density, growth rates, terrain interaction, and electromagnetic
wave attenuation by frequency affect the outcome of these models,

An assumption of SIMSMOKE is that the spherical or conical

clouds are completely opaque throughout their volumes , This

applies regardless of the frequency of the electromagnetic

waves attempting to penetrate the smoke, An al gorithm which uses
variables such as smoke particle sizes and available light could

be added to provide varying degrees of obscuration either for

Visible light or other frequency waves such as near or far

infrared ,1’ This capabili ty would be particularly useful for

determining probabilities of detection and hit ,

Another assumption of SIMSMOKE is that a WP round instan-

taneously assumes a spherical shape with a radius equal to

the input bursting radius, Moreover, the cloud holds this
constant shape as it drifts downwind, If empirical data

were available on the smoke cloud growth as a function of

time, a suitable equation could be added to the program which

would enlarge the radius as the smoke drifted,

______  4
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A final assumption which should be examined is that under

invers ion or neutral atmospheric stabili ty condit ions , drifting

smoke clouds which meet hills do not move up the slopes , while

under lapse conditions they do, Interaction between terrain and

smoke needs further research,

This study demonstrates that tactical smoke employment can

be a part of computerized combat models, SIMSMOKE provides a

methodology and a base for future smoke modeling,



APPENDIX A. User ’s Guide

~~~~~~~~~~~~~ ~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~



4’
APPENDIX A . User ’s Guide

The purpose of this appendix is to provide the user with

information necessary to execute SIMSMOKE as a subrouti ne to the

terrain generating model , SIMTER. The enti re program as listed
in Appendix B, consists of the main program and six subroutines ,

The main program, SIMTER, creates a random p iece of terrain

which represents the battlefield. It is up to the user to deter-

mine the size of the battlefield and to decide a general roughness

of the terrain. This Is explained in more detail in the Input

section,

The first subroutine , MOVLOS , moves a simulated armored vehicle

along a predetermined route towards its objective, At one second

intervals the program computes intervisibility between the vehicle

and its enemy. Function RANORM , the last subrouti ne which is a
basic part of SZMTER , creates random normal deviates for use in
shaping the terrain,

Subroutine SMOKE, along with its own subroutines WPLOS and

HCLOS, make up the SIMSMOKE package, Collectively these routines

fire the simulated smoke rounds, move the smoke clouds downwind ,

V and further determine intervisibility,

The final subroutine, DUMMY , is simply used to answer any

cal l statements from SIllIER for which there is no answering
programs In particular , programs CONTUR and PLT3DI are two and

three dimensional terrain plotting routines, respectively. These, V

or simi lar routines , can be particu larly usefu l for examining
the randomly created terrain and for determining routes to be 

V

used on this terrain, It is recommended that the user add plotting
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packages which are best suited for his computer and plotting

hardware .

i~p~t

The input data may be considered to have three distinct

groupings. The first ten cards pertain to the SIMTER terrain

generation; the second group of ten cards perta ins to the

SIMSMOKE smoke representation ; and the reamining cards provide

the MOVLOS route selection and target size. A complete dis-

play of the data deck, to Include var iable names and formats,

is pictured on the following page.

The material which follows Is a complete list and explanation V

of the input variables : V

SIMTER Variables V

N Is the number hills to be placed randomly about the
battlefield. As point of reference, the map shown in Figure
17 of the main text has 12 hills , That terrain may be con-
sidered as consisting of ge~-’tly rolling hills ,

~SEED, .]SEED, KSEED are the seeds for the various random
number generators used throughout the program,

XMEL, YMEL, NIlE shape the N number of hills , XMEL and
‘(MEL are the standard deviations In the X and V directions of
a modified bivariate normal distribution which shape each
hill, NIlE is the average altitude of the peaks of each hill ,
For this study the hills have a spread (standard deviation) of
300 meters In both the X and V direction , and an average peak
height of 100 meters.

RUFX, RUFY, RUFP ar~ the standard deviations of a normal
distribution. Iri~rder for the hi lls to be d ifferent from one V
another, their spreads and heights are permitted to vary normally 

V

around an average XMEL , ‘(MEL, and H u E , Values used here are V

20 meters for all three parameters.

RHO Is the correlation coefficient of the modified bivariate
norm~rd1str1but1on. Zero Is usually the value provided ; however, V

any value In the interval. (-1 ,1) may be used, The result will
appear as hills rotated in the X , Y plane,
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RX(1), RY(1) (2F10 .5)
M (18)

V 
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V 

SIMSMOKE V SMKE SMKW AlO A
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SCRNE ,SCRNW (2F10 .5)
RNGE ,RNGW (2F1O ,~

BRE ,BRW 2F10.5
SIMSMOKE WS,WD (2D10 ,5)

N RDE ,NRDW (218)
NWPN E ,NWPNW (218)
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SIMSMOKE ,00E (2A10)

SIMTER IG R ID ,LOS ,MAPS ,ISE (418)
XMAP ,VMA P (2F10.5)
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RU FX RUF Y RUFP 3F
XMEL ‘(MEL NIlE (3F10.5)

ISEED,JSEED ,KSEED (318)
N (18)

Figure A-i, Input Data Deck V



NOR , NPEEK indicate whether the user ‘lesire s to vary the shape
of the hills as mentioned in RUFX , RUFY , and RUFP . The parameters
are binary, with “1” being used throughout this study . NOR is for
the spread and NPEEK is for the altitude ,

INCX, INCY determine the size of the grid system for the terrain
map TTdlgitlzed terrain for plotting or other purposes Is desired ,
To prevent the use of excessive amounts of core storage a grid
system of no smaller than 100 by 100 meters Is recommended .

XMAP, ‘(MAP are the desi red dimensions of the battlefield.
Throughout thTs study, a battlefield of 6000 by 3000 meters has
been used.

IGRID, LOS, MAPS, ISE determine the subroutines to be used .
IGRID~ prov1~~i dfg1tiz~~ terrain data (X,Y , and Z) for use with
other models or for creating plots. LOS signals the program to
call MOVLOS and determine Vl ntervisibility MAPS indicates whether
or not plots are desired , and ISE indicates that smoke is to be
fired. Data values are either “0” or “1” ,

SIMSMOKE, DOE are sample titles for labelling the plots.
V Any letters may~~e used as long as they fit within the limitsof the format,

SIMSMOKE Var iables

ICG tells the SIMSMOKE program which side , If any , is to
employ smoke, ,,O

~ indicates neither , “1” means only east, “2”
only west, and “3” both sides ,

NWPNE, NWPNW are the numbers of weapons to be used by east and
west, respectively, to fire smoke rounds,

V 

NRDE, NRDW are the numbers of smoke rounds to be fired by each
side.

WS , WD are the wind speeds in meters per second and wind di-
rectT~n T~ radians.

BRE, BRW are the bursti ng radii of the smoke rounds of each
side ’these apply only to WP smoke, HC smoke i s assumed to

V build up over time instead of exploding.

RNGE, RNGW are the ranges of each side ’s antitank weapons,

SCRNE, SCRNW are the widths of the smoke screens desired by
each side. V

FRATE, FRAN are the fi ri ng rates of each side ’s ind irect
fire weapons in number of rounds per second, For most runs
this rate will be given as a fraction of a round ,

~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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SMKE, SMKW Indicate which type of smoke each side will employ.
Ei thiFlTC or WHITE PHOS are the input variables .

SIB is the atmospheric stability condition . The i nput var-
V 

lables are LAPSE , NEUTRA L, or INVE RSE ,

MOVLOS Var i ables

l’l is the number of turning points along the route of the
attacker, to include the starting and ending points,

V The next M number of cards are the X and V coordinates of
each turning point along the predetermined route selected by
the user.

OX , OY are the fixed coordinates of th€ defender,

~j , WI, IL are the height , width and depth of the target in
meters as seen by the defender, For this study 3, 3, and 6,5
were used.

Output

The output information available is discussed in ChaDter IV,

In order to suppress any part of this data , the user may simply

remove the appropriate WRITE statement,



V V ~~~~~~~~~ •V~~~~~~ ~V~~~~~~V 
V - ~~~~

APPENDIX B. SIMSMOKE Program Listing

The listing in this appendix was written for use with the

CDC 6500 computer which is operated by the TRADOC Data Processing

Fiel d Office, Fort Leavenworth, Kansas ,
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APPENDIX C, MATHEMATICS OF LINE-OF-SIGHT CALCULATIONS

WPLOS
The WPLOS subroutine determInes ft the line drawn between an

attacker and a defender (0-1 line) touches or passes through any

part of a spherical smoke cloud , It does this by using geometry,

If stratght lines are drawn between the attacker, defender1 and

smoke cloud ’s center, a triangle is formed. Assuming that the

triangle’s base Is the 0-1 lIne , the program determines the alti-

tude of the triangle and compares it with the radius of the sphere.

If the altitude Is longer than the radius then the 0-1 line mIsses

the smoke cloud, i.e., Intervisibility does exist.

BR ~~ 
) Smoke Round Impact

Defender

Figure C-i; Sphere/Line Intersection

HCLOS

Because a cone does not have a single center but rather a locus

of centers running through Its central axis , a different approach

Is used. The problem Is to determine the shortest distance between

the cone and the 0.1 lIne, and then compare this distance wtth the

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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rad ius of the cone, measured at the intersection of the shortest
distance line and the cone ’s outer surface ,

I HX
I

V \ HZ XRD

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

Impact

V TZ Attacker

Figure C-2. Cone/Line Intersection

The shortest distance between any two vectors In three space

is equal to the length of the line drawn between and perpendicular
V 

to the two vectors. The method used to determine this shortest

distance consists of finding the cross product of the two vectors

In order to find the line perpendicular to both and then solving

a system of three simultaneous equations for these lines tn order

to find their points of Intersection. Once the two points of

Intersection (HX, KY, HZ) and (TX, TY~’ TZ).are located, the
Pythagorean- theorem is applied to find the length of the line

(OST) between the two points. I-f DST is greater than the radius

(RAD), then intervisibility exists.

A suimnary of the mathematics for the HC cloud is as follows:

1. Form equations for the 0-1 line and for the axis of the cone, V

E~~~~~ 1~~~~~~~~~4V : V
V V ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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0-1 Vector Cone Ax is Vector
V TX—OX+t(X—OX ) HX’XiIC+s(XHC.XRD)

TY OY+t(Y-OY) (C-i) HY=YHC+s (YHC—YRD) (C-2)

TZ”OZ+t(Z-OZ) HZ~ZHC+s (ZHC-ZRD)

2. Take the cross product of the two vectors t n  step (1) to get

the direction number for the line perpendicular to both.

/ X-OX \ / XRD-XHC
V ( Y-OY ) X f YRD-YHC

z-oz / ZRD~ZHC

let X-OX~a let XRD-XHC p

Y-OY~b YRD-YHC=q

Z-OZ’c ZRD-ZHC-r

then / a p br-cq

(b ~~~ X q ‘ pc-ar

r aq~pb

3. Form an equation for the line perpendicular to the 0-1 line

and the axis of the cone.

TX—HX+u (br—.cq)

TY~HY+u (pc-ar) (C-3)

TZ.HZ+u (aq-pb)

let (br-cq) d

(pc-ar) e

(aq-pb) f

4. SubstItute (C-i) and C-2) Into (C.3)

OX+at • XHC+sp+u (br-eq)

OY+bt • YHC+sq+u (pc-ar) (C-4)

OZ+ct • ZHC+sr+u (sq-pb)
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5. All quantities in (C-4) are known except for parameters

s, t. and u. Therefore , the system of equations (C-4) has three

equations and three unknowns and can be solved by a series of

substitutions.
V 6, Once the program has solved for s t, and u~ It substitutes

these value in (C-i) and (C-2), The two equations can then be

solved for (TX , TV , and TZ) and (FIX , HY , and liz) ,

7. UsIng Pythagorean Theorem, the length DST is computed.
8. DST Is compared in length to the radius (RAD) for determina .

tion of intervisibiuity
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