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ABSTRACT

Instructions in the organization and use of the computer prograns which
implement the Initial NATO Reference Mobility Model (INRMM) are presented.
Volume |l is devoted to the INRMM Obstacle-Crossing Module. A brief description
of the mathematical equations and camputing algorithms which predict the speed
of a vehicle over a variety of terrain, the input data required, and the outputs

cenerated is included. Same aid to the interpretation of various output vari-

sbles is given.
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FOREWOKD

NATO. AC/225 Panel Il 1in 1976 recognized the need for
standardized NATO techniques of comparing overall vehicle per-
férmance in terms of mobility, armor protection, and fire
power. The United States offered to help initiate this effort

in the field of mobility models.

Panél I1 accepted this offer and formed AC 225/Working
Group I (WGI) in February 1977 to consider a NATO Reference
Mobility Model. The membership of WGI was as follows: Canada,
france, the Federal Republic of Germany, the Netherlands, the

mnited Kinadom, and the United States of America.

The first m2eving of WGl was held in the United States
f=9 June 1977. WGI reviewed the US Army Mobility Model as a
potential candidate., It was agreed that the US Army Mobility
Model was acceptable as an initial model, pending improvements

in certain submodels.

Shortly after the first meeting the US furnished a
magnetic tape to each member country containing the source code
of the US Army Mobility Model, and the U.S. extended aid in
implementing the model on the national ccmputers of the member

countries,
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WGl met the second time 1in Brussels 9-12 Mav 1978,
The group identified certain shortcomings which had to be over-
come before the Army Mobility Model became acceptable as a
NATO Reference Mobility Model. The need for ~ User's Guide
was strongly emphasized at that time. WGl proposed to Panel
II that a Technical Manayement Committee be tormed to maintain
tie mocel and to assess proposed revisions periodically.
The proposed revisions and corrections were expected to cvolve
from mobility research and simulation work conducted by member

countries and from continued use o; the model.

Panel II aporoved the recomnendations, and WGI weas
then d.sestablished. In its stead, the Technical Management
Committee (TMC) of the NATO Reference Mobility Model was
formed with the same membership. MNr. Peter W. Haley of the
US Army Tank-Automotive Research & Development Command was
named manager of the model, and serves as the focal point for
the uniform maintenance of the model and as custodian of the
official version., Panel Il accepted the US Army Mobility Model

as the “Initial NATO Reference Mobility Model™.

Curing the ensuing period, the member countries,
especially the US, invested significant effort improving the
model. The obstacle module was improved; the on-road module

was reworked; the acceleration routines were improved;

?

[y
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maneuvering in vegetation was newly modeled. <inally, the
vehicle dynamics, module, VEADYN, wa: substancially augmented,

A draft of this guide was alsc completed.

The first meeting of the Technical Management Committee
took place in Frankfurt, Cermany 6-8 November 19Y79. The
participating countries and the heads of delegations were as
follows: France (Mr. Grosjean), Germany (Mr. Schenk), the
Netherlands (COL van_Assenraad), the United Kingdom (Mr., ltaggett),
and the United Stateé {Mr. Janosi). Each country was represented
by several additional officials and/or technical experts. The
Ccmmi ttee accepted the improved Initial Mobility Model as
i2scribed in this repovrt, Therertcre, this model is no longer
referred to as the Initial N*7O Reference Mobility Model. It
is now the NATO Reference Mobility Model, Edition I. It will
be "frozen” until the next TMC meeting. (Note that the term
“Initi;l NATO Reference Mobility Model" or "INRMM" is often
used 1n this report because it was written prior to the first

TMC meeting.)

Members of the TMC agreed that orderly changes and
extensions are desirable to meet future needs. Each country
listed taske whizh would lead to such changes and extensions,
It was agreed that the most important feature to be included

into a future edition is tracked vehicle steering.
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Currently, -he member countries are engaqed in pertinent
research work which will lead to further improvement and exten-
sion of the NRMH, Canada's main contribution 1s expected to
be in the area of improved simulation in mobility over snow,
ice, and muskeqg; france 15 engaged 1n research concerning
tracked vehicle turning; Germany 1s active 1n vehicle dynamics
research, iield testing, mobility evaluation techniques, and
on-the-road mobiiity simulation; the Netherlands is pursulng a
study to improve the vehicle data preprocessor, and to develop
a uniform vehicle data acquisition procedure; the United Kingdom
deve.ioped an advanced power train simulation which may be in-
corporated into a later edition; the United States mctility

research effort is concentrated mainly on vehicle agility modeling.

The NATO community agreed to use this model as a
common basis for communication with respect to quantifying of€-
road mobility performance. Meanwhile steps have been taken 1in
the US to introduce the NATO Reference Mobility Model into the
initial acquisition process of military vehicles., In other words,
quantitative mobility performance projections, analysis and
evaluation by bidders and source selecction boards will be based
on the NRMM during the initial acquisition process. The degree
of required details in the computational projections will depend

on the scope cf the acquisition,
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Potential bidders should request additional 1aformation

from TARADCOM, DRDTA-ISA.

Foreign companies with legitimate need should send
thelr requests through channel established within the trame-
work of Data Exchange Agreements between the US Army and the

military establishment of their country.

We hope that tne NATO community will find the User's

Guide a useful ool in the vehicle research develooment and

acquisition process.

ZOLTAN J. JANOSI

TARADCCM

Chairman, NATO Reference
Mobility Model, Technical
Management Committee




[ INTRODUCTION AND OVERVIEW?®

The Initial NATO Reference Mobility Model (INRMM) is a
collection of ecquations and aigorithms designed to simulate the
eross-country movement of vehicles. It was developed from several
predecessor models, principally AMC-T74 (Jurkat, Nuttall and Haley
(1975)). This report, in several volumes, provides some background and
motivation for most aspects of the Model, and presents documentation

for the coded version now available through the U, S. Army

Tank-Automotive Research and Development Command (TARADCOM).

A. Background

Rational design and selection of military ground vehicles
requires objective evaluation of an ever-increasing number of vehicle

System options. Technology, threat, operational requirements, and cost

constraints change with time., Current postures must be reexamined, new

options evaluated, and new trade-offs and decisions made. In the

single area of combat vehicles, for example, changes in one or another
influencing factor mignt require trade-offs that run the gamut from
opting for an air or ground system, through choosing wheels, tracks or

air cushions, to designating a new tire.

The former Mobility Systems Laborato-y of the then U. S. Army
Tank-Automotive Command (TACOM) and the U. S. Army Engine®r Waterways

Experiment Station (WES) are the Army agencies responsible for

' This chapter is adapted from Jurkat, Nuttall and Hiley (1975).
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ronducting ground mobiliity research. In 1971, a unified U. S. ground
mobility program, under the direction of the then Arny Materiel
Command (AMC), was implemented that specifically geared the

capabilities of both laboratories to achieve common goals.

As a first step in the unified program, a detailed review was
made of existing vehicle mobility technology and of the problems and
requirements of the various engineering practitioners associated with
the military vehicle life cycle. One basic requirement was identified
as common to all practitioners surveyed: the need for an objective
analytical procedure for quantitatively assessing the performance of a
vehicle in a specified operational environment. This is the need that
is addressed to a substantial extent by the INRMM and its

predecessnrs.

In theory, a single methodology can serve some of the needs of
all major practitioners, provided it relates vehicle performance to
basic characteristics of tne vehicle-driver-terrain system at

appropriate levels of detail.

Three principal categories of potential users of the
methodology were identified: the vehicle development community, the
vehicle procurement community, and the vehicle user community (Figure
I.A.1). The greatest level of detail is needed by the design and
development engineer (vehicle design and development community) who is
intereste1 in subtle engineering details--for example, wheel geometry,

sprung masses, spring rates, track widths, etc.--and their

YT i e e AT T, DTN
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PROSPECTIVE IISERS OF VEHICLE PERFORMANCE PREDICTION METHODOLOGY

FIGURE Z-A-1

interactions with soil strength, tree stems of various sizes and
spacings, approach angles in ditches and streams, etc. At the other
end of the spectrum is the strategic planner (user community), who is
interested in such highly aggregated characteristics as the average
cross-country soeed of a given vehicle throughcut a specified
region--the net result of maay interactions of the engineering details
with features of the.total operational environment. Between these two
extremes, i{s the person responsible for selection of the vehicles who

must evaluate the effect of changes of major subsystems or choos" from
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concepts of early design stages. To be responsive to the needs of all

three user communities, the methodology must be flexible enough to

_provide compatible results at many levels and in an appropriate

variety of formats.

Interest in a single, unified methodology applicable to the
needs of these three principal users led to the creation of a
cross-country vehicle computer simulation combining the best availabio
knowledge and models of the day. Much of this knowledge was collected
in Rula and Nuttall (1971). The first realjzation of the simulation
was a series of computer programs known as the AMC-T1 Mobility Model,
called AMC-71 for snort (US ATAC(1373)). This mocdel first became
operational 1n 1571; it was published in 1973. It was conceived as .the
first generation of a family whose descendants, under the evolutionary
pressures of subsequent research and validation testing results,
application experiences, and growing user requirements, would be
characterized by greater accuracy and applicability. A relatively
current status report may be found in Nuttall, Rula and Dugoff (1974).

The first descendant, known as AMC-T4, is the basis for the
INRMM. It is documented in Jurkat, Nuttall and Haley (1975). The
following is a description of this model.
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B, Modeling Off-Road Vehicle Mobility

In undertaking mobility modeling, the first question to be
answered was the seemingly easy one: What is mobility? The answer had
been elusive for many years. Semantic reasons can be traced to the
beginnings of mobility research, but there was also a pervasive
reluctance to accept the simple fact that even intuitive notions about
a vehicle's mobility depend greatly on the conditions under which it
is operating. By the mid-1960s, however, a consensus had emerged that
the maximum feasible speed-made-good® by a vehicle between two points
in a given terrain was a suitable measure of its intrinsic mobility in

rhat situation.

This definition not only identified the engineering measure of
mobility, but also its dependence on both terrain and mission. When,
at a suitably high resolution, the terrain involved presents the
identical set of impediments to vehicle travel throughout its extent,
mobility in that terrain (ignoring edge effects) is the vehicle's
maximum straight-line speed as limited only by those impediments. But
when, as is typically the case, the terrain is not so homogeneous, the
problem immediately becomes more complex. Maximum speed-made-good then
becomes an interactive function of terrain variations, end points
specified, and the path selected. (Note that tne last two constitute
at least part of a detailed mission statement.) As a way to achieve a

useful simulation in this complicated situation the INRMM deliberately

*Speed-made-good between two points is the straight-line distance
between the points divided by total travel time, irrespective of path.
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simplifies the real areal terrain into a mosaic of terrain units
“71thin each of which the terrain characteristics are considered
sutficiently uniform to permit use of the simple, maximum
straight-line speed of the vehicle to define its mobility in, along,
or across that terrain unit. A terrain unit or segment specified for a
road or trail is, similarly, considered to have uniform

characteristics throughout jts extent.

Maximum speed predictions are made for each terrain unit
without concern for whether or not distances within the unit are
adequate to permit the vehicle to reach the predicted maximum. This
vehicle and terrzin-specilic speed prediction is the basic output of
.12 medel. The Tacel a0 addition, generates jatsi trat may be used o
predizt operational vibration levels, mission fuel consumption, etc.,
and can provide diagnostic information as to the factors limiting

speed performance in the terrain unit.

The speed and other performance predictions for all terrain
units in an area can be incorporated into maps that specify feasible
ievels of performance that a given vehicle might achieve at all points
in the area. At this point, the output is reasonably general and is
essentially independent of mission and operational scenario
influences. The basic data constituting the maps must usually be
further proccssed to meet the needs of specific users. These needs
vary from relatively simple stat .stics or indices reflecting overall
vehicle compatibility with the terrain, to extensive analyses

involving detailed or generalized missions. None of these 3o called
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post-processors 1s included as part of the INRMM.

Page 7
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J. wverall Structure of the INRMM

In formulating AMC-71, it was recognized that its ultimate
isefulness to decision makers in the vehicle development, prc urement,
and user communities would depend upon its realism and credibility.
(See Nuttall and Dugoff (1973).) These perceived requirements led to
several more concrete objectives related to the overall structure of

the moagel. It was determined that the model should be designed to:

1. Allow validation by parts and as a whole.

2. Make a clear distinction between engineering predictions and
any whose outcome depends significantly upon human judgment,
with the latter kept visible and accessible to the model
aser.

1. 3e updaved redlilv 17 respcnse t: na2Ww venricle ang
vehi1cle-terrain cecnncliogy.

4, Use measured subsystem performance data in place of
analytical predictions when and as available and desired.
These objectives, plus the primary goal of supporting decision
making relating to vehicle performance at the several levels, clearly
dictated a highly modular structure that could both provide and accapt
data at the subsystem level, as well as make predictions for the
vehicle as a whole. The resulting gross structure of the model is

fllustrated in Figure I.C.1.

At the heart of the model are tiiree independent computational
modules, each comprised of analytical relations derived fr-om
laboratory and field research, suitably coupled in the particular type

of operation. These are:
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FIGURE |.C.1 - GENERAL ORGANIZATION OF THE INITIAL
NATO AEFERENCE MOBILITY MOOEL
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1. The Areal Module, which computes the maximum feaéible speed
for a single vehicle in a single areal terrain unit (patch).

(: 2. The Linear Feature Module, which computes the minimum
_ ' feasible time for a single vehicle, aided or unaided, to
¢ cross a uniform segment of a significant linear terrain
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feature such as a stream, ditch, or embankment (not currently
avalilable).

3. The Road Module, wnich computes the maximum feasible speed of
a single venicle traveling along a uniform segment of a rcad
or trail.

These Modules and the Terrain and Vehicle Preprocessors are collected

in a computer program called NRMM and are descrihed in Volume I.

These three Modules may be used sepairately or together,
Alternately, INRMM has the ability to simulate travel from terrain
unit to terrain unit in the sequence given by the terrain input file.
In this mode, known as th: traverse mode, sufficient output data can
be provided so that the user may calculate acceleration and
tecelerat.ion times and Jdritances between and across lterrainr unit
coundaries, and thereby a2termine actual -ravel time and

speed-made-good over a chosen route.

All three modules draw from a common data base that describes
quantitatively the vehicle, the driver, and the terrain to be examined
in the simulation. The general content of the data base is shown in

Table I.C.1.

Vo
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Terrain,

Terrain

Surface Composition

Type
Strength

Surface Geometry
Slope
Altitude
Discrete QOb3tacles
Roughness
Road Curvature
Road Width
Road Superelevation

Vegetation
Stem Size
Stem Spdcing

Linear Ceomstry
Stream cross section
Water velocity
Water depth

Venicle,

Page

Driver Attributes Characterized in INPMM

TABLE [.C.1

Data Base
Vehicle
Geometric

characteristics

Inertial
characteristics

Mechanicai
characteristics

Driver
Reaction Times
Recognition distance

Acceleration and
impact tolerances

Minimum acceptable
speeds
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}. Model Inputs and Preprocessors

1. Terrain

For the purposes of the model, each terrain usit is described
at any given time by values for a series of 22 mathematically
independent terrain factors for an areal unit (including lake and
marse factors), 10 for the cross section of a linear feature to be
negotiated, and 9 to quantify a road segment. General-purpose terrain
data also include separate values for several terrain factor values
that vary during the year. For example, at present such general data
for areal terrain include four values for soil strength (dry, average,
wet, ana ~et-wet seasgns) and fcur seasonal values {cr recognitisn
distances in vegetated areas. 3imilar variations in effective ground
roughness, resulting from seasonal changes in soil moisture (including
freezing) and in the cultivation of farm land, can be envisioned for
the future. Further details on the terrain factors used are given in

Rula and Nuttall (1975).

As discussed earlier, the basic approach to representing a
complex terrain is to subdivide itlinto areal patches, linear feature
segments, or road segments, each of which can be considered to be
uniform within its bounds. Besides supplying actual values for the
terrain factors, this concept may be implemented by dividing the range
of each individual terrain factor value into a number of cliass
intervals, based upon considerations of vehicle response sensitivity

and practical measurement and mapping resolution probliems. A patch or

9
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a segment is then defined by the condition that the class 1interval
designator for each factor involved is the same throughout. A new-
pateh or segment is defined wnenever one or more factors fall intc a

new ciass interval.

Before peing used in the three computational Modules, the basic
terraln data are passed through a Terrain Data Preprocessor, called
TPP in the Computer Program NRMM. This preprocessor does three things:

1. Converts as necessary all data from the units in which they
are stored Lo inches, pounds, seconds and radians, which are
used throughout the subsequent performance calculations.

2. Selects prestored soil strengths and visibility distances
according tc run specificaticns, wvnick are supcilied as part
of the scenario 43%a !see below).

3. Calculates from the terrain measurements in the basic terrain

data a small number of mathematically dependent terrain
variables used repeatedly i{n the computational modules.

2. Vehicle

The vehicle is specified in the vehicle data base in terms of
its basic geometric, inertial, and mechanical characteristics. The
complete vehicle characterization as used by the performance
computation modules includes measures of dynamic response to ground
roughness and obstacle impact, and tne clearance and traction
requirements of the vehicle while it is negotiating a parametric

series of discrete obstacles.
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The model structure permits use at these poxnfs of appropriate
lata uverived either from experiments or from supporting stand-alone
simulations used as preorocessors. One supporting two-dimensional ride
and obstacle crossing Dynamics Module for obtaining requisite dynamics
responses(currently called VEHDYN and described in Volume III) and a
second supporting Module for computing obstacle crossing traction
requirements and interferences (currently cailed 0BS783 and desc}ibed
1n this Volume) are available as elements of the INRMM. Both derive
some required information from t"e basic vehicle data base, and both,

when used, constitute stand-alone vehicle data preprocessors.

There is aliso a Vehicle Data Preprocessor called VPP (integral
to NRMM) wnich, like tne Terrain [ata P-eprccessor. has thrae

functiong:

1. Conversion of vehicle input data to uniform inches, pounds,
seconds, and radians.

2. Calculation, from the input data, of controlling soil
performance narameters and other simpler dependent vehicle
variables subsequently used by the computational modules, btut
usually not readily measured on a vehicle or available in its
engineering specifications.

3. Computation of the basic steady-state traction versus speed

characteristics of the vehicle power train, from engine and
power train characteristics.

As in the case of dynamic responses and obstacle capabilities,
the lust item, the steady-state tractive force-speed relation, may be

input directly from proving ground data, when available and desired.

-
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3. Driver

The driver attributes used in the nodel characterize the driver
in terms of his limiting tolerance to shock and vibration and his
ability to perceive arnd react to visual stimuli affecting his
behaviour as a vehicle controlier. While these attributes are
identifiec in Figure I.C.1 and Table I.C.1 as part of the data base
[NRMM prov.des fo} their specific 1dentification and user control so
that the effects of various levels of driver motivation, associated

with combat or tactical missions, for example, can be considered.

4, Scenar:io

Several optional features are available to the user of the
INRMM (weather, presumed driver motivation, operational variations in
tire inflation pressure) which allow the user to match the model
predictions to features or assumptions of the full operational
scenario for which predictions are required. Model instructions which

select and control thase options are referred to as scenario inputs.

The scenario options include the specification of:

1. Season, which, when seasonal differences in soil strength
constitute a part of the terrain data, allows selection of
the soil strength according to the variations in soil
moisture with seasonal rainfall, and

2. Weather, which affects soll slipperiness and driving
visibility, (including dry snow over frozen ground and
associated conditions).

3. Several levels of operational influences on driver tolerances
to ride vibrations and shock, and on driver strategy in
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negotiating vegetation ang using brakes.

4. Reasonable play of tire pressure variations to suit tlie mode
of operation~--on-rvad, cr-ss-country, and in sand.

e vy




R-2053, VOLUME II Page 17
Obstacle Module

E. Stand-Alone Simulation Modules

AS 1ndicated above, the Morc:l is 1mplemented 5y a series of
independent Modules. The Terrair and Vehicle Preprocessors, aiready
described, form two of these. Two further major stand-alone simulation

Modules will now be outlined.

1. Obstacle-crossing Module-0BS78B

This Module determines interferences and traction requirements
when vehicles are crossing the kind of minor ditches and mounds
characterized as part c¢f the areal terrzin; it 12 descriced fully in
this Volume. I{ is used as a stand-alone Preprocessor Module to the

Areal Module of INRMM,

The Obstacle-crossing Module simulates the ineclination and
position, interferences, and traction requirements of a
two-dimensional (vertical center-line plane) vehicle crossing a single
obstacle in a trapezoidal shape as a mound or a ditch. The module
determines a series of static equilibrium positions of the vehicle as
it progresses across the obstacle profile. Extent of interference is
determined by comparison of the obstacle profile and the displaced
vehicle bottom profile. Traction demand at each position is determined
by the forces on driven running gear elements, tangential to the
obstacle surface, required to maintain tne vehicle's static position.
Pitch compliance of sucpension elements is not accounted for but frame

articulation (as at pitch joints, trailer hitches, etc) is permitted.
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. ‘e Cbstacle-crossing Module .roduces a table of minimum
“ledrances (or maximum 1nterferences) and average and maximum force
requireg Lo <¢ross a representative sample of obstacles defined by
combinations of obstacle dimensio0as varied over the ranges appropriate
for features ircludea 1n the areal terrain description. This
simulation 1s done only once for each vehicle. Included in the INRMM
Areal Module 1s a three-dimensional linear 1nterpolation routine
which, for any given set of obstacle parameters, approximates from the
derived table the correspond.ng vehicle clearance (or interference)
dnd associated traction requrements. Obviously, the more entries there

are 1n the table, the more precise will be the determination.

2. Ride Dynamics Modula- VEHDIN

The Areal Module examines as possible vehicle speed limits in a
gZlven terrain situation two limits which are functions of vehicle
dynamic perceptions: speed as limited by the driver's tolerance to his
vibrational environment when the vehicle is operating over
continuously rough ground, &nd speed as limited by the driver's
tolerance to impact received while the vehicle is crossing discrete
obstacles. It is assumed that the driver will ad just his speed to

ensure that his tolerance levels will not be exceeded.

The Ride Dynamics Module of INRMM, called VEHDYN and described
in Volume III, computes accelerations and mo%ions at the driver's
station (and other locations, (f desired) while the vehicle is

operating at a given speed over a specific terrain profile. The
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profile may be continuously, randomly rough, may consist solely of a
single discrete obstacle, uniformly spaced obstacles of a specific
height or may be anything in between. From the computed moticns,
associated with driver modeling and specified tolerance criteria,
simple relations are developed for a given vehicle between relevant
terrain measurements and maximum tolerable speed. The terrain
measurement to which ride speed is related is the root mean square
{(rms) elevaticn of the ground profile (with terrain slopes and
long-wavelength components removed). The terrain descriptors for

obstacles are obstacle height and obstacle spacing.

The terrain parameters :involved, rms elevation and nbstacle
neight and spacing, are factors quantified in each patch description,
and rms elevation is specified for each road segment. Preprocessing of
the vehicle data in the ride dynamics module provides an expedient
means of predicting dynamics-based speed in the patch and road segment

modules via a simple, rapid table-lookup prccess.

The currently implemented Ride Dynamics Module is a digital
simulation that treats vehicle motions in the vertical center-line
plane only (two dimensions). It is a generalized model that will
handle any rigid-frame vehicle on tracks and/or tires, with any
suspension. Tires are modeled using a segmented wheel representation,
(see Lessem (1968)) and a variation of this representation is used to
introduce first-order coupling of the road wheels on a tracked vehicle

by its tracks.
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2) _river model and tolerance criteria.

It has been snown empirically that, in the continuous rou,..ness
sl1tuation, driver tolerance is a function of the vibrational power
being absorbed by the body. (See Pradko, Lee and Kaluza (1966).) The
scme work showed that the tolerance limit for rspresentative young
American males is approximately 6 watts of continuously absorbed
power, and the research resulted in a relatively simple iodel for
power absorption by the body. The body power absorption model, based
upon shaping filters applied to the decomposed acceleration spectrum
at the driver's station, is an integral part of the INRMM

two-dimensional dynamice simulation,.

In the past, only the 6 watt criterion was used to determine a
given vehicle's speed as limited by rms roughness. More recent
measurements in the field have shown that with sufficient motivation
young military drivers will tolerate more than 6 watts for periods of
many minutes. Accordingly, INRMM will accept as vehicle data a series
of ride speed versus rms elevation relations, each corresponding to a
different absorbed power level, and will use these to select
ride-speed limits according to the operationally related level called
for by the scenario. The Ride Dynamics Module will, of course, produce
the required additional data, but some increased running time is

involved.

The criterion limiting the speed cf a vehicle crossing a single

discrete obstacle, or a series of closely, regularly spaced obstacles,
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13 a peak acceleration at the driver's seat of 2.5-g passing a 30-Hz.
filter. Data relating the z.5-g speed limit to obstacle height and
spacing can be develcped in the ride dynamics module by inputting

appropriate obstacie profiles,

INRMM requires tw~o obstacle impact relations: the first, speed
versus obstacle height for a single oostacle (spacing very great); and
the second, speed versus regular obstacle spacing for that single
obstacle height (from the single obstacle relation) which limits
vehicle speed to z maximum of 15 mph. For obstacles spaced at greater
than two vehicle lengths, the single-obctacle speed versus obstacle
height relation is used. For clcser spacings, the least speed

allowable by either relation {s selected.

3. Main Computational Modules - NRMM

The highly iterative computations required to predict vehicle
performance in each of the many terrain units needed to describe even
limited geographic areas are carried out in the three main
computational modules. Each of these involve only direct arithmetic
algorithms which are rapidly processed in modern computers. In INRMM,
even the integrations required to compute acceleration and
deceleration between obstacles within an areal patch are expressed in

A

closed, algebraiz form.

Terrain input data include a flag, which signifies to the model

whether the data describes an areal patch, a linear feature segment,
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ar 4 road segment. This flag calls up the appropriate computational

Module.

a) Are . Terrain Unit Module

This Module calculates the maximum average s=peed 3 vehicle
could achieve and maintain while crossing an areal terrain unit. The
speed is limited by one or a combination of the following factors:

1. Traction available to overcome the combined resistances of
soil, slope, obstacles, and vegecation.

2. Driver discomfort in negotiating rough terrain (ride comfort)
and his tnlerance to vegetation and obstacle impacts.

3. Driver reluctance to proceed faster than the speed at wshich
the vehicle could decelerate to a stoc withia the, novsibly
limited, visibility distance prevailing 1n the areal unit
(braking-visibility limit).

4. Maneuvering to avoid trees and/or obstacles.

5. Acceleration and deceleration between obstacles if they are
to be overriden.

6. Damage to tires.

Figure I.E.1 shows a general flow chart of how the calculations of the

Areal Module are orfanized.

After determination of some vehicle and terrain - dependent
factors used repetitively in the patch computation (1),? the Module is
entered with the relation between vehicle steady-state speed and
theoretical tractive force and with the minimum soil strength that the

vehicle requires to maintain headway on level, weak soils, These data

& Numbers in parentheses correspond to nuabers in Figure I.E.1.
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ara provided by the vehicle data preprocessor. Soil ana slope
resistances (2) and braking force limits (4) are computed, and the
vaslc tractive force-speed relation is modified to account for
soil-limited traction, soil and slope resistances, and resulting tire
or track slip. Forces required to override prevailing tree stems are
caleulated for eight cases (3): first, overriding only the smallest
stems, then overriding the next largest class of stems as well, etc.,

t1l in the eighth case all stems are heing overridden.

Stem override resistances are combined with the modified
tractive force-speed relation to predict nine speeds as limited by
naslc resistances (5). (The ninth speed corresponds to aveiding all

trree s%vems. )

Maximum braking force and recognition distance are combined to
compute a visibility-limited speed (6). Resistance and
visibility-limited speeds are compared to the speed limited by tire
loading and inflation (7), if applicable, and to the speed limit
imposed by driver tolerance to vehicle motions resulting from ground
roughness (8). The least of these speeds for each tree
override-and-avoid option becomes the maximum speed possible between
obstacles by thot opcion, except for degradation due to maneuvering

(9).

Obstacle avoidance and/or the tree avoidance implied by limited

stem override reyuires the vehicle to maneuver (or may be impossible).

3)

7
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Jsing speed reduztion factors {derived in 1) associated with avoiding
all obstacles (if possible) and avoiding the approprialte classes of
tree stems, a serlies of nine possible speeds (possibly 1including z:2ro,

or NOGO) 1s computed (10).

A similar set of nine speed predictions 13 made for the vehicle
maneuvering to avoid tree stems only (10). These are further modified

by several oostacle crossing considerations.

Possible NOGO interference between the vehicle and the obstacle
is checked (12). If obstacle crossing proves to be NOGO, all
assoclated vegetation override and avoid optinns are alsc NOGO. 1f
there are no c¢ritical interferences, the increase in traction required

to negotiate the obstacle is determined (12).

Next, nbstacle approach speed and the speed at which the
vehicle will depart the obstacle, as a result of the momentarily added
resistance encountered, are computed (13). Obstacle approach speed is
taken as the lesser of the speed between obstacles, reduced for
maneuver required by each stem override and avoid option, and the
speed limited by the driver to control his crossing impact (11).
Speeds off the obstacle are computed on the basis solely of the
soil-and slope-modified tractive force-speed relation (22), i.e.
before the tractive force speed relation i{s modified to account for
vegetation . :rride forces, the traction increment requxréa for
obstacle neg ‘fation, or any kinetic energy avallable as a result of

the associated obstacle approach speed (13).
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Final average speed in the patch for each of the nine tree stem
override and avoid options, while the vehicle is overriding patch
obstacles, is computed from the speed profile resulting, in general,
from considering the vehicle to accelerate from the assigned speed off
the obstacle to the allowable speed between obstacles (or to a lesser
speed if obstacle spacing is insufficient), to brake to the allowable
' obstacle.approach speed, and to cross the cbstacle per se at the

computed crossing speed.

Following a final check to ensure that traction and kinetic
energy are sufficient for single-tree overrides required (and possible
resetting of speeds for some options to NOGO) a single maximum
‘n-patch speed (for the direction of travel being considered relative
to the in-unit slop2) is selected from among the nine available values
associated with obstacle avoidance and the nine {or the obstacle

override cases. If all 18 options are NOGO, the patch is NOGO for the
'direction of travel., If several speeds are given, selection is made by

one of two logics according to scenario input instructions.

In the past the dr{ver was assumed to be both omniscient and
somewhat mad. Accordingly, the maximum speed possible by any of the 18
strategies was selected as the final speed prediction for the terrain
' unit (and slope direction). Field tests have shown, however, that a
driver does not often behave in this ideal manner when driving among
trees. Rather, he will take heroic measures to reach som: reasonable
minimum speeo, but will not continue such efforts when those measures

involve knocking down trees that he judges it imprudent to attack,

'
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even though by dolng so he could go still faster. In INRMM, either
assignment of maximum speed may be made: the absclute maximum which
addresses the vehicle's ultimate potential, or a lesser value which in

effect more precisely models actual driver behavior.

If the scenario data specify a traverse prediction, the in-unit
speed and other predictions are complete at this point, and the model
stores those results specified b the user and zoes on to consider the
next terrain unit (or next vehicle, condition, etc). When a full areal
prediction is called for, the entire computation is repeated three
times: once for the vehicle operating up the in-unit slope, once
across the slope, and once down the slope. Desired data are stored
frem each sueh run prior to the next, z2nd at the conclusion of the
third run, the three speeds are averaged. Averaging is done on the
assumption that one-third of the distance® will be travelled in each

direction, resulting in an omnidirectional mean.

* the average speed, V, , is the harmonic average of the three
speeds,i.e.

Vay = 3/0U/V) + (1/Va¢r088) + (1/V4oun)]
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b) Road Module

The Road Module calculates the maximum average speed a vehicle
can be expected to attain traveling along a nominally uniform stretch
of road, termed a road unit. Travel on super highways, primary and
secondary roads, and trails is distinguished by specifying a road type
and a surface conaition factor. From these characteristics, values of
tractive and rolling resistance coefficients for wneeled and tracked
vehicles on hard surfaced roads are determined by a table look-up. For
trails, surface condition is specified in terms of cone index (CI) or
rating cone incex (RCI). Traction, motion resistunce, and slip are
computed using the soil submodel of the Areal Module, with scenario
weather factors uzed in the same way as in making off-roaa

credict:ions.

The relations used for computing vehicle performance on smooth,
hard pavements are taken from the literature (Smith (1970) and Taborek

(1957)).

The structure of the Rnad Module, while much simpler, parallels
that of the Areal Module. Separate speeds are computed as limited by
avaiiable traction and countervailing resistances (rolling,
aerodynamic, grade, and curvature), by ride dynamics (absorbed power),
by visibility and braking, by tire load, {nflation and construction,
and by road curvature per se (a feature not directly considered in the
Areal Module). The least of these five speeds is assigned as the

maximum for the road unit (for the assumed direction relative to the
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specified grade).

The basic curvature speed limits are derived from American
Association of State Highway Officials (AASHO) experience data for th
four classes of roads (AASHO (1975)) under dry conditions and are not
vehicle denendent. These are appropriately reduced for reduced
traction conditions, and vehicle dependent checks are made for tippin

or sliding while the vehicle is in the curve,

At the end of a computation, data required by the user are
stored. If the model is run {n the .raverse mode, the model returrs t
compute values {or the nlext unit; 1f in the areal mode, 1t
automatically computes performance for both the up-grade and
down-grade situations and at the conclusion computes the bidirection:z
(harmonic) average speed. Scenario options are similar to those for

the Areal Module.
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II ALGORITHMS AND EQUATIONS
A. Introduction

The Obstacle Module, 0BS78B, is a stand alone program which
simulates the placement of the vehicle at a sequence of positions

across the obstacle and for each position calculiates

1. the tractive forces under the running gear to maintain that

positiun,
and
2. the clearances/interferences between the frame of the vehicle
and the obstacle at that position,
and then

1. selects the maximum interference, CLRMIN, (or minimum
clearanze if there is no {nterference) and the maximum
tractive effort, FOOMAX, and calculates the average tractive
effort, FOO, across the various positions.

Figure II.A.1 gives an overall view of the structure of the Obstxcle

Module.

The obstacles are restricted to the "standard" trapezoidal
shape used throughout the INRMM., The effect of the predominant slope
may be included in OBS78B, but there are currently no provisions for
incorporating the predominant slope in combination with obstacle
crossing in the Operational Modules. Thus, for the Obstacle Module the
terrain input may be characterized as illustrated in Figure II.A.2.

There is & restriction in OBS78B that the combination of slope
and obstacle approach angle may not exceed the vertical for any

obstacle flank on which the vahicle may rest.
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FIGURE 11.A.2 - Obstacle Geometry

The vehicle is restricted to two units, a prime mover,
supported by suspension assemblies at two points, and a trailer,
supported by a suspension assembly at one point with a hitch rigidly
attached to the prime mover about which the trailer may pivot. The
suspension assemblies are rigid (no springs or dampers) and may be
single wheeled or "bogied", which for the purposes of 0BS78B means tw¢

wheels attached to a rigid member which pivots about its center at thi

suspension support point. This motion is restricted by, possibly
different, pitch up and down limits with respect to the frame of the
vehicle. Any mix of single wheeled or bogie suspensions may exist on
the prime mover-trailer combination. The wheels are also assumed rigic

but reed not have the same radii for all suspension assemblies.
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lowever, poth wheels on a bogle have the sime radius.

Tracked vehicles may be simulated Dy a doub.e bogie wheeled
vehicle where tne wheel radius is the road wheel radius plus the
thickness of the track. The bogie centers may be located anywhere the
user wishes; reasondble results have teen obtained by using the
location of the second and second-from-last roadwheel centers. The
wldth of the bogie, defined as the distance between the centers of the
two wheels on the bogie, 1S also at the discretion of the user;
reasonable results have been obtained by choosing the distance between
two road wheels. When the bogie center and width have been chosen, the
bogle angular limits should then be set to reflact the actual road
whee! displaced as i the t,ack were rresent at its normal tension.
Tha13 Wil result in a large pitch up angular 1imit for the front bogie
and a smaller pitch down angular limit. The rear bogie will have the

reverse angular limits.

When the vehicle da*a has been read by the program, some
initial calculations are done. These are described more fully below.
The program then reads the ohstacle shape and calculates hudb profiles.
These profiles are intended to sSimulate the path taken by the wheel
centers across the obstacle, assuming a rigid wheel and uninterrupted
contact. The program will use one of these two possible hub profiles

across a mound:
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FIGURE 11.A.3 - Hub Profiles Across Mounds

or one of these f{our possible hub profiles acrcss a ditch:

FIGURE 11.A.L4 - Hub Profiles Across Ditctes

It may be observed that the vertical variation of the hud
profile may be attenuated when compared to that of the obstacle
profile; this effect may occur both for the net change in elevation

and/or the rate of that change. This attenuation increases as the

| radius of the wheel increesses with respect to the obstacle dimensions.

Tracked vehicles, in effect, attenuate obstacles as if they
were equipped with very large wheels. The exact equivalent wheel

c diameter which attenuates an obstacle as does the tracked suspension
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element is not readily calculated, and tfor any one vehicle may not te
constant for all oubstacles. In the Obstacle Module, two different
wheel sizes are used to simulate tracked vehicles:

1. for a flexible track the radius of the wheel used to
calculate the hub profile is set at one-half the distance
between suspension element support points, and

2. for a non-flexible (girderized) track the radius of the wheel
used to calculate the hub profile is set at the full distance
between suspension element support points.

Figure II.A.5 shows the vehicle parameters used in the module and

indicates the venicle configurations which can be simulated.

Tracked vehicles pulling trailers are not simulated.

All heorizontal 2i1mensions are pcsitive %o the right of the
hitch 4nd negative to tne left. ALl vertical Jimensions are measured
witn respect %7 the ground when the vehicle is empty and a%t rest on

level, hard ground. Vehicle motion is assumed from lef: to right.

N.B.: Either or both of the suspension elements of the prime mover
may be single wheel or bogie supports. The hitch may be located before

the second axle to possibly simulate a fifth wheel.

The wheels of a suspension element may be powered braked, both
or neither. Suspension types may be mixed in any combination but
both wheels of a bogie suspension are assumed to have the same radius
énd ability to be powered and braked. During execution of the program,
however, at any positior on the cbstacle either all braked wheels are

-

braked or all powered wheels are powered.
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FIGURE 11.A.§ == Vehlcle Parameters
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B. Coordinate Systems

Four separate coordinate systems are used in OBS78B, vehicle
Input data coordinates, vehicle coordinates, ground fixed coordinates

and vehicle/ground coordinates. Each system is specified below.

1. Vehicle Input Data Coordinates

This coordinate system (Figure II.B.1) is centered at a point
on the ground directly under the hitch when Lhe vehicle is resting on

a hard, flat surface and facing toward the right of the observer.

LO——"0

FIGURE 11.B.] == Vehicle Input Data Coordinates

All vehicle input data is given with respect to this coordinate
system. .t is used only for the convenience of the investigator; all

data is immediately transferred to the Vehicle Coordinates.

Page 40

PP
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2. Vehicle Coordinates

This coordinate system is centered at the hitch and moves with

the prime mover. Sec Figure II.B.2.

Q\ '

FIGURE 11.8.2 == Vehirle Coorginates

The x-axis is horizontal and fixed to the vehicle when the vehicle is
at rest on hard, flat ground. Thus the Vehicle Coordinates are

initially parallel to the Input Data Coordinates translated verticall
a distance of the height of the hitch for an empty vehicle. The pitch

angle of the vehicle, ¢ , {s in effect the angle the vehicle x-axis

makes with the Ground Fixed Coordinate System.

3. Ground Fixed Coordinate System

This coordinate system remains fixed to the grpund and is
centered at the first obstacle profile break point. Its coordinates
are designated with primed quantities. The z'-axis is positive up,

along the negative gravity vector, and the x'-axis is positive to the
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right. See Figure [[.B.3.

=y

FIGURE I1.B.3 -- Ground Fixed Coordinates

) Vehicle Fixed-"round Parallel Coordinate System

Tais coordinate zystem 1s centered at :he hitch and moves with
the vehicle; however it remains parallel to the Ground Fixed
Coordinate System. Initially it coincides with the Vehicle Coordinates
when the vehicle is at rest on hard, flat ground. Its coordinates are

designated by a superscript F.

The relationship between the three program coordinate systems

is {llustrated in Figure II.B.4,

C. OBS78B Vehicle Preprocessor

After the vehicle data is read, several derived vehicle

descriptors are calculated. These descriptors are given in terms of

the vehicle coordinates.
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FIGURE |1.B.4 == Relation of Thiee loordirate Systems

Since the vehicle load distribution i3 given {or an empty
vehicle, a combined vehicle-load CG is calculated (superscript e mean

empty vehicle).

The empty vehicle weight at the vehicle CG:

FEGI = 'Fq1 - Fq2
The x-coordinate of the empty vehicle CG:

xEG1= -(Fq1ly + Fq212) /FE(;]
The empty trailer weight at the trailer CG:

F862 = -Fq3 - Fng
The x-coordinate of the empty trailer CG:

e
*Cca = -Fq3l3/ FEgo

The loaded weights at the combined CG:

FEg1 - oWy

Fc2 -4 W2

Fega

Feg2
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The coordinates of the combined vehicle/J)oad CG:

Xcgi = (FEgi xBgi - aWydi)/ Fesg

(FEgi 28y - &Wjej) ,F

206
-l CGi

where 11 for the vehicle, 2 for the trailer.

From now on these coordinates of the loaded vehicle will be called t

vehicle and trailer CG coordinates.

The radius vector from the CG to the hiteh in polar coordinates:

Rni = Infy » 266y 1172

%nji = arctan(zcgi/xcgi) s

where 1:1 for the vehicle, 2 for tne trailer.

FIGURE 11.6.]1 == Hitch and Trailer CG Location

N.B.: Radius vector is from vehicle CG to hitch and from hitch to
trailer CG.

8,ni 18 adjusted to lie in the interval (-7, 7 ].

The polar coordinates of the vehicle suspension support points:

rpcy = U (1 = xcg)? + (Fy = n- g2 1172, 12152
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OBCi = arctan( (ri -h - ZCG])/ (11 - XCG«l)] o N2l 2

FIGURE 11.C.2 =- Vehicle Suspension Support Point Locations

The following are calculated for each suspension element which is
represented by a bogile:
The polar coordinates of the wheel centers when they are st their

] limit position closest to the vehicle:

FIGURE 11.C.3 -- Wheel Center Locations at Bogie Limits
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(’B,za) are the coordinates of the suspension support center with

respect to tne first unit CG.

2
iy ={(xgs(0j/2)cosBy; -xcg1)2 +(2g +(by/2)sinByg -2cgi)21Y
RLi2 =[(xg=(bj/2)casByj -xcg1)2 +(2p -(bj/2)sinBq; -zcg211/2
TLil zarctan((zg +(by/2)sinByy -2¢gq) /(xg +(bj/2)cosByj -xcG1)]

TL12 zarctan((zg -(bj/2)sinfyj -z¢g2) /(xp -(bj/2)cosBqiy -xcG2) ]

For the trailer, these polar ccordinates are given with respect to

the hitch:

FIGURE 11.C.4 -- Trailer CG and Suspension Support Location

2L hilie
The = (x8go + 2éc2 )

Y9n2 = arctan (2¢gs / ‘CGZ)
(132 . (ry -m2 1172

Tac3

°BC3 arctan [(r3 -h )/13 ]
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FIGURE 11.0.5 == Trailer Bogie Wheel Locations at Bogie Limits

(th'th) are the coordinates of the trailer suspension support

point in vehicle cocrainates,

Ri31 = [(xpp «(b3/2)cosﬁu3)2 + (zpp +(b3/2)sinBy3)?2 1172
TL31 = arctan((zpp +(b3/2)31nB,3)/(xpp +(b3/2)ca38y3) ]

B3z = [(xnp -1b3/2)c03843)2 + (zpp -(b3/2)singyq)211/2
T3z = arctan [(zpp -(b3/2)sinBy3)/(xyp -(b3/2)cospq3)]

The effective radius of the wheels to be used in the hub profile

calculations is set to

Feg = ry for wheeled vehicle unit

172(14 - 13) for tracked unit with flexible

Ted
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track

ti = Fgi - rs for tracked unit with girderized

track.

Since the use of r,. may have the effect of raising the entire
vehicle far above the ground level, the result may be that no
interference between venicle bottom and the ground will be recorded
when, in fact, it would actually occur, To avoid this difficulty, the
difference betwveen the hub profile erffective radius and the normal
radius

BPRFDL = ryy - r,

13 used to lower the vehicle bottom profile.

The vehicle totccm pirofile ivself 13 specified 1n the input
data as the location of breakpoints given in the vehicle input
coordinates. These breakpoints are then shifted to the vehicle
coordinates. The preprocessor calculates the length and direction of
the radius vector to each of these breakpoints. The radius vector
originates at the hitch joint for both the prime mover and the

trailer.

2l c2l cll

FIGURE 11.C.6 =- Specification of Vehicle Bottom Profile Breakpoints
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p In Figure II.C.6, the bottom profile points are marked with heavy Jot
and calculated as follows:
2 2 11/2
eri ={ Xoki #(yckl - BPRFDL) ]
Toki = arctan [(Ycki - BPRFDL) / Xcki]

where k 1 denotes the prime mover

k

2 denotes the trailer
and
for i = 1,...,ch
where N, is the number cf bottom profile breakpoints on unit k. The

hitch may, but need not be, included as a bottom profile breakpoint.

This completes the calculations of tne GBSTSB vehicle
" preprocessor. The predominant slone, 9;' is read and then the
program erters the obstacle loop. The set of three descriptors for
each obstacle i3 read; these are OBH, OBAA, and OBW as defined in
section III.B. The program then transfers to subroutine OBGEOM where

the hub profiles and the step size are calculated.

Before transfer to OBGEOM, a check is made to determine if the
sum of the predominant slope and the obstacle approach slope exceeds

the vertical. If it does, an error message is printea, calculations

for the obstacle arc skippad and the next obstacle {s read.

LI g1
-~
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D. Subroutine OBGEOM

This subroutine introduces the obstacle and hub profile index
scheme used throughout the program. For an obstacle/wheel combination
such that all hub profile flanks are present it is illustrated in

Figure II.D.1.

5 6
| o= — . 7
/ \\ _
- ] 5 ﬁ. ’ ~‘\
W il T ’_3:'/“' \\._5.-9____ _1o
/
=== 203 8,9 10
1 /"\\ 2 9 o
v T ™3 E;("' ": /
v 2,3 \Ybb 6.7/ 4.9 10
b,5 6,7
FIGURE 1!.0.1 ~-- Obstacle and Hub Profile Breakpoint Indices

Observe that all obstacle breakpoints except 1 and 10 have two
indices. This is to accomodate the hub profile breakpoint numbering
which may result in two profile elements for each obstacle breakpoint.
The obstacle and hub profile flanks are given the number of their left
end breakpoint index as shown in Figure II.D.%. For obstacle/wheel
combinations that give rise to hub profiles of fewer elements, some

hub profile breakpoints may have up to six indices.

The ground fixed coordinate system always has its origin at the

obstacle breakpoint 2.

)
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FIGURE 11.0.2 -- Obstacle and Hub Profile Flank Indices

The approach and departure flanks, numbered 1 and 9
respectively, are set so that their slope 1s the predominant slope.
eg, and their length is sufficient to accomodate ail suspension
elements simultaneously plus 1 inch. The vehicle is started on the
approach slope .1 inches from initial contact with a mound or with its
front wheel contact point .1 inches from hub profile element number 2

for a ditch.

Subroutine OBGEOM first calculates the x',z'-coordinates of the
obstacle and hub profile breakpoints for zero predouinant slope. It

then rotates the location of these points about obstacle breakpoint 2

(the x'z' origin) through angle 85. The length of each of the
obstacle and hub profile elements is calculated. In addition, for each
obstacle element, the angle with respect to the x'-axis is also given,

For the hub profile elements, the coefficients of the general
quadratic

A;sz * Byyxz » Cijzz + Digx ¢+ Eygz ¢ Fyy =0
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Jre calculated. Here the subscript j refers to the hub profile element
number iand 1 refers to the suspension element whose «<heels generate
:t. Since hub profile elements are always either points, lines, or
ires, Bij = 0 and Aij :Cij = 1 for arcs whereas Aij= Blj=

Clj = 0 for lines and points.

Finally, OBGEOM calculates STEF, the distarce the first unit CG
will be moved from position to position across the obstacle. For this
version of the ObLstacle Module, STEP is constant for a
vehlcle/obstacle combination and is set to U493 of the shortest hubd

protile element length or 1 inch, whichever is greater.
E. Initial Values and Position

When the vehicle and obstacle have been completely defined, the
1n1tial position of the vehicle on the approach slope i{s calculated.
Also, initial values for the solutions of the force balance equations
are set. These variables (the solution variables for the force balance

equations) are defined as

XN(1) = overall traction coefficient

XN(2) = normal force on f{rst suspension element
XN(3) = normal force on second suspension element
XN(4) = normal force on third suspension element
XN(5) = horizontal hitch force applied to vehicle
XN(6) = vertical hitch force applied to vehicle

For fnitializatifon, XN(1) = RTOW(1), the resistance over weight
coefficient of the first suspension element (an input number); XN(2),
XN(3), and XN(4) are set to the normal load on those suspension

elements when the vehicle is at rest on level ground; XN(S5) sF

hx =
0, and XN(6) =Fp;1o the inttial hitch load when the trailer is at
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rest an level ground.

To position the vehicle, the following calculations are

performed:

a) the first wheel is positioned 1/10 inches before 1ts second

hub profile breakpoint

' '
‘H” = Xp1o - o C03(°5)

zw1i

Zny2 - .1 sin(ey)

b) for a single wheel first suspension element the bogie

center is set equal to the first wheel center

“BC1 = Xy

]
Zu1

]
-1

for a bogie first suspension element, the second wheel is

located one bogie width behind the first and the bogie

center {s set between the two wheels

X412 = Xu1q - by cos(9y)
z‘:”z = Z\;“ - b1 sin(Og)
Xger = (Xyqy + xy92)/2
. ! !

BC1 = (Zy1q + xy492)/2

By = arctan((zy1y - zw12)/ (xui1 - xwi2))

Page 53
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c) the vehicle pitch angle is set parallel to the approach

slope angle

9; = arctan(D“/ -E”)

the vehicle CG location is determined

] ] ° °l
XcG1 = xBct - rBcy1 cos(¥pcy +¥y)

' . [
2gct - recy sin(@pgy +99)

]
Zca

and the location of the second suspension bogie center is

calculated

1] 1 1
Xgco = XCG1 + rBc2 cos{dgcy +84)

Zgco = 2¢G1 + rBc2 sin(fgcp +9y)

d) for a single wheel second suspension, the location of the

wheel center is set equal l.o the location c¢f the bogie

center
f ]
Xw21 = XBC2
2421 = 2BC2

a—a
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for a bogie second suspension element, the pogle angle is
assumed equal to the piten angle of the vehicle and the t

wheel centers are located by

X421 = xBc2 + (bp/2) cos(9y )
2421 = 2gca + (bp/2) sin(9y )
X22 = Xécz - (by/2) cos(e; )

2l55 = zgca  (b/2) sin(ey )
e) the nitch is then located by

XCG1 + Rn1 cos(Ogpy + 9 1)

>
=
"

2y = zegy + Fng sin(@ony + 91)

For the simulation of tracked vehicles there 1s included,
as suspension elements 4 and S5, the front and rear
spridlers, respectively. In simulating a Lracked vehicle,
front spridler/obstacle interference is checked after step
¢) above. If interference is found, the vehicle is moved
away from the obstacle along the approach slope until no
interfe~~nce is found. Thus the front spridler is located

by

XCG1 + rBcy cos(9gcy + OF)

[T 7
"

2661 + rBCY sin(ogcy + 99)
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These two coordinates are passed to subrnutine WHEEL3 to
calculate how far above or below the front spridler hub
profile the point (x;,z;) is located.
If the result of WHEEL3 is negative the spridler is below
its hub profile which indicates interference. The vehicle
is moved backwards on the obstacle approach slope to the
point where hub profile element 3 intersects hub profile
element 1 of the front spridler. The slope of hub profile
element 3 is given by

(24 - 295 )/ (xqy - x02 ) = 37
The slope of the front spridler hub profile element 1 is
given by s, - tanO; . The coordinates of the
pot1nt to which the front spridler center must be moved in
order to just touch the obstacle is given by the solution

of the following two equations

(Z = 24)/( x - xg) = 38

(2 - 24)/(x = xpu2) = 5

The distance the vehicle has to be moved back to just clear

the oBstacle is

Rz [lxg ox)2 + (25 .2)2 1172

The new value of the initial coordinates of the first wheel
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are replaced by (x' ,, -Rcoseé, Z'wiy - Rsingg).

The calculations from b) on are then repeated.

f) once all the values describing the vehicle's 1nitial
position have been calcutated, the trailer (if there is
one) is located. Given the location of the hitch
(xﬂ,zﬁ) and the length, rpc3 , of the radius
vector from the hitch to the trailer suspension support
point, the subroutine WHEEL2 locates the trailer suspensi
3uppart point (xge3, zgc3) on the hub
profile of the trailer wheels. For single wheel trailer
suspension, the wheel center is set to the suspension

support point

xw13

xéc3 single wheel

28C3

]
2013

For trailer with bogie suspension, the wheels are

located half a bogie arm before and behind the support

point by
x;13 z Xéc3 + (b3/2) cos(eé)
2;13 z Zéc3 + (b3/2) sin(eé)
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X2

Xéc3 - (b3/2) cos(83)

2;23 xéc3 - (b3/2) Sln(eé)

whare 92 =81_

g) The trailer CG is located by

' ' '
chz Xh ORhZ cos( 60h2 092)

Zp +Rpp sin (&po ¢Oé)

2ce2

n) and the angle under the wheels .3 set

3y = 9

Page 58

to the approach slope

for wheel j of suspension eiement ..
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F. Vehicle Movement Loop

This portion of the prog-am calculates the clearance or
interference between the bottom frame of the vehicle/trailer and the
obstaclie; calculates the forces‘between the wheels and the surface o
the apbroach slope/obstacle/denarture slope required to maintain the
vehicle at the given position; and then moves the vehicle to a new
position on the approach slope/obstacle/departure slope such that th
distance of the CG at the new position from the CG at the previous
position is equal to STEP. The program then returns to the

clearance/interference calculations.

The movement loop 13 organized around three major subroutines
CLEAR, FORCES, and MOVEB. An exit is made frcm the loop when the fre

wheel clears the departure slope.
1. Subroutine CLEAR

The relationship between the bottom frame of the vehicle and/:
trailer and the obstacle prcfile can be illustrated by Figure II.F.1
Here the location of the obstacle profile breakpoints are given by
(xgy, 251 ) while that of the vehicle frame
breakpoints are given by (;Jkno Zykn ). The
minimum and maximum clearance/interference between frame and surface
will be found directly under a vehicle frame breakpoint or directly
above an obstacle breakpoint. This is a consequence of approximatin,

both the frame profile and the obstacle profile by straight line
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FIGURE 11.F.1 =-- Relation of Bottom Profile of Vehicle to
Obstacle Profile

segments.

xS
The subroutine first calculates the ki, Zvki)

fapr the rurrent position and attitude by

Xyi = Xp + Toki 03¢ Oy *+ cki)

Z,i = zé + regj sin( @ & + Ooki)

where k = 1,2 is the venicle unmit number and i = 1,...,N designates
the po.nts on the frame profile of unit k. The routine then simply
cycles through the obstacle breakpoints to determine if any part of
the vehicle is above each point and calculates the clearance by
linearly interpolating betwueen the appropriate vehicle breakpoints.
Similarly, for each frame profile breakpoint, the obstacle flank under
the point is found and the clearance calculated. The miniwuum
clearance/maximum interference is then found for the current position

of the vehicle and an index is set pointing to that point which gave
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rise to the minimum clearance/max.mum interference.

The determination of the overall minimum clearance or maximum
interference for all positions of the vehicle across the obstacle is
done with the code directly following the call to CLEAR in the main

program.

2. Subroutine FORCES

This subroutine i3 used to estimate the tractive forces needed
to overcome obstacles. This is done by evaluating the tangential
tractive forces at the wheel/ground interface required to maintain th
va2hicle at the current nosition on the obstacle. 3Subroutine FORCES
makes use of the equation solving subroutine EQSOL and subroutines
NFORCE and CALFUN. The tractive force evaluation is performed for any
combination of single wheel suspensions and bogie suspensions

supported on both wheels or on one wheel.

To simplify and speed-up calculations eight assumptions were

made:

1. Tires and suspensions are rigid.
2. Bogie beams can rotate about the pivat, but do not deflect.

3. Bogie beams take only normal forces, the tangential forces
and torque are transmitted to the frame by parallel bars (A
schematic version of such a oogie suspension is shown in
Figure II.F.2).

4. The bogie pivot is in the middle of the line connecting the
wheel centers.
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5. Wheel ragdius 1s the same fcor all wheels on a bogie suspensiol

6. Each wheel can be powered, towed or braked as specified by
the 1nput data.

7. No provision 1s made to puwer some and brake cther wheels at
the same time.

8. Coefficients of power or brake forces can be specified by tht
ratios (POWERR, BRAKER) in the input data to allow for
different soil conditions under each wvheel.

FIGURE 1i.F.2 -- Schematic of Bogie Suspension

Based on the above, it is assumed that normal forces to the
bogie beam are equal for both wheels of the same bogie support. The
resulting system with any two suspension supports on the main unit anc
another on the trailer is statically determinant. The bogie asseambly

transmits force to the frame only at the bogie pivot point.




Lol NIV~ S

(.

R-2058, VOLUME II Page 63
Obstacle Module

This routine uses the vehicle fixed-ground parallel coordinates
xF,zF. Linear dimensions are measured from the hitch point
parallel to the ground fixed coordinates xF and 2F directions. The
hitch point is the origin of the xF,zF coordinate systems, where
the xF ax1is is always horizontal and the zF axis is vertical.
Dimensions forward of the hitch are positive. Dimensions in the
zf.direction atove the hitch are positive, below the hitch are
negative. In the remainder of the description of Subroutine FORCES

the superscript F will be omitted.

Based on previously made assumptions, the bogie can be treated
as a single.statically determined support point. In this case even the
main unlt with two bogie supports is staticaily determined. The sum of
the forces (ground reactions, hitch forces and weight) must be zero in
the x and z directions, and the moments produced by those forces about
any given point also have to be equal to zero. For convenience the
point about which the moments are summed is the hitch. The hitch is a
common point for both units (main and trailer). For clarity, forc-s
are always shifted to the wheel center and rotated to be parallel to
the x-z coordinates. Forces at the hitch point are also resolved in

the x and z direction (the hitch does not transmit a moment).

As input to this routine the main program and subroutine MOVEB
supply the position of all wheels, bogie centers, bogie beam angles,
bogie bcam !engths, wheel radii, surface slope ang.es under the
wheels, center of gravity locations and weights. Also entered are

initial estimates for
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XN(1)=z overall coefficient of tractive force across all
wheels,
XN(2)= normal force unde the first wheel of the first
suspension support,( FN11)
XN(3):= normal force under the first wheel of the 3econd
suspension support,(F,,)
XN(4)= normal force under the first wheel of the third
suspension support (if it exists),(FN31)
XN(5)= horizontal force on the hitch of the trailer

(FyrTchx) and
XN(6)=z vertical force on the hitch of the trailer (FHITCHZ)

N.B.: Tne last three terms are included only in the case of a vehicle
4ith g trailer.

Subroutire FORCES uses these values as initial values in an
iteration, controlled by EQSQOL, which will yield new values for XN(1)
through XN(6) that result in the vehicle resting on the obstacle in a
force and moment equilibrium state. These iterations depend on
calculations performed by two subroutines, NFORCE and CALFUN, which
essentially evaluate unbalanced forces and moments caused by
non-equilibrium values of XN. The separation of the calculation into
two subroutines s a matter of programming convenience. The
description of the equations below does not distinguish in which

subroutines the calculations are made.




!
f
?.

R-2058, VOLUME II Page
Obstacle Module

a) Coefficient of Tractive Force

For wheel j of suspension support i:

CTFjj= XN(1)®POWERR; j#IP; for XN(1) > 0
or

Crpij= XN(1)®BRAKER; ¥IB, for XN(1) ¢ 0
where

CTFi z coefficient of tractive force

POWERRiJ = Coefficients for distribution of tractive force

among axles. The ratios of these coefficients

in pairs define the force distributions.

BRAKERiJ = Coefficients for distribution of braking force

among axles. The ratios of these coefficients in

pairs define the braking force distribution.

IPiJ = 1, if wheel can be powered
= 0 , otherwise

1513 = 1, if wheel can be braked
= 0, otherwise,

Note: At any position on the obstacle, a combination of some wheels

powered while others are braked is not modeled.

b) Force Relations for Single Wheel Support

Given normal force, tractive force, rolling force,wheel rollir
radius and slope under wheel!, the forces and the moment at the wheel

center indicated in Fig.II.B.20 are calculated as follows:
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FIGURE 17.F.3 == Forzes on a Sinaie wheel

in

Fuij® (CTRyj®cos(¥jj) - sin(ayy))
in - FNIJ' (COS(aiJ) OCTRiJ '31“(.01.)))

M

CTriy *FNig®ry
where jz1 and i designates the suspension support

Cygij - Coefficient of rolling and tractive forces defined

as: Crpyy = CTFij - CRR1y
Fray - Sum of rolling resistance and tractive force

FrRy = FNi3*CTRey

CRRIJ' Coefficient of rolling resistance
ayj =~ Slope angle under wheel
Fyyy - Force under wheel normal to slope

F,i - Force at wheel center in x-direction

j
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f,, - Force at wheel center 1in z-direction

Hi - Moment reaction reduced to wheel center. The moment
-~eaction is due to the tractive force shift.The rollin
force is shifted to the wheel center without a moment
component.

rij - Wdheel rolling radius

Note: For a single wheel, the above quantities are given for j=1,

The corresponding quantities for j:2 are not used.

c¢) Force Relations for Bogie Support

As described below in section II.F.3, subroutine MOVEB, the
vehicie may ve locatved either with both wneeis cf a hogie assembly on
the pround or «1%: only one of tae pair on the ground when the bogie
angular motion limit is reached. lhe force relations are described

3eparately for these two cases.

(1) Both wheels of the bogie support on the ground:

Assuming that the normal force, tractive force coefficient,
rolling resistance coefficient and all needed geometry are known, the
normal and the tangential forces acting on the bogie beam at wheel

center are described as follows (see Fig.II.F.4):
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FIGURE 11.F.L == Forces on dogie Suspersicn When Boti

“Wheels Centact the Surface

The angle (interface friction angle) that the resultant force vector

under the wheel makes with the normal to the under-wheel-slope is:
Yij :arctan(CTFij - CRRij)'

The magnitude of the force vector at the center of the front wheel

on the begie is:

Fiy =FNj1/ cos(Yyq).
The normal force to the bogie beam is:
FNBL H F1| 'cos(ail)

where:

L
81 Yij +Bl -oiy
B{: angle of bogie beam with horizontal

@44z under-wneel-slcpe.

-
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The tangential force on the bogle beam due to the first wheel is:

F1511: Fig sin(611).

The equations for the normal force and the tangential force t
the hogie beam due to the second wheel are calculated next, based on
the previously made assumptions that the normal force to the bogie
beam is equal for both wheels.

Force F,5 at the second wheel center is:

Fis = Fypi/ cos(di2).

The tangential force for the second wheel is:

FT512= Fiz 'sin(5iz).

The evaluated normal aad tangential forces and moment on _.he
bogie beam are shifted to the togie pivot center and rotated to the
vehicle fixed-ground parallel coordinates.

Forces at the pivot center are:

F

TBi = FrBi1 + FrBi2
in ='2FNBi 'sin(Bi) *FTBi 'COS(ﬂi)
F

zi ZFNBI 'COS(E;) ’FTBi 'sin(ﬂ{).

Moment at pivot center is:
My =Crrit1 ®FNgq "riqn +Crri2 *Fyy2 *ryo

where
rij zrolling radius of wheel j on suspension support i.
Fyi:F,q = forces at bogie pivot center

Hi = moment reaction reduced to bogie pivot center

Note: The same rolling radius is used for all wheels on 3
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suspension support

(2) Only one wheel of the bogie support on the ground:

Forces at the wheel center are evalucted as before for two
4neel bogie support. The wheel in contact is designated by j. In the
program .:.is is indicated by the variables SFLAG and NW. The final

rorce and moment equations reduced to the pivot center are:

)]
"

-FyNBi 'sin’“{) ’FTBij fcos® {)
in = Fypi 'cos(e{) +FTBi 'Sin(B{)
M, = CTFij *FnNij "rij » FNBi *bj/2
where:
+ 1if front wheel of bogie assembly is on the ground (jz1)

- if rear wheel of Logie assemuiy i3 nn the grouna ( z2)

b, = bogle arm length

Tractive force, rolling resistance force and reaction mcments

are calculated as follows:

FTij ] FNiJ & CTFij Tractive foree
FRig = FNiy * CRRty Rolling resistance force
Hij = FTIJ ’ rij Reaction moment, due only to the

tractive force
where:
FNIJ = Normal force under the wheel
The above quantities are used for information only, they are not

needed by the rest of the progranm.
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d) Force and Moment Summation for Entire Vehicle

Sum of the forces in x-direction for main unit

FMx = Fyy o+ Fx2 + Fucox -Fhx

Sum of the forces in z-direction for main unit
Fuz = Fz1 + Fao + Fycez = Fng
Sum of the moments around hitch point for main unit
My = (Mq +Fyq %21 +F5q *xq) + (Mo +Fyn %25 +F,5 #x5)
- Fucox "zcoM + FMCGz *XcoM
where:
(subscripts: M-for main unit, T- f3r trailer )
FMCG;» Fucgy = Forceu at center of gravity in x-airection
and z-direction respectively (Fyc. - 0)
hy Fpgz = Force at trailer nitch point (ne2gative
sign for main unit, for single unit,
. o h both are equal to zero )

XcGMs» 2¢cGM = X and 2z location of center of gravity with
reference to the hitch point ( vehicle fixed-
ground parallel coordinates )

The additional three equations for the main unit with a trailer are:
Sum of the forces ir x-direction, for trailer only

Frx = Fx3 + Frcox + Fhx
Sum of the forces in z-direction, for trailer only

Frz =Fz3 + Frcoz +Fnz -
Sum of the moment around hitch point, for trailer only

Mp =My - Fy3 %23 +F,3 *x3 Freox *zer +FrcGz ¥ XcGT
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where FTCGx' FTCGz are the forces at tne center of gravity of the

traller i1n the x and z directions respectively.

These six unbalanced forces and moments FMxv FMz' HM,

Fre, Frz and My are all driven to zero by adjustments to XN(1),
FN11. Fn21y FN31.Fhxs Fhz (the XN array) using the iterative

procedure of subroutine EQSOL described in Powell (1970).
3. Subroutine MOVEB

This subroutine advances the vehicle to a new position on the
obstacle profile and calculates the conrginstes 2f the wheels, T0's,
hiteh, trailer, the vehiscle pitch angle and the angle under the

wheels, all at the new position and attitude.

MOVEB makes use of the equation solving routine EQSOL, also
used by FORCES, to calculate the position of the prime mover (the
vehicle) such that all the wheels are on their hub profiles (unless
they are elevated above the hub profile by restrictions on the angul
movement of the bogie arm with respect to the frame) in such ¢ way
that the new position of the CG is a distance of STEP away from the
prior position. The value of STEP was calculated and set in
subroutine OBGEOM. The independent variables of these equations are
XeG, 2¢g and 9} for single wheeled vehicle
suspension elements and for those positions which yield all bogie an

positions at their limits. If the suspension elements are bogies an:
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thelr eqiillibrium pos*tion 1S between their angular limits, then ¢
or two .cditional i1ndependent varlables are Bl and/or B8 - the'

angle the bogle arm makes with respect to the vehicle x-axis.

Initial estimates for these three, four, nr five quantitjes
supplied to EQSOL; the equilibrium values of these variables are
returned by EQSOL such that

[Cxegy » xpeg1)2 + (2¢gy « 2zpggn)2) /2 =STEP
and the vertical distance of each wheel to its hub profile is zert

all within an overall tolerance of about one inch or less.

With a bogle suspenrsion element. three nossiole states of

support exist:

(1) on the front wheel at its upper (toward the vehicle)

[] ]
(x'eg) 2 Gl

NW(T) = |
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(2) on both wheels, or

"

NW(i) =0

h::h{#;i;r T!i'_J (i) =2

FIGURE 11.F.5 -- Possible States of Support of Bogie Suspension Element
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(4) Tn addition, for tracked vehicles, support by a spridl

could be substituted for an entire suspension element.

FIGURE I11.F.6 ~-- Spridler Interference for Tracked Vehicle

If the rear spridler is supporting the vehicle, then NW(2) :
(In case (4), the "wheels" of the tracked vehicle that are used to
model the track are much larger than pictured. The small wheels ar

shown for illustrative purposes only.)

Upon entry to MOVEB, the program assumes case (2) for ail
suspensions which are modeled with a bogie. (rgcy, 950y and
% are passed to EQSOL to locate the supports.) This may result in
up to five (NEQL = 5) independent variables and equations used to
locate the vehicle. Upon return from EQSOL, the following values

represent the location and attitude of the vehigie xéci,

Zég,. 8} and B, and/or B,. These returned values of
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Ry and/or B> are checked to be within their limits: 84; ¢ 8

A

<8 o 5 1 and/or 2. If no violations to these inequalities
occur, the position and attitude of the prime mover is considered
final and the routine proceeds to calculate the position of the

trailer, if there 1s one.

If, for example, Bl 2 Bul or 51 .(. Bdl , a new entry
1S made to EQSOL, then the bogie of suspension i i3 replaced by a
single wheel support with rpe.., SBCio Bi replaced by R,
TLi1, Bui or Ryj2, TLi2» Bgi depending on which limit is

exceeded. The number of independent location variables and equations

i3 now reduced by one.

This procedure is repeated until no bogle angies exceed their
limits or all bogies have been, temporarily, replaced by single wheel

supports.

In case a tracked vehicle {s being modeled, the location of
both spridlers is now calculated. If either one is below their hub
profile, EQSOL is called again with the front support replaced by one
located at rgcy, 9pcy and/or the back support replaced by one at

racs, %pcs5. Degrees ol freedom may be reduced if, as shown in

Figure II.F.6, the vehicle i{s being supported by a spridler rather

than a bogie.

Once the vehicle location and attitude are returned from EQSOL

all wheel and suspension support positions are calculated. This
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calculation, and the same ones performed during the equation solvin
done by EQSOL, are performed by a subroutine called ELEVAT. Given
some set of XéG1, 2601, 0;. B1, B, flags indicating on what
suspension elements the vehicle is being supported, and the length
and direction of raaius vectors from the CG to those vehicle suppor
points, ELEVAT calculates x;;j» Z&ij, XBci, 2zBci and ELEV(i), the v
distance between wheel cencer i and its hub profile for all suspens

elements on the prime mover.

Whein the above calculations and ad justments result in a
position and attitude of the prime mover which does not violate any
constrdaints and which has advanced the vehicle CG a distance of STE
across the obstanle, all the surface angles under the wheel in cont:
with the ground are calculated. This is done by a subroutine calle¢

WHEEL1. The hitch location is then calculated.

If a single wheel trailer is present, subroutine WHEELZ {s u:
to locate the trailer wheel on its hub profile maintaining the le.g!
of the radius vector, rges, from the hitch to the trailer wheel
center. The pitch angle of the trailer and the location of its CGC a

then calculated and a REZTURN is made from MOVEB.

If a trailer is being modeled and it is fitted with a bogie
suspension the trailer is first positioned on the obstacle with the

front wheel af {ts upper most position (B 3 = g u3; using

subroutine WHEELZ2 with R-31 and TL31' If the second whe:al is
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ibove 1ts nub profile, 1t 1s concluded that this s the proper
position for the trailer, its bogle center, pitch angle, and CG

location are calculated and MOVEB exits.

If the second wheel is below its hub profile, the trailer is
positioned on the obstacle with the rear wheel of the bogie at its
upper most position (B 3= B 43) using subroutine WHEEL2 with
RL32 and Ty 3p. If the first wheel is now above the hub profile,
it 1s concluded that this is the proper position for the trailer, its
bogle center, pitch angle, and CG position are calculated, and MOVEB

exits,

If the first wheel is belcw it3s hub orofile, i% 13 zoncluded
that the prcper position of che trailer i3 such thnat both wheels of

the bogie dre in contact with the ground. A search for 63 in the

interval { B3 f ' is conducted until both wheels centers are
on their hub pr within 1/10 of an inch. It {s concluded that
this is the prop. .1tude of the bogie whereupon the location of

bogie center is calculated and thus the pitch angle and CG locati:

the trailer are determined. MOVEB then exits.
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III INPUTS AND OUTPUTS

A. Vehicle Data

The data required to describe a vehicle for the Obstacile
Module, 0BS78B, 1s listed below together with the file formats

required.

Most of the descriptions are self-explanatory. One should nc
that the equilibrium load and center of gravity location (lines 12,
should be those ¢f the empty vehicle. The weight and location of tt
payload are entered scparately (line 14,15). The payloacr weight may

Zero.

The data used to describe a tracked vehicle requires special
attention. In OBS78B, the track is replaced by eight wheels, two bc¢
pairs on each side, as discussed in section [I.A.!. In order to obt
the kind of path of motion expected at the CG, these wheels are qui
large. In fact, the effective radius is the distance between the tu
support points if the vebhicle has a girderized track and half this
distance if the track is flexible. These wheels are placed on two
bogie suspensions whose horizontal locations, bogie arm width and
limits of angular motion are those specified in the input data file
flines 8-11). We have found that i{f the suspensions are too far apa
the resulting enormous wheels can contact the obstacle far fore and
aft of the vehicle resulting in false clearance information. In

particular, the contact of the sprocket or idler (spridler) is not
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moicled in this case. [f the suspensions are too close,the vehicle
motion 1S not properly modeled. For the M60Al, placing these
suspension supports over the second and next to last road wheels with
the bogie arm width equal to the roaa wheel spacing seems to give
reasonable results. To model the relative freedom of vertical motion
of the first and last road wneels, the limits of angular motion are
different in the clockwise and counter clockwise directions. For the
M60A1, we allow the outer wheels about (our times the motion toward

Ltne boay of the vehicle allowed for the inner wheels.

The input file description forms Table III.A.%. The variable
names are those in the prograr.. The coordinate system for the input
data 13 shown schematically in Fig III.A.1. in explznatizcn of sll %he
coordinate systems used 1n the Obstacle Modile may bde found in Section
[I.B, above. Sample vehicle input data files for wheeled and tracked

vehicles are contained in Appendix B.
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Line
No.

10

YOLUME IZ

Variable
Name

TITLEY

TITLE2
TITLE3

NUNITS
NSUSP
NVEH1
NFL

REFHT!
HTCHFZ

SFLAG(I)
I=1,NSUSP

IP(I,J)
Jz1,2
I=1,NSUSP

IB(I,J)
J=1,2
I=1,NSUSP

EFFRAD(I)
I=1,NSUSP

ELL(I)
I=1,NSUSP

BWIDTH(I)
I=1,NSUSP

BALMU(I)
I=1,NSUSP

Page 3

TABLE fII.A.1

Vehicle Input File Format-0BS78B

FORMAT Description

AS
AS
AS

I2
I2
12
12

F7.2
F7-2

1012

10I2

1012

10F7.

10F7.

10F7.

This line contains alphanumeric
vehicle 1dentification. The first
15 characters are printed in the
program output,

Number of uaits
Total number of suspension supports
for entire vehicle
Vehicle type: 0O-tracked
1 or greater- wheeled
Track type: ©J- rigid
1- flexible

Height of hitch above the ground when
enpty vehicle 15 at rest (in.)
Yertical force on hitch cf trailer at
rest (tongue weignt) (lb.)

Suspension type at support [:
O-independent single wheel
1-bogie

Power indicator for wheel J of
support [: O-unpowered
1-powered

Brake indicator for wheel J of
support [: O-unbraked
1-braked

Effective (loaded) radius of wheels at
support I, i.e., the distance from the
wheel centers to the contact point
(including track thickness for a
tracked vehicle)

Horizontal coordinate of suspension
support point ] with respect to
hitch (in.)

Bogie swing arm width at support I
(0. If no bogie) (in.)

Limit of angular movement in counter
clockwise direction of bogie arm at
support 1 .deg.)
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Line
No.

12

13

15

16

17

Variable
Name

BALMD(I)
I=1,NSUSP

EQUILF(I)

I=1,NSUSP

CGZ1

CGz2

DEE1

ZEED

DEE2

ZEE2

DELTW1

DELTW2

NPTSC1
NPTSC2
XCLC1(I),

YCLC1.I)
I=1,NPTSC1

Page 82

TABLE III.A.1 (Continued)

FORMAT

10F7.2

N

0FT.

FT7.2

F7.2

F7.2

F7.2

BT 52

F702

F7.2

F7.2

12
I2

10F7.2

Description

Limit of angular muovement in
clockwise direction of bogie arm at
support I (This angle is negative

if the front wheel is below the rear
wheel at the extreme position) (deg.)

Equilibrium load on support I when
vehicle is empty and at rest ( If
support [ is a bogie, this is the sum
of the loads on the two wheels of the
bogie pair) (1b.)

Vertical position from ground of
center of gravity of unloaded
first unit (in.)

Vertical position from ground of
center of gravity of unloaded
second unit (in.)

Horizontal coorcinate of the first
unit payload (G witn respzct to

hitch (in.)

Vertical distance to the CG of the
payload of the first unit from the
ground at rest (in.)

Horizontal coordinate of the trailer
payload CG with respect to hitch (in.)
Vertical distance to the CG of payload
of the second unit from the ground

at rest (in.)

Weight of the pcyload of the first
unit (1b.)
Weight of the payload of the second
unit (1b.)

Number of breakpoints used to describe
the bottom profile cf the first unit

Number of breakpoints used to describe
the bottom profile of the second unit

Pairs of X and Z coordinates of
breakpoints of the bcttom profile of
the first unit at equilibrium with

no payload. Five pairs are entered per
line, as many lines as needed (in.)
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Line
No.

10

Variable
Name

TITLED

TITLE2
TITLES3

NUNITS
NSUSP
NVEH1
NFL

REFHT1
HTCHFZ

SFLAG(I)
I=1,NSUSP

IP(I,J)
J=1,2
I=1,NSUSP

IB(I,J)
J=1,2
I=1,NSUSP

EFFRAD(I)
I=1,NSUSP

ELL(I)
I=1,NSUSP

BWIDTH(I)
I=1,NSUSP

BALMU(I)
I=1,NSUSP

Page 8

TABLE [II.A.1

Vehicle Input File Format-0BS78B

FORMAT

AS
AS
AS

I2
I2
I2
I2

F7-2
F702

10I2

10I2

10I2

10F7.2

10F7.2

10F7.2

Description

This line contains alphanumeric
vehicle identification. The first
15 characters are printed in the
program output.

Number of uaits
Total number of suspension supports

~{or entire vehicle

Vehicle type: O-tracked
1 or greater- wheeled
Track type: - rigid
1- flexible

Height of hitch above the ground when
empty vehicle is at rest (in.)
Vertical force on hitch cf traliler at
rest (tongue weignt) {(1b.)

Suspension type at support I:
O-independent single wheel

1-bogie

Power indicator for wheel J of

support I: O-unpowered
l-powered

Brake indicator for wheel J of
support I: O-unbraked
l-braked

Effective (loaded) radius of wheels at
support I, i.e. the distance from the
wheel centers to the contact point
(including track thickness for a
tracked vehicle)

Horizontal coordinate of suspension
support point 4 with respect to
hiteh (in.)

Bogie swing arm width at support I
(0. If no bogie) (in.)

Limit of angular movement in counter
clockwise direction of bogie arm at
support I .deg.)
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Line Variable FORMAT Description
No. Name

NOTE: IF A ONE UNIT VEHICLE IS BEING DESCRIBED, THE FCLLOWING LINE
(18) I8 3SKIPPED.

18 XCLC2(I), 1CF7.2 Pairs of X and Z coordinates of the
YCLC2(I) breakpoints of the bottom profile
I=1,NPTSC2 of the second unit at equilibrium with

no payload,five pairs per line with as

many lines as needed (in.)

NOTE: THE FOLLOWING LINES (19 and 20) ARE INCLUDED ONLY FOR
TRACKED VEHICLES.

19 SFLAG(I), 612 Suspension type, power and brake
1p(1,J), IB(I,J) indicator (see iines 4,5,6) for front
I=4,5 and rear spridler {(I=4,5 respectively)
20 ELL(4) F7.2 Horizontal coordinate of center of

front spridler with respect to
hitch (in.)

28(4) F7.2 Vertical distance from ground to
center of front spridler (in.)

EFFRAD(Y) F7.2 Effective radius (distance from wheel

center to contact point including

track thickness of front spridler (in)

ELL(5) F7.2 Horizontal coordinate of center of
rear spridler witn respect to
hitch (in.)

2S(5) F7.2 Vertical distance from ground to
center of rear spridler (in.)

EFFRAD(5) F7.2 Effective radius of rear

spridler (in.)

O——+0O—0

FIGURE I11.A.1 -- Vehicle Input Data - Cuordinate System




R-2C58, VOLUME 1II Page 84
Obstacle Module

B. Terrain Data

Although 0BS78B is currently to be used as a preprocessor, the
program is designed to allow extension to in line use¢ ia the Areal
Module or possible expansion to linear feature size obstacles. For
these reasons, the topographic slope is included as a terrain input,
although for present purposes, it should be entered as zero. In
addition, data which describes the terrain vehicle interface is

included as described in section III.C below.

At the present time, the obstacle modeled is a symmetric
trapezoid and hence 1s definea by three numbers, the o“stacle appbroach
aniie, reight and width (see figure [I.A.2). The user n3s tne ouption
O entering 3 single obstacle or a sequence of obstacles. The first
line of the terrain file identifies the option selected. It is planned
to extend the number of options. The value of the option identifier
has been chosen to be consistent with those in data files existing at
WES and TARADCOM. A sample terrain input file is contained in the

Appendices.
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TABLE III.B.1

Terrain File Format-0BS788B

Line Variable FORMAT Descripticn .
No. Name

1 LSIG 12 Signal of data entry mode

2 GRADE F7.2 Topographic slope (%)

NOTE: The only values currentlv allowed are LSIG=2 and LSIG:=3.
If LSIG=2,a single obstacle is expected while LSIG:=3 indicates
that the data cortains a sequence of obstacies.
If L5IG=2, the following line is skipped.

3 NANG I2 Number of cbstacle :ngles
NOHGT 12 Number of obstacle heights
NWDTH I2 Number of obstacle widths

Thase three values are written in the
sutput file fur use oy the Areal
module. N3S78B does not need them.

4 UBH F10.2 Obsta~le heignt (in.)
0BAA F10.2 Gbstacle approach angle (deg.)
OBW F10.2 Obstacle width tin.)

NOTE: If LSIG=3, the file should contain a line in tne above format
for each obstacle to be traversed. In this case, the last
line of the file should contain all 9's. (The program
terminates if OBH > 99999.99)
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.. Zcenaiaric/Ccntrol Data

For tne nonce, variables to describe terrain/vehicle

.nteraction and those containing control information for the computer

system are read
"READCLUNU4,f) X©
varliables). When

entered from the

The first

indicator. At pr

I}

10

from unit LUNY4 (1.e. the program contains FORTRAN
statements, with f the FORMAT label and X the
the program 1S run interactively, the variables are

terminal.

entry is.DETAI. (FORMAT-I2), the output detail level
esent the following output levels are implemented.

Only the minimum clearance, maximum force and average
force for each obstacle are reported.

An additional output file is opened for detailed
output. At detail level 1 or greater, the vehicle and
terrain input dita are echoed to this detailed
output file.

In addition to the level 1 data, the clearance history
is reported (i.e. the minimum clearance or maximum
interference at each step in the traverse and its
location on the vehicle or obstacle).

I. addition to the level 4 data, intermediate

2a culations at the end of eacnh major subsection
{¢.8. clearance computation, force balance, movement )
are reported from the main program.

In addition to the above, the final computations in
the movement and clearance subroutines are reported.

At this level intermediate results are reported from
the subroutines as well as at the transition points
selected for lower levels. This is the level normally
required to debug the program. A complete report of
each step is available. Care must be used as traversal
of a single obstacle can produce more than 100 pages
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of output at this level.

1" All level 10 output is also written at level 11 as
well as a report on every call to the iterative
non-linear equation solver. About 60% more output
is produced than at level 10.

The final two lines are the vehicle/terrain interaction data.
First is a line containing the limiting coefticient of friction for
each assembly (FORMAT 3F7.2). In this edition of the Obstacle Module,

this data is not used. The last line contains the rolling resistance

coefficient for each assembly (FORMAT 3F7.2).

As tnis section i3 designed far interactive users, each of the

READ svatements i3 preceded by a prompt.
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0. Cutput

The output of OBS78B consists of three files, one of whici is
optional. These contain control/execution information, the oasic model
output and detailéd model output respectively. Each is described

below.
1. Control/Executior Report

Several lines of cutput are generated for the guidance of the
interactive users. These lines appear at the terminal or in a log file
1n tpe 2ase of a batch run. The first few prompt the user to provide
the scenaric/control intermaticr dezcribed in the previous section.
Next the first identification line of the vehicle data file is output.
As each obstacle in the terrain file is completed, this is reported
so that the interaétive.user knows how far the program has progressed.
In addition, warning and error messages may be written. In particular,
in certain cases an informational message is given about the error
from the EQSGL subroutine although this error is relatively semall and

the results are satisfactory.
2. Basic Output

The final results of OBS78B are the minimum clearance (or
maximum interference) between the vehicle and the obstacle during the
override, the maximum propulsive force required during the override

and the average propulsive force to override the obstacle. For ease in
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using this data as part of the vel'icle data file for NRMM (see Volume
I, Section III.B) the first six lines of the output file will contain
the number of height values, angle values and widti values from the
terrain input file (section III1.B), when appropriate with identifiers.
Then a header is printed followed by the output and the corresponding
terrain input in the format required for the vehicle data file for

NRMM.

3. Detailed Jutput

As described before, the user of the Oh3tacle Module mav ~hoose
to obtain an output rile countaining some of the results of the
computations performed in modeling the override of the obstacle. The

intent is to allow:

1. Verification that the input data is properly formatted and
correctly read (level 1)

2. Examination of the clearance history to identify any points
on the vehicle which appear to be problems (level 4)

3. Examination of the flow of computation to understand the
geometry and force results and relate them to reality
(level 8)

4. Generation of sufficient data to permit program verification
and debugging (levels 10 and 11).

Care must be taken in selection of the output level for this
program and that for the Operational Modules, NRMM, since the higher
levels cause very large amounts of data to be written. We would
expect levels 8 through 11 to be selected only for a single obstacle,

not for runs with a multi-obstacle terrain file. An output level

.S b "
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providing a lorce history is planned and several levels are unassigned
to provide for expansion. Most of the output records written to the
detailed output tile contain an identification. These identifiers are
listed 1n Table III.D.1 togetner with the subroutine from which the
record is written and the output levels at which the record would
appear. In the table, these identifiers are grouped by the
originating subroutine and further arranged in order of placement in
the program (which corresponds reasonably well to the order of

appearance in the output).

Since the detailed output is 1intended primarily for the
experienceg analyst/programmer %Yo use in uncovering ancmalies, it
would nor:ially be used with a copy of the program and it is felt that
the heacers used as pointers to the appropriate place should suffice
as labeling. The clearance data which is produced in lavel 4 output,
however, is, hopefully, of potential use to vehicle designers and

design evaluators.

This output (labeled MAINC) at each step is a line of five
numbers, viz. the variables ILOC, CLRNC, CLRMIN, IDX and IDC. The
firsct, ILOC, is the index of the step. The second is the minimum
clearance or maximum interference (in inches) at tunat step. CLRMIN is
the minimum clearance or maximum interference found at all steps from
the initial position to the current position. The last two numbers,
IDX and IDC are indices which contain, encrypted, the location (on
vehicle or obstacle) at which CLRNC and CLRMIN respectively are

obtained. As explained in section II.F.1, at each step of the obstacle
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traversal, clearances are checked at the otstacle breakpoints, the
vehicle cleairance array breakpoints and the vehicle hitech. The
minimum is the reported clzarance, CLRNC. If this occurs at the Nth
cbstacle breakpoint, the value reported in IDX is N. If the minimum
occurs at the Nth breakpoint of the first unit's clearance array, the
value of IDX is 10,000N. For a minimum at the Nth breakpoint of the
second unit's clearance -array, the value of IDX is 100N, If, finally,
the minimum is found at the hitch point (which is cnecked separately),

the value of IDX is 1,111,
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Header

Descriptive
Text

TERR1

NEW OBSTACLE
MEBACKQFF
MINIT1
MINIT2
MAINC

MAINI

MAINZ

MAIN3

MAINUY

MAINS

MAINT

J8G1
K,]I

STEP SIZE

CLEARO
CLEAR1
CLEARZ2
CLEAR3
o
Vi
V2
V3
H1
H2

CGX(I),CGZ(I)
ALPHA

CGFX(I)
CGFZ(I)

TABLE III.D.1

Detailed

Originating
Subprogram

0BS788B

0BS788B
0BS78B
0BS78B
0BsS788B
0BS78B
0Bs78EB
0BS78B
0BS78B
0Bs78B
0BS788B
0BS788B
0BS738

CRGEQCM
OBGEDCM
OBGEOM
OBGEOM
OBGEOM
OBGEQM

CLEAR
CLEAR
CLEAR
CLEAR
CLEAR
CLEAR
CLEAR
CLEAR
CLEAR
CLEAR
CLEAR
CLEAR
CLEAR
CLEAR
CLEAR

FORCES
FURACES
FORCES
FORCES
FORCES
FORCES
FORCES
FORCES
FORCES

Qutput

Headers - 0OBS78B

Level

1 or greater

1 or greater
1 or greater
10,11

8-11

g8-11

4,8-11

10, 11

10, 11

8-11

8-11

8-11

1 or greater

10, i

10,14

9-11

10, 11

9-11

1 or greater

10,11
10,11
10, 11
10,11
10,11
10,11
10,11
10,11
10,11
10,11
10,11
10,11
10,11
10,11
9-11

10,11
10,11
10,11
10,11
1C, 11
10,11
10,11
10,11
10,11

Comments

Echo of
vehicle input

Page 92

Terrain input echo
Terrain input echo

Clearance history

'
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TABLE III.D.1 (Continued)

Header Originating Level Comments
Subprogram
FHX,FHZ FORCES 10,11
SFLAG FORCES 10, 11
NW FORCES 10,11
RA FORCES 10,11
BETAP FORCES 10, 11
SWITH FORCES 10, 11
BN FORCES 10,11
BT FORCES 10,71
CRR FORCES 10, 11
CTF FORC:S 10, 11
EN FORCES 10,11
RE FORCES 10, 11
TF FORCES 10,11
FX FORCES 10, 11
F2 FORCES 10,11
PX FORCES 10,11
PZ FORCES 10,13
PM FORCES 10, 11
MOVE2 MOVEB 10, 11
MOVE3 MOVEB 10,11
MOVESY MOVEB 10, 11
MOVESS MOVEB 10,11
MOVE 1 MOVEB 10, 11
MOVE12 MOVEB 10,11
MOVE21 MOVEB 10, 11
MOVEZ22 MOVEB 10,11
MOVEA3 MOVEB 10, 11
MOVEAL MOVEB 10,11
MOVEAS MOVEB 10, 11
MOVEASA MOVEB 10,11
MOVEASB MOVEB 16,11
MOVEA6 MOVEB 10,11
ELEVAT1 ELEVAT 10,11
ELEVATZ2 ELEVAT 10, 11
ELEVAT3 ELEVAT 10,11
ELEVATY ELEVAT 10,11
WHEELSO WHEEL?2 11
WHEELS1 WHEELZ2 1 &
WHEELS?2 WHEELZ2 1
WHEEL3/1 WHEEL3 1
WHEEL3/2 WHEEL3 1
WHEEL3/3 WHEEL3 1

$EQSOL: EQSOL 1
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LISTIMN or PROGHAM UBSTB ®

OCOOCODMOCOOO CcOCc OOCC .CcC

- c.

PRGGRAM CBST8BH

VERNILLF-CoSTACLE INTERFERENCE MOCEL (CCDING UNGPTIMIZED)

CETERMINES INTERFEFENCc/CLBARANCE BETWEEN 2-DIMENSIUNAL
VEHICLE FRUFILE AND GCBSTACLE FROFILE CF TRAPEZDIC SHAPE.
UETERMINES TRACTLON FCRCE REQUIREC TG SURMUUNT. ACCOUNTS
FOR ARTTCULATTYON IN PITCH SLANE, BUGIES ALLOWED

UN ALL SULSFENSIJUNS, BASIC aMNALYSIS PRCCECURES SOLUT ION OF
BOUATICNS CF STATIC EQUIL JBRIUM FCR SECUENTIAL PLACE-
MENTS UF VEHICLE CN OBSTACRE TO YIELC TANGENTIAL FORCES
ANC FUSITICN OF VEHICLE CLBARANCE CONTGUR WIiTH RESPECT

TO UBSTACLE.

LOUT=CETAIL (S OUTPUT CETA&L LEVEL INCICATCR

UETAIL = v CNLY (U780UT EILE wiLL BE WRITTEN
UDETAIL .GEs 1 U7808G FILE wlle cE WRITTEN
NETAIL = 4 CLEARANCF FISTGRY wnITTEN

vETAIL = b MAJUR SUBSEGTICN KESULTS

DETALIL = 9 SUBAKLCUT INE TRACE

PETAIL = 19 ALL VARTABLES

PHOLRANM UBST8B (LNFUI=!54,UUTPUT=lSK.TAPES=lNPUT,FAPE630UTPUTi
v TAPEL1=15¢,TAPE24=21524TAFE21=150,TAPE222150)
COMMCN ALPHA(S,2),

BALMC{3) ,BALMU{ 3},

BETA(3),BETAP(3) ,BN{3},LRAKER!S ,234B7¢ o2V »BWIDTH( 31,
COSA{3,20,C0SBE30,CCS6(342),CGFXd2),CGFZE2),
CGOX{ 20 yCL2L2) CGMY(224CFRI34219CTF(3,42),
EFFKADLIS) ,ELL(5),

FHXy FHZ,FN{3,2),
HA(S.Q'.HB(S.9!.rC(5¢9)vhU(5093pHEl599.pHF‘51930
HFLE So9) JHX(S5,13)V,h265,18%,

GAMME(3,2),

IB‘S .2,'.1P15'2" lH“r“.'

LOUT ,LUNG6

NSUSFoNUNTTS Jhmt 50 ,MeeiS),
VAI9S,0FLI9yUXL 10} CLLLE),
PH(J’.PUHERR(S,Al.PX}J’,PXPCG!J),PZ(J).PZ?CG(30,
RBC1 yRBCZ2sRR! 3521},

SCALE(6) ,SFLAGIS),STaA(3,2),SINR(3),STEP,
THETBl,THETB2,

X{S) yXPBCIS) , XPW{(5,20¢
Li50 ,ZPBCLS) yZPRCF{ 5420 ,ZPW(S021

L A 2 20 2R K I IPYEY Y ST N S

UVIMENSLION

CAMIL15) oCAWC, 15Y,CFRLL15),CRW2(15),
EQUILF(S) ,EFTRACIS},

FMUL ),

POW(3e20,

* * oo
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FRLLES) hbBTCHEZ) yRTCRE S g Wi ML 3,20,
THETA{2) THETAC(S5) , ThETZhH(c ), TWL IM(3,2)y
XCLC I A5 Vg XLLC20 150 4X01 60 4 XPCGL 2) 3 XPRFL220
YOLLL(15dheviLC2(1S) ,XPRF (201},
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