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This research was performed to study the operational characteristics of variable
pavemant crocs slopes. Computer simulation of vehicles conducting passing
maneuvers on high-speed two-lane highways was the methodology employed. The
objective was to determine the effects of cross stope and centerlire crossover
break on lateral tire acceleration, vehicle roll angle and driver comfort,

The ressarch utilized two simulation models of vehicle dynamics~-the N{
Vehicle Object Simulation Model (HVOSM), and the Highway Safety Ressarch
Institute/Motor Vehicle Manufacturers Association Phase 4 Model (HSRI/MvMA).
Vehicle simulatfons were performed for a range of vehicle types, and various
combinations of design speed and cross slope desfgn.

The research demonstrates the potentiat severity of the passing meneuver on high-
ways with even minimm cross siopes. On high-gpeed highways, cross slopes no
greater than_z percent are desirable. A practical maximm of 4 percent on lowsr

nations. In genersl, the research stresses the need to provide & cross siope
dasign that s %ﬁq{m consistent with drafnage requirements ., :
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Introduction

An important consideration in the design ol a two-lane highway is the cross
slope of each lane, and the manner in which these siopes jein at the centerline
of the highway. Frequently, the two plane ¢ross slopes are joined to form a
distinct bresk point or "crossover break." More often, the center portion of
this crossover break s siightly rounded. :

In the development of AASHTO Policy (1), pavement drainage, driver comfort, and

general vehicle control were all considered in the process of selecting re.

commended values for pavement cross slope. The AASHTO discussion af pavement
cross slope g as follows:

"ece3ince many highways are on tangent or flat curve alinement, the rate of
¢ross slope for this condition is an important element {n Cross section
design...A reasonably steep lateral slope is dasirable to minimize water
ponding of flat sections due to pavement imperfections &nd uneven
settlement, On the other hand, pavements with steep cross slopes are
objectionsble in appearance &nd may be annoying and uncomfortable in
operation, Hazard may attend driving on steep cross slopes on tangents due
to the tendency of vehicles t< veer toward the low edge of the pavement.®

With these considerations in mind, AASHTO poiicy (1) recomeends the following
values for cross slope, which relate to the surface type.

Cross Slope
Surface Type (Percent)
High 1.2
Intermediate 1.53
Low 2-4

Recent research (2) recommends minimum cross slopes (1 percent for dense sur
faces and 2 pertsng_for cpen of perwesble surfaces) on the basis of drainage
requi ~ements, The AASKTO values for maximum cross siope have never been
scientifically substantiated. There remains the question, therefore, of just
how high the cross slope canm be designed for vartous vehicle speeds and still
accommodate reagsonable vehicle operations without producing undue hazard or
discomfort to the motorist., The objective of this research, therefore, was to
study the dynamic effects of pavement cross slope and crossover break on
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expected vehicle maneuvers for the purpose of recommending maximum crosg slope
designs as a function of vehicle type and design speed. The basic form of
resesrch invoived the use of computer simulation oY nominally critical vehicle
mREneuvers that can bs reasonably expected on high«speed, two-lane hghweys,

Investigation c* Desion Maneyvers

Highways should be designed so that esch of the design ¢iements does not "cause”
of promote loss of control., This philusophy of course must be interpreted
within the bounds of ressonable extremes of driver behavior, Ahd, application

of this philosophy reguires ar understanding of how each highway element relates
to vehicle operstions.

There are three basic vehicle operations that could be affected by the design of
the pavement cross slope and centeriine crossover break:

(1) Tracking « In steering down the highway, the driver must compensate for
the cross slope to keep his vehicla on the designed path., On tangent
higimay, the driver must, 1n effect, steer toward the centerline, For
stetper cross slopes, this task regulres wore of the driver's sttention

~ and effort to keep from veering off the edge of the traveled way.

{2) Braking - The cross slope also 1s an important feature with regard to
Sudden or emergency stops performed by the driver. Very flat cross
slopes can #dd to Pavement water depth, thereby reducing skid resfs.
tance during periods of wet wedther, Steep cross slopes {ncrease the

probabtiity that a vehicle would run off the road under severe braking
conditions, :

{3) Pissing Under norwal passing operations on two-lane highways, the
- "higher Speed passing vehicle usually performs a reverse curve across

the centerline while accelerating, Under this kind of operation, the
dynamic effects of path curvature and acceleration concelvably could be
heightened by the amount of centerline crossover break encountered as
‘he vehicle crosses the centerline, and by the "negative® or adverse
siope in relation to the vehicle path in the opposing lane., Recent
research (3} suggests that & fairly targe crossover break does not

2
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ttself contribute to loss of control or vehicular instability, How-
ever, the research does indicate that negative cross slopes {in
reiation to vehicle path curvature) can produce an incremental increase
in Teteral acceleration on the vehicle.

Selection of the Basic Design Maneuver

A search of the literature did not reveal definitive research regirding the
effect of maximum cross slope on the potential for loss of control under either
normal tracking or severe braking operations. Research by Glennon {(4). how-
ever, does provide insignt on both the severity of vehicle operations and the
effect of cross slope for sutomobile passing maneuvers,

Although pavement cross slope design should attempt to reasonably accommodate
211 expected operations, it {s not totsily clear which of these three operations
would be most dominant fn governing the maximum cross slope. However , within
reasonable bounds, steeper cross slopes {say 6 to 10 percent) could be expected
to seriously degrade all three operations. Therefare, it may be reasonable to
infer a maximum cross slope for all operations based on the study of vehicle
dynamics of one of the three,

Tha passing maneuver was selected #s the controlling operation for studying the
critical dynamic effects of maximum ¢ross slope for the following reasons:

(1) It ts the only one of the three basic operations affected by cross
slope that is dimensionally described in the literature,

(2) Passing is a relattvely frequent maneuver performed on two-lane high-
ways,

{3) Mot only does passing occur more often than scvere braking, but the
severe braking maneuver tends to produce Toss of control frrespective
of the amount of cross slope,

(4} Because the passing maneuver involves acceleration, high speeds, and o

distinctly non-tangent path, it represents a reasonably crittcal
saneyver,



(5) The maximum cross slopes dictated by the passing maneuver could be
expected to provide reasonsble cross slopes for normal vehicle
tracking.

Dimensions of the Passing Maneuver ‘ ‘

The only research found that directly measured the passtng path of vehicles
under normal highway operation was the work of Glennon and Weaver (4,5). This
research, conducted on two-lane Texas highways, had two specific objectives:
(1) to study the critical nature of time-distance reguirements for the purpose
of verifying AASHTD passing sight distance requirements; and (2) to study the
functional demands of passing vehicles as a potential basis for minimum skid
resistance requirements and/or wet weather speed limits,

For the purpose of determining the dimensions of a critical passing maneuver,

one phase of the Glennon and Weaver work used photographic techniques to measure
the curvature of the fnitial passing path for about 160 maneuvers at two passing

zones, These messurements were distributed anong experiments where impeding
vehicle speeds were 50, 56, 62 and 68 mph (B0, 90, 100 and 110 km/h). For
average speeds ranging from 50 to 81 mph (80 to 13C km/h), these studies deter-
mined the distributioa of minimum vehicle path radius during the fnitial
"pull-out® portion of the passing meneuver. Also, the analysis Showed that the
severity of this minimum radius was independent of speed. Higher speed passing
vehicles were therefore just as likely to undergo critical path maneuvers as
other passing vehicles.

Table 1 shows the critical end of the distribution of minimum path radtus for
the two different lengths of passing zone., Analysis of the data also indicated
average automobile scceleration of about 3.28 ft/sZ (1.00 m/sec?),

The Glennon and -Wesver analysis (5) provides a basis for determining the time-
distance aspects of the passing maneuver, The duration of the inttial passing
maneuver is about 4 seconds, This maneuver includes, in sequence, an inftial
tangent path (L)), & curve to the left (i), a connecting tangent (L3), and a
curve to the right (L4) bringing the vehicle back parallel to the rosdway.
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Table 1
Distribution of Minimum Path Radii! For Automcbiles
in the Passing Maneuver

Percent of Minimum Radtus of Inftial Path Maneuver--ft (m)
Vehicles with Site A © Site B

Smaller Radius 984 ft{300 m) Passing Zone 1684 ft{500 m) Passing Ione

5% 1614  {492) 1132 {345)
10% 1650  {503) 1289 (393}
15% 2011 {613) 1430 (438)

iource: Reference (4)

Based on these parameters of the passing meneuver it {s possible to generate a
nominally critical sutomobile passing traversal (see Figure 1) with the
following additional set of assumptions:

(1) The nominally critical minimum path radius fs best represented by the

(2)

(3)

(4)

path severity exceeded only by 5 percent of all drivers on the longer

passing zone, This value is an 1132 ft (345 m) radius, as given in
Table 1.

The left tires of the passing vehicle are initially 2.3 ft (0.7 m)
right of the centerline,

The total lateral movement of the vehicle is 11.5 ft (3.5 m), which
corresponds to & full lane width,

The duration of the initial tangent portion, Ly, of the maneuver fs

1 second. The vehicle begins the destgnated acceleration rate at the
beginatng of this tangent portion.

PR ARSI < MO ST
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(S) A passing avtomobile accelerates from a starting speed that is 12 mph
(20 km/h) slower than design speed.

(6) The connecting tangent, L3, between the reverse curves of the path is
limited to not less than 66 ft (20 m). Under some lower design speed
conditions, therefore, the duratfon of the initisl maneuver is somewhat
more than 4 seconds, '

With these physical and operational parameters and constraints specified, it is
possible to mathematically solve the complete geometric description of the
inttial automobile passing path for various design speeds., Table 2 shows these

solutions,
Table 2
Descriptfon of Derived Mominaily Critical Intttal
Passing Maneuvers for Automobiles
Length of Initial Path Segments* ft (m)
Design Speed ‘ _
rph__(km/h) Ly L2 L3 Ly
87  (140) 111 {33.8) 41 (12.6) 269 (82.1) &1 {12.8)
74 (120) 93 (28.3) 53 (16.2) 190 (58.0) 53 (16.2)
62 (100) 74 (22.7) 719 (28.1) 85 (25.9) 79 (24.1)

50 { 80) 5 {17.2) 86 (26.2) 66 (20.0) 86 (26.2)

* L) =« Initfal tangent path in proper lane
Lz == Initial “pull.out”™ maneuver to centerline
L3 «-- Tangent path to opposite lane

k4 -~ Curved, reversal path to correct vehicle path in
cpposite lane '




Passing maneuvers undertaken by trucks are &1so of concern in desfgn of the
cross slope and crossover bresak. To generate the nominally critical fnitia]
paths for trucks the following additional assumptions were made:

(1) Trucks Initisting a passing maneuver wouid tend to utilize a rapid
rate of acceleration (relative to vehicle type). For this study,
loaded single-unit trucks ang empty tractor-tratier comdinations were
dssured to accelerate at 1.64 ft/s2 (0.50 m/s2). Fully Toaded
tractor-trailer combinations accelerate at 0.66 ft/s2 (0,20 ®/32),
These assumed rates compare with the assumed dutorobile acceleration
rate of 3.28 ft/s2 (1.00 m/s2).

{2) In order tg Ranage the passing maneuver with thetr lower acceleration
capabilities, trucks start the initial Passing maneuver st higher
speeds then automobiles, For singie-unit trucks and empty tractor.
trailer combinations, the intt{al Speed ts 10 mph (16 km/h) below
design speed. For Joaded tractor-trafler combinations, the tnitial
speed is 7.5 mph (12 km/h) below the design speed. These fnitiat Speed
assumptions, in combination with the assumed tryuck acceleration rates,
result fn a final op critical truck passtng speed fdentical to that of
dutomobiles. This enables direct comparison of the effects of cross
slope and crossover break on the fyll ringe of vehicle types studied,

With these additional assumptions, the dimensions for the critical inftial path
maneuvers for trucks are salved as shown in Table 3,

Descriotion of Stmulation Kodels

The dynamic effects.of various cross slopes for the inftial Passing maneuver st
various design speeds were studied using two differen: previcusly developed
computer simulation models, The HVOSM ang the HSRI/MVMA PMASE4 model were yseq
to cover the full range of vehicle types on the highway, These two models and
their modification for this resesrch are described below,

HVOSM
The KHYOSM (nghuuy-Vehic?e-iject Simslation Model) is 5 Computertzed mathe-
matical model ortginally developed at Cornell Aeronautical Laboratories {(8) and

Iﬁu e s, e




Table 3
Description of Derived Nominally Critical
Initial Passing Maneuver For Trucks

Loaded Single-Units and Empty Tractor-Trailers

Design Spesd Length of Initial Path Segments ft (m)*
mph ‘kmzh[ Ly La L4 Ly
87 (140) 114 {38.7) 42 (12.8) 267 (81.5) 42 (12.8)

74 (120) 95 {29.1) 53 {16.2) 190 (58.0) 53 (16.2)
62 (100) 77 (23.6) 77 (23.5) 93 (28.5) 77 (23.5)
50 ( 80) 59 (18.0) 86 (26.2) 66 (20.0) 86 (26.2)

Loaded Tractor-Trailers

Design Speed Length of Initial Path Seoments ft {m)*

mph _ (km/h) Ly L La Y

87  (140) 117 (35.7) 41 (12.6) 269 (B2.1) 41 (12.6)
| 74 (120) 99 (30.1) 83 (16.2) 192 (58.8) 53 (16.2)
| 62 (100) 80 (24.5) 79 (20.1) 87 (26.5) 79 (24.1)
50 ( 80) 62 (19.0) 86 (26.2) 66 (20.0) @6 (26.2)

¥ L1 -= Initia) tangent Path tn proper lane
gg -ﬁllnitiat "mill-out® maneuver to centerline
L3 == Tangent path to opposite lane

_ Ly «~ Curved, reversal path to correct vehicle path in
‘ opposite lane '
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subsequently refined by Calspan Corporation (7). The HvOSM is capabile of
similating the dynamic response of & two-axle vehicle traversing a three.
dimencional terrain configuration. The vehicle is comﬁosed of four rigig
masses; viz,, a sprung mass, unsprung masses of the left an- right {independent
suspensions of the front wheels, and an UASPPUNG mass representing & solid
resr-axle assembly,

This study used the Roadside Design version of HYOSM that is currently available
from FHWA. Certain mdifications were necessary to perform the range of studies
undertaken in this research, These modifications, described in Appendix A,
included the following:

(1) Oriver discomfort factor output:

(2) Friction demand output;

(3) Driver model modffications;

(4) Hagon-tongie path-foliowing algorithm; and
(5) Dual rear tire option,

For the centerline Crossover bresk traversal studies, the important parameters
of the driver simulation are the probe length, steer velocity and damping, The
probe length represants the driver praview of the highway measured from the
center of gravity of the vehicle. The steer velocity (PGAIN) 1s a steering
correction factor that is multiplied by the Jateral path error of the probe,
The damping (QGAIR) s a term that smooths out the steer response,

A longer probe, slower steer response, and larger damping term simulate an
attentive and non-aggressive driver by smoothing the path into a combination of
sweeping spirals. A shorter probe length, quicker steer response, and smaller
damptng term stmulate a very aggressive driver who turns sharply with a tendency
to overshoot the~intended path,

t is extremely {mportsnt to carefully define the driver behavior being

modeied. Highly var{aple dynamic resuits can be obtained using different driver
stmulation parameters on the same specified Path at the speed. Guidance on
appropriate driver behavior parameters was provided by previous simulation
research (3), “




HSRI/MYMA PHASE4 Mode!

The PHASE4 simulstion program {s a general purpose mathematical mode! for
simulating the three-dimensional dynamic responses of trucks, tractor/trailers
and triples combinations., The PHASE4 program was developed 1n 1980 by the
Highway Safety Research Institute of the University of Michigan under the
sponsorship of the Motor Vehicle Manufacturers Association and the Federal
Highway Administration (8.9).

Modifications similar to those made for the HVOSM were made for the PHASE4
mode}, These modifications, described in Appendix B, included the following:

(1) Driver discomfort factor output;

(2) Friction demand output:

(3) Driver model modifications;

(4) Wagon-tongue path.following algorithm; and
(5) Terrain option.

Comparison of Models

For the purposs of comparing the dynamic effects of cross slope design for
various vehicles, it was necessary to obtain some degree of correlation between
the HYOSM (Z-axle) and the HSRI/MVMA PHASE4 models. 3tnce both models can
accommodate single-unit trucks with a single rear axle, & 1974 White Road Boss
(4x2) was used for comparison simulatfons, Measured properties of this vehicle
were reported in a study of truck tire properties performed by the Highway
Safety Reszarci Institute (10).

The documentation for the comparison of the two models is quite extensive and is
reported in a separate project document (11). The conclusions from this effort
were: (1) the two models give comparabie dynamic responses for the types of
maneuvers investigated in this research; and (2} the effects of the small-angle
assumption of the PHASES mode) are negligible for the types of maneuvers inves-
tigated in this research. ‘




Simulation Experiments

Fourteen basic simulation runs were performed to test the dynamic effects of the
centerline crossover break design for various vehicles and design speed. The
range of test parameters {s shown in Table 4.

Previous project research (3) on pavement/shoulder cross-slope break designs for
highway curves had indicated that the centripetal force equation gave a reason-
able estimate of tire friction demand. Table 5 shows the computation of the
calculated range of lateral tire accelerstions for varfous speeds and cross
slopes using the 95th percentile passing automobile nath radius described in
Table 1. With regard to cross slope, the tentative conclusions that could be
made from this analytical result are (1) the effect of cross slope appears
reasonably minor; and (2) despite this apparently minor effect, minimal cross
stopes are desirable for higher speeds because of the already marginal dynamics
of the passing vehicle,

Determination of Driver Simulation Parameters

The results of Table 5 provide a basis for determining the driver simulation
parameters to be used in the path-following algortthm. By using various com-
binations of parameters, preiiminary simuiations were run until dynamic results
stmilar to Table 5 were produced. This kind of exercise was done using a
standard passenger car, with the following parameters determined for testing the
effects of pavement cross slope and crossover break:

L= 025
PGAIN = 1/
QGAIN = 1/(10t)

Where L* = Probe Length ft (m)
- ™¥-= Vehicle Speed ft/s (m/s)
PGAIN = Steer Velocity rad/ft (rad/m)
QGAIN = Steer Damping rad-s/ft (rad-s/m)

}n attempting to use these same parameters for simulation of truck passing
maneuvers, very severea and nighly unstadble dynamics were produced. These
resylts fndicated a threshold of dynamic instability related to very aggressive




Table 4
Test Parameters For Simulation Experiments

: Vehicles
it , .
2 Mid-Size Automobile (1971 Dodge Coronet)

Compact Automobile {1971 Vega Sports Cuupe)
: " Loaded Single-Unit Truck (White Road Boss)
Losded Tractor Trailer (PHASE4 spec, 68,855 lbs, (31,298 kg))

s e LY

Empty Tractor Trailer (PHASE4 spec, 28,855 1bs. (13,116 kg))

Centerline Crossover Break Designs

2 percent each side (no rounding)

4 percent each side (no rounding)

Test Speeds--mph {ka/h)

R T, o TS v e

87 (140)
v " (120)
? 62 (100)
2 50 ( 80)

Test Paths
Radius.» 1132 ft (345 m) (path segments Ly and ly)

! SciiéﬁikLengtbs as per Tables 2 and 3




Table §
Nominal Tire Friction Vaiues Using 1132 Foot {345 Mevre) Radius
(From Table 1) in Centripetal Force Equation

f Calculated at

Cross Slape Speed End of I[nitial
]Percent} mph gkmghl ‘ Passting Maneuver*

2 87 (140) 0.47 .
% ( 20) 0.35
62 (100) 0.25
50 { 80) 0.17 ?

4 87  (140) 0.45

74 {120) 0.37

62 (100} 0.27

5 ( 80) 0.19

6 g7  (140) g.51

| 78 (120) 0.39

62 (100) 0.29

50 ( 80) ¢.21

* See Figure 1 for description of Initial Passing Maneuver
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sinusoidal steering (and not related to the cross slope or other highway
geometrics). It was evident that the parameters selected for simulating
nominally critical passenger car drivers wera inappropriate for simulating truck
deiver behavior, [t was therefore necessary to test various driver stmuiation
parameters to determine a nominally critical levef of operation appropriate for
trucks. As always, the objective was to discover a reasonably critical thres-

hold for which dynamic sensitivities associated with the vehicle, its speed and
This exercise produced the following driver

affect of centerling crossover

the cross siope could be observed,
simulation parameters for trucks to test the

hreak:

TRUCK DRIVER PARAMETERS

L = 0.25Y
PGAIN = 1/(2L)
QGAIN = 1/{5L)
where L, V, PGAIN and QGAIN are as before

Results of Experiments

sample results of the 14 simulation experiments.

r all experiments are shown {n three

port some of the experiments more than once. Table 6
ic responses of various vehicles for
table 7 directly compares the dynamic
Table 8 is a direct

jope for a given vehicle and speed.

Figures 2 through 5 show
sunmaries of the dynamic response fo
comparison tables which re
provides 3 direct comparison of the dynam
the same test speed and cross slope.
effect of speed for the same vehicle and Cross slope.
comparison of the dynamic effects of cross §
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Table 6
Comparison of vehicle Effects
on Dynamics of Passing Maneuvers

TIRE FRICTION DRIVER YEHICLE
VEHICLE TYPE DEMAND DISCOMFORT ROLL ANGLE
{g's) (g's) (degrees)

Test Conditions: 74 mph (120 km/h) Design Speed, 2 percent Cross Slope

Compact Auto 0.36 0.38 .7
Mid-Size Auto 0.34 0.38 4.9
Tractor-Trailer (empty) 0.3 . 0.22 1.8
Tractor-Trafler (loaded) 0.29 0.30 3.3
Single-~Unit Truck (HVOSM) 0.23 0.32 6.3
Single-Unit Truck (PHASE 4) 0.22 0.31 6.3
Test Conditions: 62 mph (100 km/h) Design Speed, 4 percent Crass Slope

Tractor.Tratler (loaded) 0.8 0.42 5.3
Compact Auto 0.32 0.36 4,2
Mid-Size Auto 0.29 0.34 5.2

Summary of Vehicle Comparison
The following conclusions describe the effects of cross slope on the full range
of vehtcle types tested,

{1} The compact sutomobile generates higher tire friction demands than the
mid-size automobile,

(2) The‘compact sutomobile generates the highest tire friction demand on a
2 percent cross slope,

- (3) The To8d&S tractor-trailer generates the highest tire friction demand
. on & 4 percent cross slope, '

(4} The empty tractor-trailer produces similar tire friction demands as a

Toaded tractor-trailer, but with significantly lower driver discomfort
and roll angle,
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Table 7
Comparison of Speed Effects
o0 Dynamics of Passing Maneuvers

Vehicle Type Speed Cross-Sicpe Tire Friction Driver Yehicle
mph (km/h) {percent) Demand Discomfort Roll
(g's) {(g's) Angle
(degrees)
Mid-S{ze Auto 87 (140) 2 0.33 0.36 4.6
74 5120) 2 0.3 0.38 4.9
62 (100) 2 0.28 0.32 4.0
Mid-S1ze Auto 74 (120) 4 0.36 0.40 5.2
62 100} 4 0.29 0.34 5.2
50 80 4 0.22 0.26 4.4
Compact Auto 74 (i20) 2 0.36 G.38 3.7
62 (100) 2 0.31 0.34 3.0
Tractor-Tratler 74 (120) 2 0.29 0.30 3.3
(Loaded) 62 (100) 2 0.34 0.37 3.8

Summary of Speed Comparison

The results of comparisons across speeds are mixed., While the comparisons
generslly show an fncrease in tire friction demand with an increase in speed,
two comparisons show the cpposite. Although these discontinuities cannot be
directly explained, it ig believed they are partially an artifact of the total
simulatton process, which {ncluded varying the driver parameter values and
passing path segment Tengths with speed,
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Table 8
Comparison of Cross Slope Effects
.on Dynamics of Passing Maneuvers

Vehicle Type Spaed Cross-Slope Tire Friction Driver Vehicle
mph {ka/h) (percent) Demand Discomfort Rol
(g's) (g's) Angte

{degrees)
Mid-5ize Auto 74 (120) 2 0.34 0.38 4.9
74 (120) 4 0.% 0.40 6.2
Mid-Size Auto 62 (100) 2 0.28 0.32 4.0
' 62 (100) 4 0.29 0.34 5.2
Compact Auto 62 §100) 2 0.3 0,34 3.0
: 62 (100) 4 0.32 0.36 4,2
Tractor-Trailer 62 ({i00) 2 0.34 0.37 3.8
(Loaded) 62 {100) 4 0.38 0.42 5.3

Summary of Cross Slope Comparison

The dynamic effect of increasing cross slope from 2 to 4 percent is an increase
tn the tire friction ranging from 0.01 to 0,04 g‘s.

Conclusions

Although the simulation experiments only represent & small segment of real
highway operations and did produce a few conflicting results with regard to
speed effects, the implications with regarr to pavement cross slope and
centerline crossover break design are reasonably clear, These tmplications
which are generally consistent with AASHTO requirements are as follows:

{1) The p&s;qﬁa'ianeuver on two-lane, high-speed (grester than 60 mph
(100 km/h))} highways is potentially severe regardless of the cross
° slope. Simulation of nominally critical passing behavior produced
vehicle dynamic responses on the order of 0.28 to 0.34 a's for cross
slopes of 2 percent and a full range of vehicle types,




(2) The dynamic effect of increased cross slopes (say, from 2 percent to 4
perceat) s a marginal incresse tn driver discomfort and tire friction
demand. Because of conclusion (1), any such increase is undesirable as
it worsens an already critical situation. It is therefore clear that,
to minimize the dynamic contribution of cross slope, cross-siope design
should be kept to a minimum on high-speed highways.

{3) Higher cross slopes may be permissible on highways with lower design
speeds (say, 50 mph (80 km/h) or less). A practical maximum of &
percent is indicated by the dynamic responses for tractor-trailer
passing maneuvers on such highways.

(4) In general, for all design speeds, the cross slope should be kept to
the minimum consistent with drainage requirements for the type of sur-
face and hignway. It should be recognized that the esteblishment of 2
design cross slope affects other design elements. Greater cross slopes
generally result in less design flexibility and a reduction in the
safety effectiveness of the highway, They require longer Supef-
elevation runout lengths, and affect the design of the shoulder slope,
as shoulder slopes tend to be designed with greater slope than the
cross slope to facilitate drainage of the traveled way, Cross slopes of
4 to 6 percent would tend to be accompanied by shoulder slopes of 6 or
8 percent. Recent research on the dynamics of roadside traversais {(3) -
points out the disadvantages of such steep shoulder siopes.

From the above four conclusions, it appears that current AASHTO criterta for
maximum centerline cross slope, as shown on page i, are appropriate, AASHTO
paticy should explicitly note the operational effects of pavement cross slope on
the passing maneuver, and should encourage the use of minimal cross slopes on
high speed highways.
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Appendix A - HVOSM Mod{fications

A number of refinements and revisions to the HVOSM program were required,
including additional outputs of vehicle responses, revision of the path-
following driver model, and input of dual rear tire specifications. These
revisions are described below.

Additional Qutputs

Additional calculations and outputs of the existing HVOSM RD2 program were found
to be required to enable the evaluation of the centerline crown, The revisions
were as follews:

"Discomfort Factor".--The latersl acceleration output of HVOSM corres-
ponds to measurements made with 2 “hard-mounted,” or body-fixed accelerometer
oriented laterally on the vehicle. During cornering, the lateral acceleration
of the vehicle s directed toward the center of the turn. On a superelevated
turn, the componént of gravity that acts laterally on the vehicle {s aliso
directed toward the turn center. Thus, the lateral acceleration output t$

{ncreased by superelavation,

Since the vehicle occupants respond to centrifugal force, their inertial reac-
tion is toward the outside of the turn and therefore the component of gravity
that acts laterally on them in a superelevated turn reduces the magnitude of the

disturbance produced by cornering., A corresponding program output has been de.
fined to evaluate occupant discomfort im turns,

The effects of & vehicle's roll angle and lateral acceleration on occupants are
comdbined in a “discomfort factor” relationship which represents the net lateral
disturbance felt by the occupants (i.e., the occupants' reaction to the combined

effects of the lateral acceleration and roll angle).
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The “discomfort factor® is coded in the following form:

- YLAT # 1.0 * Sik 8

DISCOMFORT FACTOR

Where: DISCOMFORT FACTOR
YLAT

G units

Vehicle Lateral Acceleration in vehicle-fixed
coordinate system, G units

8@ = VYehicle roll angle, raitans,

Calculations related to the discomfort factor and corresponding outputs were in-
corporated 1nto the HVOSH,

Friction Demand.--The friction demand is defined to be the ratio of the
side force to the normal load of an individual tire, It is indicative of the
friction being utilized by each individual tire, The standard outputs of HVOSM
{nclude the side force and normal force for each tire. Coding changes were
incorporated to calculate and print cut the friction demsnd for each tire at
each interval of time,

Drivar Model

A recognized probiem in the use of either simulation models or full-scale test-
tng in relation to investigations of automobile dynamics is the manner of
guiding and controiling the vehicle. Repeatadility is essential, and the
control inputs must be efther representative of an average driver or optimized
to achieve a selected maneuver without “hunting” or oscillation, In this
investigation of geometric features of highways, the transient portions of the
vehicle responses constituted justification To= applying a complex computer
simulation., The steady-state portions of the vehicle responses can be predicted
by means of straightforward hand calculations, Thus, it is essential that the
transient respohsks should not be contaminated by oscillatory steering control

E 1”“:»3-

The Driver model contained in the distributed version of the HVOSM Yehicle
Dynamfcs program was intended to be facorporsted into the HVOSK Roadside Design
versicn, but 1t proved to be inadequate for the present research effort,
Therefore, new routines were written for the HVOSM Roadside Design program as
described below.
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"Wagon-Tonque" Algorithm,--The “wagon-tongue* type of steering control

{ncorporated into the HVOSM Roadside Design Version fs cne in which the front
wheel steer angle is directly proportional to the error of a point on a forward
extension of the vehicle X-axfs relative to the desired patn,

The basic inputs to the "wagon-tongue” slgorithm are described in Table 9.

Table ¢
inputs For "Wagon-tongue® Driver Model

Input Description

PR8 Time at which driver model is to begin

OPRB Time between driver model zamples

PLGTH Probe length measured from the center of
gravity of the vehicle along the vehicle-
fixed X axis

PMIN Null band, minimum acceptable error

PHAX Maximum s1lowable discomfort factor above
which driver model wil) only reduce steer
angle

PGAIN Steer correction multiplier<-error of probe
from desired path multiplied by PGAIN to
determine steer correction

1in = 26,4 mm

Units

5ec
sec

in

in

g=units

rad/tn

Desired Path Definition.--The revision to the HYOSH driver model

included the incorporation of a “path generating” routine to creste a desired
path of X,Y data pairs from standard roacway geometric descriptors. Figure 6
Tists the path generating routine.
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it FORRAT(21&)

IF{IOUT.FQ.0)IOUT o 3
CHECK IF DI'S AND RLI® ARE TO BE INPUTTED
IF(RLI.EG.0)CO TO 17
BO 18 I st 001
YRITECY, 1)
18 FORMAT(® ENTER DI, RLI'/)
19 READ(1,1630ICL) RLICT)
1& FORMAT(2F9.0)
€

CALL ROUTINE TO COMPUTE D°S FROM DI'S
CALL SETD(XLI,DI,RLI NPTS,DELL.D)

14

¢

C INITIALIZE POINTS
17 X1 = xINIT
Y(1) = YINIT

c
C IRITIALIZE TANGENT
DX(1} » COS(PSA SRAD)
DY(1} = SINCPSA *RAD)

c
CALL ROUTINE TO SET PATH
CALIL PATMGINPTS,VELL,X,Y,D,DX,DY)

WRITE(S)NPTS, DELL, PSA .X,Y,DX,DY.D
. WRIYE(IOUT,23)uPTS, KLY DELL,SS4

23 FORMAT(YX,'NPTSe' 1%, ', ELI=', I8,°,DELL:’ F10.8,7,PSA e ,F10.4)
IF(XLI.GT.0)WAITE(IOUT,2¢) (L, DICL) RLI(L) Let KLI)

28 FOBMAT(1X,I8,2F10.8)
YRITE(IOUY,25)

25 FORMAT(/° POINT # POSITION®, 19X, 'TANGENT®, 10X, *CURVATURE* )
WRITE(IOUT, 263 (1. X(1),Y(E) , DX(L),DY(I), DCI), Ie1, NPTS)

26 FORMAT(1X, IN,2F10.2,10X,2F 10.5.F10.2)

c

=

Figers 8. PATH GENERATING ROUTINE { costinued )




c
€ PRINTER PLOT: SPECIAL ROUTINE TO TEST ABOVE DATA

H = NPFTS
KX = X¢1)
™ = X(1)
YY =« Y(1)
™ = Y(1)
9C 315 § =i H
IF(X(I).CT.EX)XX = X(I)
IFCE(I).LT.XN)XH 2 X(I)
IF(Y(I).GT.YXIYX = T(I)

3% IF(Y(E).LY.YHI)YH = Y(I)
$C = XX-XH
IF(YX-YH.CT.5C)3C » YX-YH
$X = 806./3C
SY = 0.6%8%
80 38 Ix1,70
DO 28 J=1,70

33 PLOT(L.J) = * ¢
IMAY =« ¢
B0 ¢ Kei M
J a8 (X(K)=XH)*SL o1.
I e (T(K)-TH)I®SY ot
TF(I.GT.IMAXYINAY ¢ I

80  PLOT(I,J) = tO¢
IF(IOUT.EQ.2)WRITE(2,81)

Ll FORMAT (181}

DO 5G Iwl,IHAX

LM e 6%

DO A% Js1,.60

IF(PLOT(I, LK) . KE.* *)GO TO A5
8% (M « LM~
A  WRITE(IOUT ATI(PLOT(I.L).L=1,LK)
A7 ' FORMAT(SX,.T1At)
50 CONTINUE

Co TO 1

END

Figure 8, PATH GENERATING ROUTINE { continued }




€ SUBROUTINE PATH: PATU.FOR F12 30 DECEMBER 1680 J T FLECK

PATR CENERATOR WHYOSH RD-2
ROUTINE USED IN HVOSM RD-2 TO GENERATE PATH DATA

INPUTS:
KPTS ‘ N(MBER OF POINTS DESIRED
44 4 a1 X COORDIMATE OF FIRST POINT
TIRIT Y COORDINATE OF FIAST POINT
DELL SPACING BE.WEEN POINTS (ALOWG STRAIGHT LINE)
F3A INITIAL HEADING (TANGENT TO PATH)
KLl KUMBER OF SECTIONS (CURVATURES)
I = 0 PROGRAM DEFAULTS TO POINTS IN DATA STATEMENT
1F 0 REQUIRES THE FOLLOWING INPUT Lei, KL
DI(LY CURVATURE » ¢ RICHT TURN
s 0 STRAIGHT
¢ 0 LEFT TURN
RLI(L) DISTANCE FROM INITIAL POINT WHERE DI(L)
1$ EFFECTIVE.
DISTANCE IS MEASURED IN STAIGHT LINE
SEGMENTS BETVEEN POINTS. IF DISTANCE
ALO¥G ARC I3 SEQUIKED SUBROUTINE SEID
WMUST BE MODIFIED.

MOTE: KLY KAY BRE ; OR CREATER
E.C. 10 UENERATE A snm PATH WODELL OUWIT3

LONG AND THEM A RIGHT TURN WITH A CURVATURE OF 20
INPUT XLY ¢ ¥, DI(1) = 20., RLI({1) = NEDELL

THE ANGLE OF TURN IS GIVEX BY

AWGLE = Z'IICSII{(Dm.lz)‘(PI/!M)‘(BI(L)I!OO)I

oUTPUT :
X{I}, ¥(I} COORDIWATES O POINT I I = 1 TO RPTS
PX(1),DY(I) TANGENT AT POINT I (DIRECTION OF PATH)
B(1) CURVATURE DEFINING PATH FROM POINT I TO POINT Ief

OO0 OoO0ON0ONONOO0ONNONaNLO00NONGN00OaGNON

SUBROUTINE PFATH
COMMOK/PATHD/IPATH KLI DI(‘O) RLI{1Q),
t RPTS, XIIIT TINIT,FSA DELL,
2 X(100) % 1001.0!(100).0?(100).0(!00)
LIKIT ARRARY SIIES
IF(KLI.GT.10)XKLI = 10
IF(RPTS.CT. 100)NPTS = OO0
CALL. SETD(KLI, DI ALI XPFTS DELL.D)
SETD WAS MODIFIED ON 20 DEC 1980 TC PRODUCE SPIRAL
IRITIALIZE FIRST POINT AND TANGERT
X(1) = XIMIT
Y1) = YINIT
DX{1) = COS(P3A)
BY(1) = SIN(P3SA)

CALL PATHG(NPTS,DELL.X,Y.D,DX,DY)

©

(2 3

RETURK
Figwro &. PATH GENERATING ROUTINE ( continued )
n




W FRUBE.FOR Fy2 30 DECEMBER 1980 J T FLECK
€ SUBROUT 'wE PROBE: CALCULATES DISTANCE OF A POENT FROW CENTERLINE
c .

C USED IN HYCSM RD-2 woD'S
c

¢ IHPUTS

¢ XP, TP GIVEN POINT

¢ " NUMBER OF REFERENCE POINTS (s HPTS)

c X(I), Y(I) REFERENCE POINTS OF PATH . I 2t uprS

¢ OX(I},DY(I) TANGENT VECTOR AY REFERENCE POINT

¢ (1) DEGREE OF CURYATURE AT BETWEEN POINT I AND [ef

¢ D> 0 RIGHT TURN

c D e 0 STRAIGHT LINE

< B <O LEFT TURN :
¢

¢ OUTPUTS

¢ I FOINT IDENTIFYING SECTOR OF CLOSEST APPROACH

c DIST DISTANCE OF POINT FROM ARC

€ POSITIVE IF POINT IS TO RIGHT OF ARC

c NEGATIVE IF POINT IS TO LEFT OF ARC

¢ XX .Y FOINT OK ARC KEAREST GIVEN POINT

c

C NOTE: O FIRST ENTRY ROUTINE STARTS WITH I = 1, ON SUBSEQUENT

¢ ENTRIES THE PREVIOUS VALUE OF I IS USED. THIS LOGIC SHOULD BE

¢ ADEQUATE FOR THE PROPOSED USE OF THE ROUTINE,

c

¢ CALCULATION OF XX AND YY MAY BE DELETED If THIS POINT IS NOT NEEDED
¢

c

SUBROUTINE PmE(X?.YP.H.X.Y.Dx.DY.D.I.Dm.xx.ﬂ) P
DIMENSIONR x‘f).f“).DI('I).BT(”.D(”
BATA RAD/0.0178532925 19983296/, ILAST/1/
C INITIALIZE
1 s ILASY
TEST = DXCI)®(XP-X(I))eDY(I)*(YP-T(1))
T3AY « SIGN(1.0,TEST)
GO 1O 1%

C START SeaRcH
c

T Ia2141
IF(I.LE.M)GO TO 1
IF(TSAY.LT.0.6)C0 10 20
I M
GC TO 2%
160 YEST = QX(U'(XP*X(I”ODY(I)'(Y?-Y(I))
IF(TESTW'.LE.O.D)CO TG 2%
19 IF(M?)?G.ZS.T
20 | S 3 P |
IF(I.GE.1)CD0 TO 10 .
IF(TSAY.GT.0.0)C0 o7 i
T sy }
¢ ‘ i
C FIRISH SEARCH
5 ”((Tm.kf.o.o%‘m.(r.ﬁ.1))1:1-1
ILAST « 1 i
€ FINI3M OF DETERMINATION OF I }

Figwee 6. PATH GENERATING ROUTINE { continued )




- e

¢

CALCULATE DISTANCE
i . “DY(I)*(XP-R(1))eDR(LI®(YP-Y(I))
CONS = D(I)*RAD%0.00S ‘
ibZ =« ((XP=X(1))*®24(YP-T(T))®92)eCONS
PIST (ZDN-IDZl/(O.S*SQIT(G.ZS-CNS'(ZDN-ZDZ))l

|~
CALCULATE POSITION OF CLOSEST AFPROACH POINT ON ARC

€ THE FOLLOWING CODE MAY BE DELETED AND THE REFERENCES TO XX AND YY TAKEK

C OUT OF THE CALL IF THE POINT OF CLOSEST APPROACH ON THE ARC IS NOT NEEDED
¢

DEN = 1.0-2.0'0!5?‘60!37

IF(DEN.CT.0.0)G0 10 30
WRITE(1,26)1,XP,YP,DIST, DEN _
26  FORMAT(' SUBROUTINE PROBE HAS NEGATIVE OK ZERO DENOMINATOR®/
V7 IN POSITION FORMULA: INPLIES POINT MCT IN SECTOR'/1S,AF10.4)
STGP PROBE | ,
g THIS STOP SHOULD NEVER OCCUR IN NORNAL USAGE

30 XX = (XP-X(I)+DIST*DY(I)}/DEN o X(1)
IT = (YP-Y(I)-DISTSDX(I))/DEN o 1409
35 RETURN
END
c
c
LI T T TYTYTS
IF TANGENT YECTOR IS NOT AVAILABLE IT MAY BE REPLACED BY
DX = X(I+1)-X(I} , DY & Y(Ie1)-Y(I) I CH
DX = X(M) <X(M~1), DY s Y(H) =Y{K-1},I = ¥

¢
c

¢

c

¢ .

c USE DX FOR DX(I) AND DY FOR DY(I) IN CALCULATION OF TEST
4

c

€

c

c

RETURN CAN BE PUT AT EWD OF DETERMINATION OF I AND THE
DISTANCE AND CALCULATION OF XX,YY DONE BY ANOTHER ROUTINE,
(FORMULAS FOR DIST, XX AND YT ARE ONLY VALID FOR CIRCULAR ARCS

OR STRAXGHT LINES)

Figure 8. PATH GENERATING ROUTINE { continued )
»
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C PayRC.FOR Fip 30 DECEMBER 1980 4 T RLECK

€ PATH CENERATON, SUBROUTINE PATHG  HVOSM AD=2

& IEPUTS

€ XPTS BMAER OF DESIRED POINTS ( ) 4}

€ oL, SPACING SETVEEN FOINTS

4 R(1), T(1)  INITIAL POSITION SET BT CALLING ROUTINE

€ BE(T),OT(1)  INITIAL TANGENT S€T BY CALLING SOUTINE

¢ 1) BRGREE OF CURVATURE, I & ¢ TO EPTS

c ®(I) > ¢ TURN TO RIGNT

¢ B} o« & STRAICHT

[ 1) €0 TURM TO LEFT

< NOTE: RADIUS OF CURVATURE 13 DEFINED AS

¢ EQUAL TO (180/PI}S(100/D) « ($72%.6sD)

¢ (D KAS DINENSION OF DEGREES PER 100 UNITS OF DELL)
<
4
[
[
(4
<
[

QUTPUTS o170 Ny
R(L), ¥{I) COORDINATES OF FOINTS
DXCI). DY(I)} TANGENT VECTOA (DINECTION OF 2ATR AT XLY)

NOTE: MOUTINE FRODUCES SROOTN CUAVE SUCH TNAT TANGENTS ASE CONTINUOUS

SUBROUTING PATWG(NPTS,DILL.X,Y,D,0K,07)
DINENS TON l{l).ﬂl).ﬂ!ﬂ).ﬂﬂ!).ﬂ(!)_
DATA RAD/O.017881282% 19801004/

¢ INITIALIZE
CONS  « DELL*RAD/200.0

-]
0XX & BRLLSDR(1}
o DTY o DELLSDY(1)
- BE1 * 8,0
bEY  w 1.0
C START LOOP

DO 26 1«2, WPIS

CORPUTE SINC AND COSINE OF RALP SICTOR ANGLE
B2 = CORSOD(1.%}

eve DC2 o SQRTC(1.0-032)%(1,0.082))

, CORPUTE SINT ARD COSINE OF SECTOR ANGLE

s * 2,0%32DC2

cp ® 1.0 « 2.0%82002
¢ UPDATE TANCEWT vECTOR

BX(I} s CPROX(I.1) < SPODY(L-1}
coe BYI(IY = SPPOUX(L-1) o CPYWOT(I-1)

CORPUTE SINE AND COSIWE OF AVERACY SECTOR ANGLE
L4 ® DS *OC2 o DCLOnSY
cy ® SCI%HCT - DIItDYT
COMPUTE WEW THCREMENTS
9T «» XX
BIX = DEISCP . DYYeSP
DYY « DEI*SP . DYY®CP
C UPOATE POSITION .-~ - -
I} o E(Tat) o DEX
- I o YTI1) o BYY
euusmmmmwwmnmmmr

et « bs2
o KLY o pc3
RETURS
(4]

Figure 8. PATH GENERATING ROUTINE { continued }




Neuro-Muscular Filter,--The "neuro-muscular® fiiter from the HYOSM.
Vehicle Dynamics Version (J7) was fncorporated into the HVOSM Roadside Design
version., The filter structure corresponds to the first-order effecis of the
neurological and muscular systems of & human driver.
For the curve study, the following inputs were used for the fiiter for a1l runs:

TIL Time lag of filter 0.05 seconds
Tl Time lead of filter 0.00905 seconds
TAUF Time delay of filter 6.0 seconds

The related revisions to the Driver model were incorporated into the FHWA
distributed Roadside Design version of the HVOSM, However, the revised path-
following algorithm was found to produce sustained oscillations about a
tpecified path under some operating conditione, Since the extent of oscillation
is dependent on the guidance system parameters as well as the vehicle speed and
path curvature, it is possible to obtain peak values of transient response pre-
dictions that reflect an artifact of the guidance system rather than a real
effect of the highway geometrics under investigation., For example, in

Reference (12), comparisons are made between peak transient snd steady-state
response values which are believed to be more reflective of effects of the guid-
ance system than of the simulated roadway geometrics. Therefore, the foliowing *®
additional modifications were added to the Driver model:

(1) Da
X gampgng term (QGAIN) was added to limit the extent of steering ac-
tivity., Irni*4»1 pyns ytiltzing the damping term exhibited a reduction
in the steering activity as expected, The value used in the curve study
was QGAIN (rad-sec/m) = PGAIN/10, where PGAIN is the steering velocity
term described below,

(2) Steer Velocity

In addltion to the damping term, an adjustable limit on the steering
angle velocity was incorporated in the path-follower algorithm, enabling
the usar to limit the maximum instantanecus front wheel steer velocity
to & selected value,

(3) Steer Initialization
For runs such as those being performed in relation to the cross-slope
break study, the starting point must be relatively close to the cross-
slope break to achieve an economical use of computer time, Thus, the
fnput of an tnitial steer angle to approximate steady-state steer was

4]




Fequired, Previously, the path-follower algorithm was inftislized to a
steer angle of 0.0 degrees, regardless of the input value for the inf-
tial steer angle, Corresponding revisions were made to Subroutine
DRIVER to enadle tnput of an initial steer angle,

A revised listing of Subroutine DRIVER, including the cited modifications, is
presented in Fiqure 7, o

Dual Tires

To permit the comparison simulation runs to be performed, the HVOSM program had
to be modified to enable the simulation of dual rear tires such 4% are found in

many single-unft trucks. The modification required tg simulate dual rear tires
consisted of & modification to subroutine TIRFRC to double the tire forces at
the rear when the option is chosen. While a more &laborate definition of dual
rear tires could be Pursued, the selected approach was most efficient and
equivianet to that ysed in the PHASE4 program,




3710 € SUBROUTIRE DRIVER FOR MVOSR RD-Z

Gy <

3TN SUBRUTIN CRIVER(PST. DPST. L), [FLAG, A, 0, ARTL. ORCPS)
20 BIFEXSION AHTELD. 30, PP(30), TFDI30}

oro COREN/PATM [PATH. I £, D3 410 JLTT 101, NPTS, LIRI T YIRIT,
ST ! #5A, 0ELL. 21100), ¥ 11000 DRU1003, DY 1001,00100)
o7 COPFON/ARCON/ W, TPRB, DPRB, PLGTH. PRIN. PRAL. FOATN. AN FSIFD
05T COPOM/FILTY IFILY.FIL W71 JINT JTALF

05780 COPRPOM/IMTG/ 160 T 0T W50}, DER(SO)

5800 COMON/ ACC /O O EF AL OF A2 ,

03810 DATR NPDRAL/SD/ . MPDFOL JOFSLI0. 0/ IO/

0380 N =0

oen 1FIuac, B0, 0100 1O R0

(o2 L o e

oSy FSIA = PSI

03860 P « PR

P T oPs = 0.0

o350 oPst = 0.9

o IF(IFLAG.EQ.01C0 T 90

05900 TFCTPRB.GE. T + 0. 1+01)GD U (O

05910 ¢ COWUTE MM OWNE IN STEER AGLE

|re TP = TPRE ¢ DPRE

GV IF = WRIIEE ¢ FTELL TR

o3ree YP = WRUL?) + ARTI(2:116PLGTH

T CALL PROBE{LP, YP.NFTS, X\ Y. 01, DY, 0, 1PRD, DIST. L. YY)
(5%0 C SELECTED POINT INDEX IPRB A LOCATION OF CLOSEST POINT ON PATH ILVY
05970 C ANE NOT CLURRENTLY USED

o5 IFLBIST.ER.0.0100 TO @

oSy EOBIST/ARSIBIST)

056000 1F(T.E. TPRES TOIST = (DIST-DISTA)/IPRS

08010 7 IF(ASSIDISTI.GT.PRINIOPS = ~PGAING(ABS(DIST)I-PRINI ¢SGRO

04020 I ’ ~QCATNDDIST
06000 &  IF(ASSIDIST)LE.PRIN) DPS= -QUATMs{OIST
06040 IF(IFILT.EQ. 0160 TO S5

060% IFOPD.E0, NPIIE I 10 10
04040 Lo RN R

06570 PPOOPD) = DFS ~ PSIA
GLo80 TPOUNDY s T & TAF
040 10 IF(IFILT.ER.OIG0 0 B

04100 C

06110 C FILTER

iz C

1% IF (0D ED.NPOFAT) GO TO 10

180 THOIRP = TPOUN

Gb1%0 00 2w 1.0

oMl .. N NFDe ] -M

eI’ 20 IFLT.GE.TPIUNNICO TO 20

06190 00=10 2 ‘

0190 30 IFLTPONM.LY.POUNI) DPSL = 0.0
06200 DPST = PRRISTRDEP(=(T - TPOUOM/TILI/TIL
(os210 PSR = PPOUING - TILSDPSI

04220 BP = 0.0

0b7 ks » PN - PR

06240 OF3L = PSR

06230 IFINFD.EQ. 100 TO 50

oh20 €

270 C

Figure 7. SUBROUTINE DRIVER
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W B L e

04270 00 46 8 ¢ KD

66200 FFDILE » FEOGM)

063te - TPDIL) » TPDINN)

W20 WiLwL e

%10 el -1

G C

0633¢ 56 PSI = PSIA ¢ OPS

06340 @

WIre 33 P31 e oS

04300 Sk CONTIME

06370 C CHELX PREVICUS TIRE INTERWA. COMFORT FRCTOR (SEE SUBROUTINE CUTPUT)
400 C IFMTEMMMQU'WTININSTEERA‘QE
CéAL0 IF1{PIAZ. GT. 0,00, A0, (ABSCCFALLLT.PIAK) GO TO &
04D IFUABS(PSIN.CT.ABSIPSIAY | PSIsPSIA

b4 & CONTINE

06440 © OECK MY STEER MCLE

0iASD IFTLOMOPS. GT. 0,00 AD. (RBSIPST) ,GT, oS

450 i PSI = SIGHOMOPS,#S1)

o [FIDTP.NE.0.010PST = (PSI-PSIAN/OT®

00480 Cees /161 IET 0000000000 8000000 8080800050654 Aaaana el

04490 OPS) = DPSes7. 2938

063500 PSING = PSIAYST. 298

06310 PSIO = PS1e57. 2958

0430 DELFSI = $S10- PSIND

04530 IFFT » P112.0

04540 YIFT = YP/12.0

04330 BT = 117129

04380 YWY = W7i2.0

06370 ¢ IFUFXD.ER. 1,0) GO 10 90

06300 IF (KPAGE, LE. 50. AN, T.ME.0.0000) GO 1O 110

L o WRITE(2). 100}

06600 100 FIRMATL

05610 ALHL ZX1, IHPROSE COORDINATES  PATH COURDIMATES. SI. 3PS]. 41,
06620 EHDPS, 42, HPSIA. 2T, HOPST 21, THOPSH HIFLAG, 22, 4H1PRB/
04420 (N TIE  DELIAPSIF  EReOR +bL+ IHX. 9. 1KY, §0X, IHT, 81, (HY/

03440 B3NN (S0 (0EG) (IM) 4R WHOFTYL 4L, GHFTI, 71,
04850 EGH{FT}, ST, 8H(FT) /)

Chbe0 BPRGE = 0

06670 110 WKITE(38. 120} T+ DELPST., DIST, IPFT, YPFY, TXFT. YYFT. PSI0, 0PSO,
00480 a PS1A0. DPS] . 0P, IRLAG. 1PF

GhP0 120 FONATIIN .n.:.ztex.n.as.zm.n.n.zx.zm.n.n.ntznn.u.
700~ ~ - Z!.F?.S-ZX.F?.S.ZLIJ-ZLI?I .

Grie PACE = XPAGE ¢ §

06720 %0 RETUMR

TR0 Coranvoetosesestassses FEH RGP PP IO PP II I PRSI0 E0I0 0 TIPS
%74 (3]

00730 Creoeseeseseossossrerostestrss PP 02 LPOCHIC PP 204 0456

L




Appendix B - HSRI/MVMA PHASE4 Modifications

Hew Routines Added to PHASE4 Program

 Several new routines were added to the PHASE4 simulation program to permit the
use of identical terrain definitions and/or driver model path-following in the
PHASE4 and HWVOSM simulation programs. The routines added to the PHASE( program
are essentially routines from either the HVOSM-76 (7) or the HVOSM-81 (routines
previously added or modified within this contract).

The routines added to the PHASEL program are as follows:

INPUTZ  Purpose:

(1) Obtains card inputs from Fortran Unit 7 for terrain table and/or
driver model opticn{s) '

(2) Prints card inputs.

Subroutine called from: INPUT

Subroutines cailed: BLKO4, BLKOS, PATH, IDOUT

Origin: Modified version? of subroutine INPUT from HVOSM-76

BLKO4 Purpose: Assigns input values of simulation driver model data
Subroutine called from: INPUT2
Subroutine called: none
Origin: Modified version of subroutine BLKO4 from HVOSM-76

BLKOS Purpose: Assigns input values of simulation terrain table data
Subroutine cailed from: INPUTZ
Subroutine called: TEREAD
Origin: Modified version of subroutine BLKOS from HVQSM-75

TEREAD  Purpos@: ~ Reads terrain table input cards
Subroutine called from: BLKO4 .
Subroutines called: none
Ortgin: Subroutine TEREAD from HKYOSM-76

* The modifications mentioned herein to the HVOSM routines consisted of the

elimination of unnecessary codes and storage prior to their installation finto
the PHASE4 program,




TR bk e

PATH PURPOSE: Infttalizes the first point and computes the initil
tangent from a specified heading angle

Subroutine called from: IDQUT
Subroutine(s) called: SETD, PATHG
Origin: Subroutine PATH from HVOSM.81

SETD Purpose: Produces 2 set of degree of curves from a gross descriptfon
of the path such that a set of equally spaced points
describing the path may be computed

Subroutine called from: PATH
Subroutines called: none
Origin: Subroutine SETD from HVOSM-S1

PATHS Purpose: Computes the path coordinates from the degree of curve
Sudbrnutine called from: PATH
Subroutines called: none
Origin: Subroutine PATHS from HYOSM-81

100UT Purpose: Prints terrain table 1npufs with units and headings
Subroutine called from: INPUT2
Subroutines called: PTHOUT, ROADDZ
Orfgin: Modified version of subroutine I1DOUT from HVOSM.78

PTHOUT  Purpase: Prints driver model inputs with units and headings
Subroutine called from: IDQUT
’ Subroutines called: none
Origin: Subroutine PTHOUT from MVOSM-81

: RCAD PURPOSE: Calculates the elevation and slopes of the E,y coordinates
% passed to the routine

Subroutines-called from: I0DOUT, FCT1, OUTPUT

Subroutine called: none

Entry points: ROADDZ, RGAD

Origin: Modified version of subroutine INTRPS from HVOSM-76




DRIVEL Purpose: Computes the front wheel steer angle from the driver model
- and path descriptor inputs

Subroutine called from: FCT!

Subroutines called: PROBE, CGERR

Entry points: ORIVER, ORIVEZ

Origin: Modified ve~ston of subroutine DRIVER from HVOSM-81

PROBE PURPOSE: Calculates the error of an arbitrary pofnt on the vehicle
from the desired path

Subroutines called from: DRIVE]L

Subroutines cslled: none

Ortgin: Subroutine PROBE from HVOSM-81
CGERR Purpose: Calculates the error of the venhicle center of gravity from
’ the desired path

Subroutine cailed from: ORIVEL

Subroutine called: none

Origin: Subroutine CGERR from HVISM-81

Modified Routines for the PHASE4
Two routines for the PHASE4 program required modification to enable their use
with the program. The modified routines are &s follows:

INPUT Purpose: Reads card inputs and echo's input parameters with units and
and headings and initializes variables

Modifications:
(1) Print card inputs prior to echo

(2) Call to INPUT2 to input and process terrain table and or driver
model inputs

MAIN Purpose: _ Assign 1/0 devices, fnitfalize variables, and act as program
' supervisor

Modi fications:
{1) Input and initialize initial heading angle

(2) Permit the setting of initial conditions caused by road when
terrain table opitonh used

The program 1istings for the added and modified routines are shown n Figure 8.
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