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Abstract

In the near future, off-road mobile robots will fage high
levels of autonomy which will render them usefubfoari-

ety of tasks on Earth and other planets. Many tdrial

applications have a special demand for robots tesgss
similar qualities to man-driven machines: high spead
maneuverability. Meeting these requirements indésign
of autonomous robots is a very hard problem, péytidue

to the difficulty of characterizing the natural tain that the
vehicle will encounter and estimating the effectthadse
interactions on the vehicle. Here we present a dyindrac-

tion model that describes vehicle braking on aetyrof ter-
restrial soil types and in a wide range of natueaidscapes
and vehicle velocities. This model was developegirem
cally, it is simple yet accurate and can be readifed to
improve model-predictive planning and control. Thedel
encapsulates the specifics of wheel-terrain intéoag

offers a good compromise between accuracy andtiea-
computational efficiency, and allows straight-fordiaon-

sideration of vehicle dynamics.

1 Introduction

As developing autonomous off-road vehicle technglog
allows robots to travel at higher speed and negpotisgged
terrain, vehicle modeling becomes increasinglyvate for
motion planning and control. An efficient brakingdtion
model can greatly enhance vehicle autonomy by addrg
two key problems: it can determine whether the patad,
given its slope and ground characteristics, presenks
such as tip-over, and provide a precise estimatieeo$top-
ping distance. Precision of the model is very intgoat; but
it should also be very efficient computationallychase it
has to be continually evaluated if it is used fonttol or
tightly coupled with the path planning algorithner@inly,
a gross over-estimation for the problems above likidlly
keep the vehicle safe, however in cluttered natieahin
such approach will either result in slow, ineffitietra-
versal, or may cause a failure of the path platmeener-
ate an admissible path.

1.1 Prior Work

A great deal of research has been done in interacf
pneumatic tires with the ground. Good tire modedseh
been developed for the automotive industry ([1@]]
[22]) and work quite well for applications on pavedr-

Figure 1: The PerceptOR off-road mobile robot. The experiments
were performed with vehicles similar to the one pictured here.

faces. Off-road conditions certainly make thingsendiffi-
cult; [1] and [4] offer great overviews of automigbbff-
road mobility and probabilistic approaches to snddel-
ing. Whereas these approaches may be quite gdnyevat
tue of including fairly complex wheel-terrain eqgoats of
many parameters that depend on various classesilpf s
they may not necessarily be the best for modelébase
motion planning. Typically in model-predictive plang,
many candidate robot trajectories are consideretl aan
optimal trajectory in some sense is chosen. In riigrd,
an accurate but complicated model will cause thaua-
tion process to be much too slow for applicatiomgdal
mobile robots. Moreover, it is often not possitedeter-
mine all the many necessary model parameters ablead
time.

Quite a few fairly detailed models of the wheelt-satierac-
tion were proposed specifically for motion plannigpli-
cations. For example, [5], [6], [7] and [19] preken
approaches that model the soil as a mass-sprirtgnsys
where the soil granules are considered as poins@sasnd
interaction between them is modeled by spring foftese
models provide fairly good results in describingngoes-
sion, shear and plastic deformations in soils. Tdleg help
estimate many useful properties of loose soils explain
traction of peristaltic motion [2]. However, these
approaches are yet to be thoroughly verified expent
tally. Moreover, the reported run-times of thesedaiimg
methods do not appear to be fast enough to remden t
feasible in real-time robot control scenarios.

The approaches that were shown to be suited faralen
ling mobile robots tend to circumvent the issueahputa-
tional efficiency by further simplification. Usugllthe



Coulomb principle of friction, or its derivative issed to
estimate the amount of rolling friction that thehice
experiences. [12] assumes that tread on the wirklge
and the vehicle moves fairly slowly so that theralways
very good contact with loose soil. Several paramsaiéthe
terrain are used in [15] to estimate normal andrédttan-

gential forces at the wheel contact patch. A simila

approach to traction modeling that can also be tedapn-
line was presented in [14], and similar issuesti@ated in
[26]. This work is focused on planetary applicatiomith

accompanying quasi-static assumptions. Also,as@imed
that metal wheels are used and that terrain is #mco
that it is possible to consider the wheel to bédri¢Pneu-
matic tires used for terrestrial applications, hegre are
elastic. Morever, in off-road applications the atitbn pres-
sure is typically quite low in order to avoid rigode
operation that may cause excessive compactionilofd$o

To our knowledge there is no published work in fas-

tematic approaches to estimating wheel-terraintidmc
with respect to braking deceleration that was aldmated
on robots in a variety of natural terrestrial eogiments.

1.2 A New Approach

We conducted a significant field experimentatiofiomf
with autonomous off-road robots, and this prompaed
empirical approach to capturing the complexitiesvb&el-
terrain dynamics in natural environments. An ihiGaser-
vation was that it was generally not possible tasider the
overall braking force of the vehicle (with gravigffects
removed) to be some constant value. In fact, inesoases
on soft soil the net braking force (no gravity eff on a
slope was off by as much as 50% from its valueewell
ground. Depending on vehicle dynamics, this caultrésa
miscalculation of the stopping distance by sevaraters,
which may be a serious error when operating intelat
natural terrain.

We propose an approach that provides accurateatstmf
tractive braking force and involves a simple arficieit

model of several parameters. The values of thenpatexs
are determined experimentally by measuring the ldeme
tion during vehicle braking and combining these soea-
ments with vehicle state information. This “traigin
procedure can be easily done in the field, and ewtono-
mously by the robot. For example, every time tHmtdas
to stop, it can verify its braking model. In thismmer, the

model can be refined on-line and adapted as thetrob

moves into different type of terrain. This formiet of the
model was shown to work well on off-road robots rape
ing on a wide variety terrain types, such as ctay, with
sod cover, gravel, coarse sands, and packed sisowela
as at various speeds and on natural slopes (tyfuaaid-
West region, the plains and the desert).

This model can be used in model-predictive contrasti-

mate thestopping pati{[16], [17]), the guaranteed stopping

distance that is necessary for vehicle safety, Wwhic
mainly a function of a complex relationship betwesei-
cle speed, tire-ground interface, and terrain slopee
model can also be utilized by the path planningitigm
to generate plans that respect this stopping gaih[6]).
Since the present model also estimates major facksg
on the vehicle during braking maneuvers, it cam dle

used in kinodynamic motion planning approaches [8].

Moreover, if an estimate of tire sliding frictiomefficient
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Figure 2: Deceleration measurement experiment. Blue dotted line
shows commanded velocity of O (at t=10), and red line shows
system response.

is available, then this model can predict whethabot's
wheels are going to lock up (which generally must
avoided [25]).

2 Experimental Procedure

In this section we give the details of experimetitat
prompted us to formulate this model of braking.dur
experiments, a terrain patch that is a good reptatee of
the overall terrain is chosen (often natural envinents
have fairly uniform type of ground over large areasad-
ows, field, desert, etc.). The vehicle accelerties certain
value of velocity,, , and then applies the braket wome
known force (either maximum application for vehgcthat
have no braking force feedback, or a certain knoalne
for those that do). Most vehicle control systemghwi
closed-loop velocity control estimate velocity mdre-
guently than it can significantly change, so ipassible to
achieve the temporal resolution sufficient to abtthe
velocity profile of vehicle stopping. The velocitiata can
be plotted against time as in Figure 2. Note thata
velocity in the plot goes slightly negative afteraching
zero. This is due to expansion of suspension sprthgt
were compressed during braking.

The time when braking was initiated (when desiretbe-
ity is set to zero) is recorded, along with thedimvhen
velocity reached zera, . The average value of éegtbn
in the particular experiment is estimated as shiow().
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The valuea is the slope of the velocity drop in tigere.
In this calculation, it is important to note thas can be
seen in Fig. 6, there is a certain delay aftersirstem com-
mands a zero velocity to when the velocity actubigins
to drop. This delay of propagation of the commayg,,,
depends solely on hardware. It was on averageet.30s
our robots. For braking at higher speeds, it is mlass
than overallpt , yet needs to be taken into accolimere-
fore, we takey as time of zero-velocity commandsplu
tyelayr @Nd Sample,  specifically at that value;of  tcaabt
an accurate estimate of the slope.



Figure 3: Normalized braking force, F, aw, versus ground slope and
vehicle velocity.

Throughout our experiments we made sure that thecde
of brake engagement was constant. In particularywveee

interested in maximum braking, i.e. in engaginglihekes

completely.

The same experiment was then repeated with vavielis

cle velocities and on the ground of various sloped ter-
rain types. We fitted the above data gathering guiace in
the robots’ controller code, so that we could abtidata
point at any time when the robot made a stop. irttan-
ner we obtained the data over several months aobwds
were used for a variety of navigation and perceptioper-
iments on the PerceptOR program. Thus we obtaimaa t
sands of data points that were then analysed.

If we plot the measurements of decelerations vestyse
for a choice of terrain and subtract the effectgravity, we
see that the resulting net braking force slightlgreases
with the increase of slope angle, as we expectedumn
analysis above. An example plot is presented imreic,

which shows the normalized braking force, a rafibreak-

ing force to vehicle weight,=w , as a function of slgmd
velocity. The dependence of deceleration on initeébcity

is also noticeable, albeit not as pronounced. éstargly,

these data points exhibit proportional dependericeoo

malized braking force to slope angle. Hence, alsiligear

model should be able to predict the braking foarebioth

downhill and uphill braking maneuvers.

Note, however, that our observations have been nrade
tests on slopes well within limits of vehicle trasability,
which was about 20 degree slopes for our hardwais.
natural to expect that beyond this range of sladaes the
dependence is no longer linear.

Also, on some vehicles it may occur that the cofit of
proportionality of braking force to slope angledifferent
for braking downhill and uphill. We believe thaketing a
separate model for either case will be quite doallee it
is a simple matter to find the coefficients of tlwear
dependence as described above.

3 Discussion of Results

In this section we develop the necessary concepiader-

stand the factors influencing traction during véibrak-
ing. We then use the developed concepts in anteffor
explain our experimental observations and suggesidel
based on this analysis.

3.1 Vehicle Force Balance

As a starting point, we develop simple force arialg$the
vehicle during braking. Among the important notighat
we define here are normal forces on tires, presstithe
tire contact patch, and the dynamic load transfer.

During braking, the major forces acting on the ekhare
related through:

)

whereFr, is the net braking forcg, is acceleratioa th
gravity, a, is braking decelerationy = m, is vehicle
weight, andq is the terrain slope angle (here wesicer
downhill slopes as negative, and uphill as posjtiviche
first term on the right side of (2) is the d’Alenmbéorce
[11] (see Fig. 4).

Fp = W%X—Wsinq

Figure 4: Free body diagram of a vehicle braking on a slope.
Positive torque is assumed clockwise.

Given that the vehicle center of gravit.,y.,z, . IS
known, we can express the sum of torques aroundahe
tact point of front wheels (for downhill slopes,saming
positive torque is clockwise):

—(Lyp— Xcg)WCOSZ] +W L+ ZCQWS' + zchsinq =0 (3)

HereLr,, is wheel base, ang is weight on the rear. axl
When the vehicle is stationary on level ground,|tiaels on
front axle,w, , and rear axley, , are determined by:
Lo —X%e X
Wis = W—T——g Wis = w—=d (4)
wb

In case of a vehicle decelerating on a slope, waimlhe
normal forces on rear and front wheels by summhey t

torques around front and rear wheel contact poietpec-
tively:

whb

W, = W + ing + ay
b= [ XcgCOSd + XggSing ch‘g‘ (5)
wb

W :ﬂ
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We observe from (5) that during braking downhhieite is

a significant dynamic load shift from rear to froentles.
Note thatw, was written with thfggsin(_q) term to under-
score the fact that for downhill slopgso

We consider pressure on the tire contact patcfrdot and
rear wheels as the ratio of axle load to contaet.alhe
vehicles we had available for experiments in thislyg had
dual rear tires, so we estimate that the presstifeont
tires’ ground contact was twice that of rear tires.

3.2 Braking Force

Typically the work required to slow down a vehigedone
by the friction force inside the braking mechanisdup-
pose that the braking torque results in a longitadforce
F, at the wheel-terrain interface. Since the goalthi$
work was to understand the effects of maximum Imigki
that determines minimum allowable stopping distazice
outlines the upper bound on dynamics effects duwa&-
ing, we understand tha, represents full engagewfen
the brakes and depends solely on brakiagiware hence
always constant. Here we also assume that brakipgens
on a straight path. We visualize the effect of foice in
the detail of interaction of an off-road tire witérrain in
Figure 5.

Figure 5: Detail of wheel-terrain interface. We focus on two
dominating forces: braking traction force F, and rolling resistance
R

-
The hardware braking for is counter-acted bytehe
rain acting on tire tread. If the magnitude of tfisce
exceeds the shear strength of the terrain, itneillonger be
able to resist this shear force, and the wheelskid.

The other force in the tire-ground interface thasviound
to have significant effect on braking is rollingsigtance
R,. This resistance is always present, and in the oés
pneumatic tires its value is determined by manyofa¢
such as tire material and design, temperature atid,
pressure of the ground contact patch (normal forcéhe
tire). Terrain compaction (related to pressurehef patch)
and bulldozing effects in soft soil are also majontribut-
ing factors to this resistance [4]. Whi¢ ~ can lasid-
ered constant for a given vehicle, estimatirg
complicated due to the variety of factors influerngit.

Through experimentation we found that we can approx
mate all longitudinal forces acting on the vehidigring
braking by lumping them into the sum of the foreedo
the torque supplied by the braking hardware, anddhing
resistance. Then, the overall braking force is wared to

be:
Fp = Fh R (6)

The key to accurately predicting the braking foicesti-
mating rolling resistance,

In our experiments it was also determined thatajuall

factors influencing rolling resistance, the mogm#icant
one is the pressure at ground contact. A lessémdiice-
able, effect has vehicle speed. In the following sections
we explain these two factors.

3.3 Effect of Terrain Slope

It is important to consider contact pressure heeabse in
general rolling resistance is roughly proportiotalthis
pressure (although this relationship is complex higdhly
non-linear) [1], [4].
For the case of level ground we can decompose(6}ie
contributions of front and rear wheels:

Fp = 2Fq+ Ry + Ry

Here r, is the same for front and rear wheels singe o
vehicles had the interlocked differential. Also aobots
had dual rear tires, which resulted in twice thetaot area
and half the ground contact pressure for rear thasa for
the front tires. Hence, let us suppose (only farifitation
purposes in this section) that due to the diffegeimccon-
tact pressures, the rolling resistance values earelated
throughr, = 2r,, .

As was shown earlier, during downhill braking thésea
significant dynamic load shift to front wheels; <w,
Because of this the pressure developed at frone -
tact point greatly exceeds that at rear wheel abntnd
even more so in the case of rear dual tirgs. azEe
dramatically, more tham, decreases (in part dueatb
the contact pressure). The overall valuergf besome
greater than on level ground.

During braking uphill, similar issues come intoyplélow-
ever, in this case the load shift to front axléeiss signifi-
cant (see (5)), in fact even less than on levaligdadue to
X.gsing term and because braking deceleration in these veh
clés was not very high. In this case>w, , whereas for
level ground we had, = w, . However, since rear tireshav
“half the effect” on rolling resistance than therit tires,

the overall braking force is less than on levelugh

3.4 Effect of Velocity

Among the factors influencing rolling resistancevéhicle
velocity [11]. The rolling resistance is directlyoportional
to velocity because of increased tire deformatiamkwand
vibration in the tire. The influence of velocity dmmes
more significant when tires with lower inflationgssures
are used, as is often the case for off-road vehidlewer
tire pressure is used to allow tires to be morstielasince
the work required for flexing the tire is much lekan the

is work of compacting and bulldozing soft soil. Greattas-

ticity, however, causes greater hysteresis losséh w
increasing vehicle velocity. The effect of veloaity rolling
resistance was found to be less significant, bilitnsttice-
able.

4  Deriving the Model

In this section we combine our experimental obderma
with the insights developed above to formulate madel
of braking force. We describe how this model cdwddeas-
ily adapted online and discuss the results of adilig) the



model through experiments with robots.

4.1 Formulating the Model

As we discussed, the results of our experimentmpted
us to make a simplifying assumption that within thage
of slope values that the vehicle can safely haridkeprak-
ing force is proportional to the slope.

The essence of our model is stated as:
e The braking force (without gravity effects) cae b
approximated well by a linear model:
Fy _
o -

whereq is ground slope angle aind is a coefficient.
We can fit a liner, = mg+b  to the test data in the least-
squares manner and use it to obtain future estsmudte
F, based on slope.

» The coefficientsm and above also exhibits linear
dependence on initial velocity of the vehicle (tigh
before braking is initiated):

m _ b _
ﬂVi ﬂVi Mo

Thus, the overal model contains only four paransetey ,
my, by, @andby :

m

m(v) = m,v; +b,

()

b(v) = myv; + by

So that

Fp = m(v)a +b(v) (8)
We again underscore that the development of theeimod
was based on experimental data, which was avaifable
range of terrain slope roughly from -15° to 15°.iMY/this
model cannot be extrapolated outside the experahent
range in which it was defined, we can reason altioait
character of, outside of this range. In particutased on
previous discussion, we estimate that for greafaillu
slopes, the effect of rolling resistance will disim due to
decreasing normal force, i.e. contact pressure,rFandill
approachr, (omitting gravity effects, as usual).aAter-
tain point the slope becomes unsafe, when the siagwc-
ity of the wheel-terrain interface becomes equat, toFor
steeper downhill slopes similar arguments apqu/ling)
resistance will become less dominant with decregsoil
contact pressure, and at some point the shear itigpab
may no longer support the vehicle.

In the experiments that lead to formulation of timedel,
we have assumed that the degree of applicatiorhef t
brakes was constant throughout the experiments far.g
emergency braking, which often determines the lalo&ad
distance for a path planner, maximum actuator power
used). For other actuator modes this model is abgdica-
ble, but additional coefficients may be necessargliow
for other than maximum braking (e.g. slight, ha#fywetc.).
On the other hand, the benefits of this expressibthe
model are that it is very simple and intuitive, tquéasy to
adjust, yet powerful enough to account for pecities of
braking hardware and ground types, while requinegy
low online computational overhead.

4.2  Adaptive Calibration of the Model

In order to enable the robot to adapt its brakimgtion
model to the terrain that may be changing, we nreasu
average deceleration during each time the brakes ar
engaged. This measurement, along with estimatesief
rent pitch angle and velocity (available from robattate
estimator) are used as ground-truth to verify godhate the
model. A sizeable collection of these data-poistgath-
ered during vehicle operation. There are severalulao
methods and learning techniques to solve this probl
quite well. We have implemented a simple least-szpia
estimator that uses this collection of data pototsefine
the estimates of the four parameters of our model.

First we use the measured average deceleration slape
angleq to estimate ground-truth values of slopesddpnt
parametersn and

We let the vectos = [a;, 4, %,a] "
of deceleration, and) =[Q;,Q,%.Q,1"
Then we estimate the parameters as

m - (QQ Qa

contaim measurements
, wWhere, = [q1

9)

Once we have these parameters, we proceed simitarly
estimate velocity-dependent parameters:

M = [ml m, Ya mJT

-

A Y

V= vy v, v anT

tﬂ - (vV'v) VM

m

We do exactly the same to obtain the coefficienfsand
by, -

Depending on the mission, the robot may do quiteva
stops and assemble a fairly large collection o# getints.
To make certain that memory data buffer does netr-ov
flow, it may be beneficial to use a FIFO data butiecer-
tain length.

4.3 Experimental Results

This model was verified on available data and throa
series of new experiments: braking on level grodudyn-
hill and uphill, at velocities in the range (1,M)s, and with
10 repetitions of each test to ensure correlatiith(this
approach it was confirmed that results from rejoetit had
very little variability). Afterwards, the model wassted on
the same terrain through long autonomous runs witere
system issued a total of about 200 complete stap-co
mands. The results are presented in Fig. 6 (thzdrdal
axis represents stop number).

Note that the predicted value of stopping distaa@ways
above the actual, which is always necessary to lteep
vehicle safe. The overestimation is on average tabdcm
and can be controlled through tkg;,., parameter (see
(12)). The first 45 stops in the plot have quitkiahigher
stopping distances as they were done at higheciie®
(in excess of 3m/s) and on downhill slopes. Theé aéthe
data is from the usual operation of these partiotgaicles:
about 2 m/s velocity and on slopes in the rang&°(-15°).
Thus, while the model is quite easy to tune andutate in
real time, it provides a fairly accurate predictiohvehi-



Figure 6: Comparison of predicted and actual stopping distance.

cle's deceleration given its state and the predamitype
of soil.

5 Applications of the Model

The main motivation for estimating a braking models
the determination of the stopping distance. Heregwe
formulas for computing both stopping time and dis&a
Another important application of the model is estiion of

vehicle dynamics during braking. Once the balante o

forces is known, it becomes possible to answer topres
about whether a particular slope is viable for viedicle
(e.g. in terms of tip-over hazard).

5.1 Estimating Stopping Distance and Time

Average braking deceleratiay  can be obtained f(®m
once we have an estimate for braking forge

Since deceleration is negative change of veloaigr éime,
we estimate the stopping timg, , given deceleratioms

t offset (]l)

wheret ..., IS an offset to ensure that the resultvisygs
somewhat overestimated in order to keep the vehafie.

Similarly, stopping distance;, is calculated basadhe
fact that deceleration is the second time derieat¥ dis-
tance:

_Vv
s~ a"'tdelay+t

_1 .2
S = iats +tdelayv"'s‘offset @2

wheres is a similar distance offset.

offset

5.2 Predicting Vehicle Tipover Condition

Calculating tip-over condition involves finding tiseim of
torques around the point of contact of front whexlshe
vehicle (refer to (3) and Fig. 4). To find the tkineld where
the vehicle will start to tip over, we need to findhen the
weight acting on the rear axle, , becomes zero.édvew
practically the vehicle will be in danger even brefohis
condition occurs. When the normal foreg , becores |
enough so that the sliding friction force caused iby

becomes equal to the braking force, rear wheelsstétt
sliding and a loss of directional stability will @ar [25].
When this happens, the capability of the rear tioegesist
lateral force is reduced to zero, and a yawing nndee
to a slight centrifugal force or other effects wiétvelop the
inertia force about the yaw center of the fronieaXlhere-
fore, to find a more suitable estimate of maximuhovea
able slope angle, we have to solve the equatiofo(3) so
that \w,| is equal to a relatively small value gredten O.
This will require us to solve an equation of thenfo
Acoxg+Bsing = ¢ for q. However, depending on required
accuracy it is possible to simplify the equatiogn#ficantly
using small angle approximations.

The resultingg is the maximum allowable pitch angle
the vehicle to prevent tip-over, given the longihad loca-
tion of its center of gravity and other paramet&sce
most of the components of equation (3) can be pneco
puted in advance, the estimation presents low ctenpu
tional overhead.

6 Conclusion and Future Work

We presented an empirical braking model that ig gén-
ple to estimate, yet produces quite accurate mghht
exhibit appreciably small errors in a very wideiggr of
off-road operation: high and low speeds, level gband
steep slopes that high-traction vehicles can nagotiThe
model can also be extended with more analytical
approaches that utilize estimation of soil sinkagd other
peculiarities of navigating over soft, soils andds Also,
popular tire models can be utilized for operationshard
surfaces. Our future work will involve testing thdel on
vehicles that can operate at much higher speedstaager
slopes. We would also like to extend this studyn&neu-
vers including steering while braking and accelerat
(speeding up as well as slowing down). We hopeotix |
into the application of more powerful learning teicfues
to adapting the model to the variety of naturakater.
Although the specifics can vary and further build the
simple empirical model, the spirit remains the samein-
time characterization of vehicle dynamics that sapport
many intelligent decisions on the part of a vehipkth
planning system operating in unpredictable off-resadi-
ronments.
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