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1.0 INTRODUCTION

The National Highway Traffic Safety Administration (NHTSA) is exploring the feasbility of
deweloping brake ests 1 measue lrake sgtem performance d light vehicles.

Random variabilit y in brake testing can be quite large for light vehicles. Developing brake system
performance tests requires controlling test variabilit y so that measured differences between vehicles
is morethan just experimental noise. Possible sources of variabilit y includeenvironmental conditions,
vehicleto-vehcledifferences br a gven model, brake Ining canditioning, testdriver differences test

suiface fiction charges wih time, test suiface fiction differences letweentest sites.

In 1997 ,elevenvehicleswere tested atNHTSA's Vehicle Reseacch ard Test Center (VRTC). The
goals were to evaluate various brake sgtem performance neasues an to quartify the levels ard

sources of variabilit y associated with the measures.

In 1998,a £cand test program was conducied to further explore lrake esting variahlity. The
objective of this program was to determine the level of variability in sopping distance tests of
automobiles that is due b differences letweendriversfor avariety of conditions. VRTC conducted
tests with three exyert test drivers in three diferent cars an wet ard dry asplalt with the arti-lock

brake sgtens (ABS) working ard disalded. This report docunents that test program.

20 TESTMETHOD

2.1 The Vehicksand Preparation

VRTC leasedhireeusedlate model cars for testing. The wehicles wee commonly available snall,
medium, ard large passeagercass. All the vehicleswere equppedwith four wheeldisk lrakes ad
ABS. A list of the wehicles ested 5 stown in Table 21. Complete information on the wehicles can
be found in Apperdix A.



Table 21 - Test Vehcles

Vehicle Caegory Vehicle ABS Suppler | TestWeight
Small Automobile 1995 Gryder Nem Allied Signal 1234 kg
Mid-Size Automobile | 1996 Ford Taurus Bosch 1710 kg
Large Automobile 1997 Lincoln Town Car | ITT 1941 kg

VRTC rebuilt eachvehicle’s brake sgtemwith new original equpment brakelinings, brakerotors,
ard tires. The lrake fuid was eplaced wih new brake fuid. Also, ary other componerts which
might affectthe lraking peformance hatappeaed b be worn werereplaced s@achvehicle’sbrake
systemwas n “like rew” condition. The lrake sgtens weke then burnished accading to Federa
Motor Vehicle Sdety Standard (FMVSS)13%. The \ehicles wee tested wih only the diver ard
instrumentation onboard, which is commonly called lightly loaded (LLVW).

2.2 Instrumentation and Data Collection

Eachvehicle wasequpped wih a Trackiest fifth wheelard LabecoPeformance Monitor Model625.
These povided vehicle speed athe keginning of braking ard total stopping distarce aml were
triggered by the lrake Ight switch. The nitial speed ath sopping distarce da& from the fifth wheel
and whether there was ay wheellock-up duing the sbp were manually recaded Lty the diver.
Other instrumentation included a bake pedaflorce rarsducerard brake Ining thermocouples. Each
of these lad a readaut for the diiver to useduring testexecuion. Thebrakelining temperature piior
to the keginning of eachstop ard maximum brake pedl force after eachstop were also manualy
recaded ly the diver.



2.3 Test Condud

Stopping distarce ests were conducted accading to the AMVSS 135 st procedue o the extent
possible. This included a brake pedd force limit of 500N. Also, the lrake Ining temperature prior
to eachstop was equired to be between65 am 100 C. The sbpswerein a staight line ard began
at 100 knmih. The divers were instructed © acheve the shortest stopping distarce pasible within
the pedd force limits and with no wheel lock-upin the cases were the ABS was disabled. FMVSS
135 ests are typicaly conducted on dry concrete. Howewer, these tests were conducted on aphalt
so that the results from this program would be more comparale to the 1997braking test program.
It is believed that for the puposes of this sudy, the diference ketweendry agphalt and dry concrete

iS minimal.

The vehicles were tested under avariety of conditions to extend the applicabilit y of the results of the
program. Thevehiclesweretested atwo suiface caditionsard two brake canditions. Thevehicles
were tested a both dry ard wet asplalt to seeif driver effects were different on high ard medium
coefficiert of friction surfaces. Thesetwo test sufacesvere seecied kecausetiey have more stalde
coefficients of friction over time than other surfaces ike wetJemite ard epxy. The tests wee
conducied atthe Trarspatation Researh Certer (TRC) on the Vehicle Dynamics Area. The peak
friction coefficiert of the asphlt of the Vehicle Dynamics Areais regulaly monitored by TRC with
a «id traller usng anASTM E1136 tre accading to the ASTM E133790 test procedue. The
measued rominal peak fiction coefficierts of the wetard diy asplalt during testing was 066 ard

0.86 respectively.

The vehicles’ arti-lock brake sgtens weke disabded or samne stops D simulate a ehicle without
ABS. Thiswould show if driver effects were different for vehiclesnot equpped wih ABS. The ABS
was dsabled ky removing thefusefor the system For the ABS-disalded ests, stops were madewith
the diiver modulating the lrakes 6 acheve the slortest stop without locking ary wheek ard not
exceedng the pedalforce Imit of 500 N. For stops conducted with ABS-on, the diver rapidly
applied full pedaleffort up © 500 N. The sortest of Sx or three $opsrespecively for eachtest



condition was the peformance neasue. Althoughthe lraking peformance d anABS-equpped
vehicle with the ABS disabled may nat be the same as a ehicle ot equpped wih ABS, the diiver

effects ae assurad to be the sane.

2.4 The Drivers

The drivers who paticipated in the test program were al professional test drivers with varying
anmounts d experierce. Theyare cansidered represemative of the pal of test drivers that might be

usedm a lrake esting program conducted at any automotive proving grounds n the Urited Sates.

Driver 1 had beena pofessonal test driver at TRC for 6 years. For the previous 2 yeass Driver 1
had driven in test programs involving best-effort braking and maneuvers a the limit of vehicle

handing with both heavy trucks and light vehicles.

Driver 2 had beena piofessonal test driver at TRC for 18 years. For the last 12years Diiver 2 hed
driven in test programsinvolving best-effort braking and maneuvers a the limit of vehicle handling
with both heavy trucks and light vehicles.

Driver 3 hed beena piofessonal test driver at TRC for 13 years. For the last 8 years Driver 3 hed
driven in test programs involving best-effort braking and maneuvers at the limit of vehicle handling

with both heavy trucks and light vehicles.

2.5 Experimental Desgn

A lit plot factborial expelimental desgn waschosen In such a degn the ndepeneént factors
consist of what are referred to as ‘betweeri factors aml “within® faciors®. In this gudy, the

indepemwlert factors ard their levels were:



Betweenfacbors ard levels
° Driver (Drivers 1,2,3)

o Replcatons within a diver (Replicaions 1,2,3,4)

Within factors and levels

o Vehicle (Neon, Taurus, Town Car)
o ABS condition (on/off)

o Surface cadition (dry/wet)

In a spit plot factorial desgneachlevel of a ketweenfactor receves al combinations of the within

factors. Thus eacldriverdrove eaclvehicle urderevery combination of ABS ard suifacecondition.

Thedesgnard al the facors ae stown in Table 22. Drivers, vehicles,ABS condition, ard surface
condition are treaed asifked factors (or effects) and replicaions are treaedasa random facior. A
fixed efectis anindepemlert facior for which all levels albout which statistical inferences ae © be
drawnare included nthe sudy. A random factor isanindepenlert factor for which levelsin a stidy

are a endom sanple from a lrger population.

Neither the drivers nor vehiclesincludedin this studywere from a random sanple of the population
of al vehicles and drivers. The drivers were selected for inclugon in the sudy based on availabilit y
and having & least afew years of driving in test programsthat involved braking at the vehicle limit.
The vehicles were selected based on avalilability and sze. That is, the most readily available small,
mid-size, ard large cas weee used. Therefore, conclusons alout the divers ard vehicles n this
study canna be extended to cther levels (i.e. other modds of vehicle or other drivers) on grictly
statistical grounds. Howewer, conclusions atout the divers ard vehicles carbe exended b levels
outsde those included n the dudy based on logic ard ergineeing judgenent of the
represertativeness of the levelsincluded n the gudy.



Table 2.2 -- Partial Test Matrix

q Treatment Combination
(@

E Vehicle 1 Vehicle 1 Vehicle 1 Vehicle 1 Vehicle 3

a (V1) (V1) (V1) (V1) (V3)

o ABS-on(b,) | ABS-on(b,) | ABSoff (b,) | ABS off (b,) ABS off (b,)

Surface dy | Surface wet | Surface dy | Surface wet Surface wet
(s1) (s) (s1) (s) (s)
1 dlvlbls.l. dlvlblsz dlVleS.I. dlvlbzsz leSbZSZ
112 : : : : :

3 X X X : :

4 dlvlbls.l. dlvlblsz dlVleS.I. dlvlbzsz leSbZSZ
aj 1 dZvlbls.l. dZVlblSZ dZVleS.L dZVleSZ dZVSbZSZ
=12]12 : : : : :

a 3 : : X X X

4 dZvlbls.l. dZVlblSZ dZVleS.L dZVleSZ dZVSbZSZ

1 dSvlbls.l. dSVlblSZ dSVleS.L dSVleSZ dSVSbZSZ

3|2 X X X : :

3 X X X : :

4 dSvlbls.l. dSVlblSZ dSVleS.L dSVleSZ dSVSbZSZ

There were threelevels of drivers armd vehicles,two levels of ABS condition ard suifacecondition,
ard four replicaions. This produced36 cels, with four replicationsin eachcel, ard a ptal of 144
possble dat paints. Sincethere are threestopsfor every dat point with ABS-on ard 6 sbps r
ewvery dat point with ABS-off, there wasa tal of 648 $opping distarce ests pefformed for this
program. As previoudy dated, the depedart variable in this study wasthe sortest sopping

distarce d the three o six stops.



2.6 Procedure

The unorderof the experiment for Driver 1 isshown in Table 23. Ascanbe seenthe aderof the
test conditions was andomized wthin eachvehicle ard acoss eplicatons. For simplicity, al the
drivers tested he sane ABS ard asplalt condition atthe sane time in one o the three \ehicles. For
exanple,inreplicaion 1, Driver 1 drove the Taurus,Driver 2 the Town Car, ard Driver 3 the Nean.
They simultareocusly conducted three sbps eaclon dry asplalt with the ABS-on, thenthreestops
eachon wet asplalt with the ABS-on, thensix stops eacton dry asplalt with the ABS-off, thensix
stops eacton wetasplalt with the ABS-off. Thenthe diivers clarged cas ar repeatd al four test
conditions in a dfferent order. Then al the test conditions were agan repeatd n different cairs,
completing one replication. All four replications were run in this manner, completing the daa
callecion. The gal of having the diivers testing the sane conditions simultaneocusly wasto reduce
thelikelihood of procedumnl error. Thistest procedue akoinsured that effects due © ervironmertal

conditions, time of day, driver fatigue o leaning carceled ait.

Table 2.3 -- Run Orde for Driver 1

Replication 1 of 4 | Replication 2 of 4 | Replication 3of 4 | Replication 4 of 4
Taurus Taurus Taurus Taurus
ABS-on, dry ABS-off, wet ABS-on, wet ABS-off, dry
ABS-on, wet ABS-off, dry ABS-on, dry ABS-off, wet
ABS-off, wet ABS-on, dry ABS-off, dry ABS-on, wet
ABS-off, dry ABS-on, wet ABS-off, wet ABS-on, dry
Town Car Town Car Town Car Town Car
ABS-off, dry ABS-on, wet ABS-off, wet ABS-on, dry
ABS-off, wet ABS-on, dry ABS-off, dry ABS-on, wet
ABS-on, wet ABS-off, dry ABS-on, dry ABS-off, wet
ABS-on, dry ABS-off, wet ABS-on, wet ABS-off, dry
Neon Neon Neon Neon
ABS-on, wet ABS-off, wet ABS-on, dry ABS-off, dry
ABS-on, dry ABS-off, dry ABS-on, wet ABS-off, wet
ABS-off, wet ABS-on, wet ABS-off, dry ABS-on, dry
ABS-off, dry ABS-on, dry ABS-off, wet ABS-on, wet




2.7 Data Reducion

As previoudy dated,the targettest speedwas100 knih. The gopping distarceswere correcied or
minor variationsin the speed from which the sop was initiated usng the following formulafrom SAE
J299"

2
Vtarg et

IeSlx V2

test

sD,, =SD

where:
SD ., =Corrected stopping distance

SD ., =Actual stopping distance
Ve =Actual test speed
Viaga =Target test speed

Note that SAE 299 datesthisspeed corecion formula is accusete only for speed diferencesup ©
3.2 kmh. All gopsin this sudy were initiated within that range. Once he gopping distarce was
correctedfor speed the shortest stop without wheellock-up ard with pedalforce kelow 500 Nfor

eachtest condition ard replicaion was sedcted.

Thenthe carected sbpping distarce dah were aralyzed using the shtistical sdftware packages
Statistical Analysis System(SAS)® ard Minitab®. Inferential tests o significarce d the nain effects
ard interactons wasbased on the Analysis of Variarce (ANOVA) perfformed in SAS udng the
Gererd LinearModek Procedue (proc GLM). See Apperdix B for detils of the nodel

3.0 RESULTS

3.1 Data Analysis

Figure 31 stows al of the dat from the experiment. Eachpoint on the graphrepresens the kest

of three @ six stops, depenling on ABS condition, aspreviously descibed. As canbe seennot all



of thetest conditionsappeato havefour data paints from the four replicaions. This canbe for two
reasms. Ore reasm is that the sbpping distarce fom two replications for adriver in a setof test
conditions has the sane value. Owverprinting makes hese dad points appear as ame daa paint.
Another more common reasm is becauser one a more of thereplications, thedriverdid not achieve
a gop without wheellock-up ard pedalforce below 500 N n ary of the three o Sx sops. This
happered 3 imes, al with Driver 1.

Preliminary plotting of the daa showed a srongly right skewed data set. Fgure 3.2 shows a
histogram of al the dat with a rormal curve. The cause bthe ron-normality is that the laws o
physics dictate that there is a lower limit for the sopping distance of each vehicle in eachtest
condition. Howewer, for eachtestthere are any number of circumstarces hat cancausefte sbp to
be longer, including variations in test suface fiction, water deph, driver input, vehicle candition,
ervironmenal faciors et. The dfficulty this causesm the dat aralysis is that for most statistical
inferences(tegs) to be valid, they mus be made on normally distributed date.  While ANOVA is
generally robust to violations of normality’, transforming the daa to give it a more normal

distribution improves the accuacyof the satistical tests.

Several dda transformations were tried on the daa, including squae root, reciprocal, natural
logarithm, and base ten logarithm. The natural logarithm transformation was the best, bringing the
data closestto anormal distribution. SeeFigure 33. As canbe seenhowewer, the daa setis siill
somewhatright skewed.Howewer, the shtisticalmethods used & robusteroughto not be effected
by dightly skewed daa. All statistical inferences were made on this transformed data set.
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The next gep inthe daa analysis wasto look at outliers in the natural log transformed data. Outliers
are defned asdaia points with a sardardized esidualgreaer than 2.0 for a nodel that included dl
theindepemlert variades ard their two-wayinteractons. The autliersare stownin Table 31. Frst

it was \erified that the autliers were not dai@a ertry errors. Once he accuacyof the dat pointswas
verified,the diverdatshees for thesestopswerereviewed br ary problems. Since rothing urusual
wasfound in the diver dat shees, the dstribution of the autliers was aalyzed. The autliers were
almost everly distributed betweenal three \ehicles. Also, nine of the autliers were with the ABS
disabbed aml nne of the autliers were on wetasplak. Additionally, eight of the autliers were from

the leastexpelierced diver. Ore wauld reasmally expect the nost variation from the least
experierced diver, with the ABS disabled, on the wetasplalt suface. The lack d compdling

eviderce b remove the autliers dictated hat they remain in the dat set

Table 31 — Outiersin the Data

Driver | Vehicle ABS Surface Stopping Fit Stardadized
Condition | Condition | Distarce(n) | (In) Residual(In)
1 Taurus Off Dry 4.10 3.97 2.09
1 Neon Off Wet 3.96 4.14 -2.89
1 Taurus Off Wet 4.04 4.22 -2.86
1 Town Car | On Wet 3.99 4.14 -2.30
1 Neon Off Wet 3.99 4.14 -2.39
1 Neon Off Wet 4.40 4.14 4.00
1 Town Car | Off Wet 4.55 4.42 2.12
1 Neon Off Wet 4.46 4.14 4.97
2 Town Car | Off Wet 4.48 4.33 2.42
3 Town Car | Off Wet 4,07 4.21 -2.11

The rext step was ¢ plot the main effects. See kgure 34. A main effectisthe average \alue d the
depewlert variade for anindepewlert factor over al the ather indepemlert factors. The first box in

Figure 34 shows the meanstopping distarce or eachdriver over al the vehicles an test conditions.

12



The secad box stows the meanstopping distarce r eachvehicle over al the divers and test
conditions. Thethird box shows the meanstopping distarce or ABS-on ard off over al the diivers,
vehicles awl test conditions. The fourth box stows the meanstopping distance for wet ard dry

asplalt over al the diivers, vehicles aal ABS condition.

60

52

Corrected Stopping Distance (m)
(o)
(o)
|

1 2 3 Taulrus Town  Neon On Off Dry Wet
Car
Driver Vehcle ABS Suface

Figure 34 — Main Effects Rot for Corrected Sopping Distarce Daa

As canbe seenthe largesteffect (difference n meanstopping distarce) wasbetweenvehicles. The
meanstopping distarce d the Neam was albut 10 meters storter thanthe Town Car. The nean
stopping distarce d the Taurus was aly 4 neters longer thanthe Neaw. This resut agrees wih
known frictional propettiesof tires, since ane wauld expectthe snallest car(leastmassard tireload)
to have the shortest stopping distarce, the md-sized carto have anintermediate stopping distarce,
ard the large carlmost mass awl tire load)to have the longeststop. Faciors ke lraking eficiercy,

brake l@ance,ard ABS functioning ako effect vehicle sbpping distarce.
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The next largesteffects wee ABS condition ard suface cadition. The ABS-on meanstopping
distarce was abut 7 meters storter than ABS-off. The diy asplalt stopping distarce was abut 8

meters storter thanthe wetasplak. These esuks ako are cansistent with ergineeiing principles.

The smallest effectwas divers. Driver 1 had the longestmeanstopping distarce d al the drivers.
The diference betweenDriver 1 ard 2 was aly alout 2 meters ard the diference etweenDriver
2 ard 3 salout 3m The diference etweenDriver 1 ard 3 s alout 5 neters.

The rext step d the dat aralysis was b plot the two-way interactions. See kgure 35. An
interaction existswhenthe level of one indeperlert facior charges he efectof arother indepenlert
factor. Eachbox in Figure 35 slows wiether there was annteraction betweenfactors. The
difference n slope Etweenary two or three Ines n a lox indicates te anount of interacton
between factors. If the linesare paallel in abox, thereis no interaction between the factors. Similar
to FHgure 34, the yaxs is the mean corrected sbpping distarce n meters of eachcombination of

factors.

The largesttwo-way interacion is betweenABS condition ard suface cadition. Thisis shownin
the lower right box in Figure 3.5 It shows that for the ABS-off stops, the efect of suface was
greaer. For the ABS-off condition, the meanstopping distarce over al the vehiclesard driverswas
54 meters for dry asplalt ard 66 neters for wet For the ABS-on condition, the meanstopping
distarce overal the vehicles aul driverswas50metersfor dry asplalt ard 55 neters for wetasplalk.
To putit in the smplest terminology, the lox shows that ABS had agreater effectfor stops o wet
asplalt thandry asplalt, which matches expecttions.

The rext largesttwo-way interaction is between vehicle amd ABS condition. The Taurus nmean
stopping distarce overal thedriversard surfaceconditionswas53 metersfor ABS-on ard 55 neters
for ABS-off. The Town Carmeanstopping distarce over al the diivers ard suface

conditionswas 56 meersfor ABS-onand 66 meersfor ABS-off. Insmplest terms, the Tauruswas

leastaffected ky ABS condition, ard the Town Carwas nost affected.
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Figure 35 — Two-Way Interacion Plot of Corrected Sopping Distarce Daa

The other two-way interactions appear to bevery small and so donat warrant further discussion at

this point.

What is not known from justlooking atthe rain effects pbts am the two-way interacions plotsis

whether or not the diferences hey stow are satisticaly significart.

Statistical significarce mplies that the measued esul is unlikely to alise just by charce. Every
experimental procedue gerrates daiawith some level of expelimental noise. Testing for statistical
significarce 5 merely comparing the level of noise in the data with the suppcsed efect the
independent variable has on the dependent variable. Throughout this anaysis, the threshold for
significance is that there is less than a 5% probability that the effect measured is really just

experimental noise. This means that the probability is less than 5% a measured effect that was
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deened “significart” arose nmerely due b charce rather thanbecauseltere truly isaneffect To test
for the shtistical significance of the main effects ard interacions, the dat was aalyzed usng an

ANOVA auitalde for the glit-plot factorial desgn.

The modd for the split-plot factorial design is®:

Yigm = M+ 0, + T+ B +(aB) + (B) i, i H(ay), +(ym), + 9, +(ad),

+(O1T) iy +(BY ) +(ABY) ju + (BYwicj) + (BO)ym + (ABA) jkm + (BOTT) i
(YO)im *+ (aYO) jim + (YOTT) iy + (BOY Jim + (ABAY) jim + (BYOTT) iy + Eijm

Where:

Yium 1S the stopping distance in replication i and treaiment combination jkim

U is the grand meanstopping distance of all the tests
a, is the treatment effect for driver |

1t 5, is the block effectfor replication |

B, is the treatment effectfor vehicle k

(aB) is the joint treament effectof driverj and vehicle k

(Bm),(; is the joint treatment effectfor vehicle k and replication i

y, is the treamment effectfor ABS condition |

(ay); isthe joint treament effectfor driverj and ABS condition |
(ym);i;, is the joint treatment effect for ABS condition | and replication i
0, isthe treatment effectfor surfacecondition m

(ad),,isthe joint treament effectfor driverj and surfacecondition m

(0m) (5 is the joint treament effectfor surface ondition m and replication i
(aBy), isthe joint treatment effectfor driver |, vehicle k, and ABS condition |
(Bym),(; is the joint treatment effect for vehicle k,ABS condition |,and replication i
(By)

(B9)

« isthe joint treament effectfor vehicle k and ABS condition |
« 1S the joint treament effectfor vehicle k and surfacecondition m
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And:

aBod) . is the joint treament effect for driver j, vehiclek,and surface codition m
Bom),...;) is the joint treament effect for vehicle k, surfacem,and replication i
¥0),, is the joint treaiment effect for ABS condition | and surface cadition m
ayod) ,, is the joint treatment effect for driver j,ABS condition |,and surface m

Yom) ;) i the joint treatment effect for ABS condition |, surface m,and replication i

Imi(j
BOY) .. is the joint treament effect for vehicle k,ABS condition |,and surfacem
apoy) ym is the joint treatment effect for driver j,vehicle k,ABS|,and surface m

(
(
(
(
(
(
(
(BYOTT) i ;) is the joint treatment effect for vehicle k,ABS |,surface m,and replication i

Ejm 1S the error term

This equaiton modek eachdat point as he sumof the efectof all the indepemlert factors ard al
the possbleinteracionsof theindepenlert factors ard anemor term. Thatis, the nodelincludesthe
main effects, and two, three, ard four-way interacions ard aneror term. Since rone of the
parametersin the modelare enpiricaly known, they are esimated from the datiusing the equaions
in Table 33 ard 34. Table 32 isanaid to readng Tables3.3 ard 34.

Table 32 — Meanng of Symbols Used n Computational Formulas

Indepemnlert Facor | Effect Number of Levels | Index
Replication R n i
Driver D p ]
Vehicle \% q k
Brake B r I
Surface S t m
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Table 3.3 — Split-Plot Factorial Design F-statistic Calculations®

Eqgn. | Computational Formulas Degreesof Error
No Freedan Eqn #
1 ssb. bI=[DR]-[Y] np-1 N.A.
2 ssD=[ D] -[Y] p-1 3
3 ssbID(D)=[DR] -[D] p(n-1) N.A.
4 ssw. blI=[DVBSR-[DR] np@rt-1) N.A.
5 SS\E[ V] -[V] g-1 7
6 ssDv=[DV]-[D]-[V] +[Y] (p-1)(a-1) 7
7 ss\kbl(D)=[ DVR] -[DV] -[DR] +[ D] p(n-1)(@-1) N.A.
8 ssB=[B]-[Y] r-1 10
9 ssbB=[DB] -[D] -[B] +[ Y] (p-1)(r-1) 10
10 | ssBxbl(D)=[ DBR]-[DB]-[DR]+[ D] p(n-1)(r-1) N.A.
11 | ssS[S}Y] t1 13
12 | ssC8=[DS}-[D]-[S]+[ V] (p-1)(t-1) 13
13 | ssSwl(D)=[DSR]-[DS -[DR]+[D] p(n-1)(t-1) N.A.
14 | ssvB=[VB]-[V]-[B]+[Y] (g-1)(r-1) 16
15 | ssDvB=[DVB]-[DV]-[DB]-[VB] +[ D] +[ V] +[B] -[Y] (p-1)(9-1)(r-1) 16
16 | ssvxBxbl(D)=[DVBR]-[DVB]-[DVR]-[DBR]+[DV]+[DB]+[DR]-[D] p(n-1)(g-1)(r-1) | N.A.
17 | ss\8=[VS]-[V]-[S]+[V] (q-1)(t-1) 19
18 | ssDvS=[DVS]-[DV]-[DS]-[VS]+[D]+[V]-[V] (p-1)(g-1)(t-1) 19
19 | ss\SlI(D)=[ DVSR-[DVS]-[DVR]-[DSR +[ DV] +[DS]+[ DR] -[ D] p(-D@-D(t-1) | NA.
20 | ssBS=[BS]-[B]-[S]+[Y] (r-1)(t-1) 22
21 | ssDBS=[DBS]-[DB]-[DS]-[BS]+[D]+ [B]+[S]{V] (p-1)(r-1)(t-1) 22
22 | ssBS»lI(D)=[ DBSR -[DBS]-[DBR]-[DSR +[ DB] +[DS]+[ DR] -[ D] p(N-1)(r-1)(t-1) N.A.
23 | ss\BS=[VBS]-[VB]-[VS]-[BS]+[ V] +[ B] +[ S]-[Y] (@-D)(r-1)(t-1) 25
24 | ssDVBS:[DVBY-[DVB]-[DV]-[DBY-[VBS+[DV]+[DB]+[DS] (Ee-1)(@1)(r-1) ¢ | 25
+[ VB] +[VS]+[BS]-[D] -[V]-[B] -[S]+[ Y] 1)
25 | ssVxBxSxl(D)=[DVBR]-[DVBY-[DVBR}-[DVSR] -[DBSR]+[DVB] p-1)(a1)r-1) | NA.
+[ DVS]+[ DBS]+[ DVR] +[ DBR] +[ DSR -[DV] -[ DB] -[ DS]-[DR] +[ D] (t-1)
26 sSTO=[DVBSR-[Y] npqrt-1 N.A.
Note: 1)D, V, B, S ae fixed efects; and bbcks are randan

2)"'ss’ refers to sums of squaes and “bl' refers to blocks
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Table 3.4 -- Sumsof Squares for Split-Plot Factorial Desigr?
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The equatonsin Table 3.3 are used b cakulate the suns of squaes for eachmain effect, ard two,
three,and four-wayinteracion and their respecive eror terms. The terms in eachof the equatons
in Table 33 are defned in Table 34. Equaions3,7,10,13,16,19,22,ard 25 n Table 33 ak eror
meansquaesfor their respecive main effects arl interaction meansquaes. The Fstatistic, for each

effect or interaction is thenthe ratio of its neansquae term ard the spedied eror meansquae.

The Fstatistic, effectdegees dfreedan, ard eror degees é freedaon are useda cakulate the R
value usng the Fdistribution. The P-value isthe probabilit y that the effects measured inthis program
areonly dueto charce aml not becausetie indeperlert variade affectsthedepelert variade. Since
the Rvaues nthisstudycomefromthe Fdistribution, the test of significarceisalsocaled anFtest
Equatons1ard 4 in Table 33 would be used o test the significarceof areplications effectbut such

a test was rot performed.

The above calculations were performed usng SAS and the log transformed daa. Typelll sums of
squaes were used Pr the gatisticaltests. The SAS cale ugd and output gererated is shown in
Appendix B. A summay of the results is shown in Table 3.5.

As mentioned previously, effects with a Rvalue kssthan 005 ae deemad satisticaly significart.
As canbe seenin Table 35, al of the main effects ar three d the two-way interactons were
statisticaly significart. In fact, the threewayinteracion of driver, vehicle, ard suface (ot stown)
was sgnificant a this level (F,,,=3.82, P=002, MSE=0.0094) It is epecally interesting that this
threewayinteracion was satisticaly significart since tere was aly interaction betweenvehicle ar
suiface ad no” interaction betweendriverard vehicle arl betweendriver ard suface. Theprinciple
of effectheredity is patly contradicted here. The piinciple o effectheredity states hataninteraction
that is composed d a weak rain effectard a stong main effectis mostly due b the strong main

effect.

*Strictly geaking, it cannot be said that there is no interaction between driver and vehicle, only that an
interaction cannot be proven to exist with this data.
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Table 35 — Sgnificarce Tests d Main Effects ad Two-Way Interacions on
Natural Log Trarsformed Stopping Distarce Daa

Source d Effect Error df Mean F-statistic | P-value
Variation df Squae

Error
Drivers 2 9 0.00939 111 0.0037
Vehicles 2 18 0.00403 896 0.0001
ABS 1 9 0.00409 1542 0.0001
Surface 1 9 0.0123 543 0.0001
Drivers am 4 18 0.00403 2.32 0.096
Vehicles
Drivers ard ABS 2 9 0.00409 592 0.023
Drivers amd 2 9 0.0123 1.64 0.25
Surface
Vehiclesard ABS 2 18 0.00443 851 0.0025
Vehicles ad 2 18 0.00246 4.46 0.027
Surface
ABS am Suface 1 9 0.00437 283 0.0005

Howewer, the pracical meanng ard pracical significarce d this threeway interacion is obscuee.
As discussed below, this effect may not be atistically signific ant.

There ae seera assumtions and conditions that appy to the spit-plot factorial aralysis of
variarce’. These nclude a ormally distributed response \arialde ard homogereity of respmse
variarce acrossthe conditions being assessea the diferent tests. The kenefits of the retura log
trarsformation of corrected sopping distarce nclude educing heterogereity of variarce aml
normalizing the data. Since the daais still somewha skewed and there is some heerogenety of
variarce, it is fortunate thatthe ANOVA proceduesused n thisstudyhave beenfound to be robugt

to noderate violations of these assumptions.
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Other necesary conditions of the ANOVA arethatthesubjecisexpelierce reatment levelsinrandom
order, which was done. It is assuned that the responses o the factors controlled in this study are

indepemlert, arother necessar condition.

Beyond these there is anassumtion known as sphricity which holds anly for within variades ard
interactons of within variades ard interacions betweenawithin-factor and the betweenfacior. This
assimption states hat betweenthe levels of the facior or interacton, subectto random sanpling
error, variarces ae canstant ard covariarces,differencesbetweenpars o levels of a wihin factor,
are constant for the set of observations taken. If this assunmptionis violated, the F-test tendsto ke
lessconservative. For exanple, an ~test with a rominal 0.05 level of significarce (P-value=005)
might have anactal level of significarce d 0.07 or 0.08 if the dat does ot meetthe splericity
asumption. Testsof sphericity are rot wel suppated nthe SAS oftware used D aralyze hisdat
ard sowere not cakulated. Instead, a GeerhouseGekserconservative F-test procedue® wasused

to assesse impactof this assurption on the presem results.

The GreerhouseGesserconservative F-test procedue involves catulating conservative critical -
statistics. These coservative critical F-statistics ae catulated by dividing both the efectard eror
degeesef-freedan by the within-factor degees éfreedan®. For exanple,the canservative critical
F-statistic for the test of the vehicle effectwasdetermined wih numerator degees é freedon equal
to (3-1)/(3-1) = 1 aml derominator degeesof freedan equako 3(4-1)(3-1) /(3-1) =9 ard a Pvaue
= 0.05 kevd of significarce,yielding aconservative critical F-statistic of 5.12 (Fy 5., ¢ = 512). Note
that a within-factor with only two levels (or an interaction of two within factors of only two levels
each need ot be assessedf compliance wih the splericity assurption becausehere is only one
covariarce letweentwo levels. To putit more simply, the efectdegeeof freedanisalreadyl, ard
socamot be made ary smaller. Alsonote that the betweenfacior driversis not assessechithis way

becauselie splericity assurption does rot appy to it.
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For aninteracton of a betweenfactor with a within-facior, the rew criticalF value for the test of
the Diiver x ABS interacion was de¢rmined wih numerator degeesof freedon equatto (3-1)(2-
1)/(2-1) = 2 ard derominator degeesof freedan equalto 3(4-1)(2-1)/(2-1) = (3)(3) = 9 anl a P-
value = 005 level of significarce, for a canservative critical F-statistic of 4.26 (Fy s, o = 4.26).

The GreerhouseGeserconservative F-test procedue reed ot be performed on effects that were
not found to be sgnificart usng the ANOVA. The procedue will yield a higher critical F-statistic

whenthatispossble, sopeirforming theprocedueoneffectsalreadydeenedinsignificart ispaointless.

Oncethe conservative critical Fstatistics have beendeermined,theyare canpared © the catulated
F-statigtics. If the catulated Fstatistics ae greaer thanthe canservative critical F-statistics, the
effectissignificart whether or not the splericity assumtionismet. If the catulated Fstatistic isless
thanthe conservative F-statistic but greaer thanthe rormal critical F-statistic anbiguity resuks ard
formal tests are recesary. Splericity tests are thennecesary to make a coclusve judgenent. If
sphericity tets are not Basble, eitherdefer judgementi(e., make naletemination)or asumethat
moderatalifferencesin variancesand covaiancesare likely the esult of sampling eror only and

not a cause for concérn

Using thisprocedue wehicle, ABS, ard suface effects, as welasdriver-ABS, vehicle-ABS, vehicle-
suiface ard ABS-surface nteractionswerefound to still be satistically significant. Theconservative
F-test bringsdoubt on the significarce of the threeway interacion of drivers, vehicles,and suface.
Unfortunately with available canputing resources, it is not possble 1 make denitive statenerns
about the sgnificarce d thisinteracion. Keep n mind that this procedue doesnot appl to driver
effects aml it was ot appled to the interaction betweendrivers amd vehicles anl the interaction
betweendrivers am suface ad sothose resuks remain uncharged. Table 36 shows the resuls of

the piocedue.
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Table 3.6 — Greenhouse-Geisser Consrvative F-Test

Source d Variation Consewative | Consrvative | Conservative | Calulated
Effect df Error df Critica F-statistic
F-statistic
Vehicles 1 9 512 896
ABS 1 9 512 1542
Surface 1 9 512 543
Drivers ad ABS 2 9 4.26 5.92
Vehicles ad ABS 2 9 4.26 851
Vehiclesard Suface 2 9 4.26 446
ABS ard Suface 1 9 512 283

To answer the quesbn whether al three divers wee statisticaly significartly different from one
another or whether only some of the drivers were different from one another, mutiple comparisons
were performed. 95% confiderce ntervals were calculated on the diference d meanstopping
distarces betweenDrivers 1, 2, ard 3 usng the following equaion for TukeyKramer multiple

compairisons'®:

O Uae r.r
95% C.I.= (Y -Y,)+ \'/f'(*/M—SE) nh.

W here:
Y, and Y, are the driver meanstopping distances

a1 eaor 1S G Critical at the a =.05 level, for 3 groups, and the error dof =9
MSE is the meansquare error

n, and n,,, are the number of stops of each driver

i+l

The diver meanstopping distarces ad meansquae errorswere takenfrom the SAS autput shown
in Apperdix B. The diferences letweenvehicles wee also cdculated his way. The nultiple

comparisons are shown in Table 3.7. A Satistically significant difference with a probabilit y of 95%
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is indicated whrenthe cafiderce nterval does rot include zeo. Renember that these cofiderce
intervals wee cakulated usng log trarsformed dag, soone should not draw canclusions alout the

size d the diferences fom these ntervals.

Table 3.7 -- Multiple Comparisons of Natural Log
Trarsformed Sopping Distarce Daa

Compairison 95% Confiderce Interval
Driver 1 ard 2 -0.02635,0.08596
Driver1 ard 3 0.01555,0.1279
Driver2 ard 3 -0.01334,0.09714
Taurusard Town Car -0.1316,-0.06439
Taurusard Nean 0.03205,0.09855

Neon ard Town Car 0.1299,0.1967

As Table 37 shaws, there was aily a satisticaly significart difference ketweenDrivers 1 aml 3.
Therewasnot astatisticaly significart differencebetweenDrivers 1 anl 2 a betweenDrivers 2ard
3. In other words, it is cettain that Driver 1 is different from Driver 3, but the diference ketween

Driver 2 ard Driver 1 ard betweenDriver 2 ard Driver 3 may be due b experimental noise.

For al of the vehicles,the diferences wee statisticaly significart. In other words, the diferences

betweenthe Nem, Taurus,ard Town Carwere al greaer thanthe e)pelimental noise.

A mutiple linear regression was performed on the data usng Minitab. The modd for the linear
regresson included dlthe main effects ard two-way interacions that were prevously found to be
statisticaly significart (exceptthe interacion betweenvehicles anl suface). The adjisted squaed
multiple correlation coefficiert wascakulated to be 0.73. This indicates tat 73% of the variation

"Minitab attomatically removed this interaction from the mode because it was too dlosely correlated with
other dementsin the madd.
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in the stopping distarcesis explained by the ekmerts in the nodef. That is, 27% of the variation
in stopping distarce B not explained by differences betweendrivers, vehicles, ABS condition, ard
suiface cadition ard their interacions. Thus, a fairly large anount of variation is not being
controlled by the expermental method. The likely saurces @ this variation include erironmertial

condition charges,test suiface fiction charges,brake sgtemcharges,efc.

Renoving drivers am the interacion betweendrivers ard ABS from the regresson model reduces
the pecertage d explained variation in sopping distarceto 66% The 7%reducion in explained
variation due b removing drver effects from the nodelis a measue the drivereffect Compared b
the other indeperlert faciors, the interactons of the aher indepelert factors, ard the urcontrolled

variability, driver effect is quite small.

Since the muitiple linear regression does not use the split-plot factorial design, it is a less powerful

discriminator and was not used for inferential tests of the independent factors.

3.2 Taurus Problems

Testing was sbpped n the nmiddle o the third replicaion becausehe left rearbrakeon the Taurus
started draggng. The rearbrakeswveredisasseiled ardinspeced. Inspecton reveakd hatthe rear

brakes lad beenreassered incorrecty during the lrake ebuild atthe keginning of the program.

Becauselie Taurus has four wheeldisk brakestherearbrakes ae canplicated by the paking brake.
The paking lrake s acuated by a rod threadedrito the rearof the calper piston. To prevert the
piston from rotating with the rod, a dot in the pston face § suppcsed to ergagewith a pin in the
brakepad kacking plate. During a lvake ebuild the installer mustrotate the piston so that the slot
in the piton aligns with the pn on the backing plate ard the wiole kacking plate rests onthe face @
the pston.
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This step was not paformed during the initial brake rebuild. Since the pin was not aigned with the
slot, thepad dd ot lie flat on the piston face ad pagllel to the lrake dsk suface. Instead,the pad
contactedthe piston faceon the pn ard pat of the backing plate. This caused oly patt of the pad
to contact the dsk suface. During the lrake lurnish, the pad fiction material wore awayin a
manner that brought most of the friction material into contactwith the dsk suface. See kgure 36.
The dak area & the wearsuiface. The light colored areaalove the daik areais the portion of the
friction material that was ot contacting the rotor. The light colored areaat eacherd is where the
friction material was leveled atboth erds atthe factory.

Figure 36 — Taurus Brake Pad

To complete testing, the caliper pistons wee retracted uriil the lrake ro longerdragged. Care was
taken to reassemble the brakes with the pin and dot <ill misaligned, so that only the dragging

condition was diminated. Fixing the pin dignment problem & this point would have caused new
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wear paterns o the pad ad charged he lrake geration. This could possbly make the daa
callecied nreplicaions 1 ard 2 incomparalde to data collectedinreplicaions 3 ard 4. The wehicle
was tenrunon the roller dynamometer. Theroller dynamometer datindicated hatthe lrakes wee

appaently operating normally ard testing wasresumed. Replicatons 3 ard 4 wee thencompleted.

Several steps wee taken to verify that the Taurus da& cdlected n the test program was
represemative of a Taurus wih correcty functioning brakes. After replicaions 3 ard 4 wee
completed, the rearbrakeswere rebuilt with new pads ad with the pins ard sbts carecty aligned.
The lrake ystemwasthen burnished agan accading to FMVSS 135.

The vehicle was agai run on the roller dynamometer. The roller dynamometer stowedthat there
was ot anappeciade difference nthe operation of the brakesystemof the Taurus lefore ard ater

correcting the problem with the lrakes.

To further test the comparability of the daa collected in the program with that of a Taurus with
correcty rebuilt brakes a fifth replication with al three divers was un. The slortest stopsfromthe
first four replications was usedd cakulate a 95%confiderce nterval for the meanshortest stop for
eachdriver ard test condition. See Table 38. Confiderce ntervals catulated on the retural log
trarsformed dat ard the retural log of the stortest stop from the fifth replicaion are presemed. As
canbe seenthe slortest stop for eachdriver ard test condition from the fifth replicaion was wthin
10 of the 12 confiderceintervals. For driver 1, on dry asplalt, ABS-off, the slortest stop from the
fifth replicaton was appoximately one meter outsde he caifiderce nterval. Howewer, this
confiderceintervalwasonly calculated on 3 replicaions becauseri replicaion 4, the diiver failed to
acheve a sbp without wheellock-up. Inreplicaion 5 on wet asplalt, ard ABS-off, driver 1 agam

did not geta gop without lock up.

Aswith mostvehicles,the Taurus lrakes ae hased oward the front ade. Also, therearbrakepads
had worn suficiertly during the first burnish, that most of the friction material wasin contactwith

the rotor. Also, the leastexpelierceddriver had problems acheving a sbp without wheellock-up
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Table 38 — 95%Confiderce Interval From Replications 14 ard Replicaton 5

Driver |Surface| ABS Confidence Interval Replication 5
1 dry on 3.884 ,4.010 3.885
1 dry off 4.013,4.090 4,126
1 wet on 3.831,4.168 3.927
1 wet off 3.984 ,4.268 NA
2 dry on 3.854 ,3.932 3.868
2 dry off 3.960 ,4.092 4,021
2 wet on 3.897,4.023 3.913
2 wet off 4.076 ,4.322 4,149
3 dry on 3.809 ,3.941 3.855
3 dry off 3.907 ,4.051 4.009
3 wet on 3.802 ,4.005 3.900
3 wet off 3.952 ,4.245 4,132

both beforeard ater the lrakes wee repared. Due b scledule ard cost constraints, re-tesing was
not conveniert or appaently necessar. Based a the evderce gven alove, the resuls for the test

program for the Tauruswere concluded b be valid .

4.0 CONCLUSIONS

All the man effects and mast two-way interactions were gatistically significant. This is somewhat
remarkalle given the relatively small effect sizes neasued. The highlevel of statisticalsignificarce
isdue b the powver of the expelimental desgn used ad the anount of datarecaded ether thanthe

size d the efects.

In fact the sze d the efect for drivers over al the wehicles aul test conditions, was about five
meters, only alout a car length. Howewer, the range d driver effect for a \ehicle in a given test
condition after four replicaionswasfromalbout 1 meter up © 36 netersover al the wehicles anl test
conditions. The wast case ddriver difference (36 neters) was letweenDriver 1 ard Driver 3in
the Town Car with the ABS-off on wet asplalt. This huge diference b atypical though, as &
indicated ly the anly five meter difference betweendrivers over al the \ehicles,test conditions, ard

replications.
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The diference ketweenthe Taurusard the Nea ard the diference ketweenthe Taurus am Town
Carwere of the sane order of magnitude aslte diference betweenDrivers 1 ard 3. Thisindicates
that there s a foor to the resdution of differences letween vehicles hat can meanngfully be
measuedusing only one diiver ard one replication. Becausette diference ketweenABS conditions
is greaker than the diference letweendrivers, a test method cauld be sebcted wih high erough
resolution to dstinguish the benefits of ABS.

Requiring severa replications in the test procedure could sgnific antly limit driver effect. Looking
at the dat from this experiment, one cansee hat in most casesatter four replicatons, the range
betweeneachdriver s shortest stopping distarce & pretty small. Taking eachdriver s best stop from
four replicaionsinapaiticular vehicle ard test condition, one cancreae what could be caled a ‘best
stop range”. The aerage @ the best stop ranges wer al the vehicles anl test conditions (excluding
the Town Car with the ABS-off onwet asphalt) is3.5 meters. Thisshowsthat after four replications,
expelierced divers mght be expectd b getwithin 3.5 meters of eachother. Theimplication of this
isthatif a test procedue used aly one driver for eachvehicle, with eroughreplicaions, the efect

of that driver could be reduced o only 3.5 meters with few excepions.

Given the anourt of noise in curent brake st methods, if atest procedure was usedhat only
required one diver ard one replicaton, the benefit of ABS might not be seeruriess sbps o a wet
suifacearealsopeirformed. The largesttwo-wayinteracionwas letweenABS condition ard surface
condition. The effectof suiface cadition wert from5 neterswith ABS-onto 10 neterswith ABS-
off. This indicates that ABS is more important on wet asplalt than dry asplalt. If stops a wet
asplalt were included n a test procedue for light vehicles,those \ehicles with ABS would likely
score better than those without.

The practical significarce d the remaining two-way interactons is probally small. The largestof

these diects isalout 4 metersard isfrom the nteracion of ABS condition ard driver. Surprisingly,

the nost expelierced diver was nost affected ty turning off the ABS.
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Driver3 was éastaffected ly the pesece d ABS. The rext largestinteractions were only 3 meters
ardwere the interactons betweenvehicle ard ABS conditionard theinteraction betweenvehicleard

suiface.

The factthat thereisno strong interacion betweendriver ard vehicle a sufface § promising for the
dewelopmert of a test procedue for a ight vehicle kraking program. This shows that experierced
drivers wee not greaty affected ly different size \ehicles. It also shows that expelierced divers
were not greatly affected ly large clarges n surface fiction. This would meanthat the snaller

differences n test sufaces btweentest facilities would not amplify driver differences.

The multiple linearregression model discussed eatier explained 73%o0f the variation in Sopping
distarces. Thisshows that the curent brake esting methods have not completely controlled al the
factors thataffectbraketests. Theuncontrolled variationis27% The likely saurces d thisvariation
include enironmerta condition charges,test suiface fiction charges,brake sgtemcharges,efc.
Another source of this variation comes from random variabilit y within drivers. Driversin this sudy
were modded asfix ed effects, but this is obvioudy alargesmplific ation. Any test procedure adopted
for an light vehicle braking program will have to take into accaunt, that on top of the snall but

unwanted differences between drivers, there is quite alot of variabilit y from other sources.

In concduson, a test procedue canbe deweloped hat accuetely measues diferences letween
vehicles. The test procedue usedn this test program measued diferences letweenal three d the
vehicles ested wih very highstatisticalcetainty. Unfortunately, thistestproceduealsousedalarge

number of replications ard drivers.

Howewer, despie the wide differencesin massof the vehicles usedn this program, they may have
fairly uniform braking peformance compared © al the light vehicles o the road. Eachof the test
vehicles s probaldy equpped wih the best brake packageféered for that model The Taurus used
was a fghertrimline, the Nem used was aSport” model, the Town Caris anexpersive luxury car.
Theyal had 4 wreeldisk krakes wih ABS.
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A wider variety of vehicles were tested usng smilar test methodsby VRTC in 1997. The range of
stopping distarcesfor the 1997 &t vehicleswith the ABS-on ard on dry asphalt was25%'. The
range of sopping distarcesfor the 1998 ehiclesin this test condition wasonly 9%. The range of
stopping distarcesfor the 1997 ést vehicleswith the ABS-on ard on wet asphak was30% The
range d sopping distarcesfor the 1998 vaicles in this test condition wasonly 11% Range &
defned as he diference letweenthe slortest stop over al the divers ard replications of the kest
(shortes vehicle ard the slortest stop of the worst (longes) vehicle dvided ly the stortest stop of
the wast vehicle.

If the ight vehicle lrake st procedue reed ot be alde to differentiate betweenewery vehicle, a
much smaller number of replicatons ard diivers may be needed. If the gaal of the light vehicle
braking performance test program is only to distinguish large differences in braking performance,

fewer replicaions ard diivers wauld be needed dr eachvehicle tested.
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APPENDIX A

TEST VEHICLE INFO RMATIO N
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VEHICLE INFORMATION

Manufacturer. Ford Motor Co. Modet Lincoln Town Car

Body style: 4 der sedan VIN: 1ILNLM82W6VY 755238

Date of mfg: 8/97 Odameter. 1,810 km)

Wheebase: 2984 (mm) Track font: 1613 (mm) rear 1638 (nm)
GVWR: 2425 kq) GAWR front: 1156 kg) rear 1289 kQg)

Dates tested: 4/5/985/14/98

DRIVE TRAIN

Fueltype:gasdine Displcenert: 46 () Nunber cylinders: 8

Trarsmissbn: avtomatic Forward speeds: 3

TIRES

Manufacturer. Michelin Modet XW4

Size: P225/60R6 Pressure front: 220 kpa) rear 241 kpa)
BRAKES

ABS manufacturer. ITT ABS type: 4 gnsor, 4 crcuit

Variable proportioning valve: none
Master cylinder circuit spit type: diagmal

Booster type: vacuum Parking brake catrol: foot
Front brake ype: dsk Lining cade: 6051 E
Rearbrake ype: dsk Lining cade: PR 9F 7050

VEHICLE WEIGHT - All weights are with driver and full fuel tanks.
LLVW front: 1075 kg) rear 866 kQg)
GVWR front: 1148 kg) rear. 1279 kQg)
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VEHICLE INFORMATION

Manufacturer. Ford Motor Co. Modet Taurus

Body style: 4 dor sedan VIN: 1IFALP52UOTG132036

Date of mfg: 9/95 Odameter. 47300 km)

Wheebase: 2750 (mm) Track font: 1565 (mm) rear 1560 (mm)
GVWR: 2135 kg) GAWR front: 1201 kg) rear 982 kg)

Dates tested: 4/5/985/14/98

DRIVE TRAIN

Fueltype:gasdine Displcenert: 3.0 () Nunber cylinders. 6
Trarsmisson: auomatic Forward speeds: 3 speed

TIRES

Manufacturer. AmericanGereral Model G45

Size: P205/65R5 Pressure front: 227 kpa) rear. 227 kpa)
BRAKES

ABS manufacturer. Bosch ABS type: 4 gnsor, 4 crcuit

Variable proportioning valve: none

Master cylinder circuit spit type: diagmal

Booster type: vacuum Parking brake catrol: foot
Front brake ype: dsk Lining cade: AKNS171HFF
Rearbrake ype: dsk Lining cade: 292304 NB-FF ard 294671 NB-FF

VEHICLE WEIGHT - All weights are with driver and full fuel tanks.
LLVW front: 1057 kg) rear 653 kQ)
GVWR front: 1170 kg) rear 966 kQ)
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VEHICLE INFORMATION

Manufacturer. Chrysler Corporation Modet Nean Sport Coupe

Body style: 2 d@r coupe VIN: 1P3E562QSD167756

Date of mfg: 10/94 Odameter. 12461 km)

Wheebase: 2635 (mm) Track font: 1455 (mm) rear 1460 (mm)
GVWR: 1595 kg) GAWR front: 889 kg) rear 741 kg)

Dates tested: 4/5/985/14/98

DRIVE TRAIN

Fueltype:gasdine Displcenert: 2.0 () Number cylinders: 4
Tramsmissbn: manual Forward speedsb

TIRES

Manufacturer. Goodyear Modet Eagle RSA

Size: P185/65R4 Pressure front: 220 kpa) rear. 220 kpa)
BRAKES

ABS manufacturer: Allied-Signal ABS type 4 sensor, 4 circuit
Variable proportioning valve: none

Master cylinder circuit spit type: diagmal

Booster type vacuum Parking brake control: hand
Front brake ype: dsk Lining cade: 6050 [E 567778093
Rearbrake ype: dsk Lining cade: 7050 X HJ FF 322

VEHICLE WEIGHT - All weights are with driver and full fuel tanks.
LLVW front: 771 kg) rear 463 kQ)
GVWR front: 866 kg) rear 726 kg)
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APPENDIX B

SAS CODE AND OUTPUT
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Below isthe SAS code usedd aralyze he daafor significarce d the main effects am interactions.
See Table 31 for the synbols useddr the indepemwlert factors.

libname sas 'd:\thesis\data’;
filename txt 'd:\thesis\data';
data sas.ssd;
infile txt('ssd.txt);
inputr7d$1-5v$9-15b$17-19s $ 21-23 SD 27-31 logSD 33-37;
proc sort data=sas.ssd;

byrdvbs;
proc glm;

classrdvbs;
model logSD=

d r(d)

v d*v v*r(d)

b d*b b*r(d)

s d*s s*r(d)

v*b d*v*b v*b*r(d)

v*s d*v*s v*s*r(d)

b*s d*b*s b*s*r(d)

v*b*s d*v*b*s v*b*s*r(d);
test h=d e=r(d);
test h=v e=v*r(d);
test h=d*v e=v*r(d);
test h=b e=b*r(d);
test h=d*b e=b*r(d);
test h=s e=s*r(d);
test h=d*s e=s*r(d);
test h=v*b e=v*b*r(d);
test h=d*v*b e=v*b*r(d);
test h=v*s e=v*s*r(d);
test h=d*v*s e=v*s*r(d);
test h=b*s e=b*s*r(d);
test h=d*b*s e=b*s*r(d);
test h=v*b*s e=v*b*s*r(d);
test h=d*v*b*s e=v*b*s*r(d);
means d v b s d*v d*b d*s/T lines;

run;
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Below is the autput gererated by SAS:

C
R

D
\%
B
S

The SAS System

General Linear Models Procedure
Class Level Information

lass Levels Values
4 1234
3 Bob Larry Lyle
3 Taurus TownCar neon
2 off on
2 Dry Wet

Number of observations in data set = 141

General Linear Models Procedure

Dependent Variable: LOGSD

Source
Model
Error

Corrected Total

DF

140

0

140
R-Square

1.000000

Sum of Mean
Squares Square  F Value
2.8011608 0.0200083
2.8011608
C.V. Root MSE
0 0
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Pr>F

LOGSD Mean

5.2016



Source

D
R(D)
Vv

D*V
R*V(D)
B

D*B
R*B(D)
S

D*S
R*S(D)
V*B
D*V*B
R*V/*B(D)
V*S
D*V*S
R*V/*S(D)
B*S
D*B*S
R*B*S(D)
V*B*S
D*V*B*S
R*V*B*S(D)

Source

D
R(D)
Vv

D*V
R*V(D)
B

D*B
R*B(D)
S

D*S
R*S(D)
V*B
D*V*B
R*V*B(D)
V*S

Source
D*V*S
R*V*S(D)
B*S

D*B*S
R*B*S(D)
V*B*S
D*V*B*S
R*V*B*S(D)

)
A

=

o
OOBRNONRFRPORANOOANONRFRONRERORANON

=

=Y

)
A

=Y

o
NOBRMNONRFRFONRFEFORANON

)
A

o
OORNONREFROM

=Y

Type | SS

0.1210488
0.0564542
0.6415163
0.0225851
0.0786070
0.5383667
0.0287053
0.0352110
0.6328661
0.0258663
0.1182707
0.0613032
0.0152283
0.0922010
0.0160690
0.0416963
0.0328395
0.1075022
0.0165945
0.0553849
0.0043688
0.0164866
0.0419891

Type 1l SS

0.2084020
0.0844703
0.7223002
0.0374045
0.0725216
0.6303076
0.0483777
0.0367835
0.6706536
0.0404555
0.1110756
0.0754176
0.0178627
0.0798021
0.0219119

Type 1l SS

0.0375019
0.0442015
0.1236549
0.0215856
0.0393398
0.0080930
0.0164866
0.0419891
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Mean Square

0.0605244
0.0062727
0.3207582
0.0056463
0.0043671
0.5383667
0.0143526
0.0039123
0.6328661
0.0129331
0.0131412
0.0306516
0.0038071
0.0051223
0.0080345
0.0104241
0.0018244
0.1075022
0.0082973
0.0061539
0.0021844
0.0041217
0.0027993

Mean Square

0.1042010
0.0093856
0.3611501
0.0093511
0.0040290
0.6303076
0.0241888
0.0040871
0.6706536
0.0202278
0.0123417
0.0377088
0.0044657
0.0044334
0.0109559

Mean Square

0.0093755
0.0024556
0.1236549
0.0107928
0.0043711
0.0040465
0.0041217
0.0027993



General Linear Models Procedure

Dependent Variable: LOGSD

Tests of Hypotheses using the Type Il MS for R(D) as an error term
Source DF  Typelll SS Mean Square
D 2 0.2084020 0.1042010
Tests of Hypotheses using the Type Il MS for R*V(D) as an error term
Source DF  Typelll SS Mean Square
\% 2 0.7223002 0.3611501
Tests of Hypotheses using the Type Il MS for R*V(D) as an error term
Source DF  Typelll SS Mean Square
D*V 4 0.0374045 0.0093511
Tests of Hypotheses using the Type Il MS for R*B(D) as an error term
Source DF  Type lll SS Mean Square
B 1 0.6303076 0.6303076
Tests of Hypotheses using the Type Il MS for R*B(D) as an error term
Source DF  Typelll SS Mean Square
D*B 2 0.0483777 0.0241888
Tests of Hypotheses using the Type Il MS for R*S(D) as an error term
Source DF  Typelll SS Mean Square

S 1 0.6706536 0.6706536

Tests of Hypotheses using the Type Il MS for R*S(D) as an error term
Source DF  Typelll SS Mean Square

D*S 2 0.0404555 0.0202278

Tests of Hypotheses using the Type Il MS for R*V*B(D) as an error term

Source DF  Type lll SS Mean Square

V*B 2 0.0754176 0.0377088

Tests of Hypotheses using the Type Il MS for R*V*B(D) as an error term
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F Value

11.10

F Value

89.64

F Value

2.32

F Value

154.22

F Vvalue

5.92

F Value

54.34

F Value

1.64

F Value

8.51

Pr>F

0.0037

Pr>F

0.0001

Pr>F

0.0962

Pr>F

0.0001

Pr>F

0.0229

Pr>F

0.0001

Pr>F

0.2472

Pr>F

0.0025



Source DF  Typelll SS Mean Square
D*V*B 4 0.0178627 0.0044657
Tests of Hypotheses using the Type Il MS for R*V*S(D) as an error term
Source DF  Typelll SS Mean Square
V*S 2 0.0219119 0.0109559
Tests of Hypotheses using the Type Il MS for R*V*S(D) as an error term
Source DF  Type lll SS Mean Square
D*V*S 4 0.0375019 0.0093755
Tests of Hypotheses using the Type Il MS for R*B*S(D) as an error term
Source DF  Typelll SS Mean Square
B*S 1 0.1236549 0.1236549
Tests of Hypotheses using the Type Il MS for R*B*S(D) as an error term
Source DF  Typelll SS Mean Square
D*B*S 2 0.0215856 0.0107928
Tests of Hypotheses using the Type Il MS for

R*V*B*S(D) as an error term

Source DF  Typelll SS Mean Square
V*B*S 2 0.0080930 0.0040465

Tests of Hypotheses using the Type Il MS for
R*V*B*S(D) as an error term

Source DF  Type lll SS Mean Square

D*V*B*S 4 0.0164866 0.0041217
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F Value

1.01

F Value

4.46

F Value

3.82

F Value

28.29

F Value

2.47

F Value

1.45

F Value

1.47

Pr>F

0.4296

Pr>F

0.0267

Pr>F

0.0204

Pr>F

0.0005

Pr>F

0.1397

Pr>F

0.2666

Pr>F

0.2598



The SAS System

General Linear Models Procedure

5.23617778
5.20639583
5.16447917

5.19191489
5.28989130
5.12656250

5.26320290
5.14262500

5.13945833
5.26650725

N Mean

15 5.21773333
14 5.33907143
16 5.16343750
16 5.20756250
16 5.30175000
16 5.10987500
16 5.15206250
16 5.23500000
16 5.10637500

General Linear Models Procedure

Level of
D N
Bob 45
Larry 48
Lyle 48
Level of
V N
Taurus 47
TownCar 46
neon 48
Level of
B N
off 69
on 72
Level of
S N
Dry 72
Wet 69
Level of Level of
D \Y
Bob Taurus
Bob TownCar
Bob neon
Larry Taurus
Larry TownCar
Larry neon
Lyle Taurus
Lyle TownCar
Lyle neon
Level of Level of
D B
Bob off
Bob on
Larry off
Larry on
Lyle off
Lyle on

------------ LOGSD
N Mean
21 5.30404762
24 5.17679167
24 5.28316667
24 5.12962500
24 5.20750000
24 5.12145833
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SD

0.16808930
0.14369186
0.09962803

SD

0.10433513
0.14917733
0.11901402

SD

0.16165591
0.08490864

SD

0.08935874
0.15650123

SD

0.08399700
0.17768791
0.18183691
0.12137763
0.15746852
0.07435579
0.09717851
0.09476638
0.06004984

SD

0.20549415
0.09718784
0.15120664
0.08383878
0.11181040
0.06260156



Level of
D

Bob
Bob
Larry
Larry
Lyle
Lyle

Level of
S

Dry
Wet
Dry
Wet
Dry
Wet

5.16758333
5.31457143
5.13645833
5.27633333
5.11433333
5.21462500
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SD

0.09998561
0.19637479
0.08515101
0.15727010
0.07686333
0.09553639
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