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GmbH Haugen Assocaates, and the Mishagan D e p m e n e  oSTransporutnon. The 
V o l ~ e  Ka?ional Transpom5ion Systems Center as the nwdependent evaluator 

36. AbStYnCi 

Tlals ~ n ~ n r n  document reports on a eooperauve ageemene be twen NHTSA md UknRI entlded Iateiligewt Cruise 
Control OCC) Field Opcraelornd Test {(FOT). ovesuchrng god of the work 1s to chuacaenze safety and comfofi 
Issues h a t  arc h n d m ~ e n d  to bbsanm 1n t~ rac~3on~  with an au~omat~c beadanlay keeprng system. 

Thls repon (I) summmzes the starcs of the FOT and (2) presents prelim~naq H ~ S U E I ~  and findings deriving from the 
lestlng acplvltiss now In progess. %t descnl~es the work done to prepare md ~nsmnument a fleer of BO passenger cars wlth 
~nfrared rxnglng sensor\, headway conuol dgonahrns. md dmver inledace unlis as needed to provnde an adaptlyre c m ~ e  
control (ACC) hncuomdlry. The vehicles have been given to Bay-dnven 40 us? for two weeks as thenr pneand cars. 

Based upor dat2 from 35 dnveh, objectove and smbjectlve results s u p p n  h e  following prelimazawaq obsenpatnans. 
ACC dnving IS repofled 10 be comfomble and os percesved as stress-relicvsng 
Tne hnesskeac sensation of ACC-irduced deceleration was often csted by dnvers as a viglianee-enhmcsng cue, 
perhaps ~r~ylyniag a sdfetq, benefit 

Drzvers a p p w  to %tan? how !no use ACC qulcklq. md no converge on a szntegy tha! meshes with the-ar dnvnlng style. 
The daba so~wila a aaaaurnl rype of "bias" by wblch manual dnwmg apvars  nslcser ciaan ACC dnvlng In pa? because 
denser, morr conflsss-laden, iraffic Induces drivers to turn the ACC system OFF 
Under vinually all cendsuons in whrcvi ACC 1s engaged. drivers chmse (md  h e  system prsvsdes) headway &s$mces 
hat are grealey than those seen when she same person dnves manuall) 
ACC ~ W V I P . ~  resulss ~il fewer 'bear approaches" ao she prccedlag vehicle dnm does manual dnvlnp. 
Hcadway-kesylng behavror dnffers markedly dnvcr ape b u n p e r  dnvea  are nypncaliy more aggessfve, 
opemnng at shoner he~dways .  

.. Given the !>ropeme$ of ahc ACC synern bang  studled. a wimnnrnal urnpact on h e  accident record would be e x ~ c t e d  
from okserdajlons to daec. A major elemen[ of this exDes$auon denves from the dnlren' eholce re use ACC only in 
wher  ben~gn aaffic env~mnments. 

When coa.apleied, the: FQT is expected to presetla fiwdrngs baed on resulus from over 100 drivers / panlcipmts. 
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This Qs~,nmewt 2rsvides m intefi~rl reporting on the Field Operafiond Test [FOT) 13% a 

d ~ ~ ~ c r  asistance innovation called Ada;~~i,ve (or lctelligent) Cn~ise Con201 (ACC). The 

tlest is benng confncaed by the UniyirersEty of ?l;lichigm T~lra~sportation Wesesch Jmstitu1:e 

(UJiITN) under spsnssrsbp by NIdTSA, in putnersl.ij1~ with  the^ AGC sensor supplier, 

AOIC, which is a joint Yienmre sf the Leica and E M I C  companies, md with hlaugen 

Assgliciatcs md The ?ilicshigan Dlzpa. of Traas~~or%a.tion, 

The ACC system is inco~orated inis a Eeet of ten passenger cars, each cmployini; a 

g~l l~-anonnted sensor that. detects vehicles ahead a11c1 controls bst1.a the speed md 

headway sf eke test vehicle so that the driver can proceed th-aiugh moderate freevvajr 

traffic wjt$oaa",djustirag cwlise bunons or essuchj.ng the tlvottle or br&e. The field test 

places eke ACC:-eqvip~~ed vehicles in the hands of rasdody-iawited citizens for use as 

thzlr persond car for two weeks. (Later in the project, some divers will dsa be given 

the vehicle for a 1tota.I of five weeks.) Thus, ahe srehicles are put into namralakasaie use, 

without const r~ning where the person ~ v e s ,  or when, or howjlj, Each dkver is dso free 

to choose b e t ~ ~ ~ e e n  operating manudly or with conveaationd ccmise con&o$ during the first 

week and between nianuxi~l or ACC drivirpag dniwag the second (or subsequent) \weeks. 

Given this basic test approach, the o~/eraching goal is to chwacterize the ibssues tl~at 

xe hndamentd to human interaction with an automatic headway keeping system, 

Aishough only one system design i s  being f~elded, it is hoped that the results will " ~ e  

gmnefically insb~ctive:. Cleaky, the issues in quesbion cover the safe md csnla~ewient 

operation of the \~ehicie as well as psrewtid i~n-npacrs on traffic flow, fuel ecancmy, and so 

fod1, 

The ACC system under study here can be described in terns of the sensor, the 

contzalier, md the driver's interface, The sensor is am infixed device that measures 

distmce and the rate of closure to vehicles iri the 1me ahead, steerjng its sensing beam to 

the 15ght or left a needed to fol:ow % m e  cum-YJaQnre. The e~nbo4Ber acts on the sensory 

data to :mod%sia%e the fhsi"cle md dso downshift the ~ m s ~ s s i s n  as required to saais$u the 

bver-selccscd ~nimum for hcadway or spacing es a vehicle h e a d .  Since brakes are not 

incovoratcd into this ACC system, the vehicle has only modest deceleration rvailaksle for 

consrolling headway-a chxacaenstic that is believed to figure strongly in the field 

expeaRcnce repofled here. The b v e r  selecb among t8~ee f in imum headway buttons 



ranging from ""closer" to "fmher9' and othewise operates the ACC system ~ o u g h  the 

n o m d  cruise control buttons located 08 the face of gkne steering wheel. 

The ACC systems have been fitted into 1996 C b s l e r  Csncorde sedms. The 

vehic%es each employ a complex instmmeneation package that operates untended in the 

vePlicieis trunk. The package collects a broad may of quan~tative data from the ~ v i n g  

process and stores selected clips sf video from a fomad-liookng cmera .  

The expeiiimental design involves a s a p l i n g  of n o m d  drivers according to age, md 

p i o r  cruise control usage, Athough more than 100 persons will. drive the test vehicles 

before the project is concluded, this report presents data drawn from the first 35 ixbjects. 

The table below s b a m ~ z e s  the scope of usage covered by this first group of drivers 

("KCy9 in the babie refers to the usage of Convcntiaad Cruise Control). Approximately 

26% of the mileage was covered with ACC control acmdly engaged (""Eng.," in the 

table) out of a totd of 26,000 miles. 

Distance, miles 

Because some eighty variables are sampled continuously at 10 cycjes per second, a 

data record of tremendous proponions is bang  m a s e d .  Only a high level scan of these 

data, compiled mostly as kstogrms,  is presented and discussed in tiis iwte~m repofi, 

Supplementing the qumtitative data, pmicipatiwg d ~ v e r s  have dso given saabjective 

asessments of ACC diving tb~ough response es a debriefing q u e s f i o n n ~ e  and though 

pmicipation in focus groups. Togetherp the subjective md ob~ective resuits suppsfi the 

1) ACC d~viasg is reported to be co&oflab%e and is perceived as s~ess-relieving, 

especidly on long trips. 

2) B ~ v e r s  are codoflable using this ACC system under some trdfie environments in 

which eonventiorad cruise conwoH would have been disengaged. 

33 ACC operation did not pose any obvious safety theat  to either the driver of the 

equipped vehicle or to others nearby. The kneseheeis sensatbow of ACC-induced 

deceleration was often cited by drivers as a vigilance-enhmcing cue, perhaps implying a 

safety benefit. A few mecdotes of relaxed visual attention to the road ahead were also 



repoTed, Ihovirever, presianlabT1y as the d ~ i v c r  adapted ta the perceavcd benefit 0% the 

deceierablon cue;, 

4) Bnsrers appear to ~ e ~ m  how to use Act quicdy. .As exposure time grows, 'Lhe 

individual readily converggs on preferred ACC headlway settings as well as an  operating 

stralegj that n~ieslies wish kiis or her d~ivirsg style . 

5) Because rhe choice of control mode closely conelates with prev&fing m d 3 c  

condiliolss auld read type, the daaa cosnt~n a ndturd type of bias by vwhich maiud &iv ng 

appeas rjslcier that AC:C driving In Yage pafl because denser, more conflict-laden, tre.ffic 

iaduces drivers tc turn the ACC sgrsten OF!, A simple anem-spt to djs-aggregate the data 

so that ACC driwrng is compared with ma,asual dfiving only under cornpaable conditions 

is repofleal here, but more sophisticated mems are being pursued, 

6 )  Under viflually a3J conditions ~I-I which ACC is engaged, however, dfivess choose 

(and the system provides) headway distances that are greater than those seen si~ihen the 

s m e  person d n v e ~ ,  manuaJly. Some drivers have recognized this difference in their cwn 

behavior md have cited "I as a perceived benefic of the system. 

7 )  Related to this obsewatiows, ACC drijling results in fewer ""near approaches" to the 

preceding vehicle than does manual driving. Continuausly monitored vdues of time-to- 

collision are malcediy longer under ACC csrbol, 

8) Head~~ay-keeping behavior differs makedly with dkver age. Younger dfi-avers are 
typicdly more aggressive, waveling generdaaiy faster rhm the average $&fie uound thew 

a d  operating at sk~r ie r  headways, Some dajvers in his more zggressive categoq~ 

pcreela~e that ACC c o n ~ o l  impedes their nomal pattern of driving such ahar !hey may 

tend not to nse it. 

9) Di71ers select set speed values under ACC control rather like they do under 

conventional cmise control-that is, wealy matching the prevailing speed of ~afffic. This 

may be one aspect of driver behavior that a d a p ~  with lwcreaing ACC expedence. 

10) Given the propeaies of the ACC system being s~udied, a ~nimd impact on 'the 

accident record would fojlow from obsewations to date. A major element of this 

expectation derives from ?Re divenkcfioice to use ACC only in rather bea ig~  traffic 

ewvironiwents. 

1 % )  This ACC system would likely also have a ~ n i m d  impact on traffic operations, 

mostly because i t  becomes tun~ed off ?when traffic approaches the density levels at which 

highway capaaiq is c hdlenged. 



The field test has yet to collect appsoximate%y 10% of its data. hcluded in the 

remkning testing is the Coverage of some 24 drivers operating the vehicle for 8 total of 

five weeks each, Data processing will be expanded beyond the ~ s t o g r m  domain, with 

heavy emphasis upon time-related phenomena, especidly that of driver intenention upon 

the ACC-engaged state of  operation. Possible extensions to the fie8d test are also under 

consideration, pmieu%ahly with br&ng iacovorated into the ACG cowtroller. Such m 

extension would adhess the higher levels of deceleration capability that a e  expected to 

appex on nmketed vehicles over the next few yeas. 



1, i!NTRODUCT%QN AND BACKGROUbm 

1.1 Hnntraduction 10 the Report 

Tks docume~t constitutes an interim report -eon a cooperative agreement beel~veen 

NBTSA and UMIRT concerning a field operationd test (FBT) of intelligent cmise 

control (l@C). Tke ICC systems employed in this study a e  Bmsvdn as and refeaed to as 

ada;ptive cruise control (4,C.C) by the pmners  w the FOT. UjvflM's paancrs in the 

POT are Automoeive D'distmce Conerok Systems (ADC) GmbH (a joint business ven t re  

of Leica and Temic to de~~e lop  a d  muket advanced distmcc coaQol eechnslogj), 

Kaugen Associates, and the Michigm Depmmena of Transpof:at%ion. 

Per the U.S. DOT" requirements for FOTs, the progrm also involves m independent 

evaluation led by personnel from [she Volpe Nationd Transpoaation. Systems Center (a 

pafl of  the U So DOT) Volpe is aided in their cvduarion effofl by their s u b c s ~ ~ a c t s r ,  

Scie2ce App:icat~ons hecmadowd Covoration (S,UC). Although there is an open 

ewchmge of test data, plans, and ideas betnreen the p a n e r ' s  g ~ o u p  md the independent 

evduator's groupl this repol? is e n ~ r e l y  the respssnsibiliy of UMTRI a i d  its pmners. 

The m a t e ~ d  presented here has been prepzed by UMTFJ to ~rswide N>ESA with an 

understanding of the con?uct and pre l iminq  findings of the field operationd test (FiOT), 

To that end, thjs inaeim repofl s d n m ~ z e s  the ssams of g ~ e  FOT md presents 

g s ~ e l i i n q  resulls md findings deiving 'from the Lesalng activities B ~ O ~ N  in progress. 

Ai%hough a p a i c u l a  AACC system IS undergosng acstsng in this projeca, it is znaended 

that this repoa chaacaerize issues thar, to the m n i m u m  extent possible are funda~ennld 

60 human interaction wit11 an automatic headway-keeping system. Nevefiheless ia is clear 

that specific fealiares of the fielded system have directly d e t e h n e d  v ~ o u s  details in the 

R U K I ~ ~  use of the FQT vehicles. 

Each of ehe aen field-rest vehicles involves a 1996 C b s I e r  Ccaneorde sedm that was 

purchsed and n7odified TO i n c ~ ~ o r a t e  m ACC fuzsns;eionality. The vehicles were 

equipped with Leica ODW 4 infrared ranging sensors. These protovpe sensors are part 

sf m eelecwonics package %Rae pro~i~sdcs range md raqge-rate info~mation in a form tlmae is 

convenient for use in assembling and evaluating an ACC system. Based upon this 

f rmework developed b)i Leica, a headway eonuol d g o r i t h  was created by UMTWJ and 

ins%dkPled in the vehicles. 



nication network bas been developed so that the conventiond emise control 

system existing on the velicle can be used as a velocity con&ol%er that responds to 

c o m m d s  from the headway contholler, This network dso includes combanicafion with 

the trmsdssion controller in the vehicle so that a t r m s ~ s s i o n  downskfi from foubth to 

third gear cm be used to extend the conbol a u t h o ~ v  of the ACC system, thereby 

increasing the deceleration capability of the system witkout using the vekcle's $r&ng 

system. IPa addition the vehicles have been extensively inswmented to collect data on 

driving p e h m m c e  and the driving enwronment. Ml sf these systems and feabres have 

been hnetioning in the field sperationd tests that began in July 1996. 

The p r e l i ~ n n q  resufts presented hen  poflrargi the &ivia%g expeience of 35 lay 

biverlpaicipants who operated one sf the ten ACC-equipped passenger exs.  These 

divers operated a vehicle for one week without ACG and the next week with Ace 
available. These two week periods of operation took place in the drivedpmicipmts 

naturd dfiving environment sometime in the period from July though December 1994. 

The results md findings presented in this report use the set of data from the 35 

dfiverlpafticipants to address questions associated with the following operational issues: 

the namre of speed md headway keeping behavior of d ~ v e r s  with and without an 

ACC system 

when, where md Row drivers will use ACC 

diver's abi%ii%$p to adapt to different driving siauafiows while using ACC 

concerns with ACC operation 

she levels of comfofl and convenience md safety drivers associate with ACC 

the pedomance af a cunewt state of the m ACC system 

The data d s o  provide a stming point $01- an expanded evaluation of AGG by Volpe 

and SMC evduators as well as by UmWH and DOT seseachers, 

Further infomation and expansion on the p r e l i ~ n q  results md findings are 

provided in section 4 of the main b d y  of the repon. 

The main body of the repon s tms  by presenting gewerd background infomation 

concerning ACC systems m17d the con%~ol sf speed and headway. (See section 2,) The 

tasks pedomed to prepare md insmment the vehicles for the tests are deschabed in 

section 3, Section 3 presents infomation on the system for gathering and processing data 

a well as for archiving data in a f o m  that i s  useful for hkure mdyses and for 

responding to quefies concemirag new ideas, The cunena status of the project is 



chaactedzed in sectiorn 3 5  by presenting data csncen~ing idle nun~ber ol trips and niie:s 

trayqeled bnder various control aid uperatang condhio~~s. 

21 section d9 preliminary resullls ax2 findings a n  presented asd snppcs~cd by ev~delace 

based upon the data obtained so *Fx. The co~aclnding sec5ion  section 5 )  of the repol$ does 

three things, I! su~marizes the preisj~nary findings, it desei4bes the mticipated amount 

of info~maticn 10 be obreiaied and irs sig~\ificance once the project is ceml~lcted, znd it 

postulates where this, work, is going and what night be done newt. 

I,% Background on the FOT Broajeef 

htclligent, or adaptive, cmise control syslems (IICG or- ACC) are under acehe 

development by ear eomgmics band their suppliers thoughout the world. Such sys*ems, 

which autsmaticdly control headway er range eo a vehicle in front, are intended to 

become the aexb logical upgrade of convea~tional cnu.asc conlras% /GC@). However., 

vdidation of the cadoa4e, canvenlence md s a f e ~ j  implications (positive md negative'] of 

such systems has heretofore no! been undeadcen using nomd consumers as test 

S U ~ ~ ~ C L S .  

This project is a field spmaaiond test (FOT) which will ultimately involve more than 

100 such test s~rbjects. FBT" are intended to serve as the uawsition between rcseac9s 

and development and the h19-scale depioymiaacnt of ITS technologies. The tests p e f i t  an 

evaluation sf how well newly developed ITS rezhnologies avork ugder red operzting 

conditso3s and assess !he benefits and public suppofl for the prod~ct or system, 

The generd god ~ 1 %  this project is to ehaacte ize  issues that we h n d m e n t d  to 

Rumm interaction with auton~aeic headway-keeping system. The extent to which this 

gad is r~dizcd clearly depends upon the extent to which results from uskg  this pmicula 

ACC system csra be gene~dized to other ACC systems. 

In addressing this overall goal, the field operational test is expected to: 

evaluate the exten! ", which ACC systems wlIl be safe and satisfying when ust:d by 

the public 



consider the inf uences of key system propeflies such that the results caw help in 

findtzing the design of production systems 

identi@ design and pedomance issues that call %or fimher development, maket 

resexch, industry recornended practices, or public policy 

conhbute to the e v o l u ~ s n q  process leading to the deployment of ACC systems as 

a baser service 

develop an understanding sf how the fuhinceisndiq provided by ACC systems 

conefibutes to the safety and comfort sf real driving 

qudiQ how drivers use and apprGse the functional propmies provided by ACC 

systems 

develop m aapprecia~on for the publie issues and societal benefits to ~mspofiation 

associated with ACC systems 

(The focus of this interim report is an the operationd issues given in section I .  1 ,) 

Figbase 1 provides a conceptud ovewiew sf the FOT. As illasstrated in the figure, the 

work done 60 provide a test system has involved acquining system elements, asembling 

ACG systems and installing them in the test vehicles, designing md building a data 

acquisition system, and mmging for a pool of drivers. 

Figure 1. F8T Concepmd ~.vvewiew 

8 



Key e1emen:s of the project a ~ p r o a ~ h  B ~ I C .  

use c~f inlrxed-based ACC sensors and associated elecmironic systems wnjch are 

e n g i n e c ~ ~ ~ g  pro1121 y j ~ s  ciessgaed by ib,eica sf Swiezedand arid provided aanldtr 

COl elmact b'y ib1d)C, 8, ]giikll 'f~/f?TlhlK Y.k!1,",8 8nd E?~ldrc 

development anti in~izi\jlillario? of kcadway cowbol a l g o f i c h ~  and csmunieation 

:idcs as r112edeJ LO pi'ovidc CC flt~rn~~~aornality in ihe 10 test vehicles 

development a r c 1  in::ihal11alia~- of hurr~m-mackiaac interface a nneedcd to provide 

ACC f u n ~ r i  3naJ1ty i n  tnc 4 0 test ~iielicles 

development and insadlation of a data acquisision system (DAS)l providing 

qumtieative data regarding vwisavs driving ~erfomance measures dong with 

measures o i  t17e ~kisuhg en~~iitonwzent (~nclz~lding vldco and GPS data) 

selection of test subgccts tkxough cooperation wahh the M i c ~ g a n  Secretay of Siak 

office? filling S ~ ~ ~ : C ~ I N C  cells of s~bjecis for age and CGC system level of l a ~ l i a i t y .  

The basis for use: oC test subjeces is meeting requirements of N I g S A  Hwmm Use 

Reseach Proj ~ e t  (Fil%lRLP) J J ~ ~ ~ O C Q ~ S  

fafiIiuizakion t r i r~ing whereby dnvers undergo wining with UMTM human 

factars personnel ad then drive the test cars unaccompmied for pefiods of' either 

ewo or five weeks (the first week of test e u  uusc is restficeed to mmud diving to 

pra\riQe a basls for ~-olrnpar~soJn wjl.12 the later AACC dri~ring) 

data acquisltson prcviding quantntative data regading vuisns dfiver perfommt:e 

pxametces both at the end of each Lap via cel&uiw phone and wk-aen the vehicle is 

remmed 1.0 Th%ebiI"JRJ/ to change ddnvers 

driver qualntative data, obtained tluiroasgh suney questionnires, debfiefings and 

focus gronp neeamgs 

The ACC system includes headway sensors, an EEBO md a VAC, each of which is 

desc~tibed $elolvbrs (This hsadwxe is supplied by k i c a  AG.) 

Two sepuate sensors, a sweep sensor and a cut-in sensor, are installed in the Ghysleje 

grill area, The sensor respective coverage areas are illustrated in Figme 2. 



sensor side beams (Cut-in): ~ewwr main beam (Sweep): 
horizond field of view: 7" horizontal field of view: 2" 
vertical field of view: 3Q vertical field of view: 3' 
total horizonkl coverage: 7' tobas horiz, coverage (steered): 8' 

I max. range of 133 m ---------- 
I 

Figure 2. ODE4 Sensors coverage aeas  

The sweep sensor is a steered laser beam which is directed left or right by a solid 

state gyro wkch d y n ~ c d l y  responds to road curnature, This sensor detects 

txargets in the far field (6 es 150 meters). 

The cut-in sensor has a fixed beam md lintiated range, being used to sense vehicles 

that ~ g h t  cut-in close to the front of a test vehic4e (0 to 30 meters). 

Both sensors operate by kansfhaitting puises of infrared light energy at a wavelength 

of 850 nanometers and a frequency of  :0,000 pulses per second, The time of flight 

for an echo pulse to be received is used to deternine range md range rate to a target 

vehicle. 

The EBOX cpntahs the solid. state gyro; the system power supply; electric& 

inbedaces to the sensors; external power supply; a k i e a  diagnostic cswnecfiow; and 

C M  bus md RS232 intedaces. 

Vehicle Applkeabion Contro.8ller (VA C) 

The VAG contains sofiwae code and dgsfisbms, including the UMTM code and 

d g o r i t h s ,  used to provide the ACC control functions. 

In short, the ACC system provides the following fuwetiond operations: 

Establish md nn~nat~w a desired mnge if there is a preceding target vehicle with 

thee driver-selectable headway settings -- n o i n d l y  1 .O; % -4 or 2.0 seconds. 



Automaticdly aa:celesate and decelerate smootMy to m ~ n t ~ n  desired headw~y ; 

au~smatieallj accelc~.ake to seL speed when a tagel disappears. 

EseebMish a ~ d  rniein~ani a desired speecl (set speed) if there is no preceding tzgeii, 

Pk3e1-t the d 5 v u  to I he existence of a perceived largeti and to ehe operating status o% 

fhe ACC. 
Decelerate the car when necessq!, using tbxotue eeducfon; provide added 

deceleration by ealsdssion downskfting if needed. . 

Ignore targets that have a velocity less ehm 0-3 of the speed of the ACC vehicle to 

~,Li-rsiwate h j s e  alarms from fixed objects, 

Jdininrtlljze ~ ~ s s e d  twgehs that have poor reflective chxactesisrics or unusud 

geometq . 
Provide a concern krutton for Base by the dnver to denote my ambiguous or 

dangerous dfiving sibations. (The data acquisition system saves 30 seconds of 

video data prmr 10 fhe time the concern button was pushed to capmre pictures e ~ f  thc 

incident.) 





2, TECWqHCAL BACKGROUND 

h this project approach that uses speed to conirol headw~y .is e~~kployed. Fipre  3 

provides a sketch showing the basic motion v ~ a b l e s  that are used in the headv~ay 

cswtroler. The foilswing fundamen~td qqlam,tities are needed to descibe head.*!ay a d  

speed con~arol: 

V -- \/elociey of the pireceding vehkle P 
117 -- velocity of the ACC-eqn~ippcd vehicle 

R - rmge from the ACC-equipped .vehicle to the preceding v e ~ c l e  

Wh - desired range ir'rom the ACC-equipped *vehicle to the preceding vehicle (11.1 the 

situation sl~own in Figure 3, the ACC-equipped vehicle is closer to the 

preceding veh~cle thm the Gesilred range,) 

dWat - range-rate, the relative velocity between the vekcles (Wmge rate iis dso  

demoted by RDot .In %his report.) 

&owledge of these qumtiries plus the accelerations sf these ve'njcies dallows a 

complete kinematic malysis of the relafive motion between the following and preceding 

v e ~ c l c s .  

Ril (desired headway dismce)~ 

Figure 3. Headway control 

The rmge versus rate range d iagrm CFigure 4) is useful for expl~niwg the conee:pts 

behnd the headway control dgeiahm employed in the ACC system used in the FOT. 
Conceprualiy, the control sb-jg'eet~we is to perfom headway control in aecsrdamce with the 

followicg equation: 

T . ~ % ~ + R - R ~  - o (11 



where the coefficient T detenaraines the closing sate, 

The equation for the control objective appears as a str&ght line in the range- 

rate/rmange diagrm. See the line labeled " " d n ~ c s  line for headway control" in Figure 4. 

The slope of that line, -T, serves as a control-design pameter, 

W 

Dynamcs.Gwe for 
t a d w a y  control 

Desired headway? R b  
(for a given ~ e l o c i q ~  ~ p )  

Figusare 4, Range rare versus range 

The point at W -- Wh and dWdt -- 8 is the ultimate objective for the ACC equipped 

vehicle. The desired headway at steady following is a :inex hncdon sf Vp, the velocity 

of the preceding vebc%e; vizsF 

where Th is the desired headway time, which HS a control system paameter. (h the ACC 

system used in the FOT, the dfiver can change Th, See section 3,1.4.) 

The headway distance varies with velocity, thenby providing a fixed magin in time 

for the system or the driver to react to changes :"n "te speed sf the preceding vehicle. The 

underlying concept here is similar to that which is behnd the cornonly  used advice, 

""Allow one car length for each ten miles per hour sf speed." 

The speed of the preceding vehicle is  give^ by: 

VD = dRJdt + V (3) 

using equation (31, measurements sf $7, R, and dWdt are sufficient to evduate the terns 

in equations (I) and (2). This means ha t  the difference between the desired control stale 

and our cunent sirnation% expressed as m error (6) En velocity i s  as follows: 



where :Re quantities ~ n i  chla hght side of rYae equation are evduatcd using inputs frrarn the 

sensors and the vi3dues sf ilse corlesol puamerers T md Tho 
"- ?or a vehicle ~with a cmise-con~ol system, h e n  is dread~ m existing velor:i%y- 

controF. system. To meice a headway and speed coaatrslj, one needs to send a ~~e lcc i t j~  

e o m ~ a i d  (V,) LO fhe emise-conrrol unit, so hat. the desired headway vi9ill be aazGned ;and 

m~naainzd,  Tke gencrd udea is that if the vehicle is ioo fa away, one n~ust  speed up, 

mQ if  the vehicle is too close, one must slow down. 

As in sliding eontxol methodc~logy [ 1 j ,  equation (1) may be considered as a ""slidgg 

sudace" tewxds w 5 c h  the controller atl.zmp\,s to coanvesge, while equation (43 d e s c ~ l ~ e s  

the p rev~ l ing  enor at any given hime. Ca?sidering equatio~s (3) md (4) togetherg the 

enor 1s r~njrnized tc ZCU, when !Fe vehicle speed becomes: 

This siclocity vdue cm be u.iewed as the desired speed for the ACC-equipped vekLiic9e, 

~ j r  :he veiociiy ~ ~ m m i m d  (V,) to achieve fhe des3ed headw&y (P?); ajiz., 

E q u a ~ o n  (6) is the basis for a simple design method for extending (or adspting) a 

speed conersl%er 10 include m outer conuslo1 %oop that achieves a headway csr@sl 

hamnceiac. 

A major consideration with such an approach is the amount of conks1 auahodry. Jf, 

for e x m ~ l e ,  the ACC-equipped vehicle travels at 70 mph and the p r e v ~ j i n g  condidons 

call fcr a c o m a n d e d  spcec (V,) of 60 mph, :he vehicle can only decelerate so fast 

before The control aantho~iey saturates ( i ts  coatdown deceleration). Buing  the time !.hat 

V $ V ,  the enor is dso not zero, md h e  expression given by equation (1) is not satisfied. 

In graphical nel-nns. we cannot fojiow the straight line (the control objective) In Figure 4 

when the deceleration (cr acce8eratioe.u) has Theen saturated at the system's ~ n z u ~ i w u ~  

control authori?, Fhe 5mher we get from the control objectiwc hne, the more criticd our 

sBbuaersn b c c o ~ ~ e s  from a headwa)~-keeping standpoint, and hence the wore urgent our 

response should be, 

Fror, the discussion above, i t  a p p x s  that one might divide the rmge versus ra~lge- 

rate space ponrayed In Figure 4 inlo zones based on response urgency, or in otner aiards, 

b a e d  on deceleration ieveis that are required to aatain certain headway zleaanees (ar,:,d to 

avoid a crash). 



A trajectoly of constant deceleration (a) in the range versus range-rate space is 

desc~bed  by: 

Equafion (7) describes a parabola that intersects the vesricaX axis ( r age )  at some 

point R, (see Figure 5). This point can be viewed as a design factor whjch may vary 

from some a b i t r q  headway theshold dl the way down no zero, when crash avoidace 

is the objective. The higher the puabola" deceleration rate is, the more "flat9' the 

paabola becomes. 

deceleration parabola. \ \ 

Figure 5. Constmi deceleration paabsla 

"qith regards to the pmicu%a control d g ~ f i t h m  employed in the FOT veBaicPes, the 

design valve sf constme deceleration (a) used was 3.05 g. This d u e  conesponds to the 

Csncorde9s coastdown deceleration on a flat road ae highway speeds. As long as the 

range mind range-rate data from she sensors are above the pxabola, %he vehicle uses only 

coastdown to decelerate, However, if the sensor data are below the paabola, thew even 

with full coastdown authoiry the ACC-equipped vehicle wil: end up closer than R, to ",he 

preceding vehicle. In order to avoid %a[ situation, higher deceleration rate (that is, 

control authzofisgi) is needed. 

The ssftwxe of the electronic ~ m s ~ s s j o c  controllers in the ten test vekcles have 

been modified in cooperation with CQsler .  This modification dlows the control 

dgorithm to cornmind a single @ m s ~ s s i o n  dswnshft .  By dswnshihing, a deceleration 

rate of about 0.07 g can be obtained. This added deceleration (compaed to 8.05 g by 



coastdclwn only) prsvid,es for a hgher conkr01 authoity. vt/i~h the more fWal pzabola fhae 

is associated with bigher rleceleration, the raange/rxge-rate h a j e c t ~ ~  ~~i$$i ge?, $a& 

A depiction of the xchitectua-e of this ACC system that uses tkottle and &msdssisn~ 

&gorit$ms to  control s ~ e e d  and headway is shown in Figure 6 ,  The figure shows the 

sensor's range mid range-rate signals as lunputs no the coa~trsl-system, The vciecitg~ of the 

,s?,CC-equipped uekele scrtres as :he feedback signal used in an outer conbroB! loop mc! in 

two 3nner loops: one ir~iwea: loop for thsttle actuation md the sther inner loop for 

transmssion do\a~nsB-ift actuation. 

Figure 6. Conuol ucbtccture for FOT ACC systen 

The cow~ol  concept is based upon an overall god for the ACC system. This goal is 

expressed by equation (1). At any given isime, the system's state relative to that god is 

given by the enor in eqaaaaion (4). When the god ns obrined. the enor becomes aeras. 

in order to beEer explain the conf:roi idea, i ts basic generalized fom is illustratedL in 

Figuyc "7. The oute-r loop (which includes the inner loop as a special ackatisn loop) 

involves a ""panner9" element that looks at the sensed infomation, including the v e l c ~ c i ~ ~  

of the vckcle and the exeemd quat i t ies  R and WDot and decides what ""cmmd" to 

give $0 the 66c~onbr~11e~',99 The controlQer uses t h ~ s  c o r n a d  to generate conir(11 signais 

that cause the vehicle to :cspsnd in a manner that is consistent with the goal. 



(h-ot f le and downshaft 

Figure 7 .  Control zchitecture with a plmner 

Thoughorat the above discussion, the vxiable Th, which is the desired headway time 

for following, has beea! shown to hold a p ime impoflance. Clearly, it is a vaiable whose 

vdue greatly depends upon individual preferences, The design of the ACC system 

employed in this FOT d8PBows "be driver to select one of thee possible values for &at 

variable. The hncelond smctbire sf the syskx  is depiseed in a block-daagrm f o m  in 

Figure 8. 

Figure 8, ACC System stm-aacture 

h t i is  design the driver can dso  provide other inputs that are essentid to the 

operation of the ACC system: engaging/disewgaging the system, setting speed, or 

pressing the $rakea A6 the same time the system provides the driver with feedback about 

its operating status: what the sea s p e d  is, what its activation state is, and whether axgets 

are tracked. It is evident fiom the pareicipmrs' responses so far, that such feedback 

(:Rough it  may come in many different forns) is desirable, 



3. PROJECT STATUS 

Table 1 lists the tasks and ilesaones for the FOT project. It iniieates those tasks that 

have been completed, t a k s  that z e  in progress, and tasks that have not stmed yet. Az; 
iadicated, e'he field speraeiond test (task 16) is gandernay. Prepwations for conducting 

the test hwe been complebcd. 

With regards to the sequence of ~ l e s t s n e s  Inseed in Table 1, this inferam repofl is ishe 

firsst deliverable d e s c ~ l ~ i n g  results and findings from "Ihe FOT, The interim repofi 

p~o~rides a preview sf the type of data and findings that are expected to appea in t h  find 

Table 4, Tasks and ~ l c s t o n e s  

, Status 

/ .~  ...o*o.*e., ~ _," .O1.w.aaoa "o*m." ."."."."."."."."."."."."" ."."."," ."."."."."..".".".."."."."."."."."."."."."."."."."."" .......................................................... ."."."."."."."."; ~ " * m " ~ " s ~ > : a m * ~ m s a "  m ~ . ~ o ~ ~ s m ~ s ~  " * * ~  ~ ~ ~ ~ o ~ ~ ~ ~ ~ ~ # ~ m ~ ~ s o ~ "  n * s m * o ~ ~ o s s "  i. 5 Conduce pilot testing ( C ~ ~ ~ p k e t e d  1 
Iw progress 

I s *O . .O .  ~ O . ~ O Y v . . ~ . .  ~ " ~ ~ ~ s ~ " ~ ~ ~ ~ ~ ~ ~ . ~ ~ ~ ~ ~ . ~ ~ ~ ~ ~ " " ~ ~ s ~ ~ ~ ~ . ~ ~ ~ " " , m ~ ' ~ . , ~ " ~ " ~ ~ ~ ~ ~ , " ~ ~ ~ ~ " ~ ~ ~ ~ , , ~ " ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ " ~ ~ " ~ ~ . ~ ~ ~ ~ ~ ~ , . . . .  .. ~ . . . 0 1 0 0 . . . 1 . . . " 1 * ~ ~ e ~ ~ ~ ~ ~ ~ s m ~ ~ ~ m m ~ " ~ ~ ~ ~ ~ * ~ ~ ~ * # ~ ~ ~  m**.***** am,m* 

7 Chflactefize system Completed 
39,1,,..01 ".ll.l *... " .l.O.. "..i0D.~.~"~~~~~~"o"..om~~o'om.a~ s a . # B m m ,  , m * m " s n * # a ~ o *  **m*. ~ ~ . "  " 0 .  O . O . l D I . l . l . l . l . . .  . . ~ ~ ~ t ~ b " ~ ~ m . ~ m . ~ ~ a ~ a ~ ~ o . o ~ ~ o ~ ~ ~ ~ ~ ~ ~  , ~ o , . ~ ~ ~ o ~ ~ ~ . o  ~ . ~ m  

I 
8 / Pr'epaue rest fleet Completed 

m~ e#s#m*a" # s m m  ~ ~ . ~ ~ ~ ~ . m ~ ~ m s ~ ~ ~ ~ o ~ ~ ~ o ~ ~ " ~ . ~ ~ ~ ~ ~ ~ ~ ~ > ~ ~ ~ ~ ' ~ ~ ~ ~ ~ . ~ ~ . ~ ~ ~ ~ ~ ' o ~ ~ ~ . . ~ ~ ~ ~ . , ~ ~ ~ ~ ~ ~ ~ . ~ ~ ~ ~ ~ ~ ~ . ~ ~ " ~ ~ ~ ~ . " ~ ~ . ~ ~ ~ ~ ~ ~ . ~ . ~ ~ ~ " ~ ~ ~ ~ ~ ~ ~ ~ . ~ ~ ~ ~ ~ ~ " ~ ~ ~ ~ , ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ " . ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ . ~ " ~ ~ ~ ~ ~ "  *sms ~ a . s . ~ e ~ ~ s * o " ~ a ~  

9 1 Apply for Field-test human-use apgrovd C~amplelted ... " ....I..I.14i... ~ ~ . ~ " , ~ ~ . o * a * s a . ~ ~ , * ~ .  . " " . " .  . -.* *.-." l . ~ # . * ~ . ~ ~ * e ~ ~ ~ ~ ~ * ~  .*s,a ~ ~~s l.l...lO1.... 1 
10 1 ~Eondulca field aperationd test 1 h-I progress 

I Iln progress 
~ ~ ~ " ~ ~ . ~ ~ ~ ~ ~ . ~ " ~ " o m " ~ ~ o o m ~ ~ ~ ~ ~ ~ ~ ~ ~ " o " o ~ ~ ~ " ~ o ~ ~ m a ~ m ~ ~ " ~ " ~ ~ ~ ~ ~ " ~ " " " ~ ~ " ~ ~ ~ ~ ~ ~ ~ ~ ~ o ~ ~ ~ ~ ~ ~ ~ , , " ~ o ~ ~ s m ~ ~ ~ ~ m ~ " ~ ~ ~ ~ " ~ ~ .  ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ m . o ~ ' ~ m . ~ ~ . ~ m . s ~ ~ ~ . . ~ ~ ~ ~ s . ~ . ~ ~ . ~ " m ~ ~ ~ ~ ~ m ~ ~ ~ ~ ~ ~ , ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  

r i te final repor[ and archive data 
---% - 1 starred yet - - 

-- 

- .............. ..................... ~ * " % *  ? * a o s e "  ~ ~ a , ~ , e ~ ~ , . , , , . - " " . . "  " 0 . .  .............. " .... 2 . 0 ~ ~ ~ ~ ~ s ~ ~ a ~  . s ~ ~ * , . . . . . . . , . . "  ...I 

5 / ~ n t e ~ n ~ .  operati~nd test repsfl 1 Met by this report 
.ll..O....O1.O.' 0 .  O..l.ID.l..I Y O . O . " O ~ ~ ~ " ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ' # - ~ . * "  . .  . . . " . .  ..-... 1" 011- 1 *..., 1).....a"-.a-*m" * n m s m "  *snm." ~ m m s D a ~ u r * o . a o  : s m ~ ~  a = s <  

6 1 ffield Opcl-afionai Test bfiefing i Not accomplished w! 
w ...,..,......,. ..,.... ,.......,...~~:.~ m * m * * * .  ~ " . ~ . s ~ a e ~  . * , e s * s  ~ " "  o , ~ * # a s . o "  c m s ~ a ~ a . ~ ~ ~ s  ~ * * . ~  *.s*nsoa" s.om.a " ~ ~ ~ ~ ~ ~ ~ m ~ ~ ~ ~ . ~ ~ . ~ m . o ~ ~ b b b b b b b b b b b b " b b b b b b b b b b b b b b b b b ~ ~ ~ ~ ~ o ~ . ~ ~ . ~ " . s " ~ ~ " : : " " ~ ~ ' o ~  . * n * o m  ~ ~ " ~ a . . "  1 7 1 Find rechnicd b'riefing 1 Nor accomplished yet 1 ..., ....... " . . . # . . . ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ " ~ ~ o ~ " ~ ~ ~ " " " " " . " . " . . .  . . " 5  ....................... ~ ~ a ~ ~ e $ ~ . . ~ . ~ ~ , ~ u ~ " ~ I I " , ~ ~  ..o. ~~.~~ *-- ,#  ~~~ 1 8 i A vid~eo surmxxr-v of F ~ I T  / Not accomiiished vet 1 

,.........,.....r..,........~~~~m~~.m ~ m . .  ' . . . .  . . .  .".................~~.~~~~*A 'L'L'L'L'L'L.'L.'L ~..*~2~ . s * a e * . *  " * m ~ # * ~ ~ ~ m . " ,  

9 1 Equippcd itesl vehicles to NHTSA Not accomplished yet 
,( elmllOmlO1.s^ " l s . " ~ ~ ~ ~ " ~ ~ ~ " " . ~ " " m . ~ . ~ " ~ . " " " .  . . . . . . . .  " 0  O . O . l . I O I I . 1 O Y . . . i . ~ ~ . ~ ~ ~ ~ ~ ~ ~ ~ " ~ ~ ~ . ~ ~ . ~ m ~ ~ " ~ " ~ ~ " , ~ m " ~ ~ ~ , o " . " m , o " , m , " ~ ~ ~ " ~  

I0 1 lVc111-pro:~3rietq ACC softq+,~ae to NH2TS,A. 1 Novt a~clc~~mplishe8d ye~t 
, ~ ~ . ~ ~ ~ * - ~ ~ ~ ~ . ,  . . , , ~ . ~ . ~ ~ ~ ~ * ~ . ~ ~ ~ ~ ~ ~ ~ . . , . ~ ~ ~ ~ . . " . . ~ . ~ ~ . . ~ ~ ~ ~ . ~ e a * . .  ~ * v . -  ~ ~ ~ ~ - ~ ~ . < ,  ~ ~ " * ~ , m ~ ~ ~ ~ * e e ~ ~ ~ o ~ ~ ~ . ~ " ~ ~ ~ . ~ . , = ~ . " ~ ~ . ~ ~ " . . ~ " ~ . . .  . " " ~ . ~ . . " . ~ . ~ ~ ~ ~ ~ ~ ~ " ~ ~ ~ ~ o ~ ~ o ~ ~ o ~ ~ o ~ . ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  B s s s o m #  ~ ~ a m * w m , * s  ~ 

I: 1 Find rscport / Not. accomp1isRed Tyeb 



The v e ~ c l e s  procured for this project are 996 Cmsle r  Coracordes (see Figure 9). The 

C m s % e r  C~wcorde is a five-passenger sedan which belongs to the f ~ B y  of ChysSer LB- 

glatfsm cars. This family also includes the Dodge Hweepid, Eagle Vision, Cmsler New 

Yorkes md G b s l e r  LMS. The New Ysrrker and EMS have bigger m&s and C-shaped 

C-pi%lzs, but other than these features they MQ meehanicdly s i d % x  to the other cars, 

Figure 9, ChqsEe; Concsrde 

The p f i m q  moeivafioas for using the CkqsIer Cowcosde as the FOT vekcle platfom 

is based ow Leiaa9s e%asting expefiesace with integrating an ACC system onto the C b s l e r  

EH platfom. Ea ly  expefienee indicated that a careful t~Iogs,arg of the AGC application 

to the selected vehicle mu§% be made 8% good pefiommce Is to be ensured. T ~ l s d n g  

requires sui tabi l i~ of the elec~onies iratefiace and matching of the control system 

p a m d e r s  to the longitudind response prsvfiies 0% the vehicle. As the provider of the 

ACC system, Eeica had already inbegsated ACC onto the Chqs%cr LH platfom. This fact 

was found to be most hekphl during the preresting task sf designing the system's 

Hnstd%ation. 

Following are higNigRes from the vehicle's specification which also sewed as 

guidelines when proc~ring the cars: - 
1. Model - 1996 Chysier Concorde LX, option package 26C. 

2. Engine -3.5-Piter (215 CIB) 23-valve V6,2!4 hp, 22: %b-ftS 



3, Transn~issian -- Four-Speed Automadc 7K'rz~,rsx~.a,le with s v e r ~ v e ,  elec~koaaically 

eon trollcrl. 

4, Brdces - povier-asisled, 4-wheel disc m~iloejc system. 

5 .  Stcekng -- Vaiable assist, speed-sensitnve raek-ad-piion power stet:ring vir ith 

tjlt stecing colurm. 

6. S~~spensions -- Front: b~dependent systemn \with ga-chuged (MacPherssn-~pe) 
sorues and doawlsle bal6-joint seabliiizer bar, Wea: hdependent wnltdink 

suspccsiow~ 

7 ,  ZiAiinors - Lnside 0: has a power m~-glue system, $oh exeemd 1 ~ 0 ~ s  are 

remotely ssaaroiied and healed. 

8. Dual Aiir Bags ---- Driver aid front-seat passenger a e  boh protected by am air  bag 

supple n acnfal :es l~int  systemn. 

9. R e x  Defroster - E ~ G C ~ F ~ C  heating elements fused lo the glass of the s e a  vwdnslow. 

W8. '8mnk -- Low-Lifiover edge sf open tmnk, a ~ d  l agc  cargo space to 

accormaodaae both luggage aid  data eol%eetion equipment. 

% 4 .  Other equipment - Factsqr instdlea seat belts for all passengers, cmise con~rol, 

q~o~xer w~ndiovals 2 ~ 1 d  $ O C ~ S ,  and air condi~sning.  ht i theA d m  was instdakleci 

sepxakely , 

Since ACC h a  not yet reached the m a t u i q  $iofcomercid products, the test syslews 

must be treated as engineefing prototypes. Thus, the AGC implementa~on in our test 

vehicles, md the prstocols for i t s  use, were subjected to c a e h l  p r e l i ~ n a y  tesfirsg 

before aperationd testing began. 

Two phases of pilot testing were pedomed: saapemised md nnsupewised. Six lay 

persons were included in each of the %wo pilot testing phases. In the supewised tesbng 

phase pmicipanes received the sfmdxd insmction arid were accompanied ors a 2.5 hour 

route &rough mel~opoiitm D e ~ o i t  on interslahe md stale kghways. Daaing supemised 

aeseing ACC was dways avdlable fo the pa%icipm.wts, The overdl scope sf issues for full 

speraaianal testing was scmtinized, including the perfolmmee sf the ACG system, 

functioning of the insmmentation and remcte data recovely system, the qudify of the 

recovered data, and details of pmncipmt recmiement and ol-Eeneation methods. 

The application %hat sought approvd for the use of humm pmieipmts in superuised 

pilot resting was subritted exiy in the contract period. A p ~ r o v d  was received from the 

Humm Use R e v i c ~ ~  l?me9 (MUW), NHTSA, USDOT on the 27th of Febmay, 1996, An 



application seehng additiond approvd from the Uwiversiv of  Mickgm was smbdtted 

to the Humm Subjects in Reseach Review Co ttee (HSmC), h s t i m ~ s n d  Review 

Boxd Behaviord Sciences Co ttee. Apprswd from the Urmiversi~ was d s o  received 

in Hate F e b m q  1996. 

The second phase of pilot t e s ~ n g  (unsupewised) was s i ~ % a  to h e  operationd test 

conditions, in that pmicipants were not accompa~ed by nsexche~.s  and they possessed 

the research vehicle for two days* Again, p ~ i e i p m t s  received %Re s t a d a d  instmction. 

The application that sought approvd for the use of humm pmicipmts in unsupewrised 

pilot testing was approved by the Humm Use Review Bmef (HUW), NWSA, USDOT 

in April, 1996. An application seehng addieiond approval from the Univessiq of 

M i c ~ g m  was subdteed to the Human Subjects in Reseach Review Co 

(HSRRC), Institutiond Review Bozd  Behavioral Sciences Co 

the Universiq was received May 14, 1996. This a~prova! dso  addressed hkB1% scale 

operational testing. 

The sample of pmicipating divers was selected according to a design that seatified 

the population by age md by prior use ef csnventiond cmise control, An essential 

element of the design was ~h_~%ae each driver's operation with ACC will be compaed with 

the s m e  individud9s &wing in the ""manual" node of operation. 

The experimewtd design was based, in pm, on findings from the FOCAS project [53. 

Specificdly, the independent v ~ a b l e s  sf pmicipant age and conventional-cmise-control 

usage were previousjy found to iifluence both objective md subjective dependent 

measures. 

The operatisnd test procedures m d  the asociated data acquisition system have been 

designed with the following independent variables in  mind: 

driver 

road type 

traffic situation 

weather 

time of day 

Onby the driver categoq of independent vzkb%es (age and csnve~tional-cmise- 

control usage) is treated in the context sf a csw~o%%ed experimentd design. The other 

vuiables are uncoweroiled in the sense that they represent whatever siuations the driver 



encoamnTers in bus sr her swmd dddving pattern. I he independent vaiables inelude three 

levels of pmlic~pani age 120-30, ri101-50, 60-70 yean) and two levels of convenliond- 

emi~e-cchnaol usage (rs,ucb Ryine~,/er use, jfreqmca~liy us&). The gendcl of pmicipmf~s 1s 

being bal a.g~k:ed~ 

Paflicjpants were recii~ia~ed with the assislance of  the Michigan Secrerqr of State 

(Mick~gan's driving license bureau). k ra2dom sample of 3.000 d~ivers war drewn from 

the population af licensed drivers m eight counties in South Eastern laichigan. Potential 

pmiclpants idcntifjed from the Depmment of State rrcoids were contacted though 1J.S. 

mail to ~ ~ l l c l r  1 heir paaicipatlon in the field sperationd test. htensted persons w x e  

asked to sontar:t UlGFWI A11 rnfoma~isw obtained tJxoragh the Depmment 01 State 

records ?was treated with strict confidcr~alky. 

Tndividuds who contacted UlWM by telephone with an interest in paTicipatisn 

received a brief svewie~~v sf the field aesz from a resexch assistant, Potentid pxricipmes 

were furher  infomed 06 any benefits or aisks associated with paicipalioa, If 
individuals fo~irnd the condations of pa~icipation to be generdly agreeabie, md afie: a 

series of questions were asked, a specific date and time was arranged for the participant 

to ~ ~ y i s i ~  lJPb/lTRI for o r i e ~ ~ f a ~ o n  and training, 

FoIEowing a prepared ACC orientation accompanied by a reseach professlond, each 

drjver!pr~iipant fxsi operates the assigned vehicle in a mmual mode for one v/eek, 

thereby affording within-subject ccpmp;lrisoans as the basic experimewtd control. In the 

mmual mode, data from the rmgilwg sensor md other umsducers is collected 

conr~nuously to capture I P ~  individualPs nomxd ck3~-follwing behavior, but ACC is 

initially d4sablii:d. The sane pafljcipmr then olperates the vsh i le  for a peiod of one 

week to one month with hhe ACC funcelondjty avilablc. Use sf the test vehicles by 

anyone other fl~m the seiccted ir~dividnals is prohibited. 

Consenting h v e r s  operate the test vehicle in an unsupewised manner, simpljr 

purmm"glheir nomd t r i p - t k n g  behavior using our :es: vehicle as a substitute for their 

persond vehicle. Objective data in digital form ss recovered pefisdiczlly tbougkout the 

day from each rest -vehicle using cellular modem. Qualitative (sukjective) issfom~atisn is 

recsve~ed using questioi~naires, direct intewiews, md focus groups. 

Continual ~monitodng of the remo~ely-csiliecred data p e ~ a s  tracEng the AGC usage 

md d e t e ~ n a e i s n  of the possible need for adinisrrat ive intewention (for exaw~ple, If the 

ACC system is not being used by the subject at dl.) Tire obeciivc data is processed\ to 



derive suitable measures of the conve~ence and safev-related apects of ACC operation, 

relative to the mmud a%iving behavior of each test paicipmt, 

The p ~ m q  emphasis in the expefimental design is on relatively long exposures of 

individual lay drivers md upon a smpling scheme that roughly A r o r s  the populadon of 

registered drivers, but with simple stratification that reflects vxiables previously seen to 

interact with the mmnd-versus-AGC d~viaag pxadigm. 

The on-boud insmmentation package was designed, built, md HnastdHed in three 

main development phases: 

b ,  Define Requirements -The essential objective data needs sf the project versus 

practicd ear data recording Iinits were defined. AJss, subjective data collection 

methodology was defined to include items such as predrive sumeys; in-car logs; 

p m t ~ v m u m q s ;  and focus group meetings, 

2 ,  Pijot Instmmentation Package - An instmmentation package,per the defined 

requirements was designed and nstdled in a car. The insmmentation design was 

verified md modified as needed in the pilot test p r o g m  before being findized 

for the fukalB 10 car test fleet. 

3. Fleet hstmmewt Packages - The pilot insmmeantation design was f i ~ d i z e d  md 

modified baed  on the pilot testing pragrm, Brace the design was completed, 

idepaticd-data-acquisition sysben rrackages were built md installed in dl 10 cars 

During each trip, data from the V U ~ O U S  ermsducers is csH%ected using the 

insmrnentation package. -Whenever a trip is comp%eted, some of the data that were 

collected is s u m a i z e d  md k m s ~ t t e d  to 'UMTN via the ce8lular modem. The 

complete set of data acquired duwng the vehic%eVs operation by a pmiculz driver is 

downloaded at UMTM when :he vehicle is returned. 

The instmmeneation package is described in the ""Test Definition and Project P%mHls9 

document [2]. There are two computer system in the package, Owe system is for the 

priofitized recording of video data. The other does the on-line processing of the basic 

data from the Leica sensor, the control algorithm, the automotive electronics bus, the 

mm-machine intedace, a d  the GPS, 

A dee~led  description of the ceIIbnlar c@omaan%caaHon and GPS systems is provided 

later in seetion 3.4, 



Data collection wi.ibs thc inskr~~mentatisn package proceeds in simulemcous fom,ats, 

as fallHows: 
a time histoqv smpiing of ?Amwj/ and dekved v ~ a b l e s  at 18 Hz in floahng point 

fom for continuol~s vaiables a9d in binay ~(emelfdse) fonn for logical va<ab%es 

(these data are stored on ahc disk drive ghat is p a t  of the ba ie  dat% computer (the 

om capture of eve~~t-related video episodes, each of 30 seconds duration (tlhis function 

entails n disk nsmagemen"i.rsuf ne that ensures saving only the most innpen;m~: 

video episodes on a disk hat becomes full. The system provides for stordge of 

160 video episodes at 10 f rmcs  per second) 

r capture of time-related video exposurEs, each of 2.5 seconds duaa~on  

red-time processing sf data sp~abq[les eo provide histogrmns a d  1courn"b sf 
peflinent events (<Ll.sese data are colm1unicated at the end of each trip re4 a ce11111~ 

modem$senier at IIJMTN) 

The computers on-board each vehicle not only control the gatkeing of data but they 

dso  do on-line data processing. The main computer calcuiatles the deived f ls ,a t i~g point 

,and I s g ~ c d  vaiables, mcY it sorts the time fisecpqj! daea into bins in order to fmn~ floating 

point md 1ogica.I hhistog~a~ns. 

Se~lieral stages exist for the processing sf rest daca, nmeiy: (1) vdidation of data 

integfity and system operation; (2) ineevretation of field data; and, (3) qumti.fication of 

sy stern perlomaance. 

U N m H  s t d l  can recognize (via trmsdssions from the cellular modem) ]many sf the 

problems or I i ~ e a t i o n s  chat have x isen  during my trip from the moment of stming the 

engine un51 the ignition KS turned off. 

In summmj, the results of the study are derived from comp&ssns of headway 

control perfonnmce be3wcen n sm~d  (manud ) dhving md bfiving vt~/9th the ACC system 

in operation. "%hese com~*ssns are done from severd perspectives involving : 

Sdey 

- avaiiabie reacemom time (headway time rnarlrgln) 

----. time to impac( 

- deceleragiox nezded to avoid impact 

---- scores in e v d u a ~ n g  time mugnn or dece'kerataon margin for follow/ing 

- subjective evalluiiuation of safety 

Convel?ience 

- physicd md mec;",td woxlc in activating the controls 



- needed level of precision md t i f ing in acfiva~ng the conwols 

- subjective ratings of ease of use md convoli effort 

C o d o a  

- s m o o h e s s  sf trmsitions (jerk) and levels sf acceleration 

--- subjective ratings of user fiendliness 

-- drivers feelings related to safety magins md smge m i n t e n a c e  

- level sf c o d o a  with the vigilance demmds of AGC supemision 

The vekcKe prepapation task anvo%ved the installation, modification a d  checkout of 

seven different systems on-baud each test vehicle, Figure 10 shows the seven systems 

md their locations on each test vehicle Mmy sf the systems shown involved substat id  

preassembly before they could be installed Also of significmce was the iaastdlation md 

routing of a, wire lamess that provided power data sonwectiviQ between the different 

systems. Figure 10 dso includes a list of the rn~ j s r  tasks for the vehicle prepaation 

process, A total sf 37 tasks were identified. The sequence of the a ~ k s  was optifized to 

help avoid repeated disassembly and modification of the ~ehic9e components md exisfing 

subsystems. 

9 I .  Kab, assemble. and check instr. chassis 3 6. Fab MMI mod bod €2 10. Fa$ cut-in Plexiglas cover 
a 2. Rb chassis cover plate Q 7. Modify k c a t $  MM9 contPoller boxO 11. Fab sensor Seam insens 
2 3. Fab cover plate attachment O 8. Stuff & assemble MMI &splay 
3 4 Fa$ GPS antenna backplate €3 9. Bun163 up camera ass'y 
3 5. Fab b o d  & box for brake Imp mod 

Cellulz Antenna 

9 12. Add supplemen&! wiring % 20. Remove dashboard B 40. Fuse and attach battery connestions 
B 13. lnswll connectors on wiring 2 21. lnstai: concern button Q 3 9 .  Mod Chrysier's trans. connector 

a 14. Dress wiring O 22. Wire coficem buteon O 32. Hnsuli wire to Chrysier's urns. eonuoller 
B 15. i n s ~ l l  brake l m p  mod box O 23. Defeat "Res" air Sutton B 33. Shrink-wrap sensor connectors 
3 16. Mount cellular antenna O 24. install Mh?I eone.oiier W 34. Align sensors; modify mounting as needed 

3 15. Mount GPS antenna 5 25. Hnstali MMI display and h d  3 45. Install sensor foam insens 
3 18. Install Br connect inser. chassis Q 25. InsuPi MM9 cover B labels O 36. Anstall cut-in PiexjgPas cover 
3 19. Re-instal1 seat belts & back sat 3 24, InsuS! bc;aer 
3 3 7 ~  Mod. m n k  carref 2 28. Dress wires, attach connectors 

O 29. Position and iiasul! camera 

Figure 110. Vehicle prepaation checklist 



Sensors .Syste!?! 

JVjrth %he sensors, I ~ i c a  provided m installation kit w~ch includes m adjustable 

moa~nting. Once the sensor is f i d y  clmped into this mounting, ii is possibie to sdjanst 

its aieneacisn using selierd adjustment mems. hstzdlinsg the sensors in the veEcle 

involved rnodib~ng the adjustablle mounting, affixing it to the v c ~ e % e %  Irowt bumper, 

md modifying the gd1 to accorrmodase the sensors. All the sensor-moun~ng aceivit:.es 

have been cmied out by UEbRfRI, 

The adjustable mounsing includes a sasbfrane onto vdkch the S ~ Z P S O T  is a~ached.  This 

su$frmde can be slid UP or d01~7n~ md ia e m  dso be pilreked andl yav~ed. To accomc~date 

instdlation in the grill between Ihe bun~per md the cooling radiator, it was neeess,mj %o 

modiQ some pa t s  of the adjustable mounting. Specid brackets were fabricated and 

welded to the bumper frame, and the nqodified adjustable n~ountings were bolted1 onto] 

these brackets. 

Special openings were cut in the grill to accsmodate the sensors. Also, prskiisiians 

were made to allow access to the adjustment screws of the mountings without my pzfls 

rernovd* The Enstalled sensors are shown in Figure % 1. The e m s ~ t t e r  md recei~er of 
the sweep sensor are shown an the dfiver's side of the grill; those of the cut-in senso1 are 

sholbvn on the. passenger9s side of the grill. 

Figure 1 1, Sensors ins~ailed in the grill 



The GCD video cmera  is mounted on the inside of the windsKeld, b e b d  the rear- 

view minor (see Figure 12). It has a wide-mgle f o w x d  view, m d  it conlinuously 

digifizes md stores cap&red video to iratema% buffers h the video computer of the DAS, 

Figure 12, Fomud-loohng CGD cmera  

Man-Machine Integace 

h integral part of the ACG system is the driver interface. The intedace used for 

conventional cmise control was m ~ n t ~ w e d  in its OEM configura%ion md iwcorgsorated 

into the cow@o% of the ACC system. However, several new elements were added in order 

eo accsmodate  use of the ACC system, The driver integaee is illustrated in Figure 13. 

Figure 13. @hrysler Concorde iansmmesnt pmeE with AGC controls md displays 

The isems included in the headway conrro%ler9s driver inledace include a display for 

presenting the set speed to the driver, a light accompmied by an audible tone for 



indicar!ing when vrsibility IS pgsr, areaad s Iighk for i r ~ c l ~ c a ~ j ~ g  when the Ace sysEe;rn has 

recog~ized a prtccdleag vel4~:le~ 1~ addibon thxe is a set 01 swit~chcs [CIS. the driver to P S ~  

in seleciillg keadvray h m  ((labeled as ""HE/B~TJVAJp' ~n Fi,prl~ 13). The right button 

labeled b6Faztl~erJ', the h:fi kmltow labeled ""Closer", a . ~ l  tibe center button unlabeled\, By 
pusling these $usl"sns the ~ T R V C T  can S ~ I C C I  norrninal heizd7g;ay times 01 2,0, 1, .0, ancI . .4. 
seconds, K-cspecl.ivelj, 

The entire data acquisition system (DAS) is mounted in the vehicle9$ s n k  

comp~qment adjacent to the rear sueece oE the rear ]?assenger seat. The sj~stern is 

mounted IE a ch~assis which houses the pAmmj and video processor subsysbems md 

associatad peripherals. The chassis dso supports the VBeC md E-box for the kcadwaj~ 

coc&09 syskem a s  ~veU as the ceIIu&a c o m n ~ n j c ~ ~ o n  equipment, A stmcare sf' DOW 
bjlue St.jlao'!oam ((W-10.8) 7~~1th insulated cover encloses uile electranics and provides a 

themally stabillzed environment. This eavekng is modified to suit the pmiculla 

d e ~ ~ m d s  of each seasond temperature cycle. The c o v e ~ n g  dso protects the equipmew% 

from damage or meild?ang by the pxiicipants, The smeture consumes about a il-ind rif 

eke trurik, however it does not intedere with access to the spae tire- Fipre %ti below 

shows the DAS cl-iassis in the t m d  (wifl7out the ci&veing). 

Figure 114, DAS Chassis mounted in the v e ~ c l e ' s  tmnk 

P f imq?  components that are contkenned witfin the ehasis  are DAS processor 

subsystem, video DAS processor subsl~stern (subsystems includes disk d~ives,  power 

supplies, mc! U8 support cards), GPS receiver, cellulx modem tracsceiver, 



enviromentd coaaasolles, %2V batteq, power deliveq system, md h i c a 9 s  VAC and 

E-box subsystems. A d e t ~ % e d  description of the cellula comunicafion a d  GPS 

systems is provided later in section 3-4, 

Following the instdlation md pre~aation, each veEc8e was given a find ve~ficatisn 

checkout, This checkout consisted of the focsllswing tasks: 

power-up check 

ACG comunicatations check 

0 MMI comunicafion check (LED & Suttows d g o f i h )  

ACC knctiond check 

cellula data kmsfer 

d m  installed md hwc%ioing 

verify equipment trackng sheet 

Q fileage mn-ic 

Transmission Controller 

Using a specid-purlpose tool (Dm-2) provided by Clsrgrsler, UWM personnel 

modified the s o f ~ x e  sf the e%ectonic b a n s ~ s s i o n  conbollers in the ten test vehicles, 

This modification was weeded to allow &c U m s ~ s s i o n  to doslmshft by a c o m m d  from 

the control d g o ~ t h  (see technicd discussion Bw section 2). 

3.2 VeKcIe and System Maintenance 

M~nrenmce  and monitodng of the "best fleet, from b o ~  %de automotive and sthe 

system operation aspee&, are viad to the success and safe5 sf the field operatiowd test. 

The high fi leage that these cars are expctcd to accumulate, md the experimentd s y s t e ~  

that is instdled inn them, demmd c a e h l  monito~ng. The likelihood that &ivers will treat 

these cars as "'rentds," combined with the complexity of tibe system, make the 

m&wtenmce task chdlenging. 

The headway sensors used in t i is  projest are prototyp sensors. As such, cefli~i,  

inspections and m&ainten%mce ac~vities are required to be ppedomed peiodicdJiy to 

m&a?t&n the sensors9 operative status. Pm of the roletine maintenmce activities was 

dedicated to the sensors. These activities included sewsars ~ i g n m e n t  md sensors 

inspection (by mems of both softwae and h x d w a c ) .  As a nsulr of sensor inspection, 

additiond madntenawce activ~ces oAen ensue. 



Vehicle and sysrem mzintena~~ce encompass c f b ~ s  by UMTFa stafl, md \ r ,~~rh 

p e d o ~ ~ b c d  by an a1~~370rizec31 ~Zhrj~sIer sen~ice shopo The md~ntena~c-ace task is cwriied out 

th~oug h tl-~ree sulla--tz~sks, as 60 llls~t/s: 

on-line sSi,stem menitlrjdng - This is acco:npkis$ed with d i a ~ o s t i c  tools 

i ~ ~ l ~ x ~ ~ ~ r t ~ t e o l  I~:Q S ~ S U C K ~  sofi~xare axid t l ~ t  data processing, Frhi8 f ~ m  of 

anonitering ensures (within [easitrle limits) proper system operation, mi  that 

'UMiTR5 1s an~~er~natically nsf fid  via she cellnlm modem) of any problerr~:; ~ o r  

Iimifa%a@ins that i~~nvit: arisen. This mintewmce leatun depends upon moniacriwg 

thy  data lrz~r~sndtred to UN'TlU by ceklular phone dudng h e  opcra~iowd tesi 

home-base inspecb~ow - Each time a test llreRicle i s  brought back to 96JPliURI 

beeweean si~bjecis, i r  is thoroughly checked and prepxed prior 1s delivering ia to 

the next p;rt~ci~lant, A camprchensive checulst has been prepued and evdualed. 

This checldisb covers items such as: 

- safzt:?? ~eaalriness, and functisnLity cf dl automotive systems 
- ensuring content sf driver equipment (e,g., emergency tools, maps, cat,) 

-- ensuring crantenf of documentatiion (e.g., insfmctions, insnr&ncc. ekc.) 
-- data aequis~tion system (emgo, do\vnloading, integ~ty, resetting, cec.) 
-=- k4CC system f ~ ~ n c t i o n d i ~  per specs, and alignment of the sensors 

OEM n~n lenanee  - Needed r e p ~ r s  md periodic m~ntenaraec per the 

ma~ufacbrrer-recommended schedule will. be pedo~med by an authoized 

Cbjsler ser~icc %hop in Ann Arbor, Michiga3. From the stmdpoint of service, 

the test fleet is q%.iee unique. That is, expensive equipment items and new wiring 

have bjeen installed th~oughour the vekcic, and OEM equipment has been 

modified (e.g., wired access to the englwe cowtrol$er, new trmsdssion suftwsre, 

etc.). For lhesc reasons. we have w a g e d  for one dedicated point of C l ~ ~ ~ s l e r  

sewice--a dealer who ?will as ign dedicated mAnrenmce persannel who aye 

acquainted with the specid nnamre of our vehicles. The intention is these vehicles 
will be senr-sriccd only by the selected deder unless road emergencies nccessitl~te 

other ZTangcmenr s. 

Tests to chxac t e~ze  ,he pedom?a~ce of tihe osierdl system are conducted bar UhrrN 

engineers on public rc~ads c o v e ~ n g  a broad set of operating sccnaios. Each tesl elicits a 

certain response thaw can sene  as a mea~iwghl  desc~ption of system ppropefiies. Data ss 

colllected using the s m e  data-acqaansidssn package as is insadled in each car for 



opesationd eesfing. Test vhaibiies that a~e; contPolled include the host v e ~ c l e  speed, lead 

vehicle speed, state of the control system, and relatively simple steedng md br&ng 

mmeuvers. Ix each test, the pmpeflies sf the system are characterized independent of 

human bbehaviord v ~ a b l e s .  A comprehensive desciption of the chuacte~zation-tests 

procedure is provided in Appendix A, which dso includes exmple plots of test results. 

Each of the test measurements is conducted with negligible road grade md head 

wind. Fuflhes, some of tke tests require that a Co-op Vehicle is engaged to execute 

greplmned interactive movements between the host vehicYe md a preceding vehicle, In 

these eases, the co-op vekc8e is simply another pasenger ex &hen by a collaborating 

staff member, 

3,4 D a b  Acquisition System 

Figure 15 shows a block diagram of the daea acquisition system. It consists of five 

subsystems: 

power, intedace, and cosntro1 

main computer 

GPS 
e cellulx arcomuwications 
e video computer 

The main computer system coIlecks md records daea from the headway control 

system, the .vehicle (via %he headway control system), md %he GPS system, The daea are 

orgmmmized by trig (ignition on to ignition off), The r n i n  computer system also pedoms 

on-line data processing to generate derived shanneis, hisnogrms, s u m q  counts, md 

video episode kiggers, 

The video computer system cowdnususly smples output &om a windshield mounted 

cmera  md saves 2-5-second exposures every 6ve ~ w u t e s  md 30-second episodes when 

~ g g e r e d  by the main system, 

A f  er the i g i t i s n  is turned off, the main system sends a s u m q  trip file to the 

UWN serves using the cellular comueaicatism system. Whew a car returns to 

UMTM, the on-boxd Ethernet network i s  connected PQ the building ~e twork  md the 

nume~cd and video data is trmsfewed to the project server, 



Figure 15. Data acquisition system hudlvae 

3.4.1 Power Interface arid Control -- 

The p o T ~ ~ c r ,  interface, a ~ d  control subsystem provides power sequenehg of the 

vaious  components md closed-1csop heating or coolivlg of the chassis. It includes, 

a two tfip4e-ocfp~lt (5, -+-I 2 volt) ae-dc conveners for the computers 

0 9-volt regaiaeor fo: cmera power 

3-vole Iiaicssa? batteq~ for the GPS batweqf-backup RMvf 

0 three I ? , - v D ~ ~  173 mp-hour lead acid bateehcs 

~crocsw~oller with k l channel 10-bit AJD md Pr 2 digitd ignputsiouputs 

a cijscvlafion ard exhaust fms 

e SO-ware heseer 

0 three temperat~re s c n s ~ ~ s  

The ~ c s o c s n ~ o l k e r  continuously monitors the chassis and camera teraperaures. 

b a t e e ~  vc%tages, state of the igni~ion switch and updates fistog~ams of these 

vaek-iabies in nonvoaa~lie memsrjI (EEPROTa), The I~lsaogrms xe downloaded md 

inspecred via a RS232, sefial line when? the p ~ i c i p a n i  rztums the v e ~ c l e ,  



The veEcle power system and the chassis batteries are connected only when the 

ignition is on, Power for heating and cooling of the system comes from the thee  chassis 

batte~es.  "ke cmesa temperatun is rn&ntined above -5 degrees 6 by mming it on 

(self-heafi~g), If the temperahre of the chassis goes below 4 degrees @, a 50-watt 

heating element a d  a circulation fm are activated. The dcroconboller ceBes closed- 

loop heating when the battery voltage drops below 18.0 volts. This assures that the 

chassis can be powered up when the next igwition-on event o~ccurs, If the chassis 

temperature is out of operating range (2 to 50 degrees C), the mcrocon&ol8er does not 

t u n  the computers on md logs a missed t i p  En its EEPROMa 

The Main Computer inchdes: 

a 5-slot passive backplane and chassis 
8 an DM-AT compatible CPU card with 90 MHz Pentiurn processor, 8 ME3 , two 

serisll ports, printer port, and hard disk conkrsler 

% -6 GB disk drive 

B Ethernet network adapter 

e digital UO expansion card 

Figure 16 shows how the system operates. When the vehicle is started, the antedace 

md control system activates the main sysoeng,, which turns on the GPS and video systems. 

The GPS system sends (via a RS-232 serial h e )  encoded position md ve%oci@ packets 

every time it computes a new position. The main system decodes these packets, 

edculates a grade estimation md heading from the velocity infomation, md stores the 

time, latitude, longitude, dtitude, grade, and heading to a posidow file. The GPS time at 

power-up is used to set the main md video computer clocks. 

The headway controller sends (via a second RS-232 serial line) an encoded packet of 

iwfomaeion every 6.1 seconds. The main system decodes this packet and extracts the 

appropPiate sensor md vehicle infomation chmsarnels. Derived channels are then 

calculated and selected infomation is isgged as a time-histsq filee. Some loglcai. 

channels are logged to a transition file, Each tranmsifiow-file record indicates a channel 

number, the time of the %alse-to-rme ermsitiosn, and the duration that the signal was %me. 

An episode-processing task monitors the i n c o ~ n g  cdculaeed channels for the 

occunence of significmt episodes (e.g,, ACC s v e ~ d e s ,  near ecnounters, concern bratton 

presses, etc,). When an episode is detected, the main system logs it to the @ansition file 

and sends a message (via Ethernet saeawofk) to the video slystem Trmsition counts, 



hinograqs, amn. and otlher trip iurnmqr infc~rmatioo w logged to a trip log at end 

of each t:iip. 
d,,--mp-m-.-p- 

mVBm 1 --- 
Data S E ~ L W  1 

L"-----.-.. 

Figure 116. Data acquisition system operation 

The video system continuously digitizes and stores capmred video to inamd buffers. 

W e n  a message from the main system occms, ihe video system selects a number of 

buffers (representing a time period that capiures the event) and records these buffers tc 

disk. 

'Gd%eo a uip ends, Lhc majn system rums off the GPS and video syssms and actiyiates 

the celiuiar system. The trip log files are hen armsferred to the UMTX server usin;: 

standard htemer protoc~ls (FTP, TCPjP, and PPP). Then the main computer signals the 

3.4.3 GTPS 
"--a 

The GPS system uses a Trinbie SIX-channel receiver model SVeeSix-@%I3 (which 

tracks up to eight satellites) with real-time clock an6 active antenna that is mounted on 

the censer of the Lmnk Bid. The receiver stores the dmmac, epkemefis, and c.onfiguiration 

data in batkry-backup RXVj~ This minimizes the tine from powcr-up to fin$ computed 

position. If the receiver has been powered down for less than four holm, the saved data 

is rsonsider-,cl vdid md the acquisition time is eypicdly less than 30 seconds. If mare 

than four hours, the time to first fix k around 40 seconds. 



The main computer comunicates  with the receiver via a 96W baud RS232 serial 

line using the Trimble Standard Interface Protocol (TSIP). TSIP is a binary packet 

protocol that p e d t s  full control of the receiver's operating parameters and output 

%omat, Table 2 shows the packets that at automaticdly sent by the receiver md 

processed by the'data acquisition sofiwxe. The main computer causes the receiver to 

operate in 319-mmud and o v e r d e t e ~ n e d  modes. Position and velocity packets are sent 

twice id second as long as at least four satellites are visible, eeacqsaisitiow time for a 

m o m e n t q  satellite loss is typicdly under 2 seconds. The o v e r - d e t e ~ n e d  3D soIution 

(wfich smoothes the positlog output a d  d ~ s x t l z e s  discontinuities caused by 

constellation changes) requires five or six visiSle satellites. 

Table 2. GPS Packet infomation 

The cePlulx comunications system consists of an AT&T KeephTouch 144 Kbps 

ce%iuIar modem that uses the Enhanced Thoughput Cellular protocol, a Motorola 3 watt 

trmsceiver, md a windo~- rn~gln t  antenna. The main acquisition md comunications 

prsgrms m&-;ne~n a list of trip files to be ~ a n s ~ t r e d  1s the server. When a trip 

is oyerg the system executes a connection scrip! that initializes the modem (which usudIy 

connects at rates s f  4800,7200, or 96W baud), dials the phone, and logs in to the sene: 

with a PPP account n m e  md password. i f  the cdE is not a s w e r e d  (busy cellula system 

OH sewer) a second attempt is made. Files are tamsfened using FTP until either d1 the 

files ic the list have been sent OH. five ~ n u t e s  has lapsed since the d iver  turned of the 

ignition. The system then executes a disconnect script and turns itself off. 

The Video Computer includes: 

a 5=sls% passive backplane md chassis 
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""adlable" or "free9' pool until they are w ~ t t e n  to disk. The episode is scheduled to be 
- .  

recorded after a 115-second wait period. 1% mother more impoftmt episode occurs d u ~ n g  

this period, the previously scheduled one is deleted and the new owe is scheduled. Thus 

cascaded ~ g g e r s  that are close in time generate only one video episode. The system h a d  

disk eont~r rs  158 c~ntiguous pre-dlocated episode files (9,830,400 bytes each) labeled 

from ""lepig to ""168.epB". Table 3 shows the nine types of episodes that vie for this file 

space. 

Tabke 3, Episode types 

The episodes files a e  filled in order from 1 to 150 as long as Lbe number of each type 

is less than its maximum. Once d1 of the files are filled, a set of preemp~on mles 

applies. The eulgent list of episodes is stored in, a ddireetoy file cdied "dire~tor~epi '~~ 

The exposures md episode b i n q  files are consrefled to'"Qu%Bic%Time movies," which 

can be played on Macintoshes OR PCs msrning Windows @,I, 95, or XT). The images are 

doubled in height to recapture the s ~ g i n d  aspect ratis (only the even rows are eontgned 

in the sample) md compressed. The rcsukting exposure movies are 200 to 350 K bytes in 

size, The longer episodes are from 3.5 tc 4 Megabytes. The first frame of each movie is e 

title frame showing the driver number, :rip number, dare/time sf the trigger or exposure, 

md the impsflance. Subsequent frames display tlhe frame number and frame timestmp 

at the bottom. Figure 18 shows a f r m e  from an exposure rnov~e, 



This section outlines tnc data flow md euxent dam processing for the FOT. There: 

arc mmy stages of  data processing in this project. They rmge from the simple 

calculation of derived sigwds in real-time, on-boxd the test vehicle's data acql~isition 

system ((DAS), to the storage of files in a database foma% that dhows fle:sible query 

geneiration and inter-connectedness sf the data. 

On average a subject wil l  take 76 trips, drive 828 rilles, and spend 21 hou1.s in the: 

FOT vehicle during the P~/elve day test period. From a data-processing perspectivq an 

average driver generates 2xound 300 nusneri-acd data llles wit!h a totd file storage size of 

115 Megabites (hm). Likewisep the typied driver generates approximately 310 video 

files with a toed file size 794 h4lB, This means to-date the study has colleci.ed cver 

23,000 numerical imd !ride0 data files that coslasdtute neaBy 34,5 Gigabytes (GB) sf 
infom~afisn. 

This p:rocess is very eomputaraondly and netlgork intensive. The end god is ao 

deliver a pcfiabie md very concise wume~cal md video h s t o ~ j  of the ~ v i n g  experience 

of each FOT d~iver,  Figure 99 shows the generd flow of the nbnmeical and video date. 

The ,Follo~g~ing secf ons discuss this figure starting with lae p ~ m q  and deived data 

chmnels. Then the orloline processing sf h e s c  c$em"nels to make ~s tograms is discussed. 

Thas is Io'Qllowed by a discussion on file ~ypes,  databases md video files, and finally the 

pemment storage of ':Re data on CD-RBbl. 



D ~ v e r  Databases 

Driver Interfae 

- - - ------- 

Figure 19. Data processing md Wow for the field opera~owd test. 

The DAS instd-lled on the FOT vchieres is designed to collectg process md store both 

numeicd md video data files using two on-bsad computers. The data are collected md 

stored on ~ i p - b y - ~ g  basis. A trip is defined as the time between turning op, and off the 

best vehicle's ignition. The rate of data sampling for h e  DAS is 18 Hz. The discussion 

below fomseses firsst ow the nnmeicd side of the data processing. The video data 

processing is expl~wed Iater EP this section, 

The nurneicd data flow starts with the collection of 3% pH6mq sigwds from va-niobns 

sources on-bosd each FOT v e ~ e i e .  These sources are shown on the left in Figure 19 

muad include the h i c d A B C  infrxed sensors, she vehicle's engine control unit, the video 

cmera,  the GPS, and the dfiverjsrehicle interface. A list of the 32 p i m a 7  s~gnals is 

given in Table 4. This table shows the n m e ,  type, descipG~n,  md units 0% each signd. 

Bt also has a eolum called Logged. This ssium indicates i f  the signal is pemmently 

stored OW the comparters internal hard disk!, 

Some of the logical signals zre stored i n  a more compact format than that used foe time histories. 
This Bornat is expianed later i n  this section under Transl~on Files. foliowing nomenclature is used in 
b e  column "bggedWp to indica~e which file she data is logged inso: ""M" -- time history; ""6" - GPS history, 
""T' - transition table 



Table 4. Pri1~1t1rjf fchzk~inells 

Nm1~ 

Accel 

Alein~de 1 I .  AJLirzode 
Backscatter Flcat Bael~scatter I(O to 1023) H 
Blinded Logical True jf ODW 4 blinded bit is on 
Brdce Logical True i l  brake pedd i s  pessed H 
Cmcel True i f cancel butaow is prrssed 
CC-WCC On T n ~ e  if cruise or ACG switch is on 
Clem31g Tme if ODD7 heleantng bit is on 
Coast Logical I True if coast borta, i s  pressed T 
Concern Y,ogica% True cf wwcem bbas~on lb pressed T 
CmrveRadius 1 Roat Curve radius ft 
Date,Ti me Days since 1217011899 i fmetiori of day Dclubie days 1 H 

T Downsfif1 % ~ g i ~ ~ d  True if con:roller requests dow!nsIift 
East Velocity Float I East velncitj, + for east 
Tdeadway Tima; 1 Flcsat SeSi~cted headway time 

I Head~vaySwitch Integkr headway s~i~itches , 1,2, or 4 
Latitude 
Longitude 
Xe~vTxget  

Latitude, .- for nsfi 
FIasat 1 Longitude, + for cast 1 radians G 
Logicd Tme for "3 scc vvi% new target 

North VeJocity F102b IVoflh vvelsei~j, + for no& d s e s  I 
R a ~ g r :  Distmcc lo target A 
R.EI41 Rate or change of range 

Res~~kne 
WeducedRmge True ~f ODbT 4 reduced range bit is on 

Logical 1 Tme if ~ s u m c  bunon is pressed I 

Set Logical / Time if set button is pressed 
1 

Thott%e Float I Throttle percent 
T r a c h ~ g  I Logical I , True when ira:ld;ing a target 
Up Velocity Up velociry, for up Adscc 
VdidTagct Target md velocity filter 
V Co-m-md 

I 
Velocity csomanded by controller Wsec 

7!,TeIocity I Roa: 1 Vel~icle velocity Wsec I I1 
'Vset a / Cruise speed set by dnver / f~/sec I I1 

The numeicai: data processing begins as these p n m q  ehmnels are read into the 

mcmoy of the DAS, The col7sputer then cdcaalates what asle called derived ekanne!s, 

These channels are combinations md mmipulations of the p i r n ~ y  signds. Exmqples of 

deri~ied chmnds include: Vp (Velocny of the preceding vehicle), road grade, distance, 

near, foIPowing, elc. There XLHC 66 derived channels. The 3 1 flaating-point ded~wed 



channels are given in Table 5. The remkwiwg 35 are logic4 chmels and are listed in 

Table 6. Both tables show the wme of the derived signal, a deschp~on (wKch includes 

Hts defivation), units, and whether it is Bogged or saved in the data computers memsfgr. 

Table 5 ,  Roafing point Qedved chmels  

second moving Avg of -VDot 
e~vat ive  of DegseeBfCumature - 

D mot2 (2e(Rmge- 0.9 9 Vp)*32,2) 
Decel Avoid D o t 2  / (2eRmga32.2) 
DegreeBfCumakre 5428.996 % CumeRadius 
Distmce h tegrd  of velocity 
DistanceEngaged lIntegrd of velocity while engaged 
DNearEncounter RDa' i (2e(Rmge - .3eVp)e32.2) 
BSeore iEDScoreRegisn then BSeore= (D-.Q3) IOU; if 

TScoreRegloa then DSc~re= 1 

EngMawAvgVDot ~ & i m u r n  value of  AvgWor while 1 g@s 
EngBr&eIntemen~on is true 

Flow Velocivj ! (Wmge+&) ve Wse 
GradeqGPS) IUpVelocity 1 sqn( ~ o f i h ~ e l o c i t y 2  c 

I 
I I EastVelocityz) 

Heading Heading angle cdculated fron NohVe10cB~  
md EastVelocaty 

Headway TimeMagin Rmge / Velmity 
Hinderancc Velscliy 4" VSee 
MmMaAvgDNea  Maimurn value of AvgDNex while 

deg I 
I 
I 

sec 

1 MmNexEacavnk: is Lrue 
I 

I 
I 

MmMaAvgVDot IMuimum value of AvgWot  while ' I gis 1 / ManBr&elntervention is t r ~ c  I 
Rangecheek I 1.7 a Vp -t= met"- ( 2~,5~32.2) 
RangeNea 
Rpt83 
Thpt03 
Timetohpaef 
TraeGngEnor 
TScsre 

.5 Vp +mot 2 i (2~~1a32.2)  

Rmge - 1" (2e.83e32.2) 
/ f t  
j f t  

RptO3Np if RDor c O or RangeNp if mot >= 0 / sec 
-Range i RDoi 
TimeConskmt a mot +- Range - T b V p  
if TScoreRegion then %Score- (,7-Th0) / -7 

Vdot Iderbva~ve of Velocity / 322  
VehicleResp E V C o m m d  - V e l ~ i a y  
VP Velociy + moi 
VpBot de~vakare of Vp 32.2 



Table 4. Logical de.a.il~ed ch;m11els 

Closing 
Cudn 
BScoreRegisn 

1 F ,llolibping og4ND .9R11.: Range el . la 
I 

1 5-sec oneshot - AecEnabic DngYcaEnc~~unter 
AccMode > 2 
Always Tme 
Backscai~ter > naia 
1 5 - s ~ ~  ~~~ts%~oBh - F~QT(AccEnab1e) AND 
EmgBra kelntery~ennion 
15-scc o~aeshot - NOT(AccEnab1e) A\m 
EmgNca rEnc;ounter 
M O T I ( N ~ ~ T  ,L\:[$TD <-5 
R angr < Rt~ngfNeaa~. AND IWoa >O 
%:dLid'TageaVge39 B&D mob <= 0 m D  Range > 1 R zrigechcck 

Engaged 
Eng:BrakeInte~rent~on 

EwgNeaEncoaanter 

Followir~g 
HeadwayLong 
MeadwayMedi~m 

AceModc > 1 I % 
1 5-sec on eshnai - rdcc N D  VgtSB ~ v e r 8 g e y ~ ~ 0 t  
s .05 P,SJD jh7asEngaged 
15-sec oa~~zskot - "ar"al~dTxgetVgtS0 m D  
P~IIv?ieragcDIVtar > .05 AND 'WasEngaged 
Pq:OT(Mcar 012 Cutirr;) AND -5 <-- mot <.-- 5 I H 7 ntnnn., If long headyv~ay switch is pressed T 
11-~.,1& if ~nediuagn head~,hrsv.ay s ~ ~ i b c h  is pressed 

Igeadway S h o ~  1 rue if slliori headway switch is pressed 
I,DegOf@u~~~alure 1 IT3legreeOfCuwal~1reQ > 3 PlBD V>5Q 

j F 
LVpDot 1 ~ ; ~ ~ o o .  < -005g's 1 
IVJm LBi 

Man lNe 

Mm2Bi 

I5-sec oneshot - NBT(AecEnable) AND 
ll~IzrB~a\cth:~ tcwention 

1 
15-sec oneshot - Y+TOT(AccEnabIe) AND I T 
MmTea~Encesuntcr 
15-sec oneshot - AccEnabIe PLVD 
~~~Ea~~Raal~~~~nlewention 

bjian2Ne ' 11 5-sec ones$(:[ - AccEnable M D  MafiexEncsunter T 

T 

~ A ~ r a k c l n r e ~ i c n Z i o ~ ~  I 5-sec oneshot - Brake An.D Figt50 AND hvgYDot > 1 
.35 A&D NOT y;lasEngaged 

B 
B 

? d d e a E n c o u n t e ~ :  1' 5-sec oneshot - VaIidTagetVgdO M D  
lAveragcD4Vex > .05 AND NOT WasEngage 

Near 
Sepuating 
Stopped 
T&oreRegiaw 

Iaaage < WangeBTeu A&D PdD~ot <O 
N39rICntin) AND RDot > 5 
T%eli@city <3 
SbialidTabrgetVgt35 mD RDst <= 8 AdVD Rmge <= 

"adladTz~geiVgt35 
I!a~ngeCkec k 
l~alidTxget P&-D V>3S 

Val7dTqetVgt5O l ' i a l i d ~ a r ~ e t  AED V>50 i 
vgt3 5 lT1klocity 3 35 I 
aJgt50 '7irlaci~y > 50 
71A/asEngaged 1 %  me if ewaged within the last 15 seconds 



Duing each trip some of the p ~ m q  and derived floating-point chmnels are made 

into ~ s t o g r m s  by the on-$sad computer, The counting md binning f ~ r  the bstogrms 

is done on-the-fly a the signds are derived muad processed, Table "9sRsws the twenty- 

seven floating-point kstogrms that are cunentiiy being made and pemanewtly stored. If 

data for a pmiculz ~ s t o g r m  is collected continusaasly d u ~ n g  a trip, its enabling chmnel - .  

is listed as Always True. For other histograms the enabling channel is elther a primary or 
derived logical channel md it nust be ha" or true in order for counting to occur in that 

p&icular histogram. For example, the Thiottle histogram is only lcaded'when the 

enabling chmwel, Velocity > 30 wph is me, 

Table 7 ,  Floating point histograms 

N m e  / Source ChmweI Enabling Channel 
vg:35 
Vgt35 
ValidTugetVgt35 
Vgr35 
DScoreRegisn 
VdidTxgetVgtSO 
Engaged 
Fs%lswBng 
VdidTxget 
Following 
VdidTxrrgetVgt35 
VaiidTager 
ValidTagetVgt35 
VdidTmgeaVgt35 
vgt35 
;galidTxgeaVgt35 
AccTrac~wg 
TSsoreRegioc 
Vga35 
Always T F J ~  
Vg35 
Engaged 
Always True 
Vgt35 
VaBidTugetVg35 
VaPldTugetVgt35 
Engaged 

? Soning Channel 

Engaged 
Engaged 
/None 
1 Engaged 
\Engaged 
Vgt35 
Engaged 
AccFrackng 
None 
Engaged 
Engaged 
Engaged 
None 



As shown in Table 7 ,  most hLst~grzns  have a sofling channel. The s s r~ng  cha~nel  

sepmtes khe counts inlo two Plistogl aros depending or1 the slate of tlile surhl~g chajana l 

F , P = ~ ~ ~ . T E ,  ~ Z B P  a:~aainpIc, tlve sorbing cha~1111el f ~ r  bhc Thunle hi,stogra~~q is the Engaged 

logical i:hamel. 'VJl7e3 this chalnel is kur, i .e ,  ihe idelucib~ off the. rest ~7ehiclr: is being 

contsollied by eizhcr contantioeaj or adapail:~ cnlnae co~~rboll.. one. set sf bins for the: 

"$~ottle histogrm is filled. IF the dri7wer %uass h e  ciuisc control ~gaf~f~ then cngagzd rs 
false, a11d the other set a 6" bins for the bhotdt: k~iseogl rn~ ,is IYIed. (Of course, in Ilxis 

examlple the vehicle musl m~nizlin a speed g:tea!,cr fl~arii 30 mph for either sct of bins to be 

51$ed batlcause the rnablimg chmncl is %'clocrty > 30 rnph). TQI shod, there are rcd1.1,~ Ivio 

hisaogranzs ~ h e ~ l  a !~xTiirg chaqmel is used, 

One ty~o-dimensional histogrm~ is processed by the DAS. This is a nomdized 

Wmge, Range-Ware kistcgran~. The rorn~dizing chaqnel is the speed of the preceding 

vekc!e (V ), The his:ogrm is enabled by the VdbBidTugetVgtSO logic& channel md is P 
sowed $y the Engaged clhmncl 

Besides creating histogrms, the DAS also cdculates t hee  statistical figures for each 

histogrm, Thelse figuxs are Lahe mast-likely-vdue (wkch ~ s t o g r m  bin has the greatest 

number sf couns), the mean and the vaimce, whe~e h e  later two are defined as follwas: 

where: 
- 
x =: ~Dem, 

nbiaa -- number of bins, 

n i -- count in each bin, and 

X I  -- value of the bin center 

Eogica! Hisfogmms 

There are tweny liogicd kstogrms recorded by the DAS for each trip of each test 

vehicle. Table 8 shows the nmes ,  source channels, enabling chmnels md zloraing 

channels for these hiseagrms. Unlike the floabing-point ~ s t o g r m s ,  the logical 

histograms dl, have five ?bins. The first bin records %he number of trmsitions (~:osn~r: of 

fdse to m ~ c  chmges) for the Bogicd source chmwcl. The second md third bins conti12 

the number of counts that the source channel was true and false, respeefvel:i, The fous"gh 



md fifth bins contkn the number s f  counts that conespowds to the longest consecutive 

time that the s o w e  c h ~ n e l  was me md fdse, respectively. The enabling and sofling 

chmnels have the same meming a in the floafing-point k s t o g m s ,  

Table 8. Logical ~stotogrms 

1 Cleaning 
3 I Closing 

1 
1 Following 
I 
I LVpBof 

1 :z;Tuget 

1 ::;zFe 
Trackng 
TScsreRegion 
VdidTage: 
VdiaidTxgea. 
VdidTuget 

Vgt3S /Engaged 
Vgt35 WasEngaged 
Vgt35 Engaged 
VdidTagetVgt35 Engaged 
VdidTagetVgt35 Engaged 
VdidTagetVgt35 Engaged 
VdidTugetVgta5 Engaged 
VdidTxgetVgt35 Engaged 
VdidTxgetVgt35 Engaged 
gw'gt35 Engaged 
Vgt35 Engaged 
V&id%agetVgt35 iEngaged 
Vge3 5 ;Engaged 
VdidTagetVgt35 Engaged 
AlwaysTmc I Engaged 
Vgt35 ! 5ngaged 
Vga45 1 ~ n ~ a g e d  

3.5.2 Data File Fomats 

For each trip, the DAS records and saves six different file fomats, Four of these 

contain the naame~cal infomatiow for the trip md the other two cont&n the video 

i n f o m a ~ o n .  A shola desciption sf each file fomats fo1Hows 

GPS Files - The GPS data is written in a t ime-h is to~  fomkak to the DAS had-disk. 

The chmwels of &us include: time, l a~ tude ,  locgitude, dtitude, grade, 

heading. These data are written to the file at 0.5 Hz, Typicdlgi, these files are 

6 0 D  in size, In addidon to logging a complete record of the test vehicle's 

pos i~on,  start and end laeerd, Icsngimdind md dtitude GPS coordinates for each 

trip are saved in a more accessible format within the b s t s g r m  file type. 

HistogmmJles - The data for dB the floating-point and derived ks tog rms  are saved in 

the bistogrm files, These files are between 1 1, md 45 IKB- The histogram fiies 



dso csntgns ;n $np summwjr  able. The esntenks 01 the table are Listed in Table 9 

below. Un!iSa;e the other BAS files, the h i s t o ~ r a i ~  files are Q m s f c ~ ~ e d  to L?flFM 

at the end of each t6p via fhc ccllulm phone tiat i s  built in:o fie DAS syskcmu 

'Phese files axe then manilbored as they afe rcceived to iidenbQ prsblenls wath the 

rest equiprent  or awomda~is results. Test drivlzrs can be contace~:d md 

apprs~r~katc measures laken ~ts csn~eci. !he prsklcm, 

T~ansitionfiles - The Sransifion file fo~mat is a csnreibe of t ~ a c l ~ n g  logicd events 

that CSCCUF relaiiqseiy inf~"l.eqaenkly, ssncln as cnxisc-csw~sl button pushes by the 

d ~ v e r .  lns'iead of recordjng these events in a Liime-histo17 fo~ma? (~vhich cm 
consume large arno~~n~s of 6Esk st~rdge spact:) a table csnfaining the event name, 

its s t a t  time and duration is csnstmcted. Using this iafsrmatisn, a time-kistcs~j of' 

,he logical ~sasiable can be rs-created if necessary, Il'rmsitiona files are typically 

less thrm % Iah in size. (These vaiables are den~~ted by a ""T9 in inhe logged 

colum~ of I he tables abs.we.) 

Time-Hufo~~)fiig?s - Vqith the exception of the video files, the time-his~sv files 

consbtute the bulk of the data storage and achi~are. Therjc are t ~ f i y - f i v e  chminels 

in each time %istoy file (denoted by a1 'WYn the logged csluwm of the tables 

above). For an %irerage trip a time f i s t o ~ j  file is 1-3 1ba3. 

Videofiles - There are r~ i a  qpes  of video files: exposure and episode. Episodes are the 

caprdre af event-related video sf 30 seconds duration. A toed of 10 even11 types 

have been formulated, each yielding a cfiterlion upon which decisions are made 

aueomaescally for recording a concnnent clip of video Cata onto the video-str~rage 

hard disk. These files we 9.8 l\~fB in size. Exposure files provide a bAef video 

smple, recorded every 10 ~wuecsz  regzdless of the operafiond state. This 

infomation is used ao derive a regulx spot-yecord of the highway md traffic 

candil:oas. These files we 0.8 LMB in size. 

T h e  sampling interval has been lowered KO 5 minutes following an analysis of the trip s u m m q  
i n f o m a ~ o n  %or the drivers to date. This will give a mare cesmp%ele plceslre of the driving envaronsnel.sa for 
each trip and m&e bener use of the storage eapnbiIiigt of h e  hard disk on the video BAS. 



Table 9, Trip tabk fields md deschip~sws - .  

Field N m e  
AccBi 
Aceel 
AccEnable 
AccNe 
AccOw 
Blhded 
Br&e 
Cancel 
CccBi 
CccNe 
Cleslwing 
Coast 
Concew 
Disemce 
DistmceEmgaged 
B o w n S ~ f i  
DriverD 
Duration 
EcuEnoa 
EndAltitude 
EndEatitude 

Engaged 
FileEwor 
GpsEwor 
MmlBi 
MmlNe 
Mm2Bi 
Mm2Ne 
NetworSnsr  

ReducedRange 
Resume 
Set 
SsmAl",mde 
StmLatimde 
S t d o n g i t u d e  
S t ~ T i m e  
Stopped 
S y s t e d w o r  
Traehng 
TipID 
VacEnor 
VdidTaget 
Version 
Vgt5C 

Count of Accel bueton hits 
Switch indicathg if ACG or CCC is enabled 
Count of near eencsuwters wMe ACC is engaged 
Count of ACC button hits 
Count of blinded transitions 
Count of brake pedd app~cations 
Count of cancel button hits 
Count of brake intementio~s while CC@ is engaged 
Count of near encounters while CCC is engaged 
Count of elemirag trmaitions 
Count of Coast bunsn hits 
Count of concern buflon bits 
Distmce uaveiled during the trip, f i l e s  
Distance eavelled with the cmise contfsl Hs engaged, d i e s  
Count sf down shift transi~ons 
Driver identification number 
Du ta~on  of the trip, minutes 
Count of ECU ewor tsa~sidoss 
Ntitude of the end of the trip 
Geograpbcd latitude of the end of the e ~ p  
Geagraphicd longitbnde of the end of the trip 
End time of trip, days since 12/30%1899 + fraction of day 
Count of A@C engaged trmsitisns 
Count sf File system enoa kmsitions 
Count of GPS enor &msitions 
Count of mmual brake intementions while CCC is enablied 
Count sf Haex encounters while CGC is enabled 
Count of mmual brake intemeatioass wMe ACC is enabled 
Count sf Near encounters while ACE is enabled 
Count of network enor transitions 
Count of new suget trmsitiows 
Count of Odin enor trmsitisns 
Count of reduced range bmsitiocs 
Count of Resume burnon hits 
@sun% sf Set button h.~& 
Nfitude of the start sf the trip 
Geographicd 1aGtude of the stm sf the trip 
Geographical longitude of the start sf the trip 
Start time of  trip, days since 1263888 899 A fraction of day 
Count of vehicle stops ~ m s i t i s n s  
Count of System ewor armsitlows 
Count sf e r a c ~ n g  bmsiticns 
Trip identification n-bnrnbe- 
Count sf Vac e ro r  umsiGons 
Count of valid target &ansitions 
DAS software version number 
Count of velocity greater 'ihm 58 mpk bmsitions 



As.) ultin~ate puTose nP %he data-gathedng md processing activities is to build a 

Qatabasc %ha$ can be used lo s b d y  mmuai and ACC CO~ITOI oP speed and hea$.;l/zy. As 
ijIus~ate:d in Fpnre* 19, rbe database system lor each driver is cosnposed sf two databases 

called the "ICCC" Il:lla~a$ase andl ""Driver" Ddzbase. The "KC" Databast contzblns (a14 the 

hjstogre-.n anid [rip s~~rn rnaq f  i n ~ ~ ~ r ~ a t H ~ ~ r a r  The ""Dkvcr9TDabase cont&ns the trmsition, 

GPS, md time-hratoq iir,l~o~nrnadon, A third aggregate "KC hd%ltef9 ~ ~ a l d a c  is ads3 

being cseat~d, 11 contains d l  fhc in:for~~~ation stored in each of tR2 driver" '7CC9 
Da~anbases. Interogations and con~municatisns msngsp these data b a g s  are a a d e  

possble by scding cach scclisn of data by driver, then erip . and then type of data. Eeck 

set of database5 for each driver is being vvriteen to CD-ROM for pemanent archive and 

data e:~,c$angc. "The two types of video files are also being saved in a compact fotmat and 

u~rittcn to CD-RO?k:I, 

3,6 Project !;bh.ns as Characterized by Amount and Type sf Drivhg fw the FOiT 

'The results md findings included in this repod cover 35 of the 38 d6vers that have 

paticipaeed in she smdy as sf Januay '1997. The data from thee drivers were excluded 

from %he s ~ ~ d y  for the foilowing reasons: a) driver 2 had to return Ifhe test vehicle akcr 

only ddving for approximately 5 miles, $1 dniver 16 had an equipment filure: kdf way 
though the test peiod, 2 . ~ ~ 3  c)  dilier 28 returned the car due to a fauYv head Imp s~~vitck. 

Table 10 below sho7ws a s u m q  of the eotd n u m b e ~  sf &ips, riles (mikes are 

sepuzed into distmce not engaged or mmual driving and distance engaged or CCC' and 

ACC engaged diving) md duration, in Rsuas, for the 35 valid diarers. The cslurmz, of 

the table show srafistics 5or d l  trips, for trips with r10 cruise c~nlmOi used (CCC Clff iind 

ACC Off) md for trips in which the cmise csnuol was turned on at least once dursng the 

trip (CCC Used and ACC Used), 

Table 10. S u m q  of clistmce and time, all trips 

No, of Ddwcrsa 35 --- 
Trips 

Dislance, milies 

Dist. Not Eng., miles 

Dlse. Eng,, miles 

Duration, hours 



A totd of 2,659 trips have been taken by the 35 ~ v e r s .  Of the total kips, 1,241 (47 

percent) were taken deaiaag the first week wklie CCC was enabled md 1,418 were t k e n  

dpafing the second week while ACC was enabled. Of the first week trips 325 had the 

CCC engaged at least once dba~ng the trip9 while 916 trips were driven completely in 

msawual mode. S i ~ f z l y ,  of the second week trips 486 had ACC engaged at least once 

dnfing the trip, while 938 were &ven eompleee4y in manud mode, 
i' - 

Then were 155 more trips taken with ACC engaged as compzed to the number of 
tkps with CCC engaged. This npresents a 47 percent Increae in the number of trips in 

which ACC was used over CCC, Put of this difference is due to a bias in the amount sf 

time for ACC enabled tips. (An effog% is made to make the time equal for both cruise- 

control modes, but it is not always possible, so generally there is a bias towxd having 

more time with ACC enabled.) However, because the number of mmud-only trips are 

roughly the same for both time periods, the influence of this difference is probably smdl. 

More !ikely, the increase in ACC trips is due tc two other reasons: a) the novelv effect 

of ACC (Drivers want ts fq the new technology even if they are not regulx users of 

CCC.): and b) in d ~ v i n g  siraations where drivers would not nomdly  use CGC, they will 

use ACC because of its added convenience sf headway contra, 

This difference is dso  shown in the number sf ~ % e s  driven in the t hee  different 

modes. For the study to date, a total of 26,225 dkes wen driven by the 35 vdid test 

drivers. Of this to%& 15,656 miles were driven in mmud mode (distmce not engaged), 

These f i l e s  are divided equally between the first week with CCC enabled ("1,856 f i les)  

and the second week with ACC enabled ("$800 -niEes), However, the distance engaged 

miles show m 889 percent increase in the number sf .miles driven with ACC engaged 

(6,915 Ales) versus GCC engaged (3,653 miles) 

Table 11 shows the s m e  infomation as Table kO except the numbers Rave been 

nomdized by the toed number of drivers (the natation "'Tripsmrivers" means trips per 

dfiver). The table shows that the average driver takes 76 trips anti travels '749 total miles 

d u ~ n g  the two-week test penod, Of the totai mles, 4-47 were driven in mmud mode and 

302 w e n  in a cmisise-csw&ol-engaged mode, 



No. of Drivers: 35 1 All T r i ~  
, ~ m m m - ~ , m ~ - ~ m m m ~ - ~ m b " ~ - - -  

Tfips~!Drj,-ll~'~r 1 16.0 
ACC Off ~ C C  Used 

--mnzzm,mmomm -rnwm--- 

26.8 ' 13.7 

901.8 1 329.7 

90,8 932,1 
0.0 1 197.6 
4.0 1 7.4 

Dista~~.ce/'%@i~~L"iier 

Disl. Not Eng-{Driver 

Dist. Eng./lSiver 

CCC UET / CJCC Used 
*-=-- 1---- 

2 6 2  1 93 

Tab'e 12 shows a s n m a J y  of he number of ciuise-con9irsl button pushes that the: 

749.3 
447.3 

302.0 

98.6 

98~6 

average driver made ciunng the two week test geiod. Not s u ~ ~ s i w g % y ,  the ntlmber of 

times a qpicd  ddriver simply tamed the cruise eon~trol system an is greater for the AC:C 

ewablled period (19.6) than It is for the CCC enabled pel-nad (13.6). This increase (44 
percent) is in line with the co~esponding increase in the numbler of ACC .iaerscs CGC 
trips shown in Table I 1, 

Dura1ion~iDrivc21. i 20.7 

230.3 

f 25.8 

Table $ 2  also shows the number sf Set- md Resume-button hits per diver, Divers 

use these buttons to change the v e ~ e l e  CORLTOB mode from mmual to cruise engaged, 

However, these counfs can be ~ s % e a d i n g  when used this way because ae re  are 

conditions w h ~ n  the driver cm request the cruise rs engage but, due to other reasons, like 

fornard ve2oc1v being below %Ex cutoff theshold, the cmise system (CCC md ACC) will 

not engage. For a mere accurate account of eke nuniber sf time the dfi-aver successhlly 

engaged the system see the Engagemfiver counts in Table & 3. 

0-0 1 1[34,4 

No. of D~\/ers:  35 

Ccc -Aa :eB~~~~a~vc r  

Se~lDi71cr 

c DISL~DAV~I~ 

Resume4Divcr 

AcecL/Dnvcr ' N A  28.6 

CmccLDhver. 

Table 12 dso shows the number af Coast, Accel, md Cmcel bctton pushes per 

driver. For All Twps d ~ v e r s  tend to use both Coast and Accel buttons eqaadly (85-6 

Coast bunon hies versus 8 1-0 Acsel button hits per driver). However, the dis"lkbudon of 

usage in CCC ACC dsiving is quite different for the two bmttsns. The Coast button is 

used equally in both CCC Used md ACC Used modes (42.3 a ~ d  43.3, rcspecdvely)~. 

Pd~ercas, the 14cceI %luteon i s  used approximately 84 percent more in the ACC UsedL tfips 



(28.6 for CCC Used and 52.5 for ACG Used), A clear eexplmation for this difference is 

difficult to discern. However, it may by a t~bufab ie  to drivers choosing to increase &eir 

set speed to take advmtage sf md chdallewge the headway control func~onditgr of the 

ACC system. 

Table 13 shows the number of brake applications per d e  for the f i s t  35 vdid 

drivers. For All Trips there has been 2 4  brake appilicatlons per mile. For the trips when A -. 

GCC md ACC were engaged this rate drops tc 1.4 md 1.3, respective8y. The number of 

downshifts per driver is applicable only when the ACC system is engaged. On average - .- 
there were 40.0 dswnsbfis per driver. The AGG cepnaol dgofitPnm c o m m d s  a 

transhssion dswwsEft when it has d e t e ~ n e d  that the maimurn a v ~ l a b l e  m o u n t  of 

deceleraton is wecessq. 

Table 13, S u m q  sf  some driver % system cowtro% md status vuiabEes 

The number of times the system was engaged per driver is shown in Table 13. If 

these C O U E ~ S  are nomdalized by the number sf miles engaged for the two cmise-control 

modes, then the average CCC engagement lasted for 40 f i les  while the average ACC 

engagement was 5.2 miles (a 30 percent increase). The  table &so shows the number of 

Concern button hits per chver and the number 0% times the vehicle speed tsansitioned 

above 40 mph (Vgd0) per driver for the four different trip categories, Not su~sis ingly,  

the trips when CCC &id ACC were engaged show a significmtly higher rate sf 

bansitions above the 50 mph kkeshold as compued to trips without any CCC or ACC 

engagement. 

The f ind table (Table 14) in this section describes the number of brake interventions 

m d  near eenounters per mi le  for mmuai driving during the first week (Mml), manual 

dfiving during the second week (Mm21, CCC engaged dhiving and A 6 6  engaged 

diving.  (The definition of a near encounter and a brake interdention caw be found in 

Table 6 ("Logicd derived chmnels"), The data show a higher rate of nea- encounters per 

mile (0.049 versus 0.066; 22 percent increae) md brake intewentions per mile (0.105 

versus 0.120; 14 percent increase) when compzing /he first and second week manual 



diving, respectively, Movqcver, when comp&ng CCC engaged neB encounters per 

(0.034) to AC(Z engaged near encounters per mile (8.033) the rates are vkk~dly identicd. 

This is also EIIE for @CC C:$pdce interl~entions per r i l e  (0.054) and ACG brdce 

inre~g~~ntiows per ni le  (6 057). 

Tal2le 14, S u m l a y  of brdce-inten,~entions a7d ne~~enccsnnters 

No. OF D i v ~ r s r  35 

MmIB%VIiIe 

;blztl!3 1 Ne$?~!/I.ile 

Gc~B;~~Q\dile 

Ccl-,Ne/Mile 

Ida~28i/Mile 

?t~dm2Ne~~9lIile 

The results md findings presented next in section 4 are based on the amount and 

types of driving dcsehbed and chxactclrized in this section. 

AccBb?dlile 

AccNe/jl/Ii%e 

sed - 
NA I NA. 

MA NA 
NA NA 
NA NA 

0.108 10.128 

0,065 0,856 

NA 
BIB 

0.857 

0.033 
&057 

01.033 

NA 1 NA. 

NA 1 NA 





4, HiN"38"ENTld RES'ULTS A%Bll FINDINGS 

Tiis sectlsn presents i n t e k  sesillbs from ,he FCW, in tem~s of both sbjectavc data (in 

Section 4.1) as compiled 1~40stky in t h ~  'form of ~llj1s%og~m~s, md S U ~ ~ ~ C ~ V C  rtsu'bs (in 

* * 
Section 4.2) as 1313k~aaned f ~ ~ ~ r n  qaestionnaizcs, Prelirnjnai27 findings are denved horn 

these interim results by p~iacessing llnea~, exmiwing di-iislcrn, and inteqreting their meming. 

- - Section 4 -3 add]-esses possible intea~retabions concerning societal issues by comden$sg 

on sa re~ j ,  traffic, md he1 floj~v~ 

4,% Resnlb and Findings From Qnantihtive Dah 

This discussion of the qumtitativc results is organized xound tq ing  to mswer the 

fcliowing five cluestiorns: 

I. How does ACC diving differ from manual or CCC driving if we consider dl kips 

that werz fa.ke~? 

2. How do driving conditions influence driver choice mang  mmual, CCC, aid 

ACC modes olf control? 

3, Fl-~ov~ does driver age influence: 

1) the time gap between the ACC vehicle md the preceding vehie%e, anid 

2 )  the cklaice sf control made (AGC:, h 4 N ,  or CCC)? 
4 Mow do resl ts  for individuals differ tram the aggregated results? 

5 .  klovlr well does this ACG system pedom its fumctisns? 

Questions 1,3, md 4 are associated with the operationd issues concerning the 1Ial:ure 

of the speed and headvvay -keeping k h a v i o r  of dd?bpers (see section 1,l). Question 2 

pefl~iins to operationd issues concerning as~hen, where, md how b v c r s  will use ACC, 

Question 5 addresses the p e ~ o m a ~ ~ c e  of tkne cuncnt state-of-the-m ACC systcm. 

The answers presented here are b s e d  u p n  infomarion trmsmitted to U N E N  from 
the best vehic'es via ce91ula phone a% the end of each trip (where a trip is froan ignition ofi 

to ignition off). This infomation i s  in the fom of histograms for logicd (two-level, 

yes/wo) vkab les  and for Roa5ing-point (""conrlnusus" "gigil scale) glr~aklles as ~desc~ribed 

in Section 3.5, 

The notion of using the counts in each bin of the histograms to obtain infomiation 

approximating probabilities plays a keg, role in understmding how the quanti:atigv.e d;&a 

have been processeaexmGned to respond fo the questions posed here. In order to 



intefpret these bs togrms it is convenient to think of them a if they were conditiond 

probability density h n c ~ o n s ,  since the count iss each pdchnls  ""bin" of the histsgrm 

(where a bin covers a small podion of the total range of the selected v ~ a b l e )  divided by 

the total count s u m e d  over d1 of the bins in the ks tog rm expresses the likelihood, or 

the probability, that the value of the variable at my moment fdBs within &at pmicu9a 

bin. (The idea is cumbersome to state but simple to visudize once it is understood. 

Ful%her materid defining the i d e a  involved is presented in Appendix B.) 

Appendix B explins how the histagrm data has Seen processed to approximate the 

probability of certain events, These events md the associated probability symbols are sf 

two types: (1) P(AIB) --- the conditiond probability of event A (i,e,, set A is tme) given 

that event B is tme, m d  (2) Pd(AlB) - a conditiond probability densiv fi~nctisn for the 

variable A, In this case, Bd(AlB) is the total result sf computing PgAiIA) for each of %he 

A4 bins constimting A when B is me. 

Putting aside abstract considerations, the point is that counts in the hisaogrms have 

been used to estimate the chance / likelihood of  sets md subsets of data chosen to aad in 

developing answers to the q~esdons posed, 

This first question is intended for adhessing the fie%d test data at the broadest level. 

That is, when we Iosk at dl the data together, what are the Racro chaacteristics of the 

driving activity a p p e ~ w g  under each of the *&ee forms sf control? To ad&ess this 

question, consider applying the P(A%B) oprator to the kseogrms for velocity and rmge 

obtained during mawud, CCC, md ACC driving using the aggregated results for dl 

d ~ v e r s  md d1 trips. We will consider fu rhe r  disaggregation (subsetting of the data) in 

later sections. 

ACC versus Manuak Resule - Aggsegared Bafa on Velocip 

We caw compae ACC versus manual modes of cswuo% by consideiwg the data 

gathered during the second week with each dr~ver, when only the AGG or manual modes 

of control were avaiIable, For this discuss~ogn., we will %el ACC represent the set of results 

for ACC driving and let manaed represent the set sf results for m a n ~ d  driving, To 

compare ACC driving with manual driving, we wili compare the approximate probabi l i~  

density 5wcGons cof~esponding to the velocity V by e x ~ n i n g  Pd(VlACC) md 

Pd("JIMW) a given in Figure 20, 



'1This figure (and much of !he other data repnsentations in this repod) covefs speeds 

35 m ~ h  md above becauac cruIse-co~~~oB syriems are ~ p i c d l y  built with a & B + J V ~ P  bo~rnd 

on vel~cleity neir 35 mph. 'Thus, both the manual and JAClC daia halt,re been rcslri~led to 

1.5s same raflgc is1 Tpuayctses sf compaxisoau, The figuae clearly indicates that ACC 

diving i s  only likely at highway speeds while mmud chiviEg is biased tourartl low 

- m 
speeds l.nub rs sfki-;!pa,~i~ise broadjy dlstribulied across thc range 

I , . i 
Vejoeif~, fthes. i 

Pd(Vel~iajtfi4mZi Pd('.islosi%yiACC) 
108.4 Hours in 1271 Trips 108.9 Blurs in 1251 Trips / 
56.6 hdEF/: 75.6 E14em; 17.8 SDev. 96.2 k L V :  92.7 klpmn: 4 1 2  SDe!:. 

---- 
(MLV means Nhs l  Li%r,ely Value) 

Figure 20. Probabili~y density of velocity in ACC versus manud 

Perhaps &ese results are what one f i g h t  expect. They are interesting mainly bec:ause 

they prompt a following question that recognizes the contexmd basis for &,.iver choice in 

selecting the control mode to be used, nmcly :  When do drivers chaose to use ACC? It is 

quite appxent that any presentation of the 1fu1Hy-aggregated data will show that ACC 

~ v i n g  differs from that of manud dAving in a s i ~ 1 x  mmner that mw~ud freeway 

diving differs from manisd dfi-sving ow, say, &J urbm mefial netlsrsrk. To the extent that 

driving on limited access freeways is safer per mile of fravel than is d1 d ~ v i n g ,  one 

would hypothesize that, ACC operation will be safer than dl rniknud ~ v i n g ,  even if dl 

the micro factors of Bongi~dinal conuol with ACC versus manaad systems wen  identicd. 

Although these matters will be r e e x h n e d  later, even the most casud look at the ffu11 

data see mdces It clew that driven3 choose ro use this ACC system predapfinmtly in the 

higher-speed driving environments a hnck, in rum, tend t3 emphasize Biniaed access) 

&nighways in the data) 



ACC versus Manuak Resuits - Aggregated Data on Rmge d Time Gap 

With regard to range, Figure 24 shows that AGC ~ v i n g  i s  chatactedzed by longer 

ranges thm those associated with mmaaual driving. The %?@re is based on dl drivers a d  

dl tr@s over 0.1 miles duing the second week, Mmual ~ v i n g  is chaacterized by fairly 

high likelhood of skofi headway rmge while ACC driving is chuactefized by little 

chance that headway range will be Iess than 645 &, To the extent $ha% short headway range 

represen& a risky situation with respect to rear-end crashes, WCC driving could be said to 

pose lower levels of this ~ ~ Q E C M I X  foAm of risk than does anmud ~ v i n g ,  

Range, P& I Pd(Rmgemm23 W(RangdACC) ' 
1 50 8 Hours ~n 127 % Traps 52.5 Houn in 1271 Twps 

35.0 MLV. 14.0 M a .  84.2 SDev. 145 0 MLM, 189."iearr; 85 H S k v  
-= ---- - 

(MLV means Most Likely Value) 

Figure 2 1, Probability density of rmge in ACC versus mmud 

A second Issk at the headway cones t s  es provided in Figure 2%. Mere we see dl of 

the ACC versus manual diving data presented in terns of tile headway time gap, 

whereby the range, W, has been divided by host. vebaisie's velocity, V. WZIe the ACC 

Ristogrm now reveds p r e d o ~ n m t  spikes near the time gap selections of 1.4 md 2. k 

seconds, the overall appeamce still. shows eha"aACC operation iwvs%ves longer headway 

cleaawces than does mmud operation (above 35 rnph). 



I 
I 

T h e ,  ssc 
Pd(Hcadwaj~ "Sms Mag119 i Ei/lm?) Pd(Handwr~y Tame ! ~ I z L ~ , R ~  I ACC) 

, 38.6 H o u s  in  1271 Hnps 30.8 Hsun In 127 1 Taps 
0 9 ML'li, 1 4 Weal, 0 6 SDev 1.5 @/EL"I, ! .7 Ta/aean, 0.5 S k v  

------ - --- 
('dLV means NIost E~kely Value) 

Figure 22, Probability densiv of headway time magin in A@C versus mmual 

'h'here appex to be two reasons why ACC d619ing has longer headways than mmud 

driving, w~n1ely: 

1) The ACC conaoiler operates the vehicle at longer time gaps thm divers employ 

under manud ceonwoi (even fhsugh the driver c m  choose from mong AlCC 

lseadway times of 1.169, 1.4 , or 2,Q seconds), 

2) Divers choose the mmual mode of cow~ol under the conditions sf road type zmd 

traffic density that more or less necessitate close-headway operations. 

Figasre 23 and Figure 24 that have beec specidly gathered md presented to m&e two- 

vxiable ~ s t o g r m s  involving rmge and range-rate values measured at the same time. 

The daea used cn these ~seograws  are nomdizcd (divided by) the welociq 06: the 

preceding vehicle. Vp. The quantity WNp bas the units of rim and represents the time 

gap between the ACC v e ~ e l e  and the preceding vehicle when steady fo l l swi~g p r e v ~ l s ,  

with V'=Vp. F~gure 23 shows the results when ACC is in use. We see that the time i;ap is 

very well corstrolled, with pe&s near the headway time settings of 1,0, 1.4, and 2.8 

seconds. h addition the Ekelihood of operation in the near comer sf the diagrm defined 

by shafl t m e  gaps md Bxge, negaeiv~, closing rates is very sn~dl .  The profile of AC3C 

d ~ v i n g  is do inaaed  by the highly likely n m s w i y  disvibuted, pe&s associaled with the 

con~sller 's  objectives. In contrast, Figure 24 shows that mmual diving is rfi181-e broadly 

distibuled across rmge ~~dases.  Further, the likelihood of operating at short lime gaps 

md subsemlid ~negaeive range rare is much lager  than it 4s for ACC d~q t ing ,  



WP Rdof lp  
Max. @ R D o f l p  f: 0, W p  = 1.5, Ma. - 0.07759 

Figure 23. Probability density of nomdized range and range rate in ACC drivirig 

8.1 

I 
0.08 ,i 
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Rgfoflp 
MU @ RDotPJp --) 0- W p  - 6.8, Ma. = 0.06007 

Figure 24. Prsbabiliw ddensity of nsmdized range and range rate in manud driving 



Results si~n.-sdzIzr to these have been obtzined prevhoaaly in the FOCAS projcck 151, 

Hoy,r;e\:er, in that ease, drr virig qv~as nstniceed to quite unifcbrnn operaling conditvoes wil:h 

each ddver {Pperakang botk ~xanoally and wid1 iiCC C V E ~  ihe same scceisms of frcewgy at 

ap~3rnxirna~ely .Ile same level oC !raL"fic. The dala prcsenled in Figure 223 a~d Figure 24, 

by cnnrlrdsl, i~tere nhtzned in thc v,ide opera, wahrd~slic ~&i\as%lg eontexi by ,vvhish cacn 

- m 

&ive~r/participar~b W~B' I .  w ~ ~ ~ r r v e " , ~ ' h e y  ~~varl~ed, by vh!:'llh2ite'irer rolute, in whatever kaffic zas 

pre~~a i  led de~riwg I he trips il.nei; chose ko take. Not~iditbsl.a~~ii~g t k ~ s e  U I I G O B S ~ O I ~ ~ ~  

- a condit~sms Ii,svieven, the FOT claea are s1xi1cingE-y sinilar to thlcise ob t i~sed  whrn the 

ddving en~~i i r r~wmen~ wale r:unfinb$d lo tlze spcci,Ec free7fi~ay Ics$lssp employed in ht, 

FOCAS snidy. 

The second po~nt  concewing drivers choice of cor~trsl mode will be addressed in 

more detdl in tine next section, but it is not su~ r i s i ng  to find that people prefer to drive 

mmua'ily rather than hvst a csnuoller when it appeas that b$r*ng may be weeded. In 
addition, the EOT d ~ v e r s  have been caehl ly instmceed to perTom as the superarisor of 

ACC driving, being dwajs  3separed to brake when br&ng is needed. Accordicgly, :he 

systenl trmsitlows to the ~ i a n , u d  c s n ~ o l  state whenever a headway-csmpro~sing 

conflict emerges. This in turn ccauss any short headway ewpel-ienee irnarnediately 

f018i3vv;ing an ACC disengagement event to be registered as MAY data, as soon as brake 

pedal mo~~emer.l%. for exanple, causes the brake switch to mdce. This mems that daraa. are 

recorded as ma~uual driving whenever the diver  has become naneodo~fiable with, md 

taken supervisoqy action rzi response to, m energing headbvay coEflict using the P,C$: 

system. 

AGC versus Manual Results - Aggregated Data on Regions qf pro xi mi^ 

For pbaToses of e x ~ s a i n g  different types of dnving situations (regimes), the i-mge- 

versus range rate space has beer1 divided into the five regions shown Qabcled in Figure 25 

as ""closing". "following9', ""spaating", ""near9', and ""cut-in". Definitions of these regions 

are presented in mathematicd terns in Table $5. From a pragmatic point of view the 

boundaies between thcsc regions have been chosen 1s sepxate differen~types of driving 

segi~nes, A p ro~nea9ea tu re  on Figure 25 is the puabola that has been chosen to 

sepxate short rmge cepnfinct sittaa%ions from the operations appexbng at longer range. 

This paabo%a infemeepes the range axis at a polwt that coresponds to a time gap sf 8,5 

seconds. The sllape sf the paabola coresponds fc a deceleraeioc of 0.1 g. The region 

below chis b o u n d q  ~s dxvided anto ""nearqq md "at-in" regions depending upon ~xherher 

range rare (RD3%) is negative (W is desreasir~g) or positive (W is increasing). .Above khe 



pxabola the space is divided into thee regions that dso  depend upon rmge rate, HP rmge 

rate is between -5 Wsec a d  +5 fa/see, the subject vekicle is deemed to be following the 

preceding ve&cle with little diflerence in relative v e % o c i ~  (rmge rate), The region to the 

Befi of following is called closing because in this region the subject v e ~ c % e  is o - v e f l ~ n g  

"be precedhg vehicle, The upper right region is cdled sepaating because the preceding 

veficle is going %seer than the subject vehicle thereby causing the vehicles to separate. 

ClexBy, since measures of R md mot are collected only whew the sensor sees a vdid 

target head ,  none sf the five regions is sa~sf ied when no valid tuget exists. The 

aggregated data taken from mmual md ACC driving show that vdid tagets are detected 

(and thus tallied as occupying one o f  the five regions) approximately 52% of %he time, 

regadless of the type of driving. 

m o t  I 

Figure 25. Dfiving sirnation Qreglmesfi ig the smge-range rate space 
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contrasting data indicates that of the tstd time spent in the wez region duiwg the second 

week of each sub~ect's use of the v e ~ s k e ,  the ACC conboller w a  engaged 1/8th of the 

time m d  the mmud mode was in operation 7/8ths sf the time. 

Regzding h e  sepaating region, we note ;hat since the ACC system does not 

aggressively chase v e ~ c l e s  that are going faster %%%an itself7 there is a relatively high 

probability of sus t~n ing  a positive RDot and dwelling in the sepanrating region for 

substmtid pefiods of time as a faster vehicle gradudly receks at long rmge, If we 

compute the conditional probabilities of ACG and mmud c o n ~ o l ,  given the sepaating 

region of operatieion, we find that the m a n u i  mode prev~led  with a 0.38 probability and 

the ACC mode p n v ~ i e d  with a 0.62 probability. 

The ehaacte~st ics  of the controller d s o  expI&n why the likelihood of ogera~ng in 

the cut-in region is s i~ labe  for both modes of controi since vekcles that cut-in after a pass 

(by fa the most c o r n o n  type of cub-in scen&o) are going faster than either the ACC or 

the mmanally-contro11ed vehicle. Appxently, cut-in activity, overall, occurs with 

approximately the same frequency In either mode sf control, More study 081 this issue is 

weeded, however, with the i d  of detailed e x ~ n a t i o w  of the emsitions from owe region 

to the next, Although it is recognized that merge or cut-in a c t i v i ~  at entrmce md exit 

ramps caw influence the occranewce of either the near or %be cut-in region operations, the 

overdiH1 frequency of such transients is thought to be so low as not to have significantly 

registered ia: the brekdown sf data in Figure 26, 

CCC versus iYanerae' Results - Aggregwfed Data on Regions ofProximiq 

Shown in Figure 227, conventiond cruise control (CCC) Is compaed with manu& 

operation (during the first week of driving) in terns sf the dist~bution m o n g  the five W 
versus RDot regions. "%he results show, again, that near md cut-in regions are only 

. Infrequently entered md that the majoity of the operational time is spent at longer range 

in the c%ssing, following, md s e p x a ~ n g  regions. lnteres~ngly,  when compaed with the 

ACC results shown earlier, the CCC mode sf operation has a much higher occunewce in 

the sepaa~wg  region md substmtidly less dme spent following (within the +/- 5 Wsec 

window about zero RDoe.) One would Ry7athesize on this result that drivers choose a 

higher vdue s f  set speed, given the traffic, when operating Ace thm when operaf ng in 

the CCG mode, 



I Clos~ng Sepaaiing Near 

Figure 27. Probability density sf operating within vaioaas driving regimes (1st week) 

CCC versus Manual k e s ~ l t s  - Aggregaled Da%a oon SL~eed  and Headtvay 

Shown in Figure 28, Figure 29, a d  Fjgure 30 are conesponding compaissns 

between CCG and malaual operations, as gathered from first-week data in temas of the 

velocity, range, and w me-gap Baast~grans. The velocity data in Figure 28 show thee 

mmatual operation spreads down into the lower-speed regime while CCC is clealy used in 

high-speed environments The range data in Figure 29 show d~at while the CCC 
operation does extend down into v e q  shoa headway values, it does not compete with she 

d a w n w ~ c l  bias in headway disr~butis~is  that chaacteAze mmud ~ v i n g .  hdecd, CCC 
rmge values are rathe: flatly dis~ibuted, w s l e  mmud vdues are s h q E y  csacen$ata:d 

towad the lefe. Figure 30 shows that when range is nsmdized with the host vcRrajelc 

velocity, V, the cossrrase between manud md CCC headways, expressed at. time gaps, is 

less ~ronounced. This result haher confims that divers are more attentive to time gaps 

than to distance, per se, md that the large skew towud shon headway rmge values sgen 

in the h4,4N% data in Figure 29 is e x p l ~ n e d  Iagely by the Bow speeds prevalent, in much 

of she rnapsud ariving. 
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(MLV means Most Likely Value: 

Figure 28. Probability densiv of velsciq in mmud versus CCC 

PQ(Rmgc I Man E >  
$8.9 Hours in l l22  Trips 
85 O WLV; i50.8 M a ;  8'7.0 S ~ V .  

Pd(Rmge I CCCQ 
19.4 Houn in I I22 Mps 

E55 0 MLV. 212.5 Mean; 92 6 SDev. 
--a- ---- 

(MLV means Most LikeEy Value) 

Figure 29, Probability deiasity of amgs in mmud versus GCC 
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Figure 30. Probability densiv of headway time magin in wmual versus CCC 

Figure 3 P and Figure 32 present two-d~mensiond, nomdlzed, histogrms of rmge 

and rmge-rate contrasting the mmual md CCC results aggregated across d1 firsst-week 

driving. The CCC tfiseog~am spreads out over s very wide span of range wdue:s, but 

s a h e ~ ~ i s e  exsbits very neabiy the s m e  content in the clidcd-nex cower (i.e., the 

negative regime with shon vdues of Wp) of the diagram as does the rrmual 
result. Clexly, CCC eperaeions are as "headway-bIind9? a anems of longi~aadinal conf-ol 

a one :OZRI$ envision. 



Figare 3 1. Probability density of wsmddrized range and rmge sate in manuall dfiving 

Figure 32. Probability density of nomaiized range and range rate in CCC driving 



rVnunl Driving Only, cbmParmg Velociry and Heleodwoy Results From Week tlne versus 

FITei%~ek Euo 

Becallse it is useh4 to compae AGC operations ( w ~ c h  sccuned only in the second 

week) with CG(3 operafions (wbch secnned only in the first week), it was deemed 

vduable to compae the mmual data gathered during each of the Iwo resl3ectiwe weeks as 
a cross-check for nol3glJTnd s i m i l ~ ~  ol  &~v~ing eonditpows, 'Thus, aggregated (that is, 

esse~cidly all) MAJqI and aggregated MADFZ data are consiiered here as one (alkit  not 
fully csnclusive) illustration of the sinilatty. The cornpaison dso suppods later a 

eorribinatiss of both weeks of mmual data into one set, simply es in~prove its saatisticzd 

pov<er, 

Showrz in F i g ~ r e  33 is a Kstogram of velociv covered under MMVI md MJAK2 

episodes of diving. The figure - shows veqr great s i k l a i t y  in the speed distributions 

(above 35 mph) covered dfiving manudly during the two weeks, although the second 

week did appex to involve a modestly kgher incidence of second-week operal:ion at the 

high end of the velocity speca%r,~.m, 

Shown in Figsnre 34 is a histogram of :he rime gap, agdn showing a high degree of 

s i i l a i q  ir" the headway distributions beejweefa the two weeks. VJe co~clude on a 

pll-elifinqj bas~s, at least, that mmaauai operadon du ing  bath weeks was quite the s&Te 

and thus here as some degree of encouragement that somp~sow of the first- znd second- 

week expefiences with control in either the CCC or ACC modes wiIi pefldn tcl more or 

less cswpxable bypes of &riving. 

524  566 610 6 5 4  69.8 7 4 2  7 8 6  830 6 7 4  9 9 8  5162 3006 no50 10941138  13821224  12701334  
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Pd(Veioe~ny I Mml) PQ(Veioelay I Man2) 
112 2 Reua in  1122 Tnps % 88 4 Houn in 127 1 Tr~ps 
56 6 MLV. 7% 8 Mean, 17.0 SDev 56 6 MLV; 75 6 Meal. 17 8 SlPec. 

---- 
(h4L.V rnears Most Likely Value) 

Figure 33. Probability density of velocity in manud: 1st week versus 2nd week 



---.-. - 
Pd(Meadway Time Margin I ManI) 

0.4 0.5 0.6 0.7 0.8 0.9 1.0 ? . I  52 1.3 1.4 1.5 1.6 1.7 1.8 2.9 2.0 2.1 2% 2.3 2.4 25 2.6 2.9 2.8 2.9 3.0 
I 

Time, see. 
Pd(Headway Time Margin i Mm1) Pd(Hadway Erne Mx@n I Mm2) I 
42.7 Hoon in 1122 Trips 38.6 Hours in 123 1 Tdps i 
B,O MLV; i.5 M a ;  0.6 SBev. 0.9 MEV; 1.4 Mem: 0.6 S h v .  : 

(PdLV means M ~ s b  Like!y Value) 

Figure 334. Probability density of headway time magin in mawud: 1st week versus 

2nd week 

ACC versus CCC - Aggregated Data on Speed ~ n d  Headway 

Shown in Figure 35 is a comp~soeg of ve%sclty histograms chzactefizing ACC md 

CCC operations. The data suggest that both foms  of cruise control were utilized in 

cornpaable speed environments, with mems being drnost identicd at 63 mph 

(92.4 ft./see.) and with v i r ~ ~ d l y  i d e n ~ c d  dishbutisns. 

Pd(Velociry I CC6) 
53.8 Hours in 1122 Trips 
96.2 MLV: 92.3 Mean; 11.6 513%~ 

Velocity, fLlsec. 
Pd(Velac~ty I ACCj 1 

108.9 Hours :n 127 1 Tnps 
96 2 MLV; 92 7 Mean: l l  2 SBev 

JMLV means Most Likely Value) 

Figure 35. Probability density sf velocity in ACC versus CCC 



By way of conbat, ahe ralge (dista~ec) md headway (tme) lis~ogra~as i o  Figun 36 

and Figure 37 show that the paillems QP headway keeping under CGC and AC(3 

m~ddliiics difilel- wsarkcdly, as e~apccted, Namely, ihe inCC coratroller secks tel modulate 

h e a d ~ ~ ~ ~ a y  in the: ffolI~wlag made oF operalion aoe~wd the drivef-selected ~irfles ~f 1.0, 1,4, 
and 2,C) sccc~nds while allc CCC coravoller is oblivi~us of headway md simplj~ slews 

- - though the ra~~gt., spectmlm while either svered~ng aid sepuating from 1breFicles head.  

On the very shlorl: end nf line kca&vay sczdc, CCC operations show a su$semt:l,dl~~ h g h ~ r  

incidence n:F tirue gaps bcnoylv 0.9 seconlids or so, Even tiaisugh [he ACC conQalier docs - 

indceaf overshoor ~ t s  ninimuan time gap seatings depending upon Ihe closure conditioews, 

or braking al:ead, ilrie dkver doe5 seem ~o p e l i f  CCIC tl3 close ~wto subs%mlwl%iia lly shsrlcr 

distances ihaa ~LTR encov1ilk2aed ?;,liah AGC. 

Range, R Pd(Rmge l biCC) i 
52.5 1210anw in 4279 'Trips 

145.0 MLV: R89.7 Mean: 55.1 SDev. / 

( b Z V  means Ii4osi ILikelgr Value) 

Figure 36. Probabil i~ density of rmgc fin ACC versus GCC 
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Figure 37, Probability density sf headway time mwg%n in ACC versus CGG 

modes of contrs%? 

h this section we address the evidence in the data that diver choice between mmud 

md the av~tilable cmhpise-con~ol mode (CCC in first week, ACC in second week) is 

d e e e ~ n e d  by the prev&iing conditions s f  the In th is sense, the conditions that are 

candidates for investigation are limited to chxacte~st ics  that were measured danhing the 

field test. And at this pmiculx stage of the project, data describing the roadway itself 

(sudace street, freeway, ebc.) or the traffic (density, Wow, ematie congestion, etc.) OH the 

ambient weather (rain, snowl etc.) ikre unavGiable, or yet to be mdyzed. Eater 

processing sf GPS data or manual identification of conditions from video exposure data 

may serve to enhance the list of a v ~ I a b % e  condi~ons  that could be e x h n e d .  

Neveflheless, it is very clear that divers  are making a conscious choice of control 

mode, based appzently upon their perceptions of the suitability of the d ~ v i ~ g  

environment for each mode and perhaps the vdue to be derived from operating a selected 

mode in the prev~l ing  environment. In this section we will present the relationsEp 

between c e ~ b ~ n  v ~ a b l e s  and the choice of conpol mode for the sake of both a) 

presenting results that reved the mode choice as a haanction of condition vxiables and b) 

deducing a mems of filtering the h1% set sf data to select just those trips which offer 

seasonably unifom condifions under which ts compae driving under ACC, CCC and 

mmud modes of operation. Put simply, we wish to filter the trip se%ections so as to 



avoid conpaing, for ~cwarnple, ACC ::diving ai $0 rnph on a busy lreeway vvitla no~mnd 

2i&14v1:~ng a! 331 mph on a residen~al slrect, 

ACC and CCG Jk/odc Choice as a F'unclion <qfAveragc Trip ~3ekocb~ 

S h o ~ ~ n  in Figure 38 is a presenhtirsn of the fraction sf d1 Tist week and second vseek 
- - trips that included the engagement of CCC and ACC modes 01 control, respecf ve% y, as a 

hnction of the alrerage ~1 ip  velocity. For example, at a trip average velocity of 4-0 n~jjh in 
- "  the first week, ICCC vms cngaged (a";leat ~ e m p o r ~ l y )  in 6C!% of the trips. VPe see in a 

generd sense ehas tlae prsbabi:r~ of choosing the awdlz~ble cmise-control mode (CCC or 
ACC) rises more or less steadily with average trip speed and reaches approximately 6.1 

90% level of probability when average speed exceeds approximately 55 mph. Of course, 
D 

this obsewat~srpa seems reasonable since the only trips whose average speed can atfain a 

55 mph value (from igcitaons on to ignition off) are those in wlich the driver operabees 

peedomnantiy 331 a freel~lay or magher high-speed roadway upon which the GCC or AGC 
functions offer rheia prer.lisinm u t i l i~ j .  Eater in this section we indicate a selee<~ion o l  33 

mph as the miniwnnam average speed to be used in filtering for trips in which BbiCC can be 

corn7asped with the other wlsdes sf conbol. 

5 1Q E5 20 25 30 35 40 45 50 55 60 65 90 

Average VeBonly, mph 

Figure 38. Utility of CCC a d  ACG a a function of velocity 

AGC and CCG' ]%!ode Choice as a Function 9fTrip b n g f h  

Shown in Figure 39 is a presentation of in& fraction sf all first week md second week 

kips that included the engagement of CCC and ACC modes of control, respectively, as a 

knction of the h p  lewgtll. For esrmplc, at a trip length of 25 f i l e s  in the first week, 

CCC was engaged (at lease temporaiiy) in 62% of the trips, We see in a generd senlse 



that the probabiIi9 of choosing the a v ~ l a b l e  cmise-control mode (CCC or ACC) rises 

strongly up to trip l e n e s  of 45 hies or more md then s u s ~ i n s  m elevated probability in 

the 40 to 1W% rmge. The relative scarcity of trips fdling into bins at 50 ,55 ,  and 60 

mile lengths seems to account for the erratic nature of the data in that zone. The 

grababilities of CCG se lec~on at 70% and ACC selection at 87% that show up in the 

""en dins", at 6%- miles, appear to provide a more reliable indicator of the mode choices 

that were made, symptoticdHy, on longer trips, 

, 

10 15 20 25 30 35 40 45 50 

Trip Length. m i l s  

Figure 39. Utility of CCC md ACC as a hnctisn of trip length 

Another Book at the trip length data Is shown in Figure 48, This figure presents the 

average disemee actually engaged in the CCC or ACC control modes, respectively, as a 

hnctiow of ~ i p  length. This presentation addresses the lurking q u e s ~ s n ,  ""How vduable 

is the indication that was shown earlier (for exmple, in Figure 39) sf percent of @ips in 

which the cruise mode was selected at Iease m o m e n t ~ l y  during the trip?" The data in 

Figure 40 show that once a cruise mode has been selected, it typically prevails for half or 

more sf the trip. Thus, ineldewces of ACC attd CCC engagement do not Qpically occur 

on a sporadic basis without being retained for a substmaid episode of usage. Further, the 

extent sf retained engagement of ACC is generally greater than flat of CCC for a given 

length of trip. This Patter sbsemation would seem to be En HSwe with the claim of ACC 

that, once engaged, it PixgeEy Oees the driver ef the need to intewene, thus yielding more 
s u s t ~ n e d  p e ~ s d s  sf engagement, On the basis of the presented data showing the 

relationship between Hengah and con~ol-mode choice, we have identified 90 miles as 

the iniaralam trip length for selec~ng mps in which ACG can be compxed with the other 

modes of control. 
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Figure 40, Bistmce CCC and ACG were engaged as a function of tdp length 

ACC and CCC ~?dode Choice as a Funcfion of Time of Day 

Figure 4 1 shows the probabi%i~y of the driver choosing the CGCCfirse week) or AC:C 

(second week) mode of control over the malaaal spaion at some point dufing the trip, as a 

hnction of dme of day. The data show that the most probable times of cmise selectia~n, 

with either CCC or ACC, are iw the early mo~naling and late evening or night. ~4ppxently 

eke daytime uavei is so saturated w i b  relatively short mmmua91y-~ven ~ p s  that the 

incidence sf cm-kaise selection is lower in  probability overd1. Because a rather little 

moun t  csh data were gathered during the early morning md night hours sf the day, it i s  

not cunewtly atbactive to filter tAp selections on the basis sf the time of day. 
- ------- 
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Figure 41. Utility of CCC and ACC as a function of time of day 



ACC alzd CCC dMode Choice as a F~nctil'ou ofDay of Week 

Figure 42 presents the probaabiliq of the driver choice of the CGC or ACC mode over 

that of mmud ~ v i n g  a a anstion of the day sf the week, W ~ l e j  in generdll, the data d1 

lie in the 20 to 40% bawd of probabi8i~ thoughout the week, we do note %hat a greater 

psrobabiliv of ACC choice on Wednesdays may have resulted from this novel hwc~sn 

first becofing enabled on each vehicle around the d d d $ e  of the second sf week of each 

person's usage. Thus, Wednesday may o d y  appea as the ty$/Picd day on which most 
subjects first had a chance 80 d i v e  on their own in the ACC xode, The data suggest that 

it is not cunently anractive $8 filter trip select~oes for evduating ACG on the basis of the 

day of the week, 

I 
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Sunday Monday "uesday Wednesday Thursday FPldag 

Day of %hi: -Week 

Figure 42, Utility c~f CCC and ACC as a knc t~on  of day of the week 

ACC and CCC Mode Choice as a Funsfion oJRoadway Carnature 

One sennogate for ~denmtiQing the type sf road lies in the ~awtitative data on 

insemaatmeous cuwamre of the roadway (expressed in IJ,S. highway engineering fomat as 

the number of degrees of arc per 100 feet of circuderential distmce). These data are 

obtained on board the test vehicje by a computed scaling of the ratio of yaw rate to 

velocity. Shown in Figure 43 i s  the probab:lity density diagram for the ""degree of 

cuw~aeure" encountered while operating in each sf the three control modes. AssuHling 

that only the mmud mode of operation is chosen when diving on city streets m d  around 

the tightly curved (higher degree) road segments chxacteistic of Hocd roads, the data 

showing a considerably greater extent of mmuab driving in the 4 md 5 degree cuwature 

regimes seems resonable. Conversely, b e  CCC and ACC modes of csntro% are 

dishbused ovewhelarniwgly onto roads of 3 degree cumamre (approximately 2,008 ft 



radius) md less? xwKcl~ chaaceeize lirriiek access ~g l lways  and other high-speed 

~facilifies, Sslnee fighter curvablre ferads to conskn*ain speed rzthela n~turally, however, a 

h~rther ~fillering o l  I U ~ F S  aceomding to the cnnratme data is seen as nisre or less rednndmt 

with the cl~oice of aarerage kip speed as a JKleer variable, as x~ventioaed above. 

1.0 2.0 3.0 4.0 5.0 6.0 7.0 
Degree 

Pd(Veloeiry I Mmi a d  IkUm2) Pd(%lelocicy 1 CCC) Pd(VeSaeB!y I ACC) 1 
: 70.9 Hours iiu 2393 ':rips 14.3 Moon in 1122 Trips 28.8 Hoon in 1291 Trips ; 

1.0 MLV; 9.8 M e n ;  1.3 SBsw. 1.0 ~VIILV; ] . P I  0.8 S ~ V .  1.0 ML7aj; 2.5 Mean; 0.8 SDw. 

(MLV means ldosf. Likely Value) 

Figure 43. Utility of CCG and ACG as a function of roadway ccun7a":ul-e 

ACC and CCC )Idode Choice cas a Function ofpreceding Vehicbek Speed and 

Accciemftsn 

Another interes~ng exposure vaiable that is direcdy or indirectly asociated with the 

a h i c e  of c o n ~ o l  mode is the speed, Wp,  of the preceding vehicle. This vaiable md its 

der~vative were e x a ~ n e d  as eonsGcu~ng an iimpoflant apect of the driving condition, but 

were not considered as a rneans of screening trips for the evduadon of AGC. 

Although there is a very close conneetion beiween the host vehicle speed and ihe 

speed of any target veldcle detected ahead, the Vp value and its derivative are considi:red 

to be vifiually independent of the host speed. Thus the preceding .~.ekcle s, e r ~ e ~  10 

ch~ractefize ~ & f i c  in uhe sense of a probe device that, on the ajlerage, should 

approximate the speed selections, and lonpirudind acceleratioazs, of others in ihe traf,Rc 

stream. 

Shown in Figure 44 is the lusrogram or Vp as seen while the host vehicle was in each 

OF the respectlye modes sf cowuoi. We find these speed data to be cornpaable to thclse 

based upon the speed, V, af the host vehicle itsellf, shown exlief in sectisl~ 4.1.1. 
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Figure 44. Histogrm of preceding vehicle's velocity in various control modes 

0% more interest, however, is the cowespsndiwg histogram, in Figure 45, showing the 

acceleration behavior, VpDot, for the preceding vehicle, This vxiable is of special 

pminence to the task of headway keeping since it teveds the nature of disturbances that 

act to either shoaen the headway gap or open i t  up. We see, for exmple,  that preceding 

vehicles encountend during manud driving exceed a dece!era"bon %eve% of -0.05g 

approximately 5 times more frequently (i.e., c s m p ~ n g  the included areas under the 

respective histograms to the left of -0.05g) ahan do veRie%es encountered while ~ v i n g  

under either ACC or CCC control. Clearly. the Vpdoa condition posed by she ud f i c  level 

md road type comaseitaaees mother of the many factors judged by drivers when they choose 

the appropiate mode of con%%.oi. And, of course, i t  is well recognized that the freeway 

environment, md other high-sped roads, m genesdly sharaicte~zed by very 8 0 ~  levels 

of longimdind acceleration When they become congested such that more harsh stopping 

md stming trmsients prevail, the d i v e r  will have typically iabmdoned either of the 

cruise modes in favor of mmud o ~ r a t i o n  Balhough, sf csune, neither of the emise 

modes is available below 30 mph, myufay.) 
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Figure 45. Histograr~, of preceding vehcle's acceleration an V ~ ~ O U S  control modes 

4,1.3 PThse is the Influence Bsic Results? 

ln olrder to compue ACC operations with manrad diving under n o h n d l y  

eawnpaabie csndi~ons,  tdps were sub-selecied to include only aose whose average 

welocity exceecled 30 mph md whose t i p  length exceeded BO ~ I e s .  This screening filter 

retins a mere 22% of all the mmud-only trips, but ap2roximately 43% of the mmu~d 

d iv ing  time. In ACC dffving, only 28% of h e  ACC trips made it though the filler, but 

they represent 9 1% of dl the ACG h y i n g  rime. Even by these cmde neasures, then, we 
eonfim that the filter removes much of the k v i n g  data in order to r e t ~ n  only those ;&ips 

whose operahng condilows are like those seen in most of the ACC diving. Thus, the 

shore, relativela? low-slpeed b5ps that were very numerous have provided rather little that 

can be used in sh~dying the diver's experience with ACC, Note, dso,  that the 9age 

number of ACC Wips !.hat were removed by [he filter, ivithout significm~ly reducing the 

tstd mount of ACC d ~ v i n g  time, reveds h a t  our subjects were frequently tving to use 

AGC in very brief episodes, presumably as a sufiosity while they were on a brief stre:tch 

of freeway or other road facility, 

ACC ~O~perntisns Wifh anid IVithouf 68 Trip Fi11er 

Shown in Figure 46 is the vclsclty hisrogrm for ACC operations with and without 

the trip filter. Such chuts are usehial for assessing the impact sf the selected %rip filte:r, 

ifself. The gray b a s  show dl the ACC dara (i.e., without filtering according to trip 



chaacte~st ics)  while the solid line depicts the d i s ~ b a s ~ o w  from only the longer (>I0 

miles) md faster (>30 mph average speed) trips, These results indicate that the filtered 

trips are rather repnsentative of the velociv dist~butions o c c u ~ n g  in dl ACC ~ p s ,  

dbeit clipping out most of the n m o w  "ta.iI9' to the left, which p e f i ~ n s  to ddving below 

approximately 70 &see, 
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Figure 446. Velocity Riseogrm for AGC, with md without trip fi%ter 

F ip re  47 csmpxes the distmce, or rmge, hisaogrms for ACC operation in d1 the 

trips (gray bars) versus the filtered trips (solid Sine). Again, fie filtered ACC trips appex 

vi~budiily indistinguishable from the unfiltered ones, Dividing range by velocity to 

e x ~ w e  the headway times, we see En FB.gure 48 that the two graphs are still dmost 

indistinguishable from one another. Of course, a simple reflection on the nature of this 

ACC con~o%ier  would suggest that rmge-related histogrms, which are compiled only 

while ACC is continuously engaged, should be largely insensitive ts the trip conditions 

since the con@oller does indeed control thar vaiaablc with seabstan~al precision (see 

Section 4,1.6). 
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Figure 47, Range kiseogrm for ACC, with and without trip filter 
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Figure 48. Headway Time &lagin histogrm for Ace, with md without trip filter 

Shown irn Figure 49 are the unfiltered (gray bus)  versus the filtered (solid Eine) 

v e I o c i ~  ~s tograms $01 mmud dffving. In this case, es intended, the fihter serves %o 

remove trips chxac te~zed  by lower s ~ e d  ~peralion+onlditiOns in w ~ c h  ACC usage 

has been seen to be very irifrequueral. Together with the obsemation, above, that the 

filtered trips do a good job of representing vimally d1 ACC operations, the data in 

Figure 49 hfiher confirm the re~onableness of this simple filter approach since the 

filtered mmud cconuol trips show an u p w a d  shift in their velocity hhistogrm. 
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Figure 49. VelociQ histogram for mmaanuaH, with md without trig filter 

Shown in Figure 50 are the unfiltered md filtered histograms for headway time in the 

manual mode of operation, A l ~ o u g h  a rather smd: redist~bution of the results was 

affected by the trip filter, the dkrec~on sf the change due to trip 5Iteing cm simply be 

called a puzzle at this point, %ha1 is, further investigation is needed to de te f ine  if a 

downwzd trend in headway time typically accompmies increasing speed in mmud 

driving (as implied by the data which were filtered for speed md trip length.) More 

attention to this issue will be given as the project proceeds. 
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Time, ses. 
Pd(Headway Time M. I ianl md Mm2) No Filter Pd(Hadway Time M.  I Mml md ManZ) With Filter 
$1.3 Hours in 2393 Trips 43.4 Houn in 525 Trips 

, 1 .O MLV, 1.5 M a :  0.6 SDev. 5.9 MLV; 1.4 Mean; 0.6 SDev. 

(MLV means Most Likely Value) 

Figure 50. Headway Time M z g i ~  h i s a g r m  for mmud, wibh md without trip filter 



h h e  renaai~ader a,% llias secliotn, the trip fiiter debcibed above will be employed to 

compare manl~lal a~nd AC'C operaeions. 

lldanuak vers/.is AGG 8d.~cmdows l ~ e i o e i ~  Data Using the Trip Filter 

Shown in Izigure 5 B is a comp&son of the ,veioeiey Kseogrms o b t ~ a e d  duing 

mmud versus AGC driving from the filtered kL.;,ps, on8y. The da%a are rather aiaarsllla 1.0 

those shswrl ealier, isi-. s c c ~ o n  4,1.1, for dl trips (Figure 20, in p a ~ i c u l u )  except that 

both the m a ~ ~ n d  and ACC data show a reduced presence of low-spccd (below 70 fu'sec) 

operation. The data, ;as f~ltered for only longer md hgher-speed trips, suggest thai ACC 
is used as a speed controiier over a rather nmow rmge of speeds whose most likely value 

is aound 94 Nsec (64 rnrclih), 
-,------- 

-- - - - -- 

I Pd(Vsioci~ I Man%) With Filter mmmmm Pd(Veiociv I ACT) With Filter I 
___l____sq 

i ! 

Veiaac~Q, fdsec. 
HadcVeloclny I !dm%) I?ty1tl-i F~Boer Pd('bYeloen!y I ACC) Wnth F~lrer 
67 2 Heun nn 7-89 Trips 98 9 Hours nn 289 Trips 
96 2 MLV: 81 9 M m ,  BS 0 SDcv. 96.2 bLiV,l; 94 3 M a n ,  9 5 S3sv 

-- --- --- 
(MLV n~eans ~ ~ Y O S K  Likely Value) 

Figure 5 9. Probability density of velocity in ACC versus manud, with trip filter 

Adanuab versus A CC Ope rars"on,s Range Data Using 6h& Trip Filter 

The r a g e  data obtined by ~ p - f i l t e ~ n g  on mmua% and ACC operations are showvn in 

Figure 52. AJthough again the results appcx very rnucll like those that were shown 

comp&ng ACC versus mmud diving from dl hips in section 4.1.1 (see Figure 213, the 

wean vdue for mmud diving has moved more to the left, toward shoaer ranges, with 

the trip filter employed than did the overdl dis~ibution of mmud results. Neve~-aheless, 

i t  would be fair to say thal a negligible chmgc in the cornpaison of ACC versus mar~ud 

range ~~a lues  has occur~ed due to the trip filter. 



Pd(Ranp I Mm2) With Filter Pd(Wmge i ACC) With Filter 

I 

Pd(Rimge I Man21 With Filter 
31.8 Horn  in 289 Trips 
75.0 MLV; 338.9 M a ;  82.5 SDev 

- - 
( W V  means Most Likely Value) 

Figure 52. Probabi l i~  density of range in ACC versus mmud, with trip filter 

Nomalizing range by velocity to obtain headway time magins in Figure 53, we 

observe that while the f i l t e red-~p  c o m p ~ s s n s ,  ACC versus mmand are, ag in ,  $most 

identied to those from dl trips, the mean time gap from mmud driving has moved about 

4% to the Iieft, yielding modes~y more contrast between the two modes of conbo%. 

Pd(Headway "%me Margin i Mm2) With Rltea 

Time, seL 
Pd(Headway Time Marg~n I M d )  Wsth Filter Pd(M%adway Time Magnn t K C )  Wlfh Filter ' 
23 2 Woun ~n 289 Tnps 28 4 Hours ~n 289 Tnps 

o 8 mV. % 4 Mm, 0.6 SDev 3 5 M V ,  1 7 M w , C 5 S B e v  
- - - - --- 

Figure 53. PtobabiliQ density of headway time magin in ACC versus m m a % ,  with trip 
filter 

Figure 54 and Figure 55 illustrate the two-dimewsisnd s%stogrms from ACC md 

mmual driving modes, in the filtered ~ p s ,  only These figures are vimally 

indisringuishable from those shown exlier (Figure 23 md Figure 24) for all "bps. 





Findly, Fipre 56 il lus~ates the results for five pro xi^^ regions defined ealier. 

The data comgae the d is~but ions  of toad probabi l i~ of l ad ing  each of the five regions, 

given that a target has been acquired, under ACC and mmud operations. These results, 

sbt&wed from the filtered trips, only, are dso  wifiudBy indistinguishable from those 

presented ealier, from dl trips 
*- ---a D-.-..--- . m----L-n=--. - --A--2-- - 

7 ~~ 3 W(Qriving Regime i Ass) With Filter 
---.-- --.~ P - --- - "  * - - - - . - - . - w o - - - . - - - - . , . - - - . -  ~" " " 1 

! 

I 

Separating cut-in ~ 

Figure 56. Probability density of operating within vmous ~ v i n g  regimes (2nd week), 

with "e.ip figten 

Altogether, these ililustPations obtained usmg the described filtefing for only Psnger 

md higher-speed b p s  have shown ACC versus mmud c o m p ~ s o n s  differ fmm the "dh- 

trip" results only in terns of the speed of manual diving. But since tiis subs ta t id  

change in manual speeds in the filtered trips was not dss accomgmied by a significmt 

change in either mmud r a g e  values or in headway times, the filtering exercise has not 

shown itself to have been a needed disckfination mechanism. Nevedeffess, the 

reminder of the results shown in successive sections of this repofi have cnployed the 

trip filter since the logic of its selection seems right (even hough -8 is not possible to 

show q ~ i t e  what difference it makes). h extension of the exposure concepts md further 

attempts to identi@ ""bases" in ACC versus mmud d ~ v i n g  that wmmt trip fileefing will 

be pursued d u ~ n g  the r e m ~ n i n g  poflion of the prcjeet, 

PTC\I%OUS research into ACC driving has shown that driven: age distinctively relates to 

speed md headway-keeping behavior. Since ACC as an automotive product would be 

driven by persons across the full s F c m m  of  licensed drivers, i t  is impofeant that its safe 



md convenient operation under the a g e - d e t e ~ n e d  ala~ations in hiving siylle $E 

csaflnnesl. 

AcC Driving Young vejpsus Older dDrive~s 

S h o j ~ n  in Figure 55 7s she eompa~son of headway times o b t ~ n e d  by young (20-30 

ya.) verstls older (90 yra.) divers. The younger ddlzi~eas (gray bas) appxenfll~ choose 

the 1 .B-second headwagr time as their most pspulx selection mong the t hee  headway 

selections, with the 1.4-second choice as a close second. The older drivers (sol~d line) 

have a tendency ts select ":he two Isnger headway settings, with the 1 -4-second value 

being mat likely, The data confim that driver usage of A@@ Cistincii;)/ diflerenriates 

older from younger age gronps, a had been expected from pior  bvork- 
"---- - --- 

~ _ ; ; ~ ~ - - _ ~ l ~ 7 ~ ~ C ^  - ------ll̂l-Il=m 

d(Beadway Time M. I ACC md Rot Ycuag) mm PdlHeadvay 'l'nms hi. I ACC ma! Yaclng) 

Ti,mt9 set* 1 
Pd8(kimdway Time ft4. I ACC and 'n'cungl Pd(Hmdway Time Pv!. 1 ACC aind Nor Z70ung) I 
4.9 Haun in  88 Trips 21.9 Hours in 484 Tdps 
I . a  MLV: 9.9 Ei~lm; 0.5 SDev. 1.5 WL'\J; 9 ."!dl8wn; 0.5 SDW. 
-- ------ 
(hAJi[LV means Most Likely '\lahue) 

Figure 57. Probability density of headway time mugln in ACG driving, young versus old 

drivers 

Shown in Figure 58 md Figure 59 are the two-dimensional ~ s t o g r a n ~ s  presenting the 

combined r a g e  md range-rate data co~npxing young ACC drivers with older ACC 
d~~vrers. The younger d ~ v e r s  in Figure 58 not only come closer to the vehicle head,  but 

they approach with Ggher vdues sf rmge-rate as well, presumably as a result (to be 

confimed later in the study) of having chosen higher see speeds such that higher ra te ,  of 

o v e n k ~ n g  occur, 



WP RdotNp 
Mu. @ R D o t N p  = 0. R N p  = 1.1, Max. = 0.06927 

Figure 58. Probability density of normalized range and range rate in ACC driving, young I 
drivers 

0.1, 

Rdot~Vp 
Max.  O R D o O p  = 0. RfVp = 1.5. Max.  = 0.08064 

Figure 59.  Probability density of normalized range and range rate in ACC driving, old I 
drivers 

88 



A comparison of young versus older drivers in terms of the five proximity regions 

covered during ACC driving may be obtained by examining Figure 60 and Figure 61. 

The comparison shows that age has only a rather minor influence on the distribution of 

coverage, overall. Interestingly, however, the younger group shows a greater tendency to 

occupy the higher-conflict regions of "near" and "closing" than do the older drivers. This 

is probably because the younger drivers tend to use higher set speed than the older drivers 

do. 

.Pd(Dnving Reglme I Young and Acc) With Filter , 
I 

Closlng FoUowing Separating Near Cut-in 

Figure 60. Probability of operating within various driving regime in ACC driving, young 

drivers 

- 
I Pd(Driv1ng Regme I No1 Young and Acc) With Filter - 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

I 

Closing Followlnp Separal~ng Near Cut-m 

Figure 61. Probability of operating within various driving regime in ACC driving, 

middle-aged and old drivers 



kdanmk Driving Young versus Older Drivers . " 

Shown in Figure 62, the headway !times for young and older bivers operating in the 

mmud mode are csmpued. As expected, the young driver (gray bas)  show a headway 

time h i s t o g m  that %s biased more to the left md w&ch includes a large (approximately 

40%) probability 0% operating w i ~ w  a vdue of I ,O secs~ds ,  
<-- 

Pd(Headway Time M. I Mmud auad Young) Pd(Headwsy Time M. I Mmod and Not Young) 

I Time, set. 

Pd\'Headway lime M. I Manual and Young) Pd(Hmdway Time M. I Manuai and Not Young) 
13.2 Houn in 137 Trips 34.2 Hours i n  354 Trips 
0.7 MLV; 1.3 Mean; 0.4 SDev. 2.3 MLV; I .a Mean; 0.6 S k v .  ; 

- --A> - ---- - - 
(MLV means Most Likely Value) 

Figure 62. Probability densiq of headway time magin  in mmud dfiving, young versus 

~ddke -aged  md old drivers 

Figure 63 md Figure 64 show two-dimensiond R md RDot b s t s g r a s  showing, in 

mm, young a d  slider drivers operating under mmud cssn@09, Mthough the data t&en 

with young drivers is much more concentrated into the shofl-rmge end of the specmm, it 

must be a ~ ~ s w l e d g e d  that the oider group alsc shows substmiw%da% occupation of both the 

short-range and negative-Dot gonions of h e  space, 





Figure 65 and Figure 664 presents a cornpaison of young versus older ~ v e r  

operations for mmua% d ~ v i n g  across the five p r o ~ ~ v  regions, We see that wKle the 

overdl distributions are very s S i ~ % a ,  the younger group is substmtidly more likely to 

occupy the ""near" region, but nearjy- equivdently the ""cu%-29 region, Although the 

reader may tend to d isdss  the differences in Iight of the overdl small size of the nea 

md cut-in probabilities, we should mention again that these seas are of specid interest 

for their implication sf conflicts that could poaend n e x - ~ i s s  or even re%-end crash 

possibilities, 

Figure 65. Probabil l~ of operating wia%rz various driving regime in mmual hiving, 

young drivers 

--_-__X__I 

a Psl(Kh\~ng Repms I Not Young md Mm2) Wlth Filer 
I -p-p_p_i I __  I 

* - - "  - . -  " - 

Closing N e a r  

Figure 66. Probability of operating within variolas d8.gving regime in mmual driving, 

~ d d l e - a g e d  md old drivers 



By campuing Figin 69 and Figure 65, we see that the tendency for young ~ v e s s  to 

be in the n e a  reg10n of %he proximjty space is gready reduced. h addition, by s a ~ ~ p a h n g  

Figure 61. and F I ~ U T E  66, we see  SO that elle cendency for the other bivers (middle-a;;ed 

arid oolde-) to be in the near region is g~eafly reduced. These resulfs supgsa~ the 

propssj~tjon h a t  an ACC can pprsvlde a safe;ty benefit by reducing the incidence: of 

operati or ixa the near ~regic~n, 

4 8 3  How do results for individuais differ from 

Appendix D provides a set of tables eoveing dl divers md dl vuiables. E x a ~ n i n g  

cefiain vwiables, md c o ~ p d ~ g  them among drivers, cam provide an assessment sf 

differences betllrieen the iwdividud and the aggregate results. The figures in this section 

depict the mem value of t3e k v ~ a b l e  being discussed, with error b u s  indicating 

plus/dwus one semdxd deviation. Each figure is di~iided into thee plots by rhe thee: 

age grounss, md each plot groups the dnvers by their fd l iuh~ with cmise csweo$. 'Fhe 

order of \he diveas along the x-axis f w i e h ~  the grouping descibed above) is by their 

number as it appeas  under the c a l u m  ""No," in the tables in Appendix D. 

The relative velocity m o t  is a good ialdicator for idewtibing drivers who lend ~o 

d ive  more slaw%y than the speed sf the other vehicles ow the s m e  road. This peaair s 

p$mari%y to manual driving bane it can be obsewed in ACC driving as well. Er;a~nat.ion 

of the data presented in F.ig%are 67 shows ha t  driver num~ber 3 in the set of 45 dfivs:rs is m 

example sf a slow driver. 

Based on this a ~ d  past expeience, ar  seems that a b u t  1 in 35 Qivers tends to drive at 

a much sIower speed t&j4m the s p e d  of the other b v c r s  on the s m e  road. This slow 

driver is an ooutlier whose results are d~fferent from the sther dfiuers md consequent1 y 

different from Ihc agglegate of h e  daia for aIi d ~ v e r s .  The very slow driver ~.ocs no;. 

overi&e other vehicles md most of she vehicles picked up by the slow vehicle's sensor 

u e  sepaating from it, %in shis case fke slow driver is m e~~l-aordinwy B Q  ftlsec slowe.r on 

the average ~ n a  anmud driving md an even Bxger 14 fusee slower on the average in !iCC 

~ v i r n g .  This slow spe:ed In ACC dnvlng 1s done by selecdng a very Bow set speed, The 

setting of a %ow sea speed is what a driver cm do using (CCC to avoid having to br&e: 2nd 



use the CCC centrals. h ACC it mems that the headway eontl.ol8er has dmssa notkng 

eo do md the vebcle is operating as if it were using CCC, 

ExaHxainadon of the data and logicd reasoning hdicates that negative rmge rates do 

occur but it is dificult and uwl&e$y that a driver cmBe, or will be able to, have an average 

RIlot that is less than -2 fQsec, This mems that it i s  difficult to travel more thaw 2 ftlsec 

faster thm the other vehicles, Even if a driver goes fast md mmages to avoid the slower 

moving vehicles, the driver wEIB encounter other vehkles that are going approximately at 

the sane speed, 



R h t  in  ACG and lkfanua.1 Driving Fop Young Dd-ilers 
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~XDot in ACC md Mmud B+ving for Middle-aged Driven 

, D WCC x Manual ~ 
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Figure 67. .Wok in ACC md mmual dfiving sepaated by age group 



Evidence suppofling the proposition that ia is not likely that m inindndidud a%ver will 

s u s t ~ n  a reIative velociq that is negative (closing in on the preceding veGcle) is 

illusbated in F i p r e  6'7 where one can see that the average value of RDst is very close 

to 0 (except for h v e r  number 3). The RDot average is close to zero and witkn 52 fdsec 

for nearly dl sf the drivers that have pmicipated in the FQT so fa. 

As indicated by the ACG results presented in Figure 67, RDot average for ACC 

ddving is often greater than zero but seldom less than zero (as owe d g h t  expect given 

that the ACC system slows the vekcle to the speed of the vehicle head) ,  

The conclusion here is that the data for RDot is good for idewtiQing outliers, but 

aside from this most divers tend to incur simi%a levels of mot. Since the RIlot aspects 

of the ~ v i n g  pedommce of  nost individud drivers is mnch like that of the others, the 

aggregate and individuaj pedommces are quite similar with respect to RDst, 

The thee  gsriraaq v&ables used to eval'biate headway control are rage ,  rmge rate 

( m o t ) ,  md velocity. The difference between the velocity of the preceding vehicle and 

the ACC vehicle is m o t ,  Neveflheless, RDat tends to be more infornative than velocity 

(V) because RDot takes into account the speed of the preceding vekcle. E x ~ n a t i o n  of 

the data given in Figure 68 shows that with a few exceptions most devers tend to use 

ACC at approwimabegjr the s m e  speed somewhere in the rmge of vpicd Eghway 

speeds. 

Driver 3, of course, stands out but not a no~leeably as driver 3 did in the exdnaation 

of RDoe. Other drivers a h  have relatively slow average velocities in mmud driving due 

to the dBjving environment fhey encounter in their use of the car, brat they keep up wifh 

the other cars on the road so that RDot average is approximately near zero, 

The one thing that is appxewt from she data in Figure 68 is that mmeaa%. driving for 

every driver is slower on average thm ACC driving, This agrees with the results for the 

aggregated data (as sf course it would have to). In the aggregated data the histograms 

show that AGC d ~ v f n g  is more e o m o n  at higher speeds md that low speeds are 

associated with kaigher likelihood sf mmual diving. 
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Figure 48. V e l o c j ~  in ACG a d  mmuall dr%ving sepaated by age group 



Examlnaeion of H e d w a y  Range 

Because the subjective results are gahered from each indivadud, they are in a way 

like the disaggregated results for the objective data, The opi~oxn of ~ v e r  3 counts as 

muck as that of my other d ~ v e r  even though ~ v e r  3 may have had very little expedence 

with !he headway-con8hol system in opera~on, Wjth ordy a few cxcep~ons, the average 

range dubing mmud h v i n g  is less thm that a t a~ned  d ~ n g  ACC diving. See 

Figure 69. This is in keeping with pprevisus aggregakd results. However there is a fairly 
4 - wide dispersion s f  the headway smges that different &vers choose to use. Also the 

standard deviations in rmge for all drivers a e  large, v q i n g  from approximately 60 to 

100 feet. Bifkrent drivers differ considerably in the headway they choose to use. 

Examination of Headway Time Margin 

Headway time magin is equal to rmge divided by velocity (W). In a sense, 

dividing by ve%ocity tends to bring the resuits for range into a c o m s w  d e n o ~ n a t o r  sf 

time. From a physicd stmdpsine, headway rime mxgin is the time available for the 

driver to match the deceleration mmeuver of the preceding vehicle a d  still avoid a 

crash. As can be seen in Figure 70, the younger drivers tend to average short headway 

time mugins just over i second with one semdad deviation being well below one 

second. This difference between young md alder drivers is discussed in Section 4,1.4 

Further intevretation of the individud driver data for headway time mxgin can be 

derived by exafining Table 16, This table is exuaceed from Appendix D which provides 

a set of tables covefiwg iH drivers and dl vaiables, Table 14 indicates that for most 

drivers the dishbufion of headway time mugin is very skewed. The most likely vdue 

(MEV) is approximately one stmdshad deviation below the mean for many drivers when 

they drive mmaadly. It is interesting to note that only two of the 35 drivers have a PvfLv 
over 2 seconds, while 13 drivers have an MLV less "ban one second, 

Nd'amrdnlly, the results for ACC h v i n g  indicate MLV near the headway times 

eonesponding to the "dosea", unmaked, md "further" headway cowtro% buttons available 

in the driver intedace of the ACG system 

Sihnji1a.r to the results for range, but perhaps easier to i n t e ~ r e t ,  headway titime mxgin 

for each individual is m Endicarsr of that person's driving style- People with different 

behavior with respect to headway time mugin will have different views as to how 

headway is to be cow$ho%led. 



Range in WCC aid Maroal Driving for Y'o~ang Drivers 

Rmge in ACC md B~mud i i v h g  for Middle-aged Wvers 
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Figure 69. Rmge in ACG and mawud dsiving sepuated by age group 
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Figure 70. Headway time magin in ACC md mmud driving sepxated by age group 



Tabie 1 6. hdiv idud  dn l/zr data of hea&hvay time m;ugin 

Idncidence ojfDriving in the ?fear Reg icn the Proximiry Space 

,{ Htjn 27 3 - 3 0  0 F 1.168144.3 0*48195232 03 5 20733 , 

2 Btm 31 28-30 0 :F 11,174,3975 0.5500697 0.6 13 71919 
3 Blm 38 20-310 0 IF 2.3733315e1 0.44i77751C19 2 5  8 1870 
4 Mfra, 4 20-3111 0 Id i.082728 80.5032789 0.7 27 14,8690 
5 Mtw %O 240-30 1 1': 1,1806717 0.58155881 0.6 24 7'8,310 

! 

The near region is that region of the p r o x i ~ y  space chat is next es a crash at R .-. 0 

Ia5841983 Oa5552299 1-5 5 .I9227 
11.5386374 0.66062367 1.6 9 2275 
2.359113 10.51@Jc1197 3 6 1827' 
1.2471877 6.489299 1.1 20 5394 
4.341 1504 0.56~291)?2 1.1 i 1 9232 

and RDlot < 0, Table 17 presents the probability for each driver that that driver ~ i ' l l  

operafe in the near region. For ACC drivin~g, the probabili~j sf being in the near regia~n is 

6 'j-$tm 15 20-30 1 F .3%134,59 O.4.6545715 1.1 7 54799 
7 Hrnn 30 20-50 1 1: 3.5383257 0.5359594. 1.4 15 29886 

- a 8 Brn? 33 30-30 E I .6638'677 0.16'086883 1.4. 31 53227 i 
9 37 20-30 2 M 1.4295965 6.6233053 1.2 -11846 
(0 J+m 1 413-30 0 %' 1.2139862 0,515~~l.8585 0.8 10 116524 , 

1.1 Him 2% &J.-50 10 1" 3."1"362394 0.624.849 1.5 14. 18372 
12 Hrm 25 40-50 0 F 1.6471$1.39 0.6063755 1.2 7 3%@361 
1.3 fi 26 40-,50 0 lV1.196811 0.611530$'7 1.2 8 23832 
14 R:lm 29 40-50 O F 1.4371287 0.1152319t43 1.3 12 $2883 
15 34. 4.0-90 Q M 1,3964135 0.5931566 0.9 29 14.6612 , 
16 Htm 5 40-50 1 IF 1.4387633 0,5962915 I,] 1'9 76663 
17 Him 4 LjO.-5O :! 1: 1.868397 0,5676932 1.4. 9 20923 
18 8 4-"..-50 F 1.1,15829~3 0.5dJ.004,51 0.8 16 724.69 
19 PIrm 9 46-50 1 F 1778699 0.637 1.3 29 92,710 
20 Rtm 12 4,0-50 1 %' 1.3405977 0.6294.698 1. 20 36859 

0.01 or less for dl dAv~:rs, For manud drivers, there are drivers with a probabaliq of 

1.tM,051815~ 8[].35911824 1.5 5 42235 
1,502'7409 0,6222135 1-2 9 12478 
1,991555 8.460899 2 118 29583 
1.3958928 0.55174~K.1 91.6 5 8@28 
2.8fi88981586 0.7668,4.81 0.8 5 2298 
1.7194224 0.44'04175 1.5 6 9483 
1.9695613 0.2895653 1.5 3 306 
11.54982241. 0.4837442 1.5 3 23634 
:!,"$1864946 0.4397215 1.5 $ 2387% 
1,607@21] 0,4140346 1.5 14 22366 
1,44434985 0,4970225 1.1 9 9008 
'1.7111.8893 0.4601'921 1.5 5 25300 
1.5931658 1C1.402'$11:196 1.5 5 47089 
'l.80315171: cl.54.43188 1.5 47 58196 
lZ$i933m6 0.534.70'83 1.5 10 22860 

being in the near region exceeding 0.04. En pmicuIa these are drivers 2, 5, and 25 as 

listed in  the aablt:s, Ewz~daaaipsn of Table 16 indicates ahat these drivers dl. have 

Zf 1-Itrn 21 4.0-580 1 F 1.2815429 0.5566132 0.8 20 61554. 
22 Him 24 40-50 1 F 4 $9,55169 0,6267019 1.4 8 1,21169 
23 Htm 36 40-,50 1 F k 3199224 0.627991 1 0.7 10 24254 
24 Hrm 3 40-50 1 M E 54 l~OQi4 Q.650"1'71 0.8 14 2","1,7 
25 M r r y ~  14 40-50 1 M[ 1,274.19:5 0,5554318 0.9 21 686630 
26 Hm 117 40,-50 1 M 1.7039578 0s7254%44. 1 .I 12 5205 
27 Htm 22 4,0-50 1 M' 1,6577847 0.5983183, 1.16 4 167'83 
28 Wtm 35 40-50 B MI 1,711335% 0..58'731 17 1.6 13 53268 
29 Hem 13 61?-~70 i F 2.2296224. 0.54233861 2.2 14 22:"r;O 
30 W t m  7 60-711 % M 1.37757555 0,6186'678i 8.8 13 193227 
31 H Q ~  B I 59-90 1 M l.5503994..0.562314.9 1.3 32 29040 
32 Hiam I8 $13-70 1 M 1.58990808 0..58429163 1.6 3 1 38814 
33 r 19 60-70 1 M 1.371 1808 0.537C173-4. 1.4 25 30480 
34 H ,  243 69-70 % M B.746411341 0.5430589 1,7 5 39419 
35 Hpm 32 g0-70 1 M 1.34f45503 0.59'71 186 8.9 9 33934 

headway time rnarglras less than one second. !In fact, there appeas  to  be a good 

1,5752298 l01.862613fl3 1.1 13 43839 
1,6049556 C.54,18 14.2 4.5 Q 1602418 
,,'Y..6368883 0.5995167 1.3 6 34309 
1.4,317827 0.5"768"778 '[,I 7 13715 
1,,7839853 0.5008026 2 13 510890 
1,37558412 0.516282,04. 0.9 86 E 1681 
1.3483157 0.53791318 :1.1 1 18762 
1.81.291628 Q.4,5582'71 1.5 5 18831 
2.161881 0.4819218 2.1 9 24190 
2.0999944. 0,3650901 2.1 91 92857 
1.8175492 0.4922452 2.1 12 68687 
1,41"r083 0.4224:';i18 :1.5 7 92167 
1.59758021 0.461039'33 :1.5 13 40593 

2.8rX09816 0.42M395 2.1. 4 49746 
,1.9518723 0.615D"11.3 4 7904 



conelation between a shoa K V  for headway time magin a d  a relatively high 

probabiliq of operating in the wear region (as one ~ g h t  mticipate). 

In general the individual data caw be used to identi@ those drivers that have a 

tendency to d ~ v e  mmeaally at sshoh: headway time md come relatively close to the 

preceding ve~c le .  However, for dl h v e r s  the use of ACC greatly reduces %he Sikefihsod 

of driving in the wear region. C 

'Sable 17. hdividud diver's probabiiifasr for operation in the ""Nea" region 
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The ACC system is a con~ol ier  that closes an inner loop on vekcle welociq~ md, 

when a t ~ g c e  vehclc is detected ahead, dso eommmds v c l o c i ~  in such a way as to close 

an additioad outer looj: en rmge, F\%en operaGng in the headivay conwol mode of ACC 
engagement, the conmmded speed, Vc, is coanputed to s a ~ s c j ~  the lines rmge versus 

range-.rate selafonsbp Iying on the so-edled c!ynarnics line described calier is:, section 2, 
We can examin{: the no~nioal pedolonnaqce of" ihe ACC conurbller by considering haw 
close the wehicle~ response matches that whch W O U I ~  I ~ c  precisely on the d y n a ~ i e s  line, 

Response, in this context, is chuacte~zed by instantmesns ""ewers" 'such that i.he rmg;e 

vdue lnes a measured distance above or below the line and such that velsciv c~6mesponds 

to a range rate that i s  to ~I I IE  fight or the %eft of the line 

Qualkq) yrjrfihe ACC Sjrstern as a Velocity Conl~obler 

W e n  there is no targes v e ~ c l e  head ,  the speed c o n ~ o l  pedomance of the test 

veh~cle is simply dcsenincd by the OEbI cmise-con~ol system provided with the 

C l i s l e r  Concords. 'When the ACC system operates in h e  headway-cones1 mode, 

however, we are intereseec to d e t e d n e  its velocity-eon~ol pedommce as the systcnl 

modulates tbotrlie md ~ ~ s ~ s s i o n  shift comnmds to converge rowad ihe selected 

ns~nd headway condition, The quality sf 7delociry c o n ~ o l  dudng headway-cons~i~sed 

operations is presented in Figure 71 in ne,m sf the velociq! enor (Vc - V), shown in the 

black bars, For comp&son, the figure  SO shows the (Vc -. V) meaanre in gray for thc 

speed-cone01 m,ode sf ACC operations, when h e ~ e  is no eaget within rmge. 



I 
Vcommnnd - Velocity, f$ses  

Pd(Vehisle Weswnsiveness I Noi AceYmking) PdiVehicBe Wes~wsiveraess I AcsTmckingj 
74.2 Hours in 289 Tripips 24.6 Hours in 289 Tdps 
0.0 MLV; 0.4 Ma; 2.4 SDev. 0.0 MLV;  -0.6 Mean; 4.9 SDev. 

Figure 7 1. Vehicle responsiveness in headway mode versus speed-control mode 

We see that the speed enor is conkoiled xouwd the zero vdue (i,e., within 4- 25 

Wsec of the c o m m d e d  speed) approximately 92% of %he time when in the simple 

speed-control mode md only abo~lt 61% of the time whew. in the headway ("ACC 

Traehng9') mode of eowef.oI. The AGG headway eontroller appeas to spend 

approximately 39% of the time outside sf this band, with some skew towad negative- 

poixitp (lee., gpprsaekng-Qge) errors when svefl&%ng another vehicle. Clealy, the 

occurrence of cut-in, approach from hlgher speed, and b r h n g - h e a d  trmsienes sewes to 

cultivate instmtmeous velocity enors that look rather substmbid, dehougk the subjective 

reactions 0% the d~ver-pmicipmfs do not imply that these v ~ a t i o n s  are problematicd, 

The q u d i ~  of the range con&o% is expressed in terns sf the difference between the 

instmastmeobns range value, W, md the eonesponding range vdue lying directly on the 

dynafics line, for the prevkling v d ~ e  of RBot. Shown in Figure 42, the probability 

d e n s i ~  diagram of ""Thac~ng Emor" E S  presented ktween the values of -30 ft and +30 fi 

of distmce enor, bracketed by so-edled end bins which reveal the respective 

probabilities of values at or below -35 ft md at or above +35 ft. 



Figure 72. f rsbabil?,ty density of range u a c ~ w g  enor 

He may at first seem su~r i s ing  that 118% of the time the trachng enors are at or below 

-35 feet. Indeed, the generd pattern of the data from +I0 feet though -30 ft suggests that 

the leA-side end bin co~ataans negative distmce ensrs that are substmtidly lager thm -35 

feet. If bese enors were o c c u ~ n g  while range rate was n e s  zero, they would mount to 

wholesde undershoots of the d~ver-selected vdue sf headvvay time, implying a good 

ded of headway conflict, But the fundmnental d y n h c s  of the problem are such that 

large negative values in eaehng enor wil% occur early in thc process of closing on a 

slower-moving ~iehiele from long rmge. In such ~~"msienbs, the R-versus-WBoib trqjectory 

will drop subsumtkdly beiow the d y n ~ c s  Inne after it first crosses it, especid.iy if the, 

ovea&ng velocity is initidly Iage---for exmple  -10 mph a d  greater. As the veEc%e 

slows down, the trac14ng enor subsides md o:ften gws to zero before reac1Gng the zero 

WDos condition. Thus, ie is possEb%c in a given closing emsient to swing though 

instmemeous trachng enors as iuge as, say, 78 feet below the d y n d c s  line mi still 

arrive ai Wlot=O with no tlndeahsot sf h e  raget headway value. 

The figure also shows :hat snbstmtial psiaive vdues s f  ~ a c g n g  error occur, 

including some f r o r  the not-hDequenr c a e  when others cue-in a6 a positive value sf 

RDot md subscribe growing vdues sf positive disrmce until the system fd1s ryut of the 

headway control mode md proceeds aol~vard irs sel speed. 

Fuaher smdy of the pedommce of !he ACC system as a controller require 

processing of time ~ s t o r y  daia. Hswe!;rer, the results in the next section (section 4.2) 

indicate that hirers are csmfofiable with the pedommce of this system. Perlraaps t k~s  is 

because the system controls head\hray-time m a g i n  (W) with link overshoot. An 



example time history for headway-time margin is shown in Figure 73. (This figure is 

from one of the chuackhaation tests described in Appendix A.) E x ~ n a t i o n  of the 

figure shows that the ACC vehicle closes in on the preceding vehicle in a smooth mmner 

with dmost no hunting or sscilla~on. 

Figure 73. Headway-~me magin data recorded in a chxactesbzation test 

4 2  Resulb and Findings from Subjective Data 

The subjective results findings presented here pertain to operatiswd issues 

concerning ( I )  the levels of comfofl, convenience, and safey drivers associate with ACC, 

(2) driver concerns with ACG operation, md (3) the drher9s ability to adapt to different 

d ~ v i n g  sirnations while using ACG (see section 1, :  ), 

The recoveHbp of subjective results was completed when a pmicipmt re$blmed the 

reseuch vehicle to UMTM. Subjective data in the form of a quest iann~re was o b t ~ n e d  

from each pmicipmt. In addition, each pmicipmr was de-b;%efed by a researcher is% 

order to gauge the pan%icipmtys reaction to tke resexch vehicle, ACC system, and 

expe~men td  protocol. At thns time pmicipants were rednded flat focus groups will be 

held, and m attempt was made to schedule the p~qieipawa's attendance at the first 

available foeus group. Pmicipmts in the Geld test were not required to attend focus 

groups, but their attendmee was urged, The focus group setting also provided for open 

md e m e s t  discussion m o n g  pmicipmts, p e ~ t t i n g  them eo shue ideas a d  concerns 

related to ACC. 



Log books, w h ~ h  had been given eo each p d c i p m ~  to record simifieae events, 

nyepe re~5eved ~nrhe11 !hie risseuch vehicle ulas r!ctuwed. A resezcher exminecl the 

csmenfs  wlade in  the log bssJc as the participant conupleted the ques t ionn~n  MI 

entries jato I he log boo4 lvhrere discussed ~ l ~ t h  1:hc pmicrpants, 

The csmpIete list sf the questions in the questionnire is provided in Appendix C. 

For each question, s t a t s ~ c s  reguding the pmicipmts9 mswers are provided. This 

secdon includes exceq~ts a6 om the appendix, grouped by topics that the questioan%akrc 

adidrcsscs. 

Comfo~? md Convenience: In generd, pmicipmes have rated the ACC system - 
kgMy with relation to dr.i ving casdofi. Mast phcipmLs, 3 1 of 36, repofled feeling 

csmfofiable using the system in one day or less. The r e n ~ n i n g  five pMicipmts sepofied 

feeling con~fortable using tne system d e r  a few days (see questions 1 md 2 in Table 18). 

However, p a i a p a n ~ s  repofled that they would become more codoflable with the 

system were they given addifiond time to use it (see question 4 in Table 18). The ACC 
system was also favorably rated on several other dimensions (see questions 6 tixough BO 
in Table 11 8). V~l'hen alced so rank the t h e e  possible modes of operation on the basis of 

cornfon pmieipants radccd the use of ACC first, followed by conven"riond cmkaise csn&ol 

and maa~ud ccsnsroi (see q~~estion 11 1 in Table 88). S i ~ 1 u  results were obsen~ed 'whexa 

pmieipmis anrere asked to rmk the thee  modes of opesa~on on the basis of canwenier~ce 

(see b'lbv!o items of qu~~tbosn 11 in "$able 18). 



I .  How comfomestble did you feel driving the car using she ACC system? ~ a t i n p  11 to 7 (most comf) 
. * ~ ~ = m ~ ~ ~ s m 8 ~ 8 ~ . .  *.. ~ a , . . ~ , * a ~ ~ . . ~ ~ ~ . . ~ s . ~ ~ . . ~ ~ . . . , ~ ~ ~ ~ ~ ~ . . ~ o ~ ~ ~ ~ ~ ~ ~ ~ ~  

2. How long did it take you to be comfomble using the AGC system? 1% after an hour or less 

16 dter first day I 
5 after a few days 

1 (none needed more) 1 
none were never comfomblle 

4. How likely is it that you would have become more c 

6 ,  How comfortable were you using the ACC system i~ the rain OH snow? 1 to '7 (most cornf.) 
" ~ ~ ~ m ~ ~ s ~ . . ~ ~ . m m ~ . ~ ~ ~ ~ v ~ . c ~ ~ ~ . ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ o m m ~ n o " ~ ~ ~ ~ ,  

(Note: 3 never expeaieneed ratn BP snow) --- - - ---- 
'9, How comfomb%e were you using eowventionak cruise c o n ~ ~ %  in the ~ a t i n g  I I to 7 (most comf.) 

~ ~ e ~ ~ . ~ ~ o ~ ~ o , o ~ ~ a  ~ ~ o ~ ~ ~ ~ ~ o ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ c ~ ~ . ~ " " ~ ~ ~ ~ , " ~ ~ ~ " " o ~ " ~ ~ ~ o ~ " " c ~ a ~ ~ ~  1 

8. Mow comfomble were you using the ACC system ow hilly roads? Rating 1 l to 7 (most cornt) 
" ~ o " ~ s ~ o ~ ~ ~ ~ , ~ ~ ~ s  s ~ o ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ m - o ~ o ~ ~ ~ ~ ~ " ~ ~ ~ ~ ~ . ~ ~ ~ ~ " " ~ ~ ~ ~ ~ ~ ~ ~ " ~ ~ ~ ' ~ ~ ~  

9. How cornforeable were you using the ACC system on winding roads 

- --- - - - -- -- 

I r 
10. How eornfomb%e would you feel if your chiid, spouse, parents or Bating k to 7 Cmos% eomf.) 

~ ~ ~ " m ~ ~ m . ~ ~ * c ~ c ~ ~  ~ * ~ ~ " " ~ ~ " e ~ ~ ~ ~ ~ ~ " ~ B ~ ~ . ~ m ~ * ~ ~ o , ~ o ~ ~ ~ ~ o o  o * a # 8 0 * * m * m * m a  

other loved ones drove a vehicle q u i p p d  with ACC' ------ ----- 
I I .  Compare ihm opciauon modes (Manual, onveanonai Cxillie, ACC) Rank I: to 3 (least 

"e#"n"mma o"e,ms* * a * a c o  s.omammmn" * m v a  * ~ * , , m , m # . a , , s ~ * e  o o s *  I / 
for comfort 

--- 

Cornptve h e $  operation modes (Manlaaj, @owe 

for convenience 

: With regads to safety, paicipmts have repsfled %he ACC system to be safe 

to use (see Question 28 in Table 1159, md that use of the system may actually increae 

driving sdetgi (see Question 29 In Table 19). Whep. asked to rank the three possible 

modes of operation on hke basis of safety p&icipmts ranked the use of mmud c o n ~ o l  

first, followed closely by ACC (see Question I% in Table 19). P&icipants d s o  repofled 



~ybing xnost e~ueiously when using ACC relaGve to c o ~ ~ v e n ~ s n d  cmise control and 

manca9 csaerol [see QuesGan 14 in 'F31ble 19). wihsut  expekencing "unsafe" falloviing 

sis~~a~?lccs (see Qanestieln 25 in Table 19). Is11 addiaiow, very few system f ~ l n r e s  ware 

repsfled (see Q~~csajonns 24 aed 35 in Table 19'). F i ~ s ~ ~ l ~ / ,  p c ~ i c i p a ~ t s  reported d~einlg imth 

a w a c  aid responsl vc Is suwounding traffic whew using !*toe ACC system (see Qslesticilns 

18 xnd 19 in Tabl~r; 19), 

I 1. Compare ~hrec: a~~eratian modes (Manual, Conveillional Cnlire. ACC) 

1 Iflearn / 1.5 (Manual. s=.8) I 

14. Under which mode of opration do j~ou drive rnost canfisusly? I h n k  / I  to 3 ( l e a l  cauuore) 
~ m ~ > ~ ~ ~ e ~ ~ ~ ~ " ~ m ~ .  " o ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ " o ~ " ~ , , ~ * ~ . ~ ~ " ~ ~ ~ ~ ~ ~ ~ ~ ' ~ o ~ , ~ m ~ ~ ~ ~ , ~ ~ ~ ~ ~  I 

yourself more or less za~~ae  ef the acldons of vehicles ----------- 
19. Driving the ACC oystern, coizupaed to manual ddviwg, did you find 1 to 7 (most responsive) 

~ ~ ~ ~ ~ ~ o ~ ~ s ~ n ~ ~ o ~ ~ ~ " o ~ ~  m,so ~ m , ~ ~ ~ 9 ~ ~ o ~ m ,  s m a s # m m # m s m m  

younelf more or less respansi!te to acUoos of vehicles around 
-------=--- ----- 
25.  How often, if ever, did you e~cpehence ""unsa$:" following dis&h?ces I to 7 (least freqazerst) 

~ ~ ~ ~ m ~ ~ ~ ~ ~ ~ ~ ~ m s s . ~ o . ~ m : ~ m n ~ "  m a , n  as" s * a m n , m  "" ",*" J 
when using h e  ACC system? ------- 's = 1"O)l 

I----.---"--- I 
28, Haw s ~ f e  did you feel using h e  WCC system? 

29. Do you h n l c  ACC is going to increase driving safety? [  ati is^ 1 l to 7 (srrongiy agrla) ] 
o ~ o ~ ~ , o ~ . ~ ~ o a ~ ~ ~ m  a ~ ~ ~ ~ o ~ ~ " m ~ ~ ~ " ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ , ~ ~ . ~ ~ ~ o ~ ~ m " ~ ~ , < ~ ~ s o " ~ ~ ~ s ~ ~ o  

34. P%le using h e  ACC syslem, how ~ k e n ,  if ewer, did the sysiem fail 

ae detect a preceding vehicle? .----- -----.- 

35.17fhile using h e  ACC system, h o ~  of~en, if eve?, did the system 

produce false a l m s  (~.e., detect a vehacie when none existed)? 
---m---# --nmm-- m-MmP- 

: JfVhen asked to provide m overall rmKrag of the t h e e  

modes sf operation for personal use, paicipanes rw~ked ACC first with con-ventionaE 

cmise control md manud control foI8owiwg a diseme second and third (see Question 38 



in Table 20). Pmicipmts dsca reported being v e q  willing to pwchae m AGC system in 

their next new car (see Ques~on 39 in Table 20), but were frequera~y reirnetmt to provide 

m amount they would be willhg to pay (see Question 40 in Table 20). Pwicipmts were 

&SO willing to rent an ACC equipped v e ~ c l e  (see Quesdon 41 in Table 20). 

Table 20. S u m v  of questions reguirding wiilingness to purchase 
- 

39. Would you be willing buy an ACC system ir your next new vehieie? I b ....,..... Rating a 1 to 1 (very willing) 
.i....,*o,.*nmn, a , * " ~ e ~ ~ , ~ = ~ .  . . o 

I 6-5 Is = 9) 
, 

$6. AgproximarePy how much would you be willing to spend for this 

: Pmicipmts were asked to compae the 

modes sf operation in which h e y  drove the fastest (see Question 12 in Table 21). The 

result of the r m ~ n g  for cowvcn~onai emise csn~k-ol md ACC use were identical. 

Interestingly, the objective measure of mean velocity for the two different control modes 

was nex%y idenaicd (with a convewtiond emisc control nem of 82.42 Ftsec md an ACC 

mean of 92.968 Msec), 

Table 2 1. S u m q  of questions regading compxison with an objective measure -- - - = - =  

Upon return of the research vebcles, the log books were reviewed md pmicipmts 

were debhiefed after they completed the queseionn&bnre, The issues discussed in the 



deblieling 'bvere Ia*rgclly she result o f  coalxrJ~ealts written by the paicipants in the log 

books (same velryl detailed), as well as conlmeniis y~,wrjtten in the margins of the 

ques~lona~rc .  4Jl enifieb into the log bss~ks, C D I ~ ~ ~ I ~ I J ~ S  w r i ~ t e ~ ~  iinto the ques~t~sran~re: 

~~iwgins, and notes made by thc resexcker dnrjng Ihc deb~iefklg are being tleansc~ibecl for 
h~tnre cvdjlua!.ion 

Ttuee sessions of focus group have been held to date, with a toed of 15 p~qisipants in 

attendance. These sessions are video taped, a well as audio taped, md kansc~iptians are 

being prepxcd. h each of the three sessiol~s the same 4 3 questions have been asked. 

'O~lhile the responses v q  considerably, the averdl response lo having expe~enced !he: 

ACC system has been verj favorable. Because of the l i~~ibed  number of paicip2mls to 

date in the focus group sessions. no detailed s u m q r  is provided hen. However, 

cunent icdications ae thae additisnd useful infomation on dri~ier views md experierce 

will be abtiaiwed when the responses to the following 17 questions are considered. 

Ql: En what situations was adaptive c m i ~  con$ol most nseful~ 

Consider traffic densif~r, road type, and v~eaher  conditions, 

What feamres of adaptive cruise control did yon find most beneficid? 

Q2: V17hen was the adaptive cruise c o n ~ o l  system least usekl? 

Consider traffi"lcensi~j? road type, and weatl~er conditions 

a !&%at additiond feabres would you like to have with adaptive cmise :sntroBiB 

63: How csnveasient dad you <find using adapGve cmise control? 

Was ie difficult to l e m  to operate? 

Q4: Elow s i ~ l a  to your own diving behavior do you think the adaptive cn~ise control 

sy seem operated? 

If the system wasas different, how did it differ from your dhving behavior? 

Q5: Did you feel comfcnable with the headway distmces available for use? 

Should ?hey ha,ve been longer or shorte-? 

Should here  have been more levels? 

Q6: Where eke csntrsns md display for the ACC system easy to use and easy to see. 

Were there other types of infomation you would like displayed? 

Tg17B%e~e else f i g h t  YOU place the contrlpls/d~spIdyS 

Q7: What impact did adaptavc eranise conuol have on your sense sf c o m f o ~ ?  

Consider traffic density, road type, and weaQ:.ler conditions 



68: Did the system ever make you feel too coIrw%oflab%e? 

Did you fee% &at you f igh t  fad% asleep easily? 

Q9: Did the system ever track fdse targets (l,e. cars in adjacent Imes)? 

B ~ e f l y  explain the conditions under which this occuned. 

Q10: Did the system ever track phmtom targets (ax. vebcles that did not exist)? 

B ~ e f l y  explkn the conditions under which th is  oecuned. 

Qk 1: Was there ever a situation when yon didn't understand whether or not the system 

was workng properly? 

B ~ e f i y  explain. 

If so, what was your swategy k p  

612: M a t  do you t.hirdk of the adaptive cruise con&o& system's rate of acceleration: 

* when pasing? 

wben closing a gap? 

QBd: What do you think of the adaptive cruise control. system's rate sf decelera~on: 

in response to slower moving vehicles? 

in response to ""ct-ins"'? 

4 Whew a difference in v e ~ c % e  speeds required yoen to use the brake, was it difficult 

to % e m  whew br&ng was required? 

Would an audible tone (wming)  be useh1'B 

Q15: What impact did adaptive cruise control have on your sense sf safety? 

Consider traffic density, road type, and weather candltions 

Bid you feel more or less safe driving with ACC as ccompxed to manu4 il~vviang? 

QH6: Whew dfiving with ACC engaged, were you ever dismrbed by rn eevesle involving a 

seoppd vebcle -- and the fact that the ACC system does not respond to stopped 

objects? 

Do you feel the system should respond. to stopped objects 

Q17: Would a greater degree sf ACC deceleration, using the brake system, have been 

helpful for deding with a wider range of traffic sibatiows? 

4 3  Implications of Resu%b for the "BTraEc System a a Whole 

In this section, test results are e x h n e d  for their prelifimaq (and fairly obvious) 

implications os: the pedommce of the traffic system as a whole. The questions of 

system safetyi t ~ d f i c  thoughp~a ,  md fuel nsage a-e addressed. This infomation 

provides a stming point for m eexpzqded cvdjiua~on sf ACC. 



,Mehough the sver&l,%l Field Operatiand 'Test is eonfipred to emphasize safety-related 

qnesiions, itbe data prcreessing 20 date can only give lirdted address to Cis subject. 

F h t ,  the sub~ectjve lcspsnses by the hver/pat ic ipm~s,  repolled in section 42., 

strocgly suggest that fro111 the divers"erccp~ons sf  safe^, no sigificme new risks 7)vere 

posed by the AC(C system tested here. OH, stating it .more figorous%y, the perceptions 

acquired here during a Birited, novelty-laden, phase of ~ v i n g  csnfim that no significmt 

safery h u a d s  presented tlnemselves, It is recognized, ho~vever that subtle but powerful 

safety issues may eulxelge snEy after developing Bong-tern adaptation of ~ v i ~ ~ g  behavior, 

a richer ~natrix sl driving coaiditions, a ~ d  perhaps the appeamce of % ~ ~ - p ~ ~ b i i b i l i v  

traffic conflicts and moma1its. 

kt this p r e l i d n q  stage of FORexpe6encc, we note the fojlowing propefiies of the 

system that ~ g h t  eelate to safety (more det i ls  regading these obsemations a e  provided 

later in this sec~oa:: 

no crashes with 141CC engaged 

no re-,pods:d aea-1,ss events 

* no complines of a l;~rascirna%e-hazad concern 

* measured headway sime (Hm) with ACC is lager bhm Ht, without ACC 
* relatively pleased responses despite an approximate vaiation of 18% in H,, 
* socx coniiments re~reding re laed  vjgilmce 

no significmt note of problems encountered with stopped vehicles 

mosa complained about a sluggish resume accelera~on (though it may have sonic 

s d e ~ y  implications, i! is nolt a production feataare)~ 

H-Fiwbanee (V/V,,,) is v&ually I .O in the cunent data (people seem to use the 

systenl drnose exactly like CCC). 

Qumdtaiiyw.e data do provide some supplewentd evidence of safev-related 

d ishbu~sws,  Shown in Figure 74, for exmple, the probability distribufion of the 

""DeceiAvoid9' vxiable is shown for both mmual md ACC-engaged operations for the 

filtered (~.e., trip length > BO miles, avg. speed > 30 mgh) set of t ips .  The DecelAvaid 

measure expresses the ~ n i m u m  vdue of deceleration needed at my moment to ress'lve 

the eunent headway conflict, wki-aenever a %%get ve~aicle is detected head .  The data show 

probability dis~ibutiows dofinated by values near zero (sctudly, below 0.0075 gks), 

Comp~ng tne prsbabiliy values for ACC md mmuai modes of control at this lowest g- 

level $a7 we note that ACC shows a probability sf 0.97 compaed to 0-935 for mmud 



ddving, The remk~lmg probabilities fdHing a% $Bigher g levels (e.g., 1.00 - 0,97 --. 0.03 for 

AGC md 1.80 - 0.935 -. 0.065 for namud) make it clear that the combination s f  driver 

choice of ACC-suitable conditions md %he sustahed control activiy of the ACC system 

avail it a much more benign conflict environment thm with mmud ~ v i n g ,  

. . - - - - - - _ - ~ . - . . _ . s - ~ _ _  - - - - -  

0.005 0.015 D.025 6.039 6.645 0,055 Q.M5 0.075 0.085 , 
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/ 0.005 MLV; 0.039 M m ;  0.01 1 SDev. 0.005 MLV: 3.035 Mean: O.C05 SDcv. ~ 
Figure 74. Probability density of DeceY-to-Avoid in mmud and ACC driving 

Moreover, deceleration Bevels above approximately 0,827 g's appear in much jess than 

owe-hdf of one percent sf travel time during these higher speed 15ps, Thus, we see again 

the remukably Isw incidence of eIevated deceleration levells appeuing nomdly on 

freeways. On the one hmd, this finding seems to help explain much of the satisfaction 

that &,vers report with an ACC system that is IinGeed as a 0,07g level of authority. At 

the same time, it speaks a sobering caution for automatic systems designed to deliver 

msch higher levels of deceleration, for exmple the 5,M-g levels aageted by pending 

ACC system in Europe That is, the occurrence sf I/4-g b r ~ n g  on a freeway is so rare 

that its automatic acmatisn must be done only whew wmanted by a very high confidence 

level that the rare, but n e c e s s q ,  response is indeed called for. 

Bis~but ions  of  me-to-impacr computed for mmual md ACC driving when tagets 

were detected &ead, axe compared in Figure ?5. We first see !hat values below 3 

seconds occur less than 1 % of the time. Further, mmud isperations result in almost twice 

the incidence of times-to-Ixpact that arc within 8 seconds, While, again, this contrast 

results from both :Re drivers' appraisal of conditions suitable for ACG operation and from 

the coneho%lerls p e s f o m ~ ~ c e  within those cocditlons, %he cea outcome is that Ace 
operates with less of the conflict that connotes impact risk, 
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Figu~e 75. ProbabiIiay dlensiay of Time-to-h~pact in manud md ACC daeiving 

Clealy, nwch wore needs to be done to e x a ~ n e  the s d e ~  implications of this fie id 

operahiond lest, Be is expected that marc Instmc~on wlB9 come Irom subjects operating, 

the veGcle for 5.-weeIc periads md from the caefi l  e x h n a ~ o n  of resgtlts in the time 

dom~n, as found in the senid s l r em of data the detection of t rmsi t i~ns in cx@ln&oI 

state. 

86 any given moment ln any local traffic errvironment of southeastern Micbigm, only 

a snwgle AGC-equipped vek6cle i s  likely to have been present, if my. Thus, no macro 

detection of udfic during this test could possibly have captured the implications sf ACZC 

operation for the &&fie flow that rnay prevkl in the heure, a t  high penetrations of Ace" 

v e ~ e i e s ,  Aceordlingly, we must suggest vkoass ~affie-impact inferences from piecer~sleal 

sbsenaeions of the inmediate expehence of the indivndual equipped ve!biele. 

h ztR~ns section, a few diffehng views of the dhviing expeience are presented as they 

appeu to address some eta-alfic-related v ~ a b l e s .  In the end, of course, we hope to discem 

the possible impact of AcC operations on the thoughput capacity of freebygays at 

moderate to heavy levels of loading, A! the light end sf the Udf ic  Boading spectmm, b?e 

traffic will be expected 40 move ar rated (regulated) speeds, or above, notwithstanding the 

presence or absence of PiCC, At the o ~ e r ,  very congested, end of rhe spectrum9 AGC is 

assumed not to be chosen as a control mode because of the high levels of conflict which 

seem to induce wmual-only operation. 



Shown in F i p r e  76 is the bottom-line illus~ation of appaewe traffic thoughput 

impact, based upow the filtered trips, The figure presents the so-cdled Flow vafiable 

computed continuously witkin the insmmerstation package and stored as the Row 

~ s t o g r m .  The How v ~ a b l e  is defined by the ratio, V/(R + L), where V and R represent 

the host ve loc i~ j  md rmge vkables  addressed many times previousIy md L rep, resents 

the n o ~ n d  length of the passenger carrn The Flow measure is expressed as the number of 

ve~cHes per second passing a given point on the ~ g h w a y  md is computed only when a 

target vehicle has been detected head .  

005 B % C  026 O30 040 0 %  0 O X  080 0 9 0  1 .  105 
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Figure 94. Prob3biiiey density of Wow in manual and ACC driving 

Figure 76 shows that the ACC system e x h i b i ~  genedig, Bower values of the Flow 
variable thm are acc~~eed under mmuigl chving ,  The mem values of Flow under the 

AGC and mmud modes of csn&sl are 0.52 md 0.59, sespctiveiy, Clearly, most sf the 

conuat  between the Flow meaures under %he two m d e s  of control is athbuted to the 

large (18%) $Pock of rnanud nsuSts lying in the ""en dbawihal "605 vehicles/second a d  
above. This result appexs to be due to <he show values of headway range that were sften 

employed d u ~ n g  rna~ud b.ving,  

While the data appex at first biush to srnply a negative impact of the ACC function 

on ~ g h w a y  capacity, the appuent p ~ f e r e n c e  for ACC usage under traffic eondisions that 

are rather free-flowing suggests that no impact on heavier, capaciv-detemiwing, traffic 

flow would be encountered becabng the system would be turned off, Recapitulating 

results presented earlier in the repon so make phis point, Figure 77 shows again that ACC 

is used dmosa cxelusivePy when traffic speeds {i.c,, Vp values) are higher, above 80 

f~isecond or so. Thus, it would a g p x  rhaitthe longer range values kept during ACC 



operation, as shown again in figure 78, are associaad wirb Mgh-speed- relativt..jy free- 

39.0 43.4 47.8 52.2 56.6 61.0 65.4 69.8 74.2 78.6 83.0 87.4 99.8 96.2 100.6 l05.0 109,4113.8 118.2 

Velacity, fLlsec, ! 
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3 1.8 Haun in 289 Trips 41.8 Hours in 289 '$iilos 
96.2 MLV; 80.8 hh'ean; 17.7 S k v .  96.2 MLV: 84.4 Mean; BC8.4 SI>g.v, 
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Fig~re  77. Probability densily of traffic speed (Vp) in manual and ACC driving 
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Figure 78. Probability density sf R a g e  in smmud and ACC driving 

Manud driving, on the other hmd, includes much mare operation at the reduced 

travel speeds (Figure 7 7 )  and shoner range val~ues [Figure 78) that appeu ccomsnly i:.a 

quire congested traffic. Thus, it appem, that the d ~ v e r i p h c i p a m  in this field test 

opted to control the vehicle mmually in ~ ~ i n u a l l y  all of the high-confiic?: situations in 

which the ultimate capacity of the ~ g h w a y  becomes a ~ n  Issue 



As an associated traffic issue, Figure 79 presents the so-cdled "Eandsmce" measure 

for both cconventiond cmise (CGC) and ACC operations. This m e a u n  expresses the 

ratio of the host vehicle ~ e l o c i y ~  V, to the set speed, Vset. Wi& ACC engaged, the ratio 

of these values i n ~ c a t e s  how much the prev6ling traffic con&lti~ns have impeded the 

driver from confiwuous%y sus tg ing  the set speed vdue due $0 headway conuol. 

\tEbacEQ~TseCp 
Pd(H~ndrmce I CCC) Wnh Riaer Pd(H1ndmee 1 WCC) WIL+ FIFler 
4 1 4 H o a r  11n 236 Tnss 98 8 klcun ~n 289 Tnps 

I : 0 MLV. : 0 Mem. 0.0 S k y  1 @ MLV, 0 9 Mem; 0 0 SDev 
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Figure 79. Probability density of Hiwkmee in mmual and ACC hiving 

We see that the ACC system spends approximately 75% of the time at approximately 

95% sf its Vset value. This result seems to be pmid%y e x p l ~ n e d  by the testimony of 

many paicipmts that they tend to select Vset values rather near as h e  previlinrg speed 

of traffic, thus not significanfly falling below Vset even when they encounter a headway- 

control episode due to a vehiaicte ahead. Such a pauem of Vset se%cctions is noted to be 

very nwex,.Hy d w s r e d  to the leaned practice of  se&estiwg set speeds with conventiond 

cruise control, That is, CCeC i s  simply unusable An rhe presence sf sther traffic unless one 

adjusts the set speed to vimdHy match that of nearby traffic. 

Csnsideing the CCC data in the figure, the resuits falling below a hindrmce value of 

1 .O are something sf a puzzle since the system i s  only a speed controller. Thus, the 68% 

c ~ f  all CCC time spent xscnd the hindmcc value of 95% e m  only depict control enor sf 

some sort? a if the system has a bias for rsegative errors relative to the V s e ~ d u e .  Closer 

e x ~ n a t i o w  of this result will be given later An the study. 



Shown in F:igure 80 is a plot of the 4sngimdind acceleradon histogrm for the host 

vehicle in  both the n~anud md the ACC-engaged eonditisas. The data show that the 

ACC system keeps more than 85% o f  its posidve md negative accelerafisns wihin 0.81 
g's Or less, whilie manud operations result in aniy about 54% of d1 travel wia?.ein the s;me 

bmd. Since the implied speed fluctuations atre opposed by speed-squaed aerodynmic 

drag and other nonline:a j~ssses, they imply reduced fuel economy, Accordingly, the 

p r e l i ~ a m j  resuils imply that ACC dl-,ving should cause fuel usage to decline relative to 

Figure 80. Probability deasiry of Accelesa~on in manual and ACC hitying 



5, CONCLUDING STATEmNTS 

ary of Pselihiraary findings* 

At this stage sf the Field Operationd Test, all the v ~ o u s  systems a e  p e ~ o ~ n g  

successhFaal%y. The ears mn. The sensors work well but they are protoeges that require 

m ~ n t e n m c e  and. attention, so sensor checksg is needed to keep the v e ~ c l e s  in proper 

workng order. The data acquisifiosl system, akhough complex, with two computers md 

video, GPS, md cellula phone equipment as well a data storage mC processing 

hnctions has pedomed well, The contra1 d g o ~ t h s ,  which are quite simple, p e d o m  

reliably md the drivers indicate 'that they fiad the ACC system to be csmfoh-9able and 

convenient to use 

The p r e l i ~ n q  results from the initid FFO expesienee indicate that drivers tend to 

enjoy driving with ACC, Far the most pm they find it codoflable and convenient, It 

seems to reduce s%sess, p ~ i c u l a l y  on longer trips. The objective data indicate that the 

AGC system causes drivers egsl travel at longer c leumce  gaps than those they use when 

driving mmud%y This appeas to be not only becagse the ACC m ~ n t a i n s  longer 

headways but also because drivers do not choose as use ACC when fley see diving 

conditions that compel. them to ease shsn headways, (Ths tendency to drive mmudEy 

when there is competition far gap space op, the bg5way is even more agpaisent for 

conventional cmise conatroi For Ace, !be net effect is that r isky &:v%ng situations 

involving short headways are much more likely to occur during mmud ~ v b n g  him they 

are to occur during ACC driving. In addition h e  ACC system slows ",e vekc9e when a 

slower preceding vehicle is encountered, thereby drawing !Re driver's attention to the 

forward scene and thereby con~buking %a :he driver's feeling of cardofi md safety, 

Ag-s interesting finding w ~ t h  respect es &ver age is that drivers from different age 

groups tend ta prefer different aqsknnts of clearance time to the preceding vehicle, This 

ACC system provides the d5ver with ~ k e  means for selecting farther, closer, or an 

inbemediate headway cIexmce. These set5wgs conespond ao 2.0, T -0, and % -4 seconds of 

clexerance time, respectively, Given these ckloices, the younger divers tended to use 1 .O 
maad B -4 seconds sf headway with almost no use of 2,O seconds sf headway cIeamce 

while the older drivers drnssa laever used 1 0 seconds 0% headway mQ they have a 



prelercwce lur 1,4 or 2.0 beconds. Appuenajy' an acbuseable headway cieumce fcamw"~ 

will a d  in erlco.rnpasr2iw%g !he prckrenees off ihe drivi-eg pop~~ladon. 

'1) T" 
I t l ~ k  rtcgujd to the differcmce betyinleen I~:ICC ddving a ~ ~ d  mmazluel d~n,i%ag, the 

gir.ei~nfmJl rer u 111s irndie lte tlrat: 

Drivers tend to ( la asskien., mare demmding h ~ v i n g  at  shsa headway in the masud 

mode of kea&[~ /~~y  coa-h-o~l 

They use the ACC ;ystcxn when they can Wave1 at hghway speeds without frequent 

Inte1n1pli 3 'I. 

Dksn~crs select set. speeds at the speed they wish to travel thereby operating much 

like they -~~olaisE vqifh conventrond c,mise control when there is not a slower rnoyqiwg 

prt:cedi2ig ~relicD c,  

Younger lf~j~ders tend to use shorler headway time selections thm older &ivers 130 

when using ACC. (Phis fits wrath the behavior o f  these age groups when dnving 

manually j 

The incidence ol neu  approaches to preceding vekcles is much less when AC6: is 

used. (Tlqis is because d ~ v e r s  tend to drive closer maraudly md also because drivers 

do not teesd te, use AC@ when they anticipare that close headway may be Iilcely,) 

The resalts so far ssuppofl the fo8lovving paoposibans: 

To the ewltent that remaining haher. from h e  preceding vehcle is sdev  benefic:id9 

AGG dfiving will be safer than manileat driving is now. 

Since dhvess do no! use AC@ when the sieuation is risky, or when they vvmt to take 

risks, ACC ,"ght not have much influence on the accident record (or waffic flow 

for that n~ateer), 

However, there is the possibility eli.aat ACC will provide more uunifom headway asd 

s p e d  control and thereby facilitate greater flow at capaciv. There is dss the possjbilify 

that ACC wnll provide the driver with a deceleration cue that will reduce the incidence of 

rea-end collisissns in which the driver is ~nattcpani.i~ie. 

BH-avees find the ACZC ssytem easy to use, md they are camfoflable using it, They 

seem to undersemd what the ACC system does and when they will enjoy using it, 

5.2 Anticipated Amount of Information and Its Significance, 

The c u ~ e n t  Iprojec~on for the total inumber of divers p ~ i c i p a t i n g  in the study is 108, 

This smple  size is based apow the following asumpdons: 



At least eight vebcles wilE be fully operationd for the dusa~on of the field 

operatiowd test, 

%he tumaaund sf cars from one pmicipm% to the next will not exceed two worhng 

days, 
Data collec~on will continue up to, md inciuding, the f i s t  week sf September 

199-7, 

On Mzch 18, 1997, data cksllecfioa for the firsst 4'7 &ven is expected t s  be 

completed. 0% these, 46 drivers are two-week exposures and h is a five-week exposureo 

Beginning with the week of Mach 9, 1997, md ending the first week in September 1997, 

md assudwg eight operati~nd cars, there are 206 car weeks (25 weeks times eight 

vehicles). We a e  currently projecting that at the end of the project there will be data on 

14 drivers per con$gination sf age group (28 ts 30,4@ to 50,BO to 70) and cmise-csnbol 

usage (user, nonuser), bdmced for gender, for the two-week exposure group. h the five- 

week exposure group the projected aauxber of pmicipmts .% eight in each of the thee 

age groups (balanced foe gender), Gmise-control usage is wok an independent v ~ a b l e  i ~ ;  

the five-week exposure group, This would result in a "ltd sample size of 108 drivers (84 

drivers with tws-week exposures md 24 divers with five-week exposures), 

Eater on we will, pedom further analysis sf the expected s t a~s t i cd  power sf our data. 

Cu~en t iy  we believe &at the number of d~ver/pmicipats  irr each cell of our 

expe~mentd  design will be adequate to produce statisticdly reliable results at the end of 

the fielad testing, 

Ex~apolating from the ~nfomafion for 35 as given in Section 3.6, we will 

have approximately thee  times as much in f~mat i sn  at the end sf testing as that used in 

p r e p ~ n g  this report, This mcms approximately 8,W trips, 80,OW miles, md 2,2W 

hours of driving by 108 different people (These estimates are probably low because there 

were no five-week 2micigmts in the origin$ 33 diveas.) 

However, there wiJl be much more Enfomzf oc to report since we have just begun so 

process the data. We have not yet gone into the time history infomation nor the transition 

tables. The database on matters related ec headway control will be extensive and unique. 

There will be a CD ROM containing the ~ e ~ u : e d  data for each driver me9 another 6D 
WOM contGning the video data for each driver (in totd 216 CID WBMs f ~ r  108 drivers). 

In addieion, there will be a database sf appeaximate%y 150 megabytes contining the 

histogrms, trmiition tables, and other Infomatiow as trawshtted by cellmlz phone for 

d1 divers. Clearly, a great ded of skill md understanding will be weeded to grasp and 

csmunicate the meaning of his data. In that :egud, this interim repofl represents a 



sigwifica~t step ia l e u ~ ~ i n g  how to process and inikevrel the data that ate now and will be 

in [rant se us ill eiac ~ ~ $ ' L I R :  

5,3 J,iVbere This Is All Going and PVhat Mght Be Done Next, 

The equipped vehleles wi11 be deployed in operatianal ees~ng to the m ~ m u m  extent 

s u ~ o r r a b l e  by the prqiecl team. On the one hand, we feel that the histopr~m-based 

results repofled 1s date WG unl2cely as chmge as marsolre test subjects are added, since 

driving Lrehassiors md the range of operating condiGons Rave been more or less 

circumscribed already. On the other hand, the final repvfl is expected to contain a) nlore 

saatistcd po~wer for defining 10'6%-probability d~jving phenomena, b) substmtive evidence 

of the extent of diver  adaptasion to A66 over four conlinuous weeks of usage, c) 

extensnve exanination oF time-domai? events (as a complement to the time-independent 

hisrograri data), and d) v ~ o u s  enhancements of the overdl data such as tirough revs:rse- 

gescoded road-type designations and other expmsions in the database. 

Relati~~e to item (a), above, the remainder of the FOT will involve approximately 2 3  

times as much ACC d~ivnng exposure as was acemed to date. Thus a lage  increase in 

statistiea; power of the data is pending, 

Relative to @) ehe engagement of 24 drivers operating the v e ~ c l e  for five weeks 

should provide a good oppofluniv for the novelty effect to subside and for at least 

suggesting the trends of adaptation, if mythicg measurable exists. In tks  regad, it Is 

recognxzed mat a potentid relaation in the driver" svigilmce with extended use of AIZC 

is of special interest 

Relative 10 item (el, it is expected that the process of df.aver intewention on ACC can 

be e x h n e d  an detail beginning with event-identifies that exist in the so-cdled transition 

iables of h e  datase~ Trmsitions out s f  the ACC conk01 mode due to b r k n g  or due to 

activation of the ""ecel" button are dl asociated ~ ~ i i : h  specific time points in the 10Kz- 

recorded time his to~es.  Extensite study of the mode-bmsitions is expected to provicle a 

d y n h c  profile ofthe driver as an AACC-inremener (;.c., the aole by which the driver acts 

to supewise ACC operation md provide the ""sueemost loop9' of vehicle headtvgay 

protection.) 

Relative to (d)~, data enhmcement to include road-type coding is undernay and will 

be implemented for all travel in souaheastem MieEgan. Travel outside of that zone v~al l  

woe be reverse geocoded within h a s  study. The road-Pjpe coding should help, for 
example, in isolating mmual versus ACC cesmpuisons to freeways, ,rural two-lane roads, 



or other defined qpes of facilifies in which sipificmt ACC usage has appeaed. Other 

enhancements may dso become amactive such as rebinning of selected bs togrms a d  

the computa~on of additisnd or modified liaiables d e ~ v e d  from measured raw data. 

As possible extensions to the field test, it is reespized that a major need exists to 

explore nampardistic operation of ACC systems $ha% are br&ng-assisted, In this regard, 

we note that the worldwide auto indusq is tending towad systems having a deceleration 

a u t h s r i ~  $?in the rmge of Q,2 g's-in contrast to h e  n s ~ n d  0,07 g level of a u h o i q  that 

attends our cunent tbottle- md downshift-con@slled system. ln a acomplementq 

NHTSA-sponsored smdy that is proceeding though the s u m e r  md fall of 1997, 

will be conducting p r e l i d n q  testing 0% such B br&wg-assisted ACC, package 

usdrag mother I996 Cmsler Concsede that inco~srates a so-cdled smart booster device 

for br&e-by-wire control, Should the pilot testing of this system show 88 to be suitable 

for operation by lay drivers in nnaccempwaied testing, a supplementd phase of ACC 

field ogeratisnd testing wolald seem to be in order. 

It may dso be at&active to continue employing the cunent FOT test cars for much 

longer exposure peiods or perhaps under a more foe~sed smdy of a certain subset sf the 

driving population. The vdue sf my such extensions may become appxent as b5e 

r em~wder  of the FOT data a e  gathered md processed, 
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System Cha~acterizatioa Praleedure 

The tests descibed in this appendk have been used to provide a g r e l i ~ n a y  cheeikoue 

of the conk01 f~wctisndiqj sf the gromppe P,&C system being used in ~s field 

speratisnd test, The pupose of these tests is not to meaure the specifi"lgerfoxmance sf 

the ACC sensors per se. Rather, it i s  to chau-actedze the entire pprotsqpe system whicl~ 

inclndcs the sensors, con&al a l g s i t h ,  and veficEe platfo~m. 

The tests are conwalled in refereace to the speed of the gncediag v e ~ c l e .  It is 

desired that the speed of the preceding vekhcie be approximately 66 mph or 60 mph irt 

ccdAn tests. b.m addition, other vehicles should not intewene between the ACC vehcie  

md the preceding vehi,cle. If the tests are done without a cooperative preceding vebc:le 

(a confederate vehicle), it ~5~plilY be necessay 20 accept the speed of m a b i ~ d ; j  picked 

preceding vehicle encountered on the lighbvay. 

The tests xe intended to be useful even if they are perfomed on nonnd grades asd 

cuwes as eencounee~ed on l i~ted-access  hghways. However, c w a m e  md grad.e wjll 

influence qumtitative measures of perBommce to the extent that segght level sectio!ns of 

roadway are deshed wheia consistent numeied results are needed. 

The approach employed here for ehaaetefizing the ACC sysiem is based upcm 

identifiing geneic, h n d a e n t d  tasks that the system may be expected to perf om^. "Dese 

tasks are related to tkc ff~jlllowing operationsd simafisns: 

closing-in on a preceding vehicle from a long rmge 

changing to a new headway in response is ekmging the system's headway seiting 

responding to a close approach to a precedng vehicle 

This set does not cover d1 apects of ACC ~ v i n g .  However, it covers irn~o~mtant 

sirnations and it proviclies a good basis for chechng the pedommce of the existing PsCC 

sySleEso 

In order to check and evduate system peflormmce in these types of sieuafions it is 

necesswy to define (4) the input (essen~dly  the behavior of the preceding vehicle), (23 

the initial candntiows for stming the test, ( 3 )  the conditions that apply du ing  a test mas, 

md (4) the pedomance signamres md measures used to chxacteize system 

pefIomsmce. 



The inputs to these tests are the speed of the preceding vehicle. The results of the 

tests are based upon mesurements of rmge, rmge rate? velocity, & m s ~ s s i o w  shift 

commands, and velocity commands res~dent within the ACC system. The primary data 

signds (and  the^ measured equivalents) that are wed in pe~owpliwg and evduating the 

test results were descfibed in section 2, md illsgstrsated in Figun 3 in the main body sf the 

report, Also, R versus WDot plots are useful for i n t e ~ r e ~ n g  results [4], 

In addition, the c o q u t e d  q u a n t i ~  ""HEadway Time Magin", symbolized as H,, is 

3seft.d for in te~re t ing  results. The equation for H,, is: L! 

(A- 1) 

In steady following with. V = Vp, Hun should be eqoai to the headway time (Th) used 

in the headway controller. H, represents the reaction time within wkeh the foIlswing 

driver would need to match my deceleration profile of the preceding vehicle in order to 

avoid a crash. The goal of the headway control system is viewed as trying to cause H, 
to approach Tho 

Sensor and veiocity infomation is inherent and esseneid to the pedommce  of this 

system. Therefore, these data are treated as "measured9', *Is emphasize the potential 

difference between the real data md that which the sensors report md the d g o i t h  uses 

for cdculations, (Symbols with a subsc~p! "m" identify hose w ~ a b l e s  ) 

The foIBowing Qpes of tests Rave been used to chxacterize basic hnctiond aspects of 

the system, 

This test e x ~ n e s  the &msitiow from ( a )  oprating En a manner s i ~ % a  tto that of a 

csnvcwe%onai cruise csntrsP, to Qb) oprating ia: a headway-control mode. When the 

preceding vehicle is first detected, the ACC vehicle is usi2g WSet and not rmge md 

rmge-rate to d e t e ~ n e  its sped .  However, as the ACC vehicle closes In, the Readway- 

csntsdsE feamre is autsma%icd%y activated, The ACC system S ~ O W S  the vehicle to match 

the speed of the preceding vehicle and m a n t a n s  a distmce d e t e ~ n e d  by the preselected 

headway time. 



8 =70 n ~ p h  

Th = 41.4 s (implies 223 A at 60 mph, 37.5 rn at 96.6 kpk) 

Run conditions: S t ~ i i n g  from appropfiate initid ccon&tions operate the ACC system -.*----- 

until a following rondiiion ('V = Vp a d  R - 1.4 Vp) is cstabilshed. 

Exzx~pBe.~~pJ&: Typicd rnsules for this test are shown in Figure A-l md Figure A-2, ---- 
The yclcess of slowing frclm the ACC vehicle's initial velociv to Vp is relatively long 

(30 to 60 secswcis). Figure A-1 is a p h s e  plme plot sf rmge versus rmge rate for this 

test, Time is not directly shown in this plot, however the direction sf increasing time i s  

sksli~;m usjng mowheads, 
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Figure A-l. Wmge versus Rar~ge-Rate, closing kom long rmge 

In closing from long range, W decnases as expected. RDoi is the de~vat ivc of R, and 

hence is negadve for decreasing range. 

Figure A-2 is a plot of headway rime magin,  Idtm, versus  me during this test. A': the 

beginning of the seqaaerace, before the system sems to respond to the preceding vehiclt:, 

the vebc4es are sepaatad by more thm 3-9 seconds, md H,, decreases linealyo At 

about HL, -- 2.3 seconds, the time histoy of H,, curves to approach somewhag 

exponentidly to the selected headway time Th = 1.4 s. T p I c d  v ~ a d o n s  in speed and 

grade will cause headway time magin H,, to be within 10 percent of Th when w o ~ r , d l y  

steady following conditions u e  reached. Funhem~ore, the system tends as operate at 

1.5 s rather than 1.4 s. (In p~~actice, the actual headway umes are best described as I..,, 
1.5, and 2.1 seconds.) 



Figure 8-2. Headway Time Magin (Eltrn) versus time, ~1osing from bong rmge 

The puvose sf this test is to see how the ACC vehicle responds when headway is 

adjusted The vehicle being tested has t hee  settings for headway tkne: 9.0, 1.4, and 2-8 

seconds (see sectlow 3.1.6 Iin the main body of the repofl). These seaings cover the smge 

of headway used by drivers who fend to travel a% the speed of adjacent traffic [$I. The 

test cases (A though C "slow) pertain ao changes between these levels sf headway time. 

V -- 66 mph 

V,,, - 70 z p h  (103 ftJs, 3 1.3 d s )  

R = Th Wp = 194 fi (59.2 rn) for 66 mph 

-: Follow the preceding vehicle for several seconds, (That is, with 

V = Vp and R - 2.0 Vp.) Change the Th button setring from 2.0 to 1.9 s. This test should 

cause the v e ~ c l e  to chmge eo a shoner rmge of aggrsximateiy 97 A. 

: Figrase A-3 i s  a plot of range versus range rate for L l s  test, The 

range decreaes to satisfy the kowee Te selection. Since the veBocity of the preceding 

vehicle is nofind1g.l consem:, the relative acceleration represents the accelerariop., of the 



foIlapwiag ACC vehncle. For tilis test, the I&$ghest closure rate is apprsx~mately -6 ftls 

(-1.8 ms) ar~d t h ~  rota\ change in range is approximaf~e:iy 126 l$l: (3Qm). 

Figure A-3. Wmgc versus Rmge-Wale, chmgizng from Th = 2.0 to 1-0 s 

Figure 8-4 shows the headway time magin (see equation (A-1)). The headway time 

magin  ckmges fairly linealy Quiwg the trmsient with a slope sf approximately 

3,14 s/m.huhe for this test 

3.5 3.6 3.7 3.8 3.9 
Time, minu 

--- --- - -- 

Figure A4. Headway Time Magin  bHm) versus time, shmging from Th = 2.0 to 1.0 s 

(This case is the inverse of case A: initial Th is 1.0 s md find Th is 2.0 s) 



Pnitid conditions 

V -- 66 mph 

V,,* = 70 mph ( 103 Ws, 3 13  d s )  

H$. = % . V = 97 ft (29.6 rn) for Th 2 1 .O s knitidly k P 

m: The s a c  general idea as in case A, except this case causes the 

vehicle to ehmge from a short to a longer :=.,gem 

: Figure A-5 presents the range versus rmge-rate d iagrm for this 

exmple. The maimurn mrmge-rate is 8 Wsec. This mems that the ACC vehicle slows 

down considerably as it widens the haadway range by approximately I00 ft (30.5 m) in 

this case. E x ~ n a t i o n  of the data for cases A md B indicates that this system increased 

headway (from Th -. 1,8 ts 2.0 s) in approximately B/3 less time than it required to 

shorten headway by the sane i~cremen: (coxpxe Figure A 4  md Figure A-6 as we11 8s 

Figure A-3 md Figure A-5). 

Figure A-5. Rmge versus Wmge-Rase, chmgnging from Th = 1.0 to 2.8 s 

Exhnat iow of Figure A-6 indicates that the maimurn slope of the headway time 

margin is approximately 6 2  secjdnuse, 3: En other words, the slew rate employed in, 

increaing headway time is ~bouk twice as fasf as 'that employed in decreasing headway 

time, 



Figure A-6. Headway Time bIargin (H,) ve,rsus time, ckmghng from Th = 1.0 to 2.0 s 

(This ease is sinfilx to c a e  A, oniy that final Th is 1.4 s) 

'Fhe puvose of this test is to exercise the accelerator pedd osve~de capab~lity as well 

a to check the a b i l i ~  of the system to eosTect for a moderately-nex encounter. This test 

may cause the control system to downshift the ~msmjssion while the diver  is 

accelerating the ACC vehicle. Kevcfll~eless, once the accelerator pedd is released by the 

driver, h e  ACC vehicle should slow down towads a proper following conditi~on in a 

nlaqner that is chxacte~szic of the operation of this headway cow~ol system, 

2 conditions for the ACC vehicle: ~LL_--- 
V -- 60 mph 

V,,, = 70 mph 

Th = 1.4 s ( implies TI, Vp .- 123 Bi) 

The ACC vehicle sho~~icl  be follcyl~lng. (V -" Vp and R = l*d$ V4) 

Run C o n d i t a :  The driver of the ACC vehicle is ea accelerate md pmidly ovei-p&e 

she preceding vehicle. When the r a g e  gets to approximately 2 3  sf the original gap, the 

driver of nke following vehncle is to release the accelerator pedal. The test is continued 

until steady-stale foilowing is rees~ablished or until the driver br&es, (This test cou.ld be 



viewed as an aboaed passing maneuver but it i s  probably befter to view it a a mems to 

simulate a wear encounter, In pracaicd operation, near encounters can happen for marry 

reaons including merges OF other events that cause the sensor to pick up a preceding 

veKcle for the first time at close rmuage,) 

: Data for range versus rmge-rate are pnsented in Figure A-7. These 

data show that ?he kajectoy in the range versus rmge-rate space is neaBy a closed Hoop, 

(Idedibly it would be a closed loop.) The ~ n i w a u m  m o t m  is- approximately -12 ft/s md 

the maawS.mum is about 8 ftls. The rinimum rmge is close to 50 fit. 

Figure A-7. Wmge versus Rmge-Rate, mmkwudly accelerating 

Figure 8 - 8  shows that the headway time magin goes from about 1.5 seconds to a low 

of about 0.6 seconds a d  then back to about 1.4 seconds in tEs test, This is dl done in 

approximately 0'45 ~ n s b t e s  (27 seconds). 



Figure A-8. Headway Tame Magin versus time, mmudlly accelerating 

The tlzsa: scenaios presented in tlis appendix sene  as a practicable means .for 

chxac te~zing  and p"odieally r e c o n f i ~ n g  the perfornmce of the ACC vehicles in the 

field aperatisnd tesr. 'They pro~lride pedommee signaalres that can be e x d n e d  to 

qumti~b feamres that sene as perfomance measures for ACC vehicles, Since the test 

conditions do not conuol for gade  and tra:ffic condition, the results will differ from time 

to time md place to place. Newe~heless, since ahe hnc~oaaa8iQ of adaptive cruise control 

does not depend upon high levels of pedo,mmce from a eonwol system perspective, (:he 

results of these tests are sufficient to mswer basic questions concerning the conwol 

dgofi-i ths such as: Does the vekcle slow down when 6% should? Does the vehcic spe:ed 

up as it shozn%dWoes headway time adjust a5 it should? 

From the chua-actekzaf on tests that were pedomed, it  appeus that this ACC system 

reaches selected headlalay times with a resolution of approximately ten peecent, The 

system is able to conect :for disturbmces in speed or range-raie that cause rmge-rate to 

reach a c~,osiwg rate of appr~xima&eIy 10 mph (-15 fus, 4 . 5  mis). The system is also 

able to keep the headway rime n ~ x g i n  above 8.6 seconds in the sudden encounters 

involved in these tests. Chmges in headway time are achieved smoothly with little 

overshoot or undershoast. V a e n  closing in from long r a g e ,  the ACC system starts to 

ad&st speed at 200 ro 300 feet away. And findly, the ACC system downslifts when it 

needs to achieva: a higher deceleration than that avAlable from the waturd retudation of 

the vehicle. 

Clexly there are mmy d~iving sitesataons that could be tested. The tests desc~beal 

here md an additiond test %hat involves ( I )  a decelerating preceding vehicle, and ( 2 )  a 

preceding v~hicle that suddenly appeus in the path sf the ACC vehicle, are presented in 



[7 ] ,  However, tests that involve b r ~ n g  or cut-h are difficult to pdom, a d  could 

upset other divers, Such tests were pedomed as of fhe ea1y chaacteization of the 

test vekcles, hsweves, they are not p a t  of. the cument routine checks, The 3 types of 

tests described in this appendix have been used routinely fa, check ACC funceiondiy 

before a test vehicle is released to a pdcipmt &her, 



MIebhodslog of Approximating Probability from Bistograa~s 

This appenclix explkxzis how %he hstsgrml data have been processed. It dso defines 

md symbolizes cerezcn opsradons assoc~ated with the process. 

The basic data poflra:yed in the listsgrans are counts of how often the data fdls 

w i t ~ n  a defined subset (sometin~les refkned to as a "bin""gf a lager set of data made up 

sf two OP more bins, The ratio of the counts witEn a p a i c u l a  bin to the toed number of 

counts in dl of the bins cswesponding es a given vaiable is an approximation to the 

chance, $ike%ihsod, or ~~robabilig that the vziable takes on a vduc witfin that pmicu'iw 

bin. Gonside~ a t~q~o-coiun~n, n-row may sf data aij 2s represented in Table B-l. 

Table B- 1. Hypotheticd data for two ~s tograms:  one for R when E is me md one for W 
when E is fdse 

The counts in the bigs of these two histogrms arc represented by ail from i -- 1 tr) n 

when E is itme m,d by ai2 from i = 1 to n when E is false. W is a vaiable binned into 13 

bins ("%" stands for its iah bin). (Although R sfmds fon rmge in the main body of %biz 

repofi, as showr~ in Figure 3, in elis discussion R may represent my ~ a r ~ a b l e  that has 

been smpled arid sofled to make a histogram.) The symbol E stmds for a logicd 

variable that is either true or fdse. For example, in most applications E represents 

""engaged" which meals that the counts for w ~ o u s  values of W (that is the counts 

conesponding to each Ri) were obe~ned when the system was engaged (CCG drtving on 

the first week, or ACC on the second .acek). "Not E9' means that the data is far 1nmca1 
diving, h this sense the logical v ~ a b l e  E stmds for a vajable that is used in a sorting 

operation to split the data into hisbogrms that are very usehl for compxing ACC driving 



The column labeled "P (E i Ri)" is like the conditional probability for being engaged 

given that POW i (that is, R falls in the Rj Sin) is true. This q p r o ~ m a t e  probability is 

used, for exmple, to mswer questions like: If a h$s is approximately 10 d e s  long, 

what is the chmce that the ACC system wo~sd  be engaged dudng that trip'? For 
msweing this exmple question, the variable listed in the first colum represents the 

length of trips md the entries in the second co%nm are the counts of trips in V ~ O U S  

length categs~es (bins) when the conus1 system is engaged.. The fobn& co lum,  iabeled 

P (E I %Q, gives the approximate prsbabi!i"bies for dl iengths of trips. The mswer to the 

examp%e question will be found in the fourth c s l u m  in the rshv conesponding to tdps 

that are approximately 10 miles long. 

The last c o l u m  is an approximation to the prsbabiliv density hnction for R when E 

is m e .  (Although not illustrated, the probability density hnction for W when E is not tme 

is defined sifiIxi%.ly using ai2 in place of ail .) The symbol "23 (ail)" represents the sum 

of dl the counts for 811 of the bins cons~t .~ t ing  R. By plotfing and esmpxing, P(Ri & E) 
with $(h I not El, one can eonpxe  ACC driving with mmud driving with respect to the 

vkab le  R. 

This diseussioe! is tedious but hidwdamen%ddi. It may be easier to understmd after 

e x h n i n g  the results presented later. The ideas behind having a s m p % e  space as defined 

in probability theory may be useful for visudizing the reasoning. We are simply 

counting the number of members (smples)  En vwious subsets and using these counts to 

estimate probabilities md conditional probabilities. 

The symbol P(0 i -) may be viewed as m operator that pedoms the operation as 

defined above ow the sets indicated as i n ~ u &  to the opera8sr. For exmple  PIE i K) is the 

fraction sf the set Ri for which E is me. The symbok P(K I R) would mem the fraction 

of the complete set W for which R fails in  be 2% ~ F W =  This is cumbersome when there are 

many bins (i is large) md may be shofiened 20 Pd(R D E) 10 indicate an approximation ts 

the probability density ~ B B H ~ C ~ O W  for R wnen E is true, 

Hw general, when we xe addressing questions of the form " W e n  is ACG like%y to be 

used?'" we will be c o m p ~ m g  P(E I SK) wnth R(woxE I Si) for wxioeas values of i across the 

set S. In contrast Pd(S I E) is used to answer questions concerning pedommce wfah 

respect to the vawab%e regresenred by the subset sf S defined by E being true. For 

example if R represents tbe see of rmgc counts for the range variable, one can e x a h n e  

Pd(W I E) to deteksae the chance that smge will be short g~veep, that the ACC system is 

in operation. 



Adaptive Cruise Control System Questionnaire and Evaluation 

1. Wow codor~ab le  did yon feel drivnng the car using the ACC sysee.m? 

1 2 3 4 J 6 6 7 
Vea=ji V c q  

Uncoadoldak~le Gador~ablc 
1kresn = 68 SUev, = 9,6 

2 ,  How long did if a e  you to become comdofiable using the ACC system? 

I was: 

15 cododable using the ACG system after one hour or less. --- 
- 16- comfoflable using thz system i~Jtcr the first day. 

-- 5- comib~ablc usjsng the system after a few days. 

-- @- cor~foflable using the system a f t e ~  the first v~eek, 

-- 0- nt:ver comfoflable using the AGC sys tm~.  

3. How easy did you find it was to ~ ~ v ~ E  using the ACC syslem? 

B ~ c f l y  d e s c ~ b e  the vpes of situations or ddving environments where AGC was easiest 
eo use: 

4. How likely is il that you would have become more comfoflable using the ACC system 
given more time? 

5. How eomfoflable were you physicdly (your posture, legs, feet, etc.) when driving 
using the ACC system in compuissn with your uslaan mode of diving? 



6. How csdodabje  were you using the ACC system in the rain or snow? 

i 2 3 4 &d ig 6 7 8 

V ~ V  Very Did Not 
Uncodoflable Co&oflabBi$le Experience 

Mean = 5'2 Skieve = 105 Count of Zeros =: 3 

7. How eodo~eable axe you using conventiond cruise conesol in rain or snow? 

1 2 d a 4 L~ 6 7 0 4: 

v e ~  Very Did Not 
Uncodoflable GodofiabBe Experience 

Mean = 5,I Stdevo = lo 6 Count @!Zeros -- O 

8. Mow cswkfodab%e were you using the ACC system on h%Hy rmds"? 

1 2 d 2 4 5 6 7 0 

vfTY v e ~  Bid Not 
UweodafiabIe Codofiable Experience 

Mean =5,6 S&eaaa -- 1 3  C o u ~ l  of Zeros =$? 

9. How codoe-table were you using the ACC system on winding roads? 

2 4 3" 6 - 1 3 3 

Very Very Did Not 

Unesdofiable Cs~foflable Experience 
Mean - 5.5 Sdev, I=: 1.6 Count @!Zeros -- 7 

10, How cowafoflable would you feel if your child, spouse, parents or sther loved ones; 
drove a vehicle equipped with ACC? 



31 1. For the folMowiag cakegories, plekse com13ue the t ibee modes sf operation $Man~~a$ 
c s n ~ o l ,  Con-venllond Cu~rise Convol, und ACG), ax13 rank then? baed on your 
prefe~rrencc. Use (1) to findicate y1~1.j~. rncls% 4preIerr~d md (3) to indicate your least 
prefernd . 

S af~5bpr --On- M mual Co~~essl Convcatiasr~l (Cmise -mp ACC 
ikirean 1,s 26 1.8 

Stdev, -5 .5 .S 
Convenience -- M m ~ d  COBITOB Congientiond CCmisc ACC 

~ W ~ a r l  2,9 I,B 1,2 

Sfdev* .4 ,a -5 
Driving Enjoyment --- 8dImud Control -- Convenf ond  Cmise --"- ACC 

AIean 2 8 2.0 H,2 

PEease rank the modes sf operation, using the numbers (1) to (3, to mswer the foilowing 
quest.ions: 

1%. h generd, under what mode of operanion did you feel like you &ove fatest? 
(1 --- fastest, 3 = s2lo~~vestf 

-- klmuaJ Control Conventiand Cmise Convol ACC 
dNJLelan I,C 2.3 2 3  

Stdev. -6 .7  o 7 4 

13, Which xiode of operation required you Lo apply the br&es most ohen? 
(1 = least brdiag, 3 = mast brddng) 

-- Jvfmniua8 Convol Ganventisnd Cmise Control ACC 
dLVea~~ 20 2.3 H,7 

S&yeva . 9 .5 .9 
14. Under which mode sf operalion do you drive mose caudously? 

(1 = mmst cau~ously ,  3 = least cautiozsly) 
IUmud Control -- Converntiond Cmise Conesi ACC 

SaTe~, I, 6 .d a 9 
15. \&%at did you th-ink of the rate of deceleration provided by the ACC systen~ when 

foiRswiEg sther v e ~ c l e s ?  

Too Too 

Slow Fast 
/Mean --. 3,s Sdev ,  = 1-3' 



16, M a t  did you aksid of the acceleration provided by the ACC system when pulling 
into an adjacent lane to pass other vekclles? 

1 2 3 4 5 6 4 

Too pga 

h 08 

Slow F 
.? ast 

Mean = 3,s Saev = 2*4 

17, How consistent did you n ~ n t i n a  your speed when using the ACC system, as 
compaed to d ~ v i n g  mmudly? 

18. W e n  using the ACG system, as esmpaed to driving mmudeiry, did you find yourself 
more or less awue of the actions of vehicles aound you? 

Aware 
Stdev, -- d,3 

19. When using the Ace system, as compaed to hiving manhndly, 8161 you find yourself 
more or less responsive to the actions of vehicles around yau? 

F 2 -2 2 4 5 0 9 a 

very V ~ T  
Umespsnsive Responsive 

Mean = 5 3  Sikdev, = 1-5 

20. When easing the ACC system, did you ever feel  yo^ didn't understmd what the 
system was doing, what was e&ng place, or how the ACC system f i g h t  behave? 



2 1. How easy or difficult did you find ie to r~knta in  a sale disitaaaee 1s the pnceiicg 
vehicle using each of thc foIls~~;ing modcs of operation? 

h$f~ro.~.nal Contrc~I I C, 3 4 5 6 '9 9 
i 

V q i  V~r:i 
Difiicult Easy 

~WJean = 7 Stdcv0 = 2 2  

Conventiond C n ~ ~ s e  1 2 3 4 5 6 -3 

J' 

Very Very 
Difficult Easy 

/Wean = 3,% Sareve = le 7 

ACC 1 2 3 4 5 6 7 
Very Veqr 

Difficult Easy 
suean = 62 Stdev, = 1 2  

22,  Bow c o d o ~ a b l e  did you feel with your ability to chmge lmes (to pass other cas )  
using each of the following modes sf operation? 

,AACC I e 7 ,j 4 5 6 7 7 

Very Very 
Unssmfonable Comfofli~Ze 

ikrcan -.. 5 6 S ~ P I ~ ,  = do? 



23, Ho3av did using the ACC system dfect your speed, nlative to neighbo~ng ve~cles ,  
when ~ v i w g  in the following trafic envkonments? 
m e n  using ACC on freeways and expressways, 1 drove: 

T 2 3 4 5 5 7 0 - Slower mgaster Didn9 a 
Use 

Mean -- 46 S ~ e w .  = lob  Count of Zeros = 0 

M e n  using ACC ow two-Erne ard kghways' % drove: 

1 2 3 4 4 6 7 0 
Slower Faster Didn't 

Use 
Mean pSdevo = i e3  COUR& of Zeros = 5 

Mew using AGC on major arterid streets, 1 ~ ~ Q B I ~ :  

K 2 3 4 .j 5 6 J C 5 

%Power Faster Didn9 t 
Use 

Mean =3,9 Stdev, - 2-23 Count of Zeros -- PO 

M e n  using ACC in heavy traffic, I drsve: 

i 2 3 4 S 6 7 0 
Slower Faster Didn't 

Use 
Meen -- 3,s Stdev. -. I,,% ~ ~ Z B T B S  = 4 

W e n  using ACG in medium traffic? % drove: 

2 3 4 z 6 .'=a B 3 0 

Siower Faster Didn9 t 
"Else 

Mean =4-3 Sldevo = loll Count ojZeros -- O 

When using ACC in light vaffiq 1 drove: 

l 2 3 4 5 6 -7 0 
Slower Faster Didn9 t 

Use 
Mean = 5-3 Sgdev. -- 1.1 Counb @$Zeros -. O 



1 ,P -1 24.- How did using the Aa:C syste~n ,xfflzct your hea&l~~a>r (foilowing distance), as 
c0rnpwe.d t o  ~ ~ ~ , a ~ u s a d  ca~ntrsi, whm ~lri-~ring n the fbllowing adfie en~b~oa~~~ents? . . 

V17hen using A'CG oa freeways and eacprassways, I6 drove: 

I 2 3 4 5 6 7 0 

Clre~scr Faaher Didn' L 

Use 
]Wean = 43 S ~ e v ,  = 6,6 Gsuni oJfZeros -- 8 

Phen using ACC on two-lane mrd Eghways, 1 drove: 

1 2 3 4 5 6 I 0 a"P 

Closer F&her Didn3t 
Use 

1Mdan = 4 3  Sdevv, .: 1-4 Count oif Zero$ -- 4 
??{hen using ACC on major a3erial sweets, H drove: 

:I 2 3 4 5 6 7 0 
~C~OSCM" Father Didm' t 

Use 
lWe,an = 4 6 Sdev ,  = 1-6 Count ofZarog --. 9 

V h e n  using AGC an heayqr $afli,c9 1 &ove: 

31 2 3 4 5 6 i 0 7 

Clc~ser F ~ h e r  Didn' t 

Use 
dgean -- 6,0 Std,ev, = 1,8 Count ofZeros -- 3 

1 2 3 4 5 6 7 0 
CIOSEP Fmher Didn't 

Use 
 dean = do 4 tSUyeb70 = Jn6 Count 0~~2:eros -- 0 

"6Ailc~ using ACC in light ~ ~ a f f i c ,  I drove: 

1 2 3 4 5 6 7 0 
Cioscr Fmher Didn't 

Use 
dldresn = dB B Sfdev, --. 1,8 Count o,TZeros = 0 



25. How sften, if ever, did you expea%ence 66"nnsafe9y following distmces when using the 
ACC system? 

i 2 J 2 4 x' < 6 nv hl 

Very Very 
Frequend y hfrequendy 

Mean -- 6 3  St!dev3 = L O  

Bfiefly e x p l ~ n  how this may have O C C U ~ ~ ~ :  

26. Do you feel the headway adjustment feature nsefu'%l%? 

1 2 3 4 5 6 7 

Seongly Sbongly 
Disagree Agree 
M ~ Q R  z 6 1  S U ~ V ,  z JaQ 

Briefly explain. your sEategy for adjaas"iang &he headway (i-e., when you chmged it, 
md why): 

27- For the following questions, please rank the mode of operation you are most likely es 
use. (1 -- most likely to use. 3 = least likely to use,) 
h which mode of operation were you more likely to d i v e  on the highway, interstate, 
state route, or turnpike? = -.most likely to use, 3 -. least likely to use.) 

Mmud Control _______Cs~ven,itiond Cmise Ccsn~sl - ACC 
Mean 23 '? 7$ B" i k,8 

En which mode of operation were you mss"8ikeiy to drive on two lane mrd roads? 
( B  --. most likely to use, 3 = least likely to use,: 
_Mmual Contra: -- Conventisnd Cruise Cone01 ACC 

Mean 2 4  22 2-4 

In which mode of operation were you most likely to drive on major arterial streets? 
(1 - most likely to use, 3 = %east likely to xse,) 

,-_Manual Cora~rsa --- Csnventiond Cmise Control -a ACC 
Mean 1 3  2; 6 2-2 



28. How swk did you fel~% using the AGC system'? 

1 2 3 A 5 6 7 
J!lc qt Very 
LTasdc 3 d c  

.&rei~/d = 6*4 SMev, = .9 

29. Do you think ACC is going to increae dn"i.vi~~g sdeqf? 

4 2 3 4 5 6 7 
Suongty strohsly 
Disag.ree Agree 
1VIean = so 8 SMcv, -- %,3 

30. Mfhle kiving using ACC, did you ever feel ovedy confident? 

1 2 3 4 5 6 7 
Skongly SWongLy 
Disagree Agree 
Mean = 3-6 Stdev, = 2 2  

3 1. Did you fee! more condasflable p e r f o ~ n g  addifiond tasks, (e.g., adjusting the heater 
or the ]radio) while using the ACC system as compxed to digaing under mmud 
cowwsl? 

Swsngiy 
Disagree 
JUean -- 5- 0 

Agree 
Stdev. = 1.7 

32. Did you find the ACC system hnetions dis~act ing (e.g., automatic aceelera~on and 
decelerafion)? 

1 2 3 4 5 6 7 
Very Not At MI 

Distracting D i s ~ a e  ting 
Mea!n = 6-5 Stacv, -- 12' 

33, Did you find the ACC system ceon2ponents d i s eac~ng  (e.g., status Bights, control 
buaons)'? 

I 2 3 4 5 6 7 
Very Not A't MI 

Diskacting Distracting 
ddean -- 62 Sldev* = ,!A 



34. WkBile using the ACG system, how often, if ever, did the system fail to detect a 
preceding vekcle? 

35. Wile using the ACC system, how often, if ever, did the system produce f dse  a l m s  
(i,e., repsfled the presence of a vehicle w k e ~  none existed)? 

2 3 d 5 6 7 

,Uways Never 
Mean = 64  SdevC = .7 

36. How easy or difficult do you feel it will be to mxket a vehicle equipped with an 
Adaptive Cmise Control (ACG) System? 

2 3 4 J 5 '7 C 

V ~ Y  Very 
Difficult Easy 
Mean -- 6 4  SHev, -- .9 

3%. How comfodable would you feel if ACC systems replaced convcntjond cmise 
control? 



38. f i eac  ra&, in order t o %  preference, the fouswiwag modes of sperafion for personal 
use, ( 1  --- most desirable, 3 = inas% desirable) 

--mmm- Rl,mud Gowt.rol ----- Go~veationd Gmiise Conk01 A CC 
,$Arean 2 3  2.2 H,4 

39. VIould you be \~riBling buy an ACC system in your next anew v e ~ e l e ?  

40. Approximately how much would you be willing to spend for this feature ira a new 
vebsicle? 

41, Vqould ysu be w11ling 10 rent a velicle equipped with m ACC system whern you 
vavel? 

1 2 3 4 5 6 '7 
d 

Very 'Very 
Unwilling Willing 

lldean -- 7 Stdev. = .7 

42, In general, how does i iwing using the ACC system ccsmpae to ~ v i n g  with 
conventiond cmisc contra~l? 
Reduced work load was cited most qfien as a bene.fit oJfthe AGG gsrcm over 
cons/cntiona% c~-ui,se controk (16 participants). Participants also menaioned t h r  
they were masore alei.f a d  more cognizant of surrounding tra,@c driving with 
adaptive crb~kse confrob (2 parficipants). 

43. C m  yoon suggest my chmges or modifications to the ACC system that n ight  
improve it? 

Five parficipants suggestedfaster accelema'ion jor passing. Also suggested wen. 
providi~~g nigh~bme ilFluminatian ojrfhe 8E4U cruise control buflons andfasrer 
acceleration and decelemtion mlcs 12 participants). 

Did you conre close to having my accidents that you feel were related to using the 
,4CC system? 

men asked they had come close lo hawing any accidents related .to using the 
ACC qstcm, resi~;v;sanse of ail pa~icipants was "Kdo "' One pa~icipant mentioned 
that if he had not been an derf person, he could have been. involved in an 
aceideat. 





APPENDIX D 

Summary of Data Measaremen& for d1 Drivers 

ACC D-ivin~ ---- - 
1 Closing 27 20-30 9 F 8 8 0,149 425% 24382 5 
2  losing 
3 Closii~g 
4 Clod~lg 
5 Closing 
6 Closnng 
7 Closing 
8 C ~ Q S ~ I I ~  
9 Closing 
10 Closing 
11 Closing 
12 Cioslng 
13 Clos~rlg 
J'4 CKoslrng 
15 Closing 
16 Closing 
17 Closing 
I8 Closing 
19 Closing 
20 Closing 
2% Clssisrg 
22 Closing 
23 Closang 
24 C1os:rig 
25 Closrng 
26 Closing 
27 Closing 
28 Closing 
29 Closl~g 
30 Closzrg 
31 Ciosirlg 
42 Closing 
33 Closnng 
34 CSosnng 
35 Closing 
1 C u m  
2 Curin 
3 Cutin 
4 Cuern 



5 cuth 
6 Cutin 
7 Cutin 
8 Cutin 
9 Cuein 
90 Cutin 
,81 cut in  
12 Cutin 
IS  Cutin 
64 Cutin 
15 Cu5n 
I6 Cutin 
17 Cutin 
18 Cutin 
$9 Cuein 
2O Cutin 
21 Cutin 
22 Cutic 
23 Cudn 
24 Cutin 
25 Cudw 
26 Cutin 
27 Cantin 
28 Cutin 
29 Cutin 
30 Cutin 
31 Cutin 
3.2 Cutin 
33 Cub 
34 C c s i ~  
35 Cudn 
d Following 
2 Fo%lowing 
3 Following 
4 Fo$fowltg 
5 Following 
6 Fs%%owing 
7 Foilswing 
8 Following 
9 Foliowing 
80 Following 
% I  Foilowing 
12 Following 
Bd Fsllowing 
14 Fsliiowicg 
85 %oi!owing 
16 Foilowing 
17 Following 
18 Following 
19 foliswlng 
26 FoHlswing 
28 Following 
22 Fol!h;wing 



~ , ~ ~ ~ m m m " m - m , m m ~ ~ , m ~ m  

No. ItdJrssure 1 P$ User Sex 'Transifiorrs P ~ o b a b i l i ~ ~  '--"m------%-.--b&"rm--m -mm-x--m "." , ~ a - m l m m -  " m , ~ " m " . .  

-- 
Trios I Trips 

_ a m m - m l Y _ _ Y m ~ ~ - m ~ , ~ ~ " "  n- 

23 Folloviing 
24 Follo!~lriing 
25 PoSlowjnng 
26 Following 
27 FaAlo'i~ri:ng 
28 Followiwff 
29 FolBoq~ririg 
38 Foli;~~:~,ting 
3J Fc~ll,~~:~rh:g 
3% FZon'i o.&fing 
33 Follo~ining 
34 FoIl,~~la'l~~g 
35 F:ollslV;ng 
% Eiear 
2 Nlcar 
3 .p'J!?[fl 
4 Nem 
5 Pl'ea~ 
6 K e x  
7 :Sear 
8 Near 
9 Near 
I Near 
II Near 
12 .Near 
13 hT"lrgzr 
!4 Near 
1.5 Near 
i d  Near 
17 Near 
18 X e x  
10 Near 
20 Near 
21 Near 
22 Near 
23 Near 
24 Near 
25 Yem 
26 Ye? ,  
27 N c x  
28 Near 
29 Nea 
30 N'ear 
31 Kea 
3 N=r 
33 New 
34 N ' c a  
35 N c z  
I Sepxal6Sng 
2 Sepxa1ir.g 
3 Separadng 
4 Separating 
5 SepuaGng 



6 Sepaafing 
3 Sepaadng 
8 Sepuaeiag 
9 Sepaating 
10 Sepmting 
il Sepasing 
HZ Sepwafing 
13 Sepwdng 
14 S e p m ~ n g  
1.5 Separdng 
16 Sepxating 
17 Separating 
18 Sepaatiwg 
19 Sepabadng 
20 Separ~ting 
21 Sepuating 
22 Separating 
23 Sepxating 
24 Sepza%ing 
25 Sepsating 
26 Sepsating 
27 Sepxating 
28 Sepmaing 
29 S e p z a ~ n g  
dO Sepxating 
d l  Sepmtiwg 
32 Sepmting 
$3 Sepmting 
34 Sepwating 
35 Sepmting 

% Closing 
2 Closing 
3 Closing 
4 Closing 
5 Closing 
5 Closing 
7 Closing 
8 Closing 
9 Closing 
80 Closing 
16 Closing 
1.2 Closing 
13 Closing 
&4 Closing 
15 Closing 
16 Closing 
87 Closing 
18 Closing 
19 Closicg 
20 Closing 



21 Closing 
22 Clodng 
23 Closing 
24 Clljsi13g 
25 Cl'ooiag 
26 Closing 
27 Closing 
28 Cl131si,ng 
29 ("'Joginp 
"30 Glasi:.~g 
3! CI'osing 
32 Cloojng 
34 Closl:1g 
34 Closing 
35' Clssiiiig 
s' Cu1,in 
2 Cntina 
3 Cutin 
4 Cutin 
5 C~adn 
6 Ciifin 
7 Curin 
8 Cutin 
9 Curin 
dO Cutin 
I !  Cutin 
1.2 Gsdh  
13 Cuth 
14 Cudn 
15 Cutin 
16 Curiw 
17 Cutin 
18 C~~arin 
19 Cutin 
20 Cutin 
21 Cuun  
22 Cu!h 
23 Cutin 
24 Culn  
25 Cranin 
26 Curin 
29 Cu~in 
28 Cutin 
29 Cn~,n  
30 Cutin 
31 Cutic 
32 Cotin 
33 u t l n  
44 Cudn 
45 Cudn 
I Following 
2 FoIBowi:ag 
3 Folloviing 



4 Following 
Z Following 
5 Following 
7 Following 
8 Following 
9 FokIowing 
10 Following 
d7H f i l lowing 
I2 Fol%owing 
13 Fojlowing 
14 h l l s w i n g  
15 Following 
16 Following 
17 Following 
18 Fol%owing 
19 Following 
20 Fo'Qllcwiag 
21 Following 
22 Following 
23 Following 
24 Following 
25 Following 
26 FoBBowiag 
27 Following 
28 Fo:sl%swlng 
29 Following 
SO Following 
3;  FolIowing 
32 Fo:o$lowiwg 
$3 Following 
34 Following 
35 Foliowing 
," Near 
2 Near 
3 Kear 
4 Near 
5 Near 
6 Near 
7 Near 
8 Near 
9 Near 
I0 Near 
il Near 
12 Near 
1% New 
14 Near 
15 Near 
16 Near 
17 Near 
88 Near 
19 Near 
20 Near 
21 Near 



m ~ _ Y I W I Y O O _ ~ ~ - m - - ~ = m  --- 
$,70. l'1!4eas ~ r e  D Aoe User Scw Transitjons lkhr~bzbi12- 

~ m m m ~ m m - - m m ~ ~ ~ h ~  
~ ~ , , - - . , ,  - n m , m ~ . m - m ~ ~ m a n w ~ - m u ~ - ~ m  -.mp-m--m- True Fa%s~  T'I~~Dc 



1 Closing 27 20-30 
2 Closing 31 20-30 
3 Closing 38 20-30 
4 Closing 4 20-30 
5 Closing EO 22-30 
6 Closing 15 20-30 
7 Closing 30 20-30 
8 Closing 33 20-30 
9 Closing 37 20-30 
10 Closing 1 40-50 
I 1  Closing 23 40-50 
I2  Closing 25 40-58 
HS Closing 26 40-50 
$4 Closing 29 4850 
85 Closing 34 40-59 
16 Closing 5 40-50 
17 Closing 6 48-50 
18 Closing 8 40-50 
19 Closing 9 48-90 
20 Caoslng 1% 43-50 
21 Closing 2 %  40-5C 
22 Closing 24 40-50 
23 Closing 36 40-50 
24 Closing 3 43-50 
25 Closing 14 4650 
26 Closing 17 40-56 
27 Closing 22 4650 
28 Closing 35 485C 
29 Closing I3 60-70 
30 CIssimg 7 60-78 
31 Clsslwg l i  6870 
32 Closing 18 60-7G 
33 Closing 19 60-70 
34 Closing 20 BQ-70 
35 Closing 32 50-78 
1 Can%in 27 20-38 
2 Cum 38 26-30 
,P edrt 38 20-30 

Cutin 4 20-30 
5 Canun 10 2830 
6 Cutrn 15 20-38 
7 Cutin 30 20-30 
8 C u m  33 26-30 
9 Cutk 37 2G3C 
I0 Cuon % 43-50 
11 C E I ~  23 40-50 
I2 Cuh1;n 25 4G-50 
13 Cuuw 26 46-58 
I4 Cudn 29 40-58 
15 Cutin 34 43-58 



16 Cunia 
.! 7 Cutin 
.IF4 ~Cvtin 
19 Culiw 
20 lClflia 
2 1 Cutin 
22 Cnrin 
23 Cuiin 
24 Calin 
25 Cuaiin 
26 Culin 
27 C:~adn 
28 C I J ~ ~ C I  
29 CMI.~D 
30 Gutin 
3 d Cuin  
32 Culin 
33 Cuho 
34  curl.^ 
3.3 Curin 
,i Foil~.sl~~ing 
2 Fol/ow~wg 
3 following 
4 Pol lo~~~ing  
5 Foilswing 
6 ~o"eal1o~vinag 
7 FoElowing 
8 Following 
9 Fol3sivi.sg 
10 Fo lloqaving 
li Following 
I 2  Following 
13 FolUclzving 
,74 Fellozving 
15 FolRowing 
r6 K~j lo~v ing  
17 Following 
18 Following 
19 Follo~uding 
20 FoFllolirving 
21 &oilslPari~sg 
22 Fsilsvvixag 
23 Following 
24 Fal1cen:ing 
25 Follcwiog 
26 Foli~cwing 
27 Follovdtng 
28 Followzng 
29 Follow~wg 
30 Follovilng 
31 %ollc~~,iring 
32 F~~c~IBow~YTI~ 
43 Foilo7~~nr;g 



36% Following 
35 Following 
2 N e x  
2 Neax 
3 Near 
4 Nem 
5 Near 
6 Near 
7 Near 
8 Near 
9 New 
10 Near 
il Near 
iZ Near 
13 Near 
64 Near 
15 Nem 
16 Nzx 
87 Near 
18 Near 
19 Near 
20 Near 
21 Neaf 
21 Near 
23 Near 
24 Near 
25 Near 
26 Near 
27 New 
28 Nm 
29 Nex 
30 Near 
31 Near 
32 Near 
33 Near 
34 N e a  
dS N m  
8 Sepmting 
2 Sepmting 
3 Sepmking 
4 Sepmting 
5 Sepmting 
6 Sepmdng 
7 Sepmtlng 
8 Sepmting 
9 Sepx"ng 
10 Sepmting 
Pi '  Sepmting 
12 Sepaating 
13 Sepmting 
I4 Sepmting 
15 SepzaBing 
i 6  Sepaatiaag 



No. hleasura 
1 DeceiAvold 
2 DecelAvo:d 
3 DecelAvoid 
4 D ~ e l A v o f d  
5 DecclAvoid 
6 DeclAvond 
7 DecetAvoid 
8 DecelAveid 
9 DecelAvssid 
10 DccelAvoid 
I 1  DeelAvoid 
12 Dece9Avsid 
I S  Decel.2lbvsrd 
%4 Decelhv~id 
I S  B ~ e l A v o i d  
I6  DecelAvoid 
17 DecelAvoid 
18 Decellkl~vond 
19 Deeef Avord 
20 DecelAvosd 
21 BecelAvoad 
22 Decelk&vo~d 
23 Decel f i i i~~ id  
24 DecelAvoid 
25 BecelA void 

ID Age User Sex - P 

17 20-30 0 P 
31 20.30 0 F 
3820~~30 0 F 
4 20-30 0 M 
1020-30 1 F 
I5 20-30 2 F 
30 20-30 9 F 
33 20.313 i ?l,!J 

37 20-30 9 
1 40.90 0 F 
23 40-50 0 F 
25 40-50 0 H' 
26 40-50 0 F 
29 40.50 O F 
34 40-501 0 M 
5 463-50 1 F 
6 40-50 1 F 
8 40-50 9, f 
9 ,4030 1 F 
92 40~50 1 F 
2140-50 1 F 
24 40-50 i F 
36 40-50 1 F 
4 48-50 1 !dJ 

14 43-50 W 34 

Mean 
0.5058276 
0.00587 
0 005 1259 
6.0072676 
0 0054399 
0.0Ql1158 194 
0.0058824 
0.0053 13 1 
0.8959 194 
0.0053975 
0,0053324 
0.0050236 
0.0058306 
0.005 1822 
0.0057525 
0.006 J 68 1 
0.6052286 
0.005 8 683 
0.0057201 
0.0054282 
0.0054263 
0.0054667 
0.0057357 
0 005896 
0 0058542 



26 DeceBAvoid 
27 Decelbebvsid 
28 Dese%Avsid 
29 DecelAvoid 
30 DeceIAvoid 
d l  DeeelAvoid 
32 DecelAvaid 
33 DecelAvoid 
34 DeceIAvoid 
35 DeceIAvoid 
1 Flow 
4 mow 
3 Row 
4 How 
5 Flow 
5 Flow 
7 Flow 
8 Flow 
9 Row 
10 Row 
I I  Row 
1% Rcw 
13 %;%ow 
I4 Row 
15 Flow 
16 Flow 
13 Flow 
18 Row 
19 Flow 
20 Flow 
21 HOW 
2% Flow 
23 Row 
24 WOW 
25 Flow 
26 Flow 
27 Flow 
28 Flow 
29 How 
30 Wow 
31 mow 
32 Flow 
$3 How 
34 Row 
$5  ow 
1 Hm 
2 Wm 
3 Hm 
4 HLT 
5 Ham 
6 Hm 
7 Hm 
8 Hbrn 





No. Mesure  







No. Merfi2rc IXl or User Sex 2" w-,,m-wm#m ~ 

CCC Driving 



26 QeeeBAvoid 
2 7 DeeePAvoid 
28 DecelAvoid 
29 Decebvoid 
38 DecelAvoid 
31 DeeelAvsid 
32 DweBAvoid 
33 Dseel%8vofd 
34 DecalAvsid 
3.5 DecelAvoid 
I now 
2 Row 
3 now 
4 n o w  
9 Flaw 
6 Row 
7 n o w  
8 Row 
9 How 
HO Row 
a"] Row 
2 How 
i3 ROW 
a4 HOW 

15 How 
16 Row 
as ROW 

18 Flow 
19 Row 
a0 ROW 
'21 f low 
22 How 
23 F l ~ w  
24 Row 
25 Flow 
26 Flow 
as n o w  
28 Fkow 
ae ROW 
30 RDW 
31 Eow 
32 Flow 
33 Row 
34 Row 
35 Raw 
1 Htm 
a Hm 
3 Hm 
4 Hm 
5 H?m 
6 Htm 
7 HEK 
8 Hm 







10 T'hrauYc 1 413-50 
iI %!mltle 23 40-50 
12 Throt~Ee 25 40-50 
1 3 J n ~ r o n l ~  26 40-50 
14 T7voti.l~ 29 4CL50 
15 'flror~le 34 461-56 
16 *fir806sjc 5 4Cll-50 
I," Thr~ttle 6 4Cl-5n 
68 flwc~ttlc 8 40-58 
I9 " h o n i e  9 40-56 
217 TITc~~LIE 12 401-50 
2 l Tir~sxlutile 21 401-50 
22 T1~~1ortlc 24 40-58 
2 1 T~c l td  2 36 40-51C1 
2." %lx~c~!..Ic 3 46-5Cl 
25 T ~ l ~ o r  1% 14 40-50 
26 TRmeeaa 17 40-50 
27 Tbranl? 22 40-50 
28 ' ~ ~ ~ ~ t t l ~  35 40-50 
29 Thxat~l; 13 60-70 
30 777~01112 7 60-70 
3% TZvo~dz 11 60-70 
32 'Flronlie 18 66-70 
33 Tl~osali: 19 60-7C 
34' Thhe.oftle 20 60-76 
33 TI~ottlt: 42 60-70 
1 TnmeTaImpacs 27 20-30 
2 TimeTolmpacn 39 20-30 
3 FTimc'Pr~lmpaci 38 20~30  
4 Tima,Ta,Empaci 4 28-39 
5 T,~meTr)%wpacr 10 20-39 
6 T~n~~Toimpacm 15 20-30 
7 TriareTrslmpact 30 20-30 
8 T~ma?"a>%rpacr 33 20-30 
9 TnmrTi~~Impact 37 2030  
d O  TnnsrTolmipact 1 40-50 
% 1 TnmeToJmpaca 23 40- 50 
I 2  "JTmeToJapacc 25 40-50 
13 T~meTsillwpacr 24 40-59 
14 Timt Tz~Tmpact 29 40-50 
15 T imcPc~Fmpact 34 4058 
I6 Tirr~eTtilmpact 5 40-50 
17 Tirne*%"o%mpact 6 40-50 
18 T~msTslmpact 8 40-50 
19 Tlnas%u:~lmpact 9 40.50 
20 Tn~neTr~/mpacr 12 40-50 
21 TrmeTe. llmpact 21 4850 
22 TnmeIc%mpace 24 43-50 
23 TzineTclmpacl 36 4lCj-58 
24 Tim-sTl.lwpact 3 4858 
25 TarneTtkmpact 14 40-50 
26 TnnlsTsTmpact 17 40-50 
27 TimcTcImpacl 2% 40-50 







26 DecelPlvoid 
27 DeceIAvsid 
28 DecelAvsid 
29 Decekvoid 
30 DeceIAvoid 
31 D w e k v s i d  
$2 DecelAvoid 
33 DecelAvoid 
34 DeeelAvsid 
35 DeceMvoid 
1 mow 
2 Floa~d 
3 Row 
4 Row 
5 now 
6 n o w  
7 flow 
8 Flow 
9 Row 
l o  Flow 
I 1  Flow 
12 Row 
13 Row 
I4 Flow 
15 Flow 
16 Flow 
17 Row 
18 Row 
19 n o w  
20 n o w  
2 n o w  
22 n o w  
23 R o w  
24 Row 
25 n o w  
26 Row 
27 Flow 
28 Flow 
29 Flow 
30 Flow 
3% Flow 
32 Flow 
43 Row 
34 Row 
35 Flow 
I Hm 
2 Hrm 
3 Hm 
4 Hm 
a Hun 
6 Mm 
7 Hm 
8 Hem 



_ a _ v m m _ o m O O ~ ~ = - "  u-n-- ------ 
JD P h ~ e  User Sex Idem StDev la.Ll! No. Measure L ,--- - rnmsmm" mmmm--m-,""" --=-- Choanwr 

mmB"L"-mmm 

9 Htm 
1 0 I-Vt"1191 
II #!m 
1% Htln 
63 Htm 
14 Id h~n 

15 Wbm~ 
16 Ihm 
"! 7 I-JLrn 
18 Htim 
19 Nr in 
20 Wun 
a1 ahn 
22 E l t n  
23 Htrn 
24 Hrra 
25 Htm 
26 FKTITU 
27 Ham 
28 kB1m 
28 Btnn 
3& Ha23 

36 Hm7. 
32 klm 
33 I-lm 
3.4 Men1 

35 Hrni 

i RangeVgQ5 
2 RangeVgQS 
3 Rangevet35 
4 RangeVgt35 
5 RangeVgOS 
6 RangeJI2~35 
7 RangeVgd5 
8 RangeVg05 
9 RangcVgt35 
10 WangesargU5 
i i Rangeq4gOS 
12 WangeVgO5 
I d  RtmgeVgO5 
14 RangeVgOS 
1.5 Wan geVgQ5 
16 WaageVga35 
17 WangeVgBS 
18 RangeVgO5 
19 RangeVgOS 
20 Ran;e!SgGS 
2 1 RangeVgt35 
22 RaagcBIPga35 
23 WangsVgQ5 
24 RnnpeVg05 












