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FOREWORD 

This report documents the methodology and the results of a study to determine 
whe~her driver performance at partially lighted interchanges could be improved 
by upgrading the delineation system to equal performance at fully illuminated 
interchanges. The study was carried out under dry as well as under rainy 
weather conditions. The investigation evaluated drivers' ramp speeds, lateral 
placement, edgeline and gore encroachments, brake activation, and use of high 
beams. As part of the study, the effects of transient visual adaptation (TVA) 
were investigated. TVA is a temporary reduction in the sensitivity of the eye 
when a person moves from a bright area into a darker area, i.e., that 
experienced in entering a movie theater or driving into a tunnel in daytime. 
Driver ramp speed performance downstream of the partial lighting showed such 
an effect was occurring. The study results also show that even with a 
substantial upgrade of delineation, driver performance under partial lighting 
will not equal that of full lighting. 

Sufficient copies of the report are being distributed to provide two copies each 
to FHWA regional and division offices and State transportation agencies. 
Separate distribution is being made directly to each division office. 
Additional copies of this document are available from the National Technical 
Information Service (NTIS), 5285 Port Royal Road, Springfield, Virginia 22161. 
A charge is imposed for copies provided by the NTIS. 

NOTICE 

~~ 
R. J. Betsold 
Director, Office of Safety and Traffic 

Operations Research and Development 

This document is disseminated under the sponsorship of the Department of 
Transportation in the interest of information exchange. The United States 
Government assumes no liability for its contents or use thereof. The contents 
of this report reflect the views of the author, who is responsible for the 
accuracy of the data presented herein. The contents do not necessarily 
reflect the official policy of the Department of Transportation. This report 
does not constitute a standard, specification, or regulation. 

The United States Government does not endorse products or manufacturers. 
Trade or manufacturers' names appear herein only because they are considered 
essential to the object of this document. 



f 
' I 

I 
f 

......... ,,... 
FHWA-RD-88-223 .. ,. ... _,,,....... 

TRADE-OFF BETWEEN DELINEATION AND LIGHTING ON 
FREEl-lAY INTERCHANGES· 

j_ a...._.o ... 
August 1989 

t-,,-----,,...,...-------------------------1•· ,. ............ a.__. • ..._ • .,.....~ , .......... 
IR.S.Hostetter.K.W.Crowley,G.W.Dauber,E.L.Seguin '· r-........,~ ....... "--".......,.•• 

IFR Applications, Inc. 
257 South Pugh Street 
State College. Pennsylvania 16801 

1-,,--.-. -s.---.-. -. -.-,.----.-"------.--,.-.... -.-.----------------1 
Office of Safety and Traffic Operations 
Research and Development 
Federal Highway Administration 
~-:t:nn - ·•-- "tJ.f•-- --T--. ... u.A ""t.,,n,_.,"'.,.,,L. 

10. W..t.. lJMt H•. (1 RAIS) 

NCP-3A2C0012 
II. ~-C.-.N•. 
DTFH61-85-C-00137 
I J. 1,.... _, R,...... -4 ,._._. C---4 

Final Report 
January 1986-June 1989 

15
· -•--•-• FHW'A contract manager (COTR): J. Arens 

!rhanks to W. Gruen. P. Briglia, WA DOT, for assistance; and to suppliers for 
~elineation material: H. Wolt~an, 3M. St. Paul, MN; T. Duncan. Duncan Indus •• 
)es Moines. WA: L. Smith- Amerace Corn.· T_ •• _ - .. - T" .. •1 .............. 

-==,,,.__::;_The objective was to determine whet.her, with impruved delineat.ion, perrur,n­
ance at partially lighted interchanges can appruech perfor•ance under full 
lighting, par-t.iculerly in rein.. Two field studies wer-e conducted. lhe first. 
was to deter•ine •hethe[' t["ensient. visual adaptat.iun (TVA) influences detec­
tiun un partially lighted interchanges and cuuld interact with lighting. It 
was shuwn that TVA occurs under partial lighting and influences detectiun up 
tu 600 feet frum t.he last. luminaire. The eec:ond Field study was tu det.e['­
mine t.he effect or liqhting, weather, and improved delineat.iun un driv~r 
performance. Data were obtained un twu e)(it.s in d[")' and wet- west.her under 
full lighting with baseline delineatiun. Data were then obtained under 
partial lighting, with baseli11e and th["ee impruved delineation syste~s. 
Partial lighting et one exit was with one lu111inaire, at the uther with three 
luMinaires. findings support the cunt.ent.iun t.hat. 21 l lighting is superior 
to partial lighting in ramp speed-related measures Analysis of delineatiun 
effects un ramp and spot speeds and on speed distr butiu11a showed few dir-
fer-ences under dry condit iuns. ln rain, effects were st ['unger but were 
neither large e110ugh nur cunsiste11t enuugh to recum•end impru~ed delineatiun 
uver the baseline system. Nunstetisticel cumparison of the result~ fru• t.he 
t,wu sites provided evidence that three-luminaire partial lighting wes super­
ier to single-luminaire. Performance on rafflP segments du~nstream uf the 
laat lu•inaire suggested TVA influence<! result.a. 
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visual adaptation 
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APPROXIMATE CONVERSIONS TO SI UNITS APPROXIMATE CONVERSIONS FROM SI UNITS 

II Symbol When You Know Multlply By To Find Symbol Symbol When You Know Multiply By To Find Symbol 

LENGTH LENGTH 
In Inches 25.4 millmetres mm mm millimetres 0.039 lnchea In 
ft feet 0.305 .metres m m melr81 3.28 feel " yd yards 0.914 metres m m m&lrel 1.09 yards yd 

ml miles 1.61 Uometres km km kiometres 0.621 mies ml Ill 
AREA AREA 

In' square Inches 645.2 mftlimelres squared mm" mm" millimetres squared 0.0016 square Inches In' 
ft' squara 1881 0.093 metres squared m" m" mEtres squared 10.764 square feet ftl 

yd'- squara yards 0.836 metres squared m" ha hedares 2.47 acres 10 
BC acres 0.405 hectares ha km" kilometres squared 0.388 square mies ml' 
ml' square mies 2.59 kilometres squared km' 

VOLUME VOLUME 
11oz fluid ounoes 29.57 m~lililres ml ml milllitres 0.034 fluid ounoe, fl 02 Ill .... Ill gal gallons 3.785 litr89 L L tires 0.264 gallon• .... gal 
ft' C\t)(c feet 0.028 metres C\t>ad m• m' metres ctbed 35.315 Cl.blcleel fl' 

yd' C\t>lc yards 0.765 metres C\t>ed m' m' metres C\t>ad 1.308 C\bic yarda yd' 

NOTE: Volumes greater than 1000 L shaft be shown In m•. 

MASS MASS 
oz ounces 28.35 grams g g grams 0.035 ounces oz 
I> pounds 0.454 kffograrns kg kg klograms 2.205 pounds lb 
T short tons (2000 I>) 0.007 megagrams Mg Mg megagrama 1.102 lhort ton& (2000 I,) T 

TEMPERATURE (exact) TEMPERATURE (exact) 
•F Fahrenheit 6(F-32)/9 Celclus •c •c CelciUB 1.8C+32 Fahrenhe• •F 

temper alUJe temperature temperature temperaMe 

lllumlnatlon lllumlnatlon 
le loot-candles 10.76 lux be Ix lux 0.0929 lool-eandea le 
IL loot-Lamberts 3.426 candela/rn' c,J/,nl c,J/,nl candela/rn' 0.2919 loot-Lamberts IL 

• SI Is the symbol !or the International System of Measurement (Revised July 1989) 

:i.~ ...... , ·•··•;.i-;-~-- -•··"'•J1'•'.,,":,11,1,,,~_1_.• , .. ,:,,:,., ';.,;..,· . ,, • 4t - ..... - .. -.... , ~..;. .. _ ..... , ,• --
1.:,1•, .-.-.-' • : • ~. ' ,., '•'t'lc,,. ~, .- ........ ,,,,-,;.,,·., -~-·••'· ·•,e.··· ,, . 

L 

i ~ 
'I' 

i 
ti' 

', 

I: 

·} 

ii, 

J 



I 

I 
f 
I 

I 
t 

"mBI£ CF CXNl'ENlS 

section 

IN'IK)DOC'l'ION. 

1 • l?ur:i;o se • • • 
2. Baclground 

FIELD STUDY CF TRANSIENl' VISUI\L Am?mTION. 

1. 
2. 
3. 
4-
s. 
6. 
7. 

In trcd u::tion 
Test PrOCEd ure 
~st Intercharge •• 
'largets an::J 'larget Placenent. 
Subjects •• 
Iesul. ts ••• 
Cbnclus.ions 

FIELD STUDY CF LIGfl'ING ANO CELINE'ATION • 

1. 
2-
3. 
4. 

5-
6. 
7. 
8. 
9-

10. 
11. 

12. 

13. 

14. 
1 5. 

Methcrl of Selection of eel ineation Systens. • 
eel ineation Systens 'Iested. • • 
Site Selection. . ..... 
Site O:laracteristics. • • • • • • • • • • • • • • • • • • • • • 
a. Site #1 • • • • • • • • • • • • • ••••• 
b. Site 112 • 
Illunination Olaracteristics. 
'n!chniques ased to Dete-cmine Lighting revels. 
Lightin; System Perfoz:marx:e •••••••••• 
Field Stu:ly 02sign. • • • • 
e.raluation Measut"es an1 Instrunentation •• 
Data Analysis • • • • • • • 
Speed-Related Iesul.ts--Lightin; Con:Htions an:i weather 

a. 
b. 
c. 

with Baseline 02lineation ••• 
Ra-op Space Mean Speed (Tc"ap 2 to SJ 
Ranp Speed Distributions (Trap 2 to S). 
Trap Speed Distributions 

d. "Tails" of the Trap~ Distributions 
Speed-Rel.ate:i Pesul.ts--Jrnprored Delineation arrl 'M!ather •••••• 

Panp ~ace rtean Speed (Trap 2 to 5) a. 
b. 
c. 
d. 

Ratip Speed Distributions (Trap 2 to 5). 
"Tails" of the lanp Speed Distributions (Trap 2 to 5) 
Trap Speed Distributions. • • • • 

e. "Tails" of the Trap Speed Distributions 
n: iver Behcl\7 ior Effects • • • • • • 
a. lateral Placenent MeasUC"e 
b. Bcake Application Measure • • • • 
c. B:lgel ine En=acbnent l'easure • 
d. Gore Encroactment Measure • • ••• 
Effects of New Ianps on Cciver Perfoanance. 
canparative Costs of Lightirr;i ar.d Delineation 

iii 

1 

1 
2 

3 

3 
4 
5 
7 
9 
9 

i2 

13 

13 
13 
16 
20 
22 
22 
24 
26 
27 
30 
31 
35 

37 
38 
39 
40 
44 
48 
48 
so 
52 
53 
60 
63 
63 
70 
71 
72 
73 
74 



TABLE CE CDNl'EmS (continued) 

secticn 

SIH'IARY CF RESULTS. 

1.- Transient Visual Pdaptation • • • • • • • • • 
2. Effects of Lighting and Weather on Ramp ~ •••••• 
3. Effects of Lightirg and Weather on P.ar!p Speed Distributions 
4. Effects of Lighting and Weather on Trap ~ Distributions 
5. Effects of Weather and Delineation on Ra:ap Speeds ••••• 
6. Effects of Weather and Delineation en Ramp Spee;'! Distributions. 
7. Effects of Weather and Delineation on Trap Spee;'! Distributions. • 
8. Effects of weather and r:elineation on Driver Eehavior reasures. 

CONCLUSIONS AND REX:CM&lll\TIONS 

APPENDIX A: &lp~rtirg Il3.ta 

APPENDIX B: r:etailed rescription of Delineation Syst611l5. 

APPENDIX C: retailed r:escription of M:!.asurenent Systan r:eployment. 

LIST OF FIGURES 

1. llll.111inance measures on nortttx>urx:J. exit ranp,. TVA st\.rly site 
2. Ill1.minance measures on southbound exit ri:l!lp, 'NA stooy site 
3. Target locations for TVA stll:iy • • • • • • • 
4. Distances at l<tlich sl.t>jects detected targets placed at the five 

ranp locations • • 
5: Baseline delineation 
6. Delineation UPJrade 1 
7: r:elineation UpJ rade 2 
8. Delineation Op;jrade 3 
9. Site # 1 photo ••••• 

1 O. Site # 2 ph::)to • • • • • •••• 
11. Site #1 lighting configuration • • • • • ••••••• 
12. Site #2 1 ightirg configuration • • • • 
13. Site #2 illl.ntinance levels under full lighting, as designed and 

as neasured inservice, at intervals alorg exit • • • • • • 

~ 

78 

_- 78 
78 
78 
79 
79 
80 
81 
82 

83 

85 

96 

98 

100 

6 
6 
8 

11 
15 
17 
18 
19 
21 
21 
23 
25 

14. Site #2 ill1.minance levels under full lighting, as designed ( initial 
28 

28 
32 
33 

values) and as measured (new lanps), at.intervals along exit. 
15: Site #1 speed trap configuration •••••••••••.••••• 
16. Site #2 speed trap configuration • • • • • • • • • • • • •• 
17. Site #1 romp speed distributions ( full vs.i;e.rtial lighting, 

J33..seline, 11ie:t) • • • • • • • • • • • • • • • • • • • • • • • 
18. Site #2 Trap 4 si;eed distributions ( full vs. partial li..']htirg, 

Baseline, dry) • • • • • • • • • • • • • • • • • • • • • • • 
19.- Site #2 Trap 5 si;:eed distributions ( full vs. partial lighting, 

Blseline, dry} • . • • • • . • • • . . • • • • . . . • . . . 

iv 

40 

41 

41 

., 



LIST OF FIGUAf:S [continued) 

section Page 

20. Site #·1 Trap 2 speed distributions ( full vs. partial lighting, 
Baseline, wet). . . . . . . . . . . . . . . . . . . . . . . . . 43 

21. Site #1 Trap 3 si:ee:l distributions (full vs. partial lightin;, 
Baseline, wet). . . . . . . . . . . . . . . . . . . . . . . . . . 43 

22. Site #1 Trap 4 speed distributions ( full vs. partial l ightin;, 
i:;a5el ine, wet). . . . . . . . . . . . . . . . . . . . . . . . . 44 

23. Site 112 ranp si:ee:l distributions (Baseline vs. up;raje 2, dry, 
partial lighting) . . . . . . . . . . . . . . . . . . . . . . . . 51 

24. Site #2 ranp spee:i distributions (Baseline vs. Up;rade 3, dry, 
partial lighting) . . . . . . . . . . . . . . . . . . . . . 51 

25. Site #2 Trap 5 spee:I distributions (Baseline vs. Up;Jraje 2, wet, 
partial lighting) . . . . . . . . . . . . . . . . . . . . . 54 

26. Site #2 Trap 5 spee:I distributions (Baseline vs. Up;rade 3, W:?t, 
partial lighting) . . . . . . . . . . . . . . . . . . . . . 54 

27. Site #1 Trap 2 spee:1 distributions ( Baseline vs. Up;Jrade 2, dry, 
t partial lighting) . . . . . . . . . . . . . . . . . . . . . 56 

28. Site #1 Trap 4 speed distributions ( Baseline vs. Up;ra:ie 2, dry, 
partial lighting) . . . . . . . . . . . . . . . . . . . . . . . . 56 

29. Site #2 Trap 3 speed distributions (Baseline vs. Up;ra1e 2, dry, 
partial lighting) . . . . . . . . . . . . . . . . . . . . . . . . 57 

3C. Site #2 Trap 4 speed distributions (Baseline vs. up;ra1e 2, dry, 
partial lighting) . . . . . . . . . . . . . . . . . . . . . . . . 58 

31. Site #2 Trap 5 si;.ee:l distributions (Baseline vs. U.E,gra::le 2, dry, 
partial lightiD:J) . . . . . . . . . . . . . . . . . . . . . . . . 58 

32. Site #2 Trap 3 speed distributions (l:lasel1ne vs. up;ra:ie 3, dry, 
partial lightiD:J) . . . . . . . . . . . . . . . . . . . . . . . . 59 

~ 33. Site t2 Trap 4 s,.eed distributions (Baseline vs. Up;r a::le 3, dry, 
partial lighting) . . . . . . . . . . . . . . . . . . . . . 59 

34. ~ite #2 Trap 5 speed distributions ( Baseline vs. Up;ra::le 3, dry, :., 

partial lightiD:J) . . . . . . . . . 60 -. 
t 35. Lateral placanent - Trap 4 - Site #1. 65 

36. Lateral placanent - Trap 5 - Site #1. . . . . 66 
37. Lateral placanent - Trap 6 - Site #1. . . . . 66 
38. Lateral placanent - Trar:, 4 - Site #2. . 67 

i, 39. Lateral placanent - Trap 5 - Site #2. 67 

i 
40. Lateral placanent - Trap 6 - Site t2. 68 

V 



LIST OF TAbLl::S 

sect.ion 

1. Results of the ~RP sttrly •••••••.•••.•..•... 
2. SUbj ects by age and sex • • • • • • • • • • • • • • • • • • • • 
3. SUll!lary of mean distances frOI\ p,int of detection to target, in 

illuninated and oonillur.lnated o::>n::iitions, witn targets at 
p:,sitions downstrecrn of f.inal ranp luninaire. • • • • •• 

4. Delineation systens tested •••••••••••••••• 
5. Canput-c:r--calculated roa::I illll'llinance, pavenent llIIll.nance, an:i 

snall target visibility at each exit ••.••••••• 
6. Lightirg and weather conditions un:ler s.tiich delineation 

systans were tested • • • • • • • • • • . • • • • • • 
7. Key to abbrE!l.'iations usErl in graphics and tables •• 
8. Statistical effects of lightin;; and weather--A.,..WA. 
9. Effects of 1 ightirg and weather on space mean spee:l • 

10. 15th and 85th percentile speeds established urrler full lightin;i 
with Baseline delineation, by trap ..•••••••••••• 

11. Site # 1, percentcge of drivers -.tio operated at speeds slower 
than the 15th percentile criterion •••••••..•.... 

12. Site #2, percentage of drivers i.ho operated at spee:ls slower 
than the 15th percentile c::iterion •••.•.•••••.•. 

13. Site # 1 , percentage of drivers "1'10 operated at speeds faster 
than the 85th 'percentile criterion •.•.•.•..••••. 

14. :::.ite #2, percentage of drivers ..t10 operated at s;;,eeds faster 
than the 85th percentile criterion •.••••••••• 

15. :::.tatistical eftects of weather an:::i aelineation •••• 
16. Effects of lightin;;, weather, aM delineation on space 

mean speed. • • • • • • • • • • • • • • • • • • • • • • • 
17. Values and probabilities fran K-5 tests for significant 

differences in ranp speed distributions, wet an::i dry -..eather. 
18. T-test values for delineation system canparirons. • • • • 
19. Values and pi:-obabilities frcrn K-S tests for significant 

differences in trap speed distributions • • • • • •• 
20. Percentage of drivers bel0"1 the 15th percentile speed and abolle 

the 85th percentile speed for each delineation systan 
21. ~an distance ( ft) of vehicles fran e:1geline at Traps 

4, 5, arld 6 . . . . • . . . . . . . • . • • . • , • • 
22. Lateral placanent differences bet...ieen full lighting with Baseline 

delineation and delineation systems un:ler partial lightirg. 
23. Site #1 - mainline brakin;;. • • • • • • • • ••• 
24. Site #2 - mainline brakirg •••• 
25. Site #1 - edgeline encroachnents. 
26. Site t1 - gore en=acrments ••• 
27. :::.ite #2 - gore en=ach'nents ••• 
28. Canparative delineation and lightirg costs. 
29. costs to delineate Site #2 ••••••••• 
30. Detection distance with ta:cget location at right side, 

350 ft (106.75 ml ••••••••.•••••••••• 
31. Detection distance with ta:i:get location at right side, 

475 ft (144.88 m) ••••••••••••••••••.• 
32. Detection distance with ta:i:get location at. right side, 

600 ft (183 m) ••••••••••••••••••••• 

vi 

• 

~ 

3 
9 

10 
14 

27 

30 
37 
38 
39 

45 

45 

46 

46 

46 
4<:l 

49 

50 
52 

55 

61 
,, 

64 ' ◄, 

69 
71 
71 
72 
73 
73 
76 
77 

85 

86 

a-;· 



33. Cetection di.stance with target location at left side. 
350 ft (106.75 m) ••••••••••••••• 

34. Cetection di.stance with target location at left side. 
600ft(183m) •••••••••••••••••••••• 

35. Confidence intervals for significant TllA target locations 
36. Site #1 M¥NA table for statistical effects of lighting 

aoo \!Eather • • - • • • • • • • • • • • - • • • • • 
37. Site #2 ANINA table for statistical effects of lighting 

ani 1oeather • • • • • • • • • • • • • • • • • • • • 
38. Site #1 1il¥NA table for statistical effects of -.ther 

and delineation • • • • • • • • • • • • • • • • • • 
39. Site #2 &VINA table for statistical effects of W:!ather 

and delineation • • • • • . • • • • • • • • • • 

.. "", --·· 

40. T-score values for Baseline and up;rade:I delineation at the 15th 
and 85th percentile "tails" of the trap s~ distributions 

41. Celineation syst6!1S ranke:3 for lateral placenent a;ainst 
Baseline delineation with full lighting, and a;ainst 
center-of-lane p:>sition • • • • • • • • • • • • • • ••••••• 

vii 

87 

88 
89 

90 

91 

92 

93 

94 

95 

j 

• 
~ 

I 
I 
' l 
1 
1 
:i ,, 

;' 

' ·t 
j 
l 

i ' 
l 
~ 

t 
'i 
J 
~ • '0 ,, 
~ 

~-·i 



·-:_·I 

; 

INTROarTION 

1. Purp:>3! 

The research objectives were: 

o 'lb detemine whether, with :impro<Jed delineation, le11els of safety 
and traffic operations at partially l:ighted interchan;es can 
approach trose of fully lighte:l ones, particularly in rain. 

o 'lb detemine i.hether transient visual .daptation influen::e:l driver 
visual perfomance arrl could therefore interact with delineation arrl 
l :ightin;i. 

With re;ard to the first objective, three ~ ra:led delineation systens 
plus a baseline systan were subjectErl to fielc testil'l:I at each of tw, sites. 

Che site used sin:Jle-luninaire partial l:ightin;, but had luninaires in place 

for full lightil'l:I. The other site use:! three-luninaire partial l:ightirg, but 

had luuinaires in place fbr full lighting. It 1es therefore possible to 

canpare driver perfomance pra:hced by the three ui:gra:3e::! delineation systens 

with that Eroduced by a baseline delineation systen 1.JOOer both full arrl 

partial l:ightin3. Oita 1'ere ootainErl urder clear, dry corrlitions am urder 
rain conditions. 

'lhe UP:Jra:1Erl delineation systans anployed more raisErl pa17anent markers 

and p:>st del ineators than is custanary, and ex:per :imented with greater areas 

of retroreflectivity on both. Thicker gore stripil'l:I was use:! in one 

U£9ra:ie to irovide greater retroreflecth•ity unaer rain ccn:litions. 

If the transie-it visual a:laptation (TVA) phenanemn were to operate on 

drivers dCMlstrean of the l:ighted sagment on a partially lighted ranp, that 

area w:,ulc be a particular carrl idate for :imprO<Je:l delineation. While TVA has 

been denonstratad in the laboratory, no attempt had been mcrle to establish 

its eic:istence in the field. Therefore, to satisfy the secorrl objective, a 

prel:iminary field test ~s perfooned to deteDUine W'!ether the '!VA phencmeron 

operates on partially light.a:! intercharges. 

'lhe irel iminary test s:>i.yht the e>ctent to which TVA, if e>cistent, de­

gra:les detection perfocnance as drivers tra11el fran the lighted to unlighted 

segment of a partially 1 ighte:l ranp. '!he test ,,,as condu::tai on a partially 

lighted exit and entrance ranp ( four an1 five luuinaires, respectively) using 

detection distance to roa:lside ta.:cgets as the measure of effectiveness. 



2. Badtg rollild 

Prior to a stl.l:iy by Janoff et al. (N::BRP 256), there 1oaS oo empiric-,-,, 

infomiation on the relative effects of partial versus full interchange 

lighting on d=iver perfor:manoe. ( 11 While partial lighting 1oBS toou;ht,. 
by sane, to provide many of the benefits of full ligntin;J, there W:!re others 

~ felt that partial lighting \65 less safe. 

N:BRP 256 evaluatErl the effects of partial lighting, canplete lighting, 

and no ligh~ on traffic operations at a freeway interchange. Following a 

pilot stt.J:iy o:>rrltrted on a direct connec::ion ranp on a three-leg interchan;Je, 

the main field stt.J:iy "85 corrluctErl on a loop ranp; a design for lohich partial 

lighting is seldan used. 'lhe tw:) data collection efforts were condu:ted on 

fully lighted facilities for ..tu.ch al1 or sane of the lights 1oere turned off 

to obtain data urrler the partial lighting and no lighting coroitions. Ebth 

the pilot site and the main site Wi!re of a design ~ch prodix:es more diffi­

cult driving situations than the dianond interchanges stooiErl durill3 the 

current research. 

'Ille fin::lill3s of the stlXiy providoo a primary i.mpetllS for the current 

effort. 'lhe general conclusion of the study W:1.s that canpl.ete interchange 

lighting is superior to partial lightin;J in providing snoother am safer 

nighttime operations at the interchaz)3'e. 'lhe major conclusions of the stooy 

-.ere: 

o Onplete lighting perfonns better than partial lighting consistill3 of 
one, tw:i, or four 1L111inaires. 

o Either canplete or partial lighti03 noilDally perfoDDS better than no 
lightiJl3. 

o Partial lightill3 systans with fewer liininaires (one or tw:i) frequent­
ly perfocm better than partial lighting systans with a greater nlJllber 
of hminaires ( four) • 

o 'lhere is a trade-<,ff bet~ coi;,t and traffic operations and safety 
factors in the design of interchange lighting systans. 

o Elcisting canplete lighting syst:ens sholll.d not be rErlu:Erl to partial 
lighting syi:,tems if traffic oi;erations aoo safety (defined 
in ternis of driver behavior measures) are imp:,rtant considerations. 
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'lhe findin; that the parti.al ligh~ syste:n with fewer luninaires 

frequently resulted in perfom.ance better than that with a greater m.tnber of 

luninai.res sU3gested that TVA may have FCoduced such a result. 'lhis observa­

tion resulted in the decision to determine llbether the phenanenon occurs in 

th= field, aoo the extent to t.hich it influences detection performance. 

Conclusions in the N:BRP stll:ly r8:Jarding the enhancerl safety aro operations 

~re based on measures su:::h as 1E3dlight usage an:! erratic maneuvers. '!able 

1 shows the results refOrted in NCBRP 256.< 1> N:>te that the different 

levels of lighting had no significant infl~ on speed or acceleration 

measures. 

Table 1. Fesults of the NCHRP stooy. C 1) (PIL is partial interchange 
ligh~~ CIL is canplete--ful.1-interchange lighting.) 

MEASt/11! IIESIJLT IMPUCA noNS 

Brake activations Frequencies higher under a L performs better lhan PIL 
PIL than under OL 

Mean brak.inc di:,tanc'e Improved under CIL for CIL performs better than PIL 
cloverleaf interchange 

High beam use Frequencies higher- unde::- CIL performs better lhan PIL 
PIL than und...- CIL 

Diverge/merge patterns Improved under CIL CIL performs better than PIL 

Gore and shoulder enoroach- Frequencies higher under OL performs better lhan PIL 
ments PlL than under CIL for 

three-leg interchange 

Velocity and acceleration Not afl'ectcd by lighting None 

FIEID SI'ODY CF TRANHENI' VISU'\L AD.\PrATION 

1. Introdix:tion 

Ch the exit of a pirtially lighted interchan:,e, l\t!U.naires are usually 

not pl.aced dolol'lstrean of the F,hysical gore. 'Ihus the driver proceeds fran a 

lighted area to a nonlighted area on the ranp. 'llie effect of going fran 

higher to lo~r levels of luninance has been sho..n to be a reduction in 

visual sensitivity. (See references 2 to 7.) 'lhat this effect may have 
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operational significance for driver perfonnance "85 SLggested by the results 

of tl'IP. NCBRP stu:3y. ( 1 l 'lhis stu:3.y shololed that drivers frequently per-

foon better in partial lightin; systaas with fewer luninaires than in those 

with a greater nllllber of laninaires. 

Baserl on the e<.ridence citEd, it W:1S j1JJ9e:i necessary to detennine, uooer 

more controlled corxlitions, the extent to ..tiich 'lVA occurs uooer partial 

lightin:J corxlitions. Further, it 1o0S decida:i to use a visual task more 

closely associated with the lightin; arxl visibility literature; nanely the 

detection of roadside targets havin; knoWl reflectance values. 

It ,;es hypothesized that if TVA occurs, target detection distances would 

be shorter under partial lightin; corxlitions than under nonlighted corxli­

tions. 'Ille field test also \t.Quld seek the duration of any Tl!A effect. 'lhe 

relevance of this field test to the delineation portions of the s'.-'"-'iY ,;as 

based on the assl.tnption that a 'IVA effect shoWl to influence target detection 

may also influence detection of delineation de<.rices on partially lig~ted 

interchan;Jes. 

If the 'IVA effect were fo!ll"D to operate but be of short duration, it 

could l:e advisable to impt"ove delineation on only a short p::>rtion of a ranp 

dollCIStrean of luninaires. If, on the other harx:I, the effect were sho~ to 

operate lo03er, it could l:e advisable to improve delineation to the end of 

the ranp. 'Ihus the existence arxl extent of the 'IVA effect could influence 

the cost arxl cost effectiveness of imprOITed delineation systems. 

2. Test Procedure 

Fifteen subjects orove an instrll!lented vehicle throLgh an interchan;e 

under both partially illuui.natea arxl nonilluninated conditions. A target 

detection task ~ use:l to aetermine the existence (arxl extent) of 'NA. Sub­

jects pressed a button~ they detected a target, place::I d~strean of the 

ll.lninaires alo03 the ranp. 'lhe switch button ~ snal.l enou;h to hold along 

with the steerin; ..ti.eel. 'Ihey were also askea to verbally :irrlicate the 

target configuration (single or double) am to identify ..ti.ether the target 
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,es on the left or right sid!'! of the ranp. A switch activation entere:1 the 

on-board cau;;,uter am activated the cai:iputer clock. 'Ihe instrunentation also 

inclu:ie:1 a distance measurin;J instnment (DMI) 1-hich W3S sanplea every half 

secom by the ccmputer. 

'lhus for each trial, the target detect.ion time arrl distance ..iere avail­

able alo03 wii:h the detection a=acy data. Slbject drivers W:!re a.skea to 

maintain the 45 mi/h (72 km/h) r«ap speed am W:?re renimed of that speed 

lmt as they approached the illuninate.d section of the interchange. en the 

approach subjects -.ere also instroct:ed to maintain enoU:Jh distance fran lead 

vehicles to preclu:!e the lead vehicle's headlights fran illuninatin;J targets 

for the subjects. 

3. Test Interchange 

'Ihe interchan;Je use:1 for the 'IVA test lo8S partially lighted with four 

luninaires at the northbound exit ranp. 'lhe exit contained a fifth "pull 

throU:Jh" laninaire on the mainline. 'Ihe drivirg circuit use:1 for the stu:!y 

required that the opi;osite ( southbound) entrance of the sane interchange be 

use:1 to return to the test exit. Since the lightirg configuration "'6S also 

partial for the entrance, it was decide:1 to obtain additional detection data 

on the entrance. 'Ihe only restriction -..as that the entrance ranp permitted 

targets on the right side only, because of the tw:>--lane mainline followi03 

the entrance luninai.res. 

'Ihe four ll.1llinaires at the northbound ex:it ranp \Ere sp:K..-ad wer an area 

of approximately 600 ft ( 183 ml, with each luninaire support bein;J separated 

by apl?["ox:imately 200 ft (61 m). 'Ihe exit c-anp inclu:!ed a lorg targent 

section of aP.t,Xoximately 2, 200 ft (671 ml (as ~asured fran the supp:>rt [X)st 

of the last ll.1llinairel, followed by a sharp curve. '.IhE- lorg targent section 

prior to the curve -.as desirable in that it per:mitted determination of the 

lorgevity of 'IVA without any confoundirg fran the effects of curvature. 'lhe 

southbound entrance ranp contained five luninaires spaced at 200 ft ( 61 ml 

am lo8S a tan;ent fran a location \Ell upstrean of the luninaires to W:!ll 

past any target location. 
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'nle illuninance measures taken on the norttbolllld exit and s,utlix>und 

entran::e are showl in figl.lC'eS 1 and 2. '!be c11Terage illuninanc:e was 1. 7 fc 

(18 Ix), with a min:imun of 0.2 fc (2.4 Ix) am a max:imuu of 4.2 fc (45 Ix). 

Ire c11Terage luninance "8S o.,{; fL (1.6 o:Vm2) with a minimllD of 0.12 fL 

(0.4 ai/m2) and amaximllll of 0.99 fL (3.4 OJ/m2). 'Ihe veilin; l1.1ninance ..a.s 

calculate::! at 0.20 fL (.0. 7~ o:Vm2). 
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-2 -1 0 1 2 4 5 6 7 8 
DISTANCE· FEET (X 100) 

( 1 ft = .305 m; lx = 0.0929 fc) 

50.00 

40.00 

Figure 1. llluninance measures on mrttbourrl exit ranp, 
'IVA stlrly site. 
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. 2 . 1 0 1 2 3 5 6 
DISTANCE · FEET {X 1 CO) 

( 1 ft = .305 m; 1 lx = 0.0929 fc) 

7 8 

Figure 2. Ill1.J11inance measures on soutltx:nm::I entrance ranp, 
"NA stlrly site. 
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4. Targets and Ta;get Placenent 

'nle dete::tion tai:gets were 7-in by 7-in (17.8 an by 17.8 cm) flat panels 

with a refle::tance value of ai;:prox:imately 20 percent; the target 

characteristics beirg tlose irloptErl by the roadway Lightirg carmittee of the 

llluninatin3 Erv;ineerirg Society ( IES) for visibility measunments. 'lhe 

tcw3ets were sanet:imes placEid sirgly am scmetimes in a pair to create sane 

target configuration LnCertainty. Al.s:>, targets ,-ere s:::rnet:imes placEid on the 

left side of the eicit ranp arrl sanetimes on the right. Mil.le this created 

additional uncertainty and task variation, the Er:ilnary purFQse of the lateral 

variation WiS to irrlix:e s:::annirg beha11ior on the part of the subject drivers. 

'Ihis was desirEid be::ause it has been showi. that if the e"je is oot fixeo on an 

object but is scannirg a l~e field, TVA will hall'e the max.:imun effect on 

contrast sensitivity in a oonunifoII!I luninance field.<7) 'lbe different 

target placanents creatEid the neEid for drivers to scan the max.:imally relevant 

field rather than searchirg an:i fixatin3 on one side of the ranp. 

For sane trials the targets were locatEid relatively close to the area 

where the illunination errlEid, and for others the placanent "'65 moch farther 

doW'lstrean, but i:rior to the exit ranp curve. Tatgets were always placEid 

soch that oo meanirgful target luninance ,;.as ErOVide:i by the fixEid lighting. 

'lbe measurable light fran the luninaires te:c:minatEid at 200 ft (61 m) 

dOW1strean frcm the base of the last luninaire. 'lhe "near• target placanent 

for both entran:e am exit ranps was 350 ft ( 106. 75 rn) do1'llstrean of the last 

luninaire. 'Ihis distance was chosen because on many sharply cucve:i ranps 

visited durirg site selection, the p:,int of curvature was approx:imately 150 

ft (45. 75 m) dowlstrean fran the influence of the luninaires. 'lhe p:>int of 

cw:vature may be where delineation is neEided nost. 'ltle "far" t~et location 

for the rortlbouoo exit ranp was at 600 ft ( i83 m) fran the last luninaire • 

.!'gain, the distarre was basEid ui;on obser.rations ma:ie durirg site selection. 

Ar. many of the partially lighted dianorrl interchanges, the ranp "85 initially 

tangent ard then cw:vEid. 'ltle • far" placane1ts were use:1 to assess the 

lorge11ity of the transient effect. 'Ihe •far" placanent of the targets on the 

entrance ranp was selecte:i to be halfway beti,een the "near" and "far" place­

ments of the exit. N. soch the •far" targets ,,,ere located 475 ft (144.88 ml 
doWlstrean fran the last 1 uninaire of the entran:e ranp. The locations of 

the targets relative to the luninaries are sh:>= on figure 3. lb,-ever, only 

one tar:get location -.es use:3 on each trial in each direction. 
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KEY 

[I) = Alternative target locations 

••1--,.~-- = Luminaire locations 

LONGITUDINAL SCALE : 1 INCH ~ 200 FEET 
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\ 

\ I 

(1 ft"' .305 m) 

Figure 3. Target locations for TVA stooy. 
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Sin;le targets tere pl.ace:i on the shoulders, 2 ft ( .61 m) fran the 

outside edge of the ranp stripes. If tw:> targets 11ere used at a location, 

the secoo:l loEl5 pl ao=rl outside the first by 1 • 5 ft ( • 46 m) • niat is, the gap 

bet,;een then toBS 1 • 5 ft ( • 46 m) • 

5. Subjects 

All subjects ~re tested for contrast sensitivity usin:.;i the Vistecb 

VC'l'S 6000 systan (Vistech C:msul.tants, Inc., tayton. OB). All subjects had 

normal contrast sensitivity. SUbjects 'lolOre corrective lenses for their 

driving trials if their licenses so imicated. SJbject age and sex breakdown 

are in table 2: 

'll:lble 2. Subjects by age an:! sex. 

SEK 
AJe 

Group MAU; FEWILE 

18 - 39 4 3 

40 - 59 3 3 

> 60 2 0 

6. Results 

'lb determine ldletber data fran the exit and extrance ramps and from 

single aD:l paired targets could be grouped to provide larger sanple sizes, 

analysis of variance ~ first condu::t.ed. 'llle analysis used all data for 

which the targets ~re located on the right side at 350 ft ( 1 06. 75 ml • 'Ihe 

analysis of variance indicated that there \olaS no significant difference 

bebeen exit and entrance trials, nor bebeen single and paire:1 targets. 

Cllly illl.mination conditicn prodllCE'd a significant F-value; thus data fran 

the exit and entrance trials and single an:: paired targets i.ere collapsed. 
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'Ihe canparis:>ns of illunination con:htions l;COduce:i differential results 

depen:l in; 01", the placenent of the tcw3ets. Better detection performance 

oc=red tnder ronilluninated corrlitions for targets located on the right 

side of the roadway at distances of 350 ft (106. 75 m) and 475 ft (144.88 m) 

fran the last luninaire. Targets pl.ace:J on the right side at a distance of 

600 ft ( 183 m) £ran the last luninaire ar:rl targets pl.ace:i on the left s:ide of 

the roadway at both 350 ft ( 106. 75 m) and 600 ft ( 183 m) produce:J ro signifi­

cant difference in detection perfonnance between ill,mination oon::litions • 

Table 3 simnarizes the mean d6tection distances an::! stan::lard deviations 

for all targets tnder both illunination corrlitions. 'Ihe t-values associated 

with the statistical analysis are also prov:ided. 

Table 3. SlJllllarY of mean distances fran p:>int of detection to ~et, 
in illuninated and ronilluninated oorrlitions, with targets at 

various p:>sitions do,.nstrean of final ranp luninaire. 

IllUT,inated 

Target Mean ~tect. 
Location ( ft) Dist. ( ft) 

Right Side 
350 384 
475 404 
600 418 

Left Side 
350 273 
600 303 

* is statistically significant. 

t is rons:ignificant. 

(1 ft= .305 m) 

Std. 
Dar -

70 
64 

103 

46 
100 

10 

N:milluninated 
-

Mean D;;tect. Std. 
Dist. ( ft) Dar. t-value 

. 
434 97 3.91 * 
469 80 4.57 * 
444 82 o.55 t 

265 64 0.02 t 
293 54 0.65 t 
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'lbe detection distances are sh:>w1 grap,.ically in figure 4. 'Ihe detec­

t:ion distarx:es for both llghtirg oon:iitions am for each t.a?:get location are 

stD"'ll in ~ix A. 'Ihe confidence interv.µs fi:>r the coroitions that were 

s~tistically signific.::=:t are als:, smwi in ~he apperdix. 

soo 
450 

400 

350 

DETECTION 300 

DISTANCE 250 
(FEET) 200 

150 

100 

so 
0 

350 FT (R) 

( 1 ft = .305 m) 

475 FT (R) 600 FT (R) 350 FT (L) 

TARGET LOCATION 
(DISTANCE FROM LAST LUMINAIRE) 

I • NONILLUMINAlED El lll.UMINATEO 

600 FT (l) 

Figure 4. Dist:aoces at i.hich subjects detecte:l taz:gets place:l at the fi,;e 
ranp locations (R is right side of ranp; L is left side of ranp). 

nie t-test for oorrelatm sanples loaS use::! to assess the s:ignificance of 

the detection differences with targets on the right side at 350 ft 

(106.75 m). 'llle t-,;alue of 3.91 c:btaine:I fi:>r the right side taz:gets at 

350 ft ( 106. 75 m) is significant at ..ell ~n:1 the .01 le.rel. 'Ihe mean 

detection distance for the trials oorrlu::tm ur.der partial illunination was 

384 ft ( 117. 12 m) as ccmparm with a mean detection distance of 434 ft 

(132.37 m) for the ronill uninate:1 con:lition. 'Ihe mean d:1.fference in 

detection distance i,as 53 ft ( 16.17 m). 'lhus it "0ul.d appear that there is a 

Tl/A effect operatirg i.hen drivers are at a 350-ft ( 106. 75 m) dist~ fran 

the last luninaire. 
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As sh:>,on in table 3, the targets located on the r:ight side at 475 ft 

( 144.88 m) frcm the last luninaire alro pro::ltred a statistically significant 

difference ( taa4.57) in fer.or of the n:>nilluninated corrliticn. 'nle mean 

detection distarx::es were 404 ft ( 123.22 m) and 469 ft ( 143.05 m) for illu­

minated and ronilluninated corrlitions respectively. 'lhe mean difference W!S 

66 ft (20.13 m). 

As sh:>Wl in table 3, tte trials with the ~et locate:l on the right 

side at 600 ft ( 183 m) fran the last luninaire fX'odl.lCe:l a slight difference 

in detection distarce, with lorger detection values un:ler the ronilluninate:l 

corrlition. R:>wever, tte ditference W!S rot statistically significant. 

As sl'x)w,. in table 3, with the tai:gets located on the left side, neither 

tte 350-ft ( 106. 75 m) ror the 600-ft ( 183 m) locations i;rod1.1t;e:l a statistic­

ally significant difference bet~ the illunination corrlitions. 'lhe srorter 

detection distances and tne lack of a 'NA effect for left side targets is 

I1Dst likely due to a canbination of the oo:cnal right bias of tte headlight 

pattern and the tendency of drivers to drive closer to the right e:3geline. 

All targets were place:1 on t.an;ient i;ections arrl subjects were told that tar­

gets ..ould be on the left or right side. 'Ihu.s neither roa:h.ay g~etry oor 

visual scan pattern bias is likely to ha1Te prodix:ed the left side results. 

7. Conclusions 

'i'hile the ronclusions of the TVA stl.rly must be tenpere:1 because of the 

relatively snall sanple, it ..ould appear fran the resul. ts that 'NA occurs 

un:ler operational corrlitions. It als:> appears that the effect is essentially 

el:iminated by the t:ime a driver reaches a p:>int aH_Xoximately 600 ft ( 183 m) 

fran the last luninaire {or 400 ft [122 m] fran tte p:>int at ~ich tte in­

flu,;,=e ?f the illunination teoninates) • 'Ihis si.ggests that for ranps over 

500 ft ( 1 52. 5 m) in lergth, an improve::1 delineation sys ten could be tenninat­

e:1 at that fl)int, and ranainin3 p:>rtions of the ranp could be transitione:l to 

noi:mal delineation. 'ltlis guideline, of rourse, takes into consideration only 

the effects of re:lu::e:l visual sensitivity pro:ltre:1 by the illunination. 

Other factors su::h as geanetrics arrl inclenent 1-eather mw;;t be considere:1 in 

detei::minin3 Wlether or rot to :imprOITe delineation al.erg the entire ranp. 
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FIELD S'lWY OF LIGHTING AND ~ON 

1. ~ of Selection of Delineation Systems 

'lhe delineation systans tested were selected by a panel of eight indivi­

duals lltlo had expertise in the areas of delineation, illunination, and visi­

bility. 'lhe expert panel incl1ned representation fran State agencies, a 

university, and conslll.tants and research organizations. 'Ihe recanmendations 

fran the panel were obtained in tw:, stages. 'nie first sta,Je requested the 

recarunendation of surface (e.g., raised pavenent markers, paint, etc.) and 

vertical (e.g., p:>sts) delineation devices havin;i various characteristics for 

the different segments of a freeway interchan;e exit. R>r purp:>se of this 

specification the interchan;ie was divided into the advance area, taper and 

deceleration lane area, gore area, and the r<Elp. 'Ihe panel ..as asked to 

choose the delineation devices or canbination of devices recarmended for use 

on the left and right side of the drivirg lane in each of the segments. 'lhe 

reslll.ts of this first sul:mission were canpiled and the delineation systans 

that represented the greatest degree of agreenent were identified. 'Ihe 

second J;iiase consisted of subnittirg these systan specifications to the panel 

manbers for Ctllllnent and approval • 

2. Delineation Systems Teste:l 

'lh! Baseline delineation systen, shoW'l. alorg with the up;iraded systems 

in table 4, w,.s similar to the delineation used at many of the partially 

lighted interchan3es cataloged durirg site selection. With regard to the 

opinions of the expert panel, the Easeline condition constituted a minimun 

systan for partially lighted interchan;es. Figure 5 shows the B:lseline de­

lineation systan in illustrative fashion. It slx>uld be noted that because of 

the rarge in sizes of delineation elenE:nts, it .\oaS not p:>ssible to develop 

scale drawirgs that "'°ul.d fit on a J?a3e. 'lherefore, all of the site drawirgs 

are illustrative only and are not sholllD to s:::ale with regard to size or 

sp,3eirg. 'Ihe actual spacirg bet111een delineation el~nts is given in 

appen:11.X B. 
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'Iable 4. ~lineation systans tested. 

flexible p:,sts 

Stripes/ flllly (46 in) Spacin; (ft) 

~ ~ysten raise:3 or partially 

tion pavement ( 18 in) retr<r RPM's p:>sts 

markers reflective 

Ieft Baseline Paint1 Partial. 100 

side OE;grade , Paint. RPM's Partial 20 - 40 100 
of tJE:grade 2 Paint Partial 50 

ranp tJE:grade 3 Paint. RPM's Full 20 - 40 100 

Right Baselin'2 Paint Partial 100 

side of CJE:grade 1 Paint Partial 100 
taper, Op;rade 2 Paint Partial 100 
ranp UI:grade 3 Paint Full 100 

Baseline 'Illennoplastic 1 , RPM's Graduatea.2 

Gore llp3rade 1 'lhennoplastic, RPM's Graduated 
stripes Op;rade 2 'lhennopl., wide RFM's Graduated 

Op;rade 3 Beade:l., p,:ofile:l. tape 

Baseline Partial 10 
Gore Up;Jrade 1 F\J.11 10 

llp3rade 2 Partial 10 
Op;rade 3 Partial 10 

1 All print am thennoplastic W:l.S glass beade:l.. 

2 RPM spacing along gore stripes was 5 to 40 ft ( 1.5 to 12.2 ml, t.ip to 
base. 

(1 ft= .305 m) 
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(1 ft= .305 m: 1 in= 2.54 an) 

Figure 5. Baseline delineation. 
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Up;rade 1 differed fran the Baseline in the use of raised pa,;E!llent 

markers (RPM' s) al.on; the left ranp stripe, am the stbstitubon of fully 

retroreflective p:,sts for partially retroreflective p:,sts in the plysical 

gore. Fully retroreflective p:,sts oontained a 46-in (116.8 cm) strip of 3-in 

(7.62 an)-wide sheet..i.r]3. Partially retroreflective p:,sts contained an 18-in 

(45. 7 cm) strip of 3-in (7.62 c:m)-wide sheetirg. UJ;grade 1 is sh:>Wl in 

figure 6. 

OJ;grirle 2 differed fran the 83.seline in the deplo~ent of cK:iditional 

posts alorg the left r anp sh:>ulder to create a spac :in3 of SO ft ( ls. 25 m) 

rather than l 00 ft (30.S m), am in the installation of wide RPM' s (called 
traffic diverters) on the gore stripes to replace the 4-in ( 1 O. 16 an) R™' s 

placed adjacent to the gore stripes in the P.aseline system. 'lru.s uJ;grade is 

illustrated in figure 7. 

UJ;grade 3 replaced all Baseline system partially retroreflective p:,sts 

with fully retroreflective p:,sts except in the gore; used Rm.' s alorg the 

left ranp stripe; an:! used t>eaded, profiled tape o:mtainirg a raised-dianom 

pattern for gore stripin;i. 'lhe ta:i;e, ai;plied wi~ut i;r.imer fur quick ~ 

stallation am rE!!IO!lal after data collection, 1o0s used because it w:>uld pco­
ject abou'e a film of 1o0ter during rain like a hea11y ei;oxy stri:i;e containing 

glass bea:ls. Figure 8 illustrates the OP:Jrade 3 configuration. As roted, 

details r0:1arding the configuration of each delineation systen tested are 

given in appem ix B. 

3. Site Selection 

'lhe original. contract calle:l for the field tests to be done on a elmer­

leaf interc~e. lbwever, in the i;rocess of site selection, 450 sites with 

partial lightin:i were catalo;e:1 am mne of the sites \18.S of clwerleaf 

design. Lighted clo.,erleafs contained full or high-mast lightin;i. States 

w:>uld be rehctant to re:hx:e full lightill3 to partial fur a fie.1.d test, 

fearirg tort liability if an accident ensted. Site selection an:i catalo;iing 

took place on the West Cbast ( cal ifornia, or0:1on, vashirgton) arJ the F.ast 

Coast (Pennsylvania, l"Brylaoo, Virginia). Virtually all of the sites ..tikh 

16 
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Figure 6. cel.ineation ~rade 1. 
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Figure a. Delineation Up;Jrade 3. 
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operated with partial light.in; i.ere dianond interchanges 'ltti.ch exhibited ve-=-x 

little ranp curvature. Based on this sample it was detennined that the sites 

selected for the field tests are rei;resentative of toose for W'lich partial 

lighting is most likely to l::e used. cne imi;ortant factor in selection of 

sites i.as that the location l::e in an area in 'ltti.ch the i;robability of 

obtaining rain data would l::e maximiurl. 'lherefore, followin; the cataloging 

of pll"tial. lighting to deteanine the i;redaninant design, site selection W:lS 

concentrated in the NorthlleSt. 

4. Site Characteristics 

Both sites selected for the field tests i.ere dianond interchanges repre­

sentative of the type of geanetrics on 'ltti.ch partial lighting is most fre­

quently used. A primary advantage of the sites for the purpo
0

ses of the re­

search W3.S that both i.ere designed and built as fully lighted interchanges 

but 11ere l::eing operated in a partially lighted mo:1e. 'lhus there i.ere no 

problans in obtainin; peanission to operate under both full and partial 

lighting con:iitions durin; field test.in;. 'Ihis made it possible to obtain 

canparisons of full lightin;i with naninal delineation and partial lighting 

with the sane delineation and ack:iitional up;iraded delineation systems. 

Further, the two sites 11ere reasonably s:imilar in geanetric characteristics 

but differed with respect to the level of partial lightin; used, i.e., one of 

the sites operated as a one-lllllinaire partial an:! the other as a three­

lllllinaire partial. While the sites i.ere not "matched" to the extent that 

direct statistical canparisons could ~ made, the general similarities 

prOITide sane insights as to the potential effects of the tw:> levels of 

partial lighting. Fbr the site descriptions l::elow, and for reference in 

describin;i the results, the one-luninaire site will be referred to as Site #1 

and the three-luninaire site will be referred to as Site #2. Figures 9 and 

1 O show photograi;::os of each site to depict the geanetrics of the sites. 
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Figure 9. Site #1 pooto. 
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Figure 10. Site #2 pooto. 
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a. Site 11 

'llle intercharge des:ign was a half° diarorrl. '!he ecit site ..as a 

direct taper :Eran the mainline onto a tan;ent raup. 'lhe exit taper left the 

mainline at the era of a very sl:ight h:>ri20ntal. c=e ard, in effect, oon­

tinued the curve. 'Ihe exit itself 1ras stra:ight ard l&el to a stop-sign 

controlle:l intersection with the crossroa:i. Wnile des:igne:l ard built for 

full l:ightin;J, the site was operated with a sin;J le luninaire alorg the ranp 

near the gore, ard a sirgle l uninaire on the mainline side of tne gore. The 

locations of tne luninaires relative to the exit and the gore stripes are 

sh:>= in f:igure 11. Mainline arrl ranp were of asphaltic ooo::rete in gc,oj 

cordition. 

'llle approach to Site # 1 was near the crest of a lorg incline. The 

incline 1as steep eroll:Jh to drop mainline si;ee:}s of canmercial vehicles ard 

urrlerp:,were:l cars below the 55 mi/h (88.6 km/h) l:imit. But irost vehicles 

trclllel.Erl at or sl:ightly abole the ~ l:imit because the incline W3S lE!ll'el­

irg to its crest totiere the exit taper be;an. 'llle oori20ntal and vertical 

ci=-.·ature of the a~oach hid the ecit, ard the driver's i;r:i:nary cues, aside 

fran the advance guide s:ign upstrean of the exit taper, 1'1ere the tobite retro-­

reflective, flat, flex:ible guide p:,sts that line:l the r:ight sh:>ulder e;ery 

100 ft (30.S m), bEginning 300 ft (91.5 m) in advance of the ecit taper ard 

continui~ oo.n the rcmp. 'Ihe exit signing ..as cK!equate in all respects. 

b. Site #2 

'Ihe intercharge was a full diatorrl. '!tie ex:it site was a direct 

taper frcm the mainline onto a slightly curved ranp. ~ile built for full 
l:ightirg, the site was operate:} with three luninaires ( the irost dowtstrean 

one crljacent to the gore) , and with a "pull-throU:Jh" lunin.aire on the main­

line side of the gore. Mainline ard ranp were of asphaltic ooocrete in good 

corrlition. 'Ihe ranp exhibited a very sl:ight gra:le to its intersection with 

the crossroa:I. At the temiinus was a stop bar ard traffic signal. 'llle traf­

fic signal, beiaJ denard actuated, was re:l fur all lecrl vehicles. '!he de­

tector coils for s:ignal octuation began 55 ft ( 16. 78 m) upstrean of the stop 

bar. 
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'lhe signal n:>IID.ally cycled fran red to green 6 secorrls after the 

detector was triggerai. '1he cycle ...as .t>orted arrl the light renaine:1 red if 

the vehicle :immediately made a r.ight turn on re:1. In cases -.here traffic on 

the crossroad was heavy, the cycle fran rErl to green could take as lorg as 60 

seoorrls. 'lhe l.ight ranaine:1 green fur 3 secorrls, then cy'Cled to ~low an:!, 

2 secorrls later, back to rErl. ltlout 75 percent of traffic turne:1 right at 

the ranp teminus durin; !:ours of data collection. MJch of it male a right 

turn on rErl before the s.ignal cycle:1 to green. ~ s.ignal lo8S fully visible 

o~e the exit.in; driver reached the r;nysical. gore area. 

'lhe approach to Site #2 exit tes lerel an::! straight for it>out 600 ft 

( 183 m) • 'lhe approach full~ a very gentle curve that require:1 n:, decrease 

fran free"'5y speeds. '!he spee:1 limit 1'BS 55 mi/h (88.6 kir\lh), with m:>st 

vehicles trcllTelirg between 55 an::! 65 m.i/h ( 104. 7 km/h). A dFiver could 

detect the Site #2 exit .t>out .75 mi (1.21 km) upstrean of the exit taper, 

because the interc~e illUTiination could be seen. 'lhe exit signirg was 

adequate in all respects. 'Ihe locations of the luninaires are sh:>wi in 

figure 12. 

s. Illumination Characteristics 

'ltte l ightirg systE!llS were install Erl it>out 1 5 years ago to pr~ ide full 

l:i..Jhtirg fur the intercban:Jes. 'lhe installations were designe:1 to p:-~ide an 

arerage level of h:lriz:mtal illUTiination in the o:r:der of 0.5 to 0.8 fc (6 to 

9 lx) maintaine:1 in service in accordance with the .merican Assxiation of 

State High;.ay and Transp:,rtation Officials (AAStfl'O) • rnfomiational Gu:ide for 

.fbaj;,ay Lightirg" applicct>le at the t:ime they were designe:i.<8 > 

The Site t2 ranp utiij_ze::1 clear 700-;,att mercury i.anps JOOllltEd at 41.5 
ft (12.7 m). 'lhe last lUTiinaire on the ex:it ranp (location 13.2 in figures 

13 and 14) ;as replacErl with a 310-;.att h.igh fressure so:liun (HPS)_ lanp as 

part of a rel.ightin; i;roj,~t of the interchan:Je 011erpass. 

The Site #1 ranp utilized 400-;.att color :impr~ed mercury lanps moi.nted 

at 30. 75 ft (9.4 m). Ole ?)le, 105 ft (32. m) dol,nstrean of the b~innirg of 

the exit taper, h.rl been knocke:i doW'l an'! "1a.S ne,er replaced. 
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Figure 12. Site #2 lighting configuration. 
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'Ihe exit ranps are a rxminal 14 ft {4.3 m) in width, single lane, 

asphal.tic corx:rete, wjdenirg to tw:, lanes near the intersection with the 

crossing roa:lways. N::l attempt loBS ma:le to·clean, relanp or otherwise rerit­

ali:ze the l:ightirg systans prior to collection of the pr:imary stu:3y data. 

S:>wever, foll01,,ir,i:1 the i;:c:imary data collection, the mits at Site #2 were 

cleaned an:! relanped, an:! a secorrl set of measurenents 'lo8.S taken at the 

original locations. In a:ldition, a snall supplenentary set of driver p:!r­

fonnan=e measures -.as taken followirg the cleanirg ard rel.anpirg of the 

luninaires to deter:mine W1ether the enhancEd illunination had any effect on 

perfocmance. 

6. Tedmiques Used to Determine Lighting Levels 

'!he lightirg equif:l!lent W3.S identified as to manufacturer arrl catalog 

nunber, and manufacturers' ~toinetr ic data { carrlela tables) i.ere obtainErl. 

Illuninance vah:es alorg the entire lergth of the ranps, as well as laput 

aro luninaire locations, i.ere measure:i arrl recorde:i. A canparis::m of the 
pllblishe:i data ard the "inservice" illuninance measuranents at ea::h pole 'lo8.S 

used to arrive at a maintena.,ce factor ( MF) for calculation pur:i;oses evaluat­

irg the lightirg con:htions ,.;s mum durirg the field measurenents. The 

actual MF for the six luninaires at Site #2 rangEd fran 0.16 too. 70, with an 

avera;e of 0.58. A canpi.ter pr03ran wis usm to calculate the initial design 

( new equif:l!lent) and the theoretical "inserv ice" lE!ll'el.s, usirg MFs of 1.0 arrl 

0.6 respectively. A secortl set of "inservice" corrlitions loBS calculated 

using the actual MFs foum for each luninaire. 'lhese calculations p::OITided 

measures of ave::a;e illuninance in lux {lx), avera;e pa17enent luninance in 

carrlelas per square meter ( crl/m2), am an ex:per :imental measure of snall 

t.uget ..-isibility in VL (visibility lE!ll'el). 

VL is beirg considered as a :i;ossible future ci:-iterion fur roa:11oB.y 1 ight­

i03. In the initial design lerel calculations, all luninaires at the Site i2 

interchaa;;e were considerErl to be alike, arrl the lax::lcke::I down luninaire at 

the Site # 1 interchan;ie 'lo8.S considere:i to be in place. A MF of o. 60 was used 

in the initial design le,el calculations. 

This techru.qi.:e -.as validatErl at the Site #2 interchaa;;e. Ebri:a:>ntal 

illuninance rea:1irgs ,-ere taken alorg the right edge of the pwenent in 20-ft 

(6.1 m) inter..-als c»er the entire 1,500-ft {457.5 m) length of the ranp with 

the lighting system in the "inservice" corrlition. 'Ihe luninaires ,-ere then 
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cleaned a.""ld rel.an.i;;ed arxt a secorrl set of illuninance readings i.as taken at 

the sane locations. 

ance levels for the 

figures 13 and 14). 

'lbe ccmputer progran i.e.s then used to provide illunin-

1, 500 ft along the right side of the ranp of Site all2 (see 
A canparison bet1oeen readi03s "8S analyzej.. 'lhe techni-

que pen:ni ts calculations of many types to be made, su::h as levels of illunin­

ar.ce, lllllinance, or snall target visibility at any p:>int urrler the partial 

light.in;, and eliminates the necessity to close the ranp for several hours 
WJ.ile readings are taken CYer a canplete grid pattern on the road11e.y. 

7. Lighting System Performance 

'llle resUl.ts of the i:anputer runs to calculate the light levels, pavanent 

luuinance levels, and snall target visibility are slxl~ in table 5. 

'!able 5. Canputer-calculated road illuninance, pavanent luninance, 
and snall target visibility at each exit. 

lwg. Avg. 80% of Grid with 
InterchaD3e Cale. basis lux ca;m2 VL greater than 

Site #2 M:l.intained Design 9.6 .91 4.8 
Site #2 Inservice 9.3 .52 3.6 
Site #1 M:lintained Design 7.8 .66 3.7 
Site #1 Inservice 4.5 .22 2.8 

(1 lx = 0.093 fc; 1 ca;m2 = 0.292 fL) 

'lbe Site #2 interchange "inservice"' values of a:,,erage illunination are 

very close to the calculated values based on a 0.6 MF 'lohen all luninaires are 

considered. Irx:lividual. luninaire perfonnance, ho1'1eVer, varied widely, with 

the individual MF values ran:;ing frcm O. 16 to O. 7, wi.ich reslllted in very 

poor uniformity and a decline in the VL of the snall target. aren after the 

luninaires were cleaned and relamped the individual MF values ranged £rem 

0.54 to 0.95, indicatin; that severe pennanent deterioration had occurred in 

one of the 11.minaires. 'Ihe standard deviation obtained for the cleaned and 

relclllped data "8S s:naller ( • 16) than for the "inservice" data ( • 26). 'lhis 

indicates that dirt does not act as a simple filter redocing all candela 
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Figure 14. Site #2 illir.u.nance levels urner full lightirr;, as designed 
( initial values) and as measured (new lanps), at intervals alorr; exit. 
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values proportionally, but rather in a selective manner. While this obser­

vation is be:yom the scope of the present stooy, this finiin; should be 

further i.nvestigatoo by the lighti.n3 camnunity. 

'lhe Site i1 interchan;e "inservice" values of average illunination are 

well below the design assU11ption of a 0.6 MF and are only one-third of the 

calculated initial values. A part of this is due to the fact that one of the 

six luninaires had been knocked down and taken out of service. 'lhe actt:el 

ran;e of MP for the lllllinaires still operatin:3 W3S from 0.36 to 0.47, '41.ich 

is W!ll below the 0.6 that could be expected. 

Sna.1.1. tazget visibility is calculated by means of a "visibility model" 

in i.bich the primary variables are tazget contrast, adaptation level of the 

visual systan, and disability glare. 'Ihe calculation purports to predict the 

amount that the visibility of a snall target (7-in, flat square of 20 percent 

reflectance, perperrlicul.ar to the road surface) is aboll'e threshold for a 

:yo1n3 cbserver viewing it for 0.2 secorrls. A VL of 1.0 is thresml.d (visible 

50 percent of the time) for the observer. Since VL is most sensitive to 

contrast, it is not affected by a reduced light level to the sane proportion 

as is illtI!linanoe or pavement lllllinance. 'Ihe relationship of VL, illl.lTlinance 

anci fBVenent lllllinance to night accident rates has been the slbject of 

research. (9 l No canputer evaluations were made for the partial light-

in; setups as there are no standard rnetho::ls of evaluat' . .g the effectiveness 

of a sin:3le (or a few) luninaire. :R:ladl.lB.y lightin;i ... s noi:mally evaluated for 

a system sufficiently lon; so that addin:J or deletin; one lunir.aire at the 

en:i does not affect the values on a typical grid near the middle of the 

systan. 

In canpariOJ the data relative to vehicle speeds and pl.acanents wxier 

the full and partial lightin:3 systans, it sl'x>ul.d be rananbere:i that the fixed 

lighting systens in their "inservice" corrlition fail to meet the AAS8TO 

recam:nerilations for illuninance. 'lhe Site 42 interchan;je fails in ~lIIIS of 

unifonnity, and the Site 111 interchange fails in tel'!IIS of lx>th average level 

and unifonnity. 
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8. Field Study Design 

Table 6 shows the 1 ightirg, weather a:nd delineation corrlitions un:ler 

Which data were obtaL'1ed. 'Ihe intended design of the stwy called for col­

lection of rain data for delineation U?3ra:3e 1: ~er, an exterrloed period 

of dry weather duri..n; the time this llP3ra:3e was installed pcevented this data 

cell fran beirg filled. Otherwise the data collection was accanplished as 

planned. Fbllowing the canpletion of the data collection under the corrli­

tions specified in table 6, new lanps were installed at Site #2, am several 

nights of data were obtained un:ier the up;ra:3ed lighting corrlition. 

Data were collected on 79 nights and CNer four seas:ins. A total sani;J.e 

of nearly 17,000 vehicles was obtained. Because data were collected in each 

season, start of data oollection varied fran about 6: 15 p.m. to 9:45 p.m., 

with tez:mination frcm about 11:00 p.m. to 2:00 a.m., deperrlin:;J on traffic 

volune. Data collection was not begl11'l until peak-hour traffic haJ dissi­

pated, usually by 6 p.m., so that mainline speeds and exit speeds 1,01.l!d be 

unimpeded. 

Table 6. Lightirg arrl weather corrlitions urrler 1'1hich delineation 
systens ;,,,ere tested. 

DELINEATION TRFA'IMENT 

LIGHTING WFATHER BASEL~E UPGRADE #1 UPGRADE: I= 2 UPGRADE #3 

WEI' A 
ruu.. 

DRY B 

WEI' C D E 
PARTIAL 

DRY F G H I 

= enpty cell 

30 

_, .............. 

·• 



!..-. ,,._,.,. -· ·::::-----.. -- -· •. ""- ,.,. 

Virtually all ca.ta collect.ion took place on Sl..'1day throu;h 'lhursday 

nights. Bo'lolelTer, because of the below noonal rainfall that prevailed during 

much of the 011eral.l data collection period, it 1"aS necessary to obtain sane 

of the rain data on Friday or Saturday nights (Site #2: tw::i of t.lu"ee nights 

in ~rade 3: Site #1: tw:> of four nights in Easeline). 

A minimum 2--oay adaptation peri.cd followed any chan;e in lighting and/or 

delineation. ~use speed is the primary dei;endent measure used to assess 

the effects of the independent variables, only single or lead vehicles are 

repc-esented in thP data rep:>rted. 

9. Evaluation l'easures and Instrumentaticn 

Data collection \,85 achieved throu;h a deplo~t of infrared ( I/R) 

photo-relay detectors and the FEWA Traffic FNalua1:0r Systan (TE.S). 'lhe I/R 

detectors -re those carmonly use::t as doorway announcers or hone burglar 

alar:ms, ..tu.ch -re modified to increase their range. 'lhe ran;ie increase 1o0.s 

achieved by replacing the standard I/R light-anitting dicde with a higlr 

output one. In oi;eration, an infrared bean is transr,itted toward a reflector 

and then back to the detector: breaking the bean by :lnteri;osil'l:J an object 

betwaen the detector and the reflector causes a relay in the detector to 

close manentarily. Pelay contacts fran the array cf detectors -re wired 

into the TES throu;h the standard junction boxes. 'lhe TES event recorder 

autanatically records all detector actuations to a precision of 1/16 ms, 

~ch allows detemtination of speeds to -11. llllder 1 /1 00 mi/h ( • 016 :km/h) , 

using a "trap" canposed of tw:> •switches• (I/R detectors and reflectors) 

spaced 6 ft ( 1 • 83 m) apart and i;erpendicular to traffic flow. Dia;3onally 

arraP3ed switches -re used to determine vehicle lane placement. Figures 15 

and 16 show the trap layouts for Sites #1 aoo #2. cetailed infonnation on 

the deployment of the measurenent systan is given in a~ndix C. 

l'easures available throu;h data analysis inclu:le in:iividual vehicle 

speeds, overall travel time throu;h the trap deployment ( or any portion 

thereof), deceleration estimates, lane placement, and statistics on all the 

vehicles, su:::h as mean am standard deliation of si;ot and SE5ce mean si:eec.s, 

lane placenent and any otl-oer irrlividual measures. 
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Cbservations of selected types of erratic m.aneu.rers, alon; with brake 

light ard hea:llight measures, were entered into the TES erent recotder via 

button boxes. Olly the activity of sin;le' an:l lea:! vehicles w:t.s recome:L 

Cbservers alro recotded erents which could be expecte:I to influence exit 

speeds, e.g., vehicles tan.i;orarily stopped on the sroulder or betW;>en the 

gore .stripes. 'Ihe latter d:>setvations were used in data redi.:ction to e:iit 

the data set and eccl.Irle vehicles likely to have been influencro by any 

unusual erent. 

An observer statione:i in advance of the exit code:i brake light activa­

tions of exitin:; drivers in a:lvance of the exit taper, i.e., in the .freei-ey 

mainline. Erratic maneuvers d:>servErl arrl ccrlErl fran this p:>sition were 

exclusively encroacbnents by exitin:; drivers on the right Erlgeline at the 

beginnirg of the e:it taper (i.e., cuttirg the corner). 

An d:>server stationErl adjacent to the gore stripes recocded higtr-bean 

aro low-bean activations. In Jractice, the buttons for high bean activation 

or dippirg ..ere alnost nerer usErl. Virtually all drivers entered ard 

traversed the exit with low beans activated. .Erratic manewers observed fran 

this p:>sition inclu:3Erl err:roachnents on the tip of the gore stripes arrl the 

ranp-side gore stripe, and cutting across the gore stripes to make a late 

entry into the exit taper. 

Cbservations fran both button box .i;ositions were easier to make at Site 

#1 than Site #2 because at Site tl, observers 1oere on a hillside. As a 

result, more erratic maneuvers were ct>serve:3 at Site #1. In particular, 

encroachnent on the sooulder at the bEginning of the exit taper wis mi.:ch 

easier to detect at Site #1. l-t. Site #2, s~h encroachnents 1o1ere difficult 

to detect, especially on ..et pavenent ..tien witer arxl 5Eray obscured the right 

edge stripe. 

A thicd button !xx "8S locatErl at the TES erent recocder. 'Ihere ..iere 

buttons to indicate: the b03inninJ or resunption of data collection after 

the erent recoroer "85 startErl ard tested; interruption or en:'I of good data 
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collection ( e.g., used ~en a State patrolman stopp;d a vehicle in the exit 

€or a traffic citation); be;innil"l3 of data collection in rain; em of data 

collection in rain; and em of wet pavanent condition. 'lhese codes i.ere 

srbsequently used in data redu:tion to excl.we vehicles that might have been 

in.Uuenoed by unusual events an:! to identify the vehicles that W:!re to be 

incl.u:5e::I in the ~ W:!ather sanple. 

10. Data Ar>:tlysis 

~fore describil"l3 the results of the field stooy several notes on the 

analyses am the data to be reported are in order. l:ecall that the primary 

objective of the research -.s to detenr.i.-ie the extent to which up;raded de­

lineation under partial lightirg can produi:::e perfonnance that is tr.e equival­

ent of the performance observed under full lightil"l3, i.e., can ccmpensate for 

the redoced visibility of partial lightirg. 'Ihe treatment conditions can, 

potentially, influence several aspects of driver performance: the mean 

speeds; the distribution of ~peeds; and other aspects of driver behavior 

su::h as incidence of erratic maneuvers or the manner in which headlights are 

used. 

Further, the effects may be manifested only at individual traps or, if 

the effects are stro£13er, over a lorger se;1rent of the ranp. With regard to 

the analyses then, there are four types of treatment effe::ts to be consider­

ed: the effects on space mean speed over a se:Jrrent of the ranp (hereafter 

referre::I ·.:o as ftranp" perfoi::mance); the effects on SJ;X)t speed at irdividual 

traps (hereafter referred to as fttrap" performance); the effects on the speed 

distributions relate:i to both ranp ard trap data; ard the effe=ts on other 

aspects of driver behavior su::::h as brakil"l3 behavior, erratic maneuvers, etc. 

'lhe "ranp" space mean speed data reporte:! below represent the speed fran 

'!rap 2 (located at the tip of the gore stripes) to Trap 5 (located a~oxi­

mately 100 ft (30.5 m) do1'1'1.Strean of the ixiysical gore). A review of the 

data fran the seven full traps sl'x>wed that speeds for the traps d~strean of 

Trap 5 exhibited a constant decrease that -.s most likely a response to the 

traffic control device at the ranp tenninal. Cbnsequently, it 1,,0.s decidea, 
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in conjunction wit.n the EB-IA technical staff, that space mean speed t:Ner 

'Iraps 2 throi:gh S w::>ul.d prt:Nide the nost rep::esentative effects of lighting 

an:l delineation on 017&all exitin3 speed beha<Ji.or. N:. Site il, the distance 

betloeen Traps 2 and 5 1,0.s appratimately 390 ft (119 m); at Site #2, 

appc-ox:imately 505 ft { 1 54 m) • 

'!he effects of 1oeather and delineation on ranp space mean speej W&e 

assessed via a tw::>-way Pnalysis of variance to detecnine the singular aoo 
interactive effects of the treatment coroitions. 

Followirg this analysis th::! speed distributions for both ranp an:l irr 

div:idual trap data 1oere detecnined, and rele.rant canparis:>ns bet1oeen deline­

ation ooroitions were ma:ie. 'lhe ranp data ( perfoi::man::e Oler Traps 2 throi:gh 

5) were e>epected to re,eal any general effects. 'Ihe in::Hvidual trap data 

were expected to re.real effects that may hare been •h:i.d:len" ~y the cggr03a­

tion of data cner several traps, such as th::>se that may be attributable to 

'IVA. That is, basai on the results of the TVA stl:dy, effects of TVA w::>uld be 

expected to influence r:erfbcnance in the vicinity of 'Irap; 4 an:l 5, but rot 

at TcafS 2 and 3. '1he statistical significance of speed distribution diffec­

ences \IBS determined usin; the ~lmO;Joro.H3mirn::w (K-S) test. 

A further analysis of tre spee:3 distribution data i.roolvai a search for 

effects r~esented in the • tails" of the Sf,eed distributions. '.ille rationale 

for this analysis WiS that a delineation systan may pro:luce m statistically 

significant 011erall effect on the s~oo distributions, but may produce sign­

ificantly different percenta;es of drivers in the low ( 15th percentile) or 

high (85th r:ercentile) eoo of the distributions. 9.Jch effects W:!re :i:ostulat­

e::I t.o ha.re safety :implications. 

R>r ecanple, a delineation system that produ.::es a greater percent.age of 

drivers at l~r speeds ( p:u-ticularly on the earlier :i;ortion of the e>eit 

ranp) is als:> likely t.o ha.re prodtra:i a greater percent33e of drivers wh::> 

decelerate in the fr-y "mainstrean .• ~ tre sane to~n, a system that 

prod~s a Mghe: percent33e of spes:Js at the upper "tail" of t:ie distribu­

tion may be linked to a safety problem associated with high speed eiciting. 
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In otlEr \Oms, the analysis of the "tails" of tlE speed distributions 

W:lS ex:pected to provide an a::lditional basis for differentiatirg bet1oeen 

delineation con:litions. In line with the objective of detexrnin:in:.3 mw the 

various systems un:ler partial 1 ightirg can.pared with full l .ighti.rg, the 

analysis of the •tails" of the distributions used full lightin:3 Ferfomancc 

as a basis fbr canparis:m. 'ttlat is, the 15th and 85th percentile speeds for 

1oet and dry data tnJer full lightin3 W:re detemined. 'Il'\ese W:re call~ the 

15th or 85th percentile criterion speeds. The percentcge of drivers abore 

an:l below these 15th or 85th Fercentile criterion speeds ..ere then calculated 

for each of the delineation systens in partial lightirg. 'Ire percentcge 

differences bet1oeen delineation systens W:re then canpare:3 usirg a test for 

the significan=e bet..een percentcges ( a variant of tl'I:! z-test) • 

In generatirg sane of the graphics an:l tables use:3 to illustrate the 

results p:-esented, it was necessary to use abbreviations to identify the 

exE,,er imental con:litions. Table 7 below pro.rides the key to the abbre, iations 

used. Bea.,y vertical lines within speed distribution figures rep:-esent 15th 

and 85th percentile speeds. 

Table 7. Key to abbreviations use::i in graphics an:l tables. 

ABBREVIATION LIGfrlNG WEA.'l'liER CELINEATION 

FIB FOIL IRY BASELINE 
EWB FOLL WET 131>.SET -TJ\lE 
PCS PARI'IAL IRY BASELINE 
:ewe PARI'IAL WET BASELINE 
PD1 PARTIAL IRY OPGRAIE 1 
:ew, PARI'IAL WET Ol?GRAIE 1 
PD2 PARl'IAL CRY OPGAAIE 2 
Pli2 PARI'IAL WET UPGRAIE 2 
PD3 PARTIAL CRY UFGRAIE 3 
EW3 PARTIAL WET UPGRAIE 3 

11. Speed-Related Results--Lighting and Weather with Baseline Oelineatioo 

Because of the snall aoount of driver beha.1ior data rel.atirg to the 

relative effectiveness of full versus partial light:in:.3 an:l to the intera::tion 

of lightirg am weather, an analysis of these variables ...as done usirg only 

37 

~ - ... -- ' , .... 



_f 

[l 
,ii, __ 
~ ,:-

' · . 
• ,....¢ .• 

·,~"-

It I. 

the data collected under the Baseline delineation systen. Since this 

delineation systen is similar to the treatments use:1 on many ecisting 

interchanges, the results can be generalize::'! to many dianorrl-type inter­

charges. Data fran the Baseline delineation systen taKen under full and 

partial lightin3 in wet an:l dry weather (cells A, B, C, am F as designated 

in table 6, pa;ie 30) ~re use:1 for this analysis. 

a. Ranp Space Mean Speed (Trap 2 to 5) 

As soowi in table 8 both lightirg arrl weather prcrlucEd statistically 

significant effects (p >.05) on space mean speMs. 'Ihe difference between 

the sites fran a statistical stamp:,int is that the interaction beti.een 

lightirg arrl weather was significant for Site il ( single-luninaire partial 

lighting) but rot for Site l!2 (three-1\.lllinaire partial lighting). Recall 

that space mean speed is the speed between Traps 2 an::1 5. At Site il, this 

distance was approx:imately 390 ft; at Site 112, approximately 505 ft. 

Table 8. Statistical effects of lightirg am -ther-ANOVA. 1 

SITE #1 SITE i2 

F-VALUE PR> F F-VALUE PR> F 

WEATHi::R (w) 72.38 0.0001 47.88 0.0001 

LIGBTIN:; (L) 8.97 0.0028 4.95 0.0262 

(W) by (L) 16.05 0.0001 1.06 0.3004 

In tenns of the ranp space mean speEd measure (Traps 2-5), there is 

relatively little difference between full an::1 partial lighting un:9.er dry 

oon::1itions; both the space mean spee:] am the variances beirg s:imilar ( see 

t...':>le 9). Ebwever, the results Sl.l:Jgest that, un:ler --t coroitions, full 

lig1:tirg prcrluces an improvenent in visibility over partial lightirg with a 

one-lu.:i_naire configuration. At. Site #1 a canparison of full an::1 partial 

lightirg urrler wet oonditions soow.; that there is a statistically reliable 

1-nie full analysis of variance tables for both sites are shov- as tables 
36 an::1 37 in appendix A. 
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difference of nearly 3 mi/h (4.8 km/h) in space mean speed with n:, increase 

in speed variance. Whereas at Site #2, there is oo difference in spee:l 

beboleen full and partial lightin3 under i.et corrlitions. Also, at Site il 

there is a latger difference between wet aro dry con:litions urrler partial 

l:ightin3 than that observed at Site i2. 

Table 9. Effects of lightirg an:! weather on space mean sJ;:€ed. 

Exper:imental Coroition SITE #1 SITE #2 

LIGiTIN:i WEATHER STANoa.ID STANMm 
N™BER MF.AN DE.VIATION NUMBER MFAN Df:VIATION 

fULL DRY 253 46.o· 5.8 834 53. 1 5.4 

PARTIAL DRY 1430 46.0 5.8 1661 52.5 5.3 

EULL WET 134 45.6 5.6 315 50-7 8.5 

PARTIAL WET. 373 42.7 5.7 194 50.7 7.8 

(1 mi/h"' 1.6 l<m/h) 

b. Ra!i) Speed Distributions (Trap 2 to 5) 

'nle speed distribution canparisons of full versus partial lighti~ 

for both ...et am dry comitions produce:1 a statistically significant 

(~>.001) K-5 value only for Site #1 umer wet corrlitions. Figure 17 sh::>ws 

the speed distribution obtained on Site #1 in i.et C'On:litions. As might be 

expecte:1 fran a visibility starrlpoint, full illunination results in a general 

upward shift in the distribution at this site. N:>te that there were oo 

significant values in the analysis of the .. tails" of the distributions. 
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Figure 17. Site #1 ranp speed distributions 
( full vs. partial lighting, Easeline, wet). 

c. Trap Speed Distributions 

'll1e analysis of trap si;:ee:] distributions at Site #1 sho~ that 

there were no significant differences between the lighting conditions for the 

dry ~ather data. Fbr the dry data at Site !f2 there were significantly 

different distributions at Traps 4 aro S. 'lhese distributions are shown in 

figures 18 and 19. />$ illustrated un:ier full lighting, there is a slight 

U?",ard shift of the distributions as canpared with partial lighting, but the 

differences are not ranarkable. 
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5:>wever, the significant differences 1<ere observei on Site #2 and not at 

Site #1. Further, the differences at Site t2 1<ere at Traps 4_and 5; the area 

of the ranp mere 'IVA w:>uld be influencil):J visual perfoilllailCE!. O:ms.i.derin; 

only the :imprO'led visibility associate::! with a greater anount of light, one 

w:>\Jl.d assune that differences 1<ere more l.ikeiy at Site #1, since it operate::! 

with a single luninare. Because the differences ware cbtained at the site 

usirg three 11:minaires (Site #2), ao:I at Traps 4 and s; they s1.13gest the 

influence of 'IVA. If so, the effect may be to redix:e visual sensitivity of 

driv:::rs to the i;:oint mere, £ran an operational. standpoint, the greater 

anoun~ of light near the ramp entrance has no i;:ositive effects on ranp 

perfor:mance. 

Fran an operational stamp:>int, the trap distribution canparisons 

indicated that there is little :i;cactical difference betw:?en lightirg 

conditions in dry -.eather. 

'lhe trap speed distribution canparisons for wet -ther, unlike 

th::>se for dry ...eather, resulted in no significant differences at Site t2 but 

significant differences at several traps at Site ltl. \oihile this "reversain 

seens to contra:Hct the existence of an influential 'IVA effect, it may indic­

ate that ...e do not adequately un::lersta.n::'I the 'lVA E=henanenon. For exanple, 

lighti.n;l in W:t conditions, e.g., with additional specular reflection £ran 

the pavarent, etc. could affect visual. adaptation differently fran lighting 

in dry corrlitions. 

'lhe Site i1 wet W!ather trap distributions imicated that there 1Ere, 

statistically significant differences betw:?en light.in:! conditions at Traps 2,' 

3, and 4. 'lhe canparative distributions for these traps are shown in figures 

20, 21, and 22. At all three traps there is a fairly slbstantial difference 

in the distributions as canpared with the differences under dry con::litions. 

l!;ain, under full lighting, there is an upl'E.rd shift of the speed distribu­

tion curve. 'lhe practical imp:>rtance of the differences in all of the above 

distribution canparisons lies in.mether there W:!re significant differences 

at the "tails" of the distributions. 
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(full vs. partial lightil"l3, Baseline, -..et). 

,.I 

I 
•d, 

... ~I\ 

I 
I 

ltl 
\~-T, 
o. ' I ·- o. .. 

p , 
' •-'-. 

1¥ ' ' .... ·--•;,,o"'l 
o-9=9-o-o•9•o-9=S=S~g~o 1 ~=Q~-0-0-0-0 0 -0-0 
11 13 15 17 19 ~ 23 25 27 29 31 33 35 37 39 41 43 45 47 49 51 53 55 57 59 61 63 65 67 69 71 73 75 

SPEED 

+ FULUWETIBASELINE -0- PARTIAL/WET/BASELINE 

Figure 21. Site #1 Trap 3 speed distributions 
(full vs. partial lightin;J, Baseline, -..et). 

43 



'c 

t 

' ,,. 

p 
E 
R 
C 
E 
N 
T 

20 

18 

16 
14 

12 

10 

8 

6 

4 

2 

• • /1\ 
ts" 1o 

~ l /I I 
_, l ' o· \ • "' I/ • ~ '1 

J '· --/ I/ " \ 
2/T 

0 ' I~, 

0-0-0-0-0-0-0-0-S,.~'"T ~~'---~-0-0 0 -0-0-0-0 
n~~v~~~~u~~~~u~~~~~0~~~~~~~~~~nn~ 

SPEED 

d. 

♦ FUL.I..METBASEUNE -0- PARTIAI.JWETIBASEUNE 

Figure 22. Site il Trap 4 speed distributions 
I full vs. partial lightin;, Ee.seline, ~t) • 

•'lails• of the Trap SE;eed Distributions 

~ that wrler dry corxiitiotis the only significant differences in 

traps~ distributions 1oere at Site #2 at Traps 4 and 5. An analysis of 

the •tails" of these distribut.ions revealed that, with one exception. there 

ware no si.gnificant differences in the percentage of drivers operatirg below 

the 15th percentile or above the 85th perc-entile criterion speeds ( i.e., 

trose associated with full lightirg). '.C:lble 10 shows the 15th and 85th per­

centile speeds establ.ishErl at eRCh trap un::l.er full lightin; with Baseline 

delineation. 'Ihe percentage of drivers below or atx:we these criterion speeds 

un::l.er the various con:iitions are given in tables 11 through 14. 
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Table 10. 15th and 85th percentile speeds established under 
full 1 ighting with Baseline delineation, by trap. 

DRY WET 
. 

I 15th 85th 15th 85th 
Site il {mi/h) {mi/h) (mi/h) (mi/h) 

Trap 2 42.8 55.Q 42.2 54.7 

Trap 3 42. 1 53.4 40.4 53.5 

Trap 4 40.6 51.7 39.6 52.6 

Trap S 38.3 so. 1 38.4 50.3 

Site 112 

Trap 2 51.3 61.0 49.7 60.0 

Trap 3 49.2 59.0 47.9 58.0 

Trap 4 48.0 58.2 46.7 57.2 

Trap 5 45.4 55.8 43.9 54.0 

( 1 mi/h = 1.6 km/h) 

Table 11. Site #1, perc=ta;e of drivers who operated 
at speeds slower than the 15th percentile criterion. 

PARI'IAL PARl'IAL 
LIGHTING LIGHTING 

DRY WET 

% % 

TRAP 2 12.5 23. 1 .. 
TRAP 3 15.S 21.4 
TRAP 4 14.7 23.9* 
TRAP 5 13.9 28.2* 

* is statistically significant. 
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'!able 12. Site #2, percenta;e of drivers i.tx:> operated 
at speeds slo\\l& than tr . .;> 15th percentile criterion. 

PARI'IJI.L. PARl'IAL 
LIGHTING LIGHTING 

DRY WET 

% % 

TRAP 2 17 .3 16.8 
TRAP 3 17. 7 15.4 
TRAP 4 18.4* 18.6 
TRAP 5 15.9 13.5 

* is statistically significant. 

Table 13. Site #1, percentage of drivers who operated at 
speeds faster than the 8 5th percentile criterion. 

PARI'IAL PARI'IAL 
LIGHTING LIGHTING 

DRY WET 

% % 

TRAP 2 15.0 6.9* 
TRAP 3 14.0 4.6* 
TRAP 4 15.6 3.6* 
TRAP 5 14.3 4.3* 

~ is statistically significant. 

Table 14. Site #2, percentage of drivers who operaterl at 
speeds faster than the 85th percentile criterion. 

PARrIAL PARI'IAL 
LIGHTING LIGHTING 

DRI WET 

% % 

TRAP 2 11.8 21.8 
TRAP 3 13.1 18.6 
TRAP 4 12.6 15.9 
TRAP 5 13.3 26.4* 

* is statistically significant. 
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'Ihe one significant difference at Site #2 in dry coroitions "8S at 

Trap 4. Here, 3.4 percent more drivers operated at speeds un:1er the 15th 

percentile criterion. Because of the snall percentage difference. one can 

oonclu:le that urrler dry corrlitions there is ro J_Xactical differeoce bet1oeen 

full and partial lightin:;. lb-.ever. beca 1SE the significant difference ,es 

in the loi.er "tail" of the distribution arrl there 1o0s ro significant differ­

ence at the upper "tail" (85th percentile) , the result supp::,rts ex ister.ce of 

a TVA effect. 'lllat is, the greater percenta3e of slower drivers in "this area 

of the ranp at the three-luninaire site su;gests a 'IVA effect on visibility. 

M analysis of the·"tails" of the -.et--..eather trap distributions at Sit'c! 

#2 rerealed a significant differerx:e only at Trap 5 at the 85th percentile. 

It is difficult to interpret the lai:ge percent.33e differeoce. It i$ the only 

significant value for either "tail." ftlrthecmore. the pattern of ditferences 

beti.een Traps 2 and 5 ( see table 14) sh:>ws decreasin;i percent.33es fran Traps 

2 thro1.gh 4, then a large increase at Trap s. 

The analysis of the "tails" of the -..et weather trap distributions at 

Site # 1 resul te:l in statistically significant a ifferences for 15th and 8 5th 

percentile canparis:ms at nearly all traps. T:1e only ex:ception WiS for the 

Trap 3, 15th :percentile canparison, an:1 this difference 1o0s very close to the 

.as le.'el of significan::e. llS a rwiew of tables 11 and 13 will srow, part­

ial lightin:; resulted in a significantly higher percentc33e of drivers o~rat­

in; below the 15th and 85th percentile criteria as C'O.,pare:l with full light­

ing. 'lhis refl. ects the general upward shift in the s.;.eed distribution under 

full 1 ightirg. 

'lhe results of ar.alysis of tne distribution "tails" further su;gest 

that full lightirg is superior to partial 1 ightirg in .et v.eather in that it 

pi::o:kces higher and more consistent ranp speed behavior than parti.al light­

in;J. In a:ldition, the differerces bet-.een the one-luninaire site (Site #1) 

and the three-luninaire site (Site il2) su_,gest that a three-luninaire instal­

lation pro17ides better visibility. 

Finally, no result in dry oorrlitions lea::1s to a different oonclu­

sion. In dry coroitions, the differences betv.een full and p:irtial lighting 
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were snaller and generally rxmsignificant. EblEVer, sane results SU3gest a 

'rvA effect at the three-luninaire site. A TVA effect sh:>uld be iruestigated 

ft.rther befure recamnendations are maie a::iout. the !%Ofer nunber of 

lUliinairies for partially lighted intercharges. 

12. Speed-Related Resul~Improved Delineation and Weather 

The analysis of -.eather arx3 delineation effects on space mean speed 

(Traps 2 thro1J3h 5) inclu::le:I only the data obtained U'lder :i;artial lightinJ 

o:m:iit:ions. Ebwever, because of the absen=e of rain durirg the t:ime period 

that delineation Upgr<De 1 was installed, it =s rot p)SSible to obtain ..et 

i.eather data on this treatment. 

a. Rai1p Space Mean Speed ('.!rap 2 to 5) 

The analysis of variance (ANJVA) sh:>"'16:i that ~ther prodiroo a 

statistically significant effect on si.:ece mean sfeed at both sites. Ebwever, 

neither delineation rDr the interaction of i.eather arx3 delineat:ion 1"85 

significant on either site. 'nlble 15 sh:>ws the F-values and associated 

prcbabilities cbtainoo fran tre ANOVA. The full MOVA is sh:>Wl as table 38 

and 39 in apperx'lix A. 

Table 15. Statistical effects of i.eather arx3 delineat:ion. 

SITE #1 SITE 12 

F~ALUE; PR> F F-VALOE PR> F 

WFA'IBER ( WJ 212.47 0.0001 87.97 0.0001 

IELINFATION (D) 1.83 0. 1602 1. 51 0.2202 

(W) by (D) 0.56 o. 5719 2.15 0.1166 
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'lhe canparis::,n of space mean speeds uooer ..et an:3 dcy con::litions 

showed that there was a statistically reliable difference of 2 to 3 mi/h (3.2 

to 4.8 km/h): the 11et conditions froduc:ing the lower speeds. Table 16 shows 

the mean speeds assxiate:i with the various coroitions un:1er which delinea­

tion systens i.ere tested. A re11iew of the data obtaine:i I.J'Xier partial light­

ill] sh:>ws that the differences are greater for Site #1 ( the sirgle-luninaire 

partial) than for Site 12 (the three-luninaire partial). '!his supi;:orts the 

s1.139estion that the higher lerel of par':ial lighting at Site #2 pr01Tides 

better visibility in wet Wi:!ather corditions. 'lhat is, s:t:eed perfomance more 

nearly duplicates that observed in dcy corditions. 

Table 16. Effects of ljghtirg, Wi:!ather, an:! delineation 
on space mean speed. 

Ex:perimental Cordition SITE i1 SITE #2 

S'mNCNO ~ 
LIGHTING WEATHER OE:LINEM'ION N™8ER MF.AN DEVIATION NUMBER MFAN DE\TIATIOO 

FOIL DRY' BASELINE 253 46.0 5.8 834 53. 1 5.4 

PARTIAL DRY BASELINE !430 45.9 5.8 1661 52.5 5.3 

PARI'IAL DRY' UPGRADE 11 275 46. 1 5.6 253 52.7 5.3 

PARTIAL DRY UPGRADE 12 585 45.9 5.8 527 53. 1 5.8 

PARTIAL DRY UPGRADE i3 193 46. 7 5.8 793 53.5 5.5 

FUIL WET BASELINE 134 45.6 5.7 315 50.7 e.5 

PARTIAL WET BASELINE 373 42.7 5.7 194 50.7 7.8 

PARTIAL WET UPGRADE #2 653 43.0 5.8 88 so.a 8.5 

PARTIAL WET UPGRADE 13 183 43.3 5.8 511 50.5 10.5 

( 1 m1/h = 1 .6 km/h) 
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b. Fanp Speed Distributions (Trap 2 to 5) 

With regard to the ramp speed distributions, the ui;graced delinea­

tion systens were canpare:l with the Baseline systen, in dry ao::l in W;t con­

ditions under partial lightin;. The canparisons for W;t C'Oooitions showed 

that the distributions were not significantly different for either site: all 

ccmparisons resultirg in ronsignificant K-S tests. The K-S values arrl asso­

ciated pi::obabilities are given in table 17. 

Table 17. Values and probabilities from K-S tests for significant 
differences in ranp speed distributions, wet and dry weather. 

SITE jlal SITE jia2 

CCMPARISO- K-S VALUE PRCB. CCPIPARISCN K-S VALUE PROB. 

PDB-PDl l 0.516 0.953 PDB-PDl 0.654 0.786 

PDB-PD2 0.853 0.460 PDB-PD2 1.700 0.006 

PDB-PD3 1.027 0.242 PDB-PD3 2.511 0.000 

PWB-PW2 0.663 o. 771 FWB-PW2 1. 138 0.15 

PWB-PW3 0.725 0.669 PWB-PW3 0.828 0.499 

1 Key to abbreriations in table 7, page 37. 

The canparisons for dry con:Htions in::licated oo significant differ­

ences for Site #1. B:>wever, at Site #2 delineation Ui;grcrles 2 and 3 resulte:l 

in significantly different distributions when canparec to the Baseline treat­

ment. As shown in figures 23 and 24, both of the delineation llf9rcrles pro­

duce:l a greater percentage of drivers in the higher speed ran;es. While the 

upward trend in s:;eeds -.as not en:>U:Jh to result in a statistically signifi­

cant difference in means, the curves imply that delineation Ui;gra:les 2 and 3 

improve the visibility of the exit under dry con::litions. H::>~er, based on 

the failure to fird similar significant differences in wet corrlitions, the • 
improvenents are apparently not eool13'h to overcane the visibility problens 

asso::iate:l with rain. 
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c. •-rails" of the Ranp speed Distributions (Trap 2 to 5) 

'I'he analysis of t.'le "tail!:/' of the ranp spee:i distributions imicat­

ed that there 111ere ID significant differences bet~en deli.'leation systens at 

Site tl in either dry or 111et comitions. ~ Site 42, the only statistically 

significant difference i.as bet1'een the B:lseline delineation and CJE:gra:le 3 

umer dry CDrriitions. 'lhis canparis::>n wi.s s:ignificant ( p >.01) for both the 

15th and 85th percentile, prodoci.rg t-values of 3.3 and 2.8 respectively. 

The t-values d:>taine:I for all COllparis:ms are shoWl in table 18. 'lbe spee:i 

distributions 111ere sh:>Wl in figure 24. Q;gra:le 3 resulted in 5.2 percent 

fe~r drivers below the 15th percentile speed establishe::I in full lightin:J, 

an:I 4. 3 percent more drivers abo.re the 85th percentile spee::1. 'lhe Upg ra:le 3 

result of s:ignificantly fe~r drivers uroer the criterion 15th percentile 

si.ggests that it i;rooides :improoe:i visibility as canpare:i with the other 

delineation systens. While this could be interp:::ete:1 as a safety benefit, 

the effect at the 85th percentile criterion must als::, be considere:i. 

Table 18. T-~est valtEs for d6ineation systan canparis::,ns. 

SITE #1 SITE #2 

PERCENl'IIB PERCENl'IIB 
1 S'IH 85TH 1 5'm 85TH 

PIB-PD11 0.665 0.914 0.689 0.651 

PIB-PD2 o. 127 o. 736 0.990 1. 707 

PCB-PD3 1.218 0.466 3.297 2.761 

PWB-1:WZ 0.351 0.673 0.962 0.262 

PWB-PW3 0.209 1. 711 0.902 0.469 

(1.96 = p .05; 2.48 = p .01) 

1 Key to abbre,iations in table 7, pa;ie 37. 
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'lhe 85th percentile ranp speed indec full illunination in dry con­

ditions, the basis for canparis::m, "8S 58. i mi/h (93 km/h). Cne could a..>gue 

that a delineation systen that resulted in a greater percenta;Je of drivers 

beirg r:»er this spee:i "'65 counter to in::rease:i safety an:I that the delinea­

tion W:ts •too good," givin3 drivers a false sense of secut"ity. en the other 

ham, consideration of the relatively s:imple geanetri.::s of the ranp an:I the 

-iry con:litions can lead to an equally logical con::lusion that the sl :ightly 

greater percentge of drivers cbole the 85th percentile does rot constitute a 
safety problan. 

If s:imilar 85th percentile effects hcrl been abseI:ll'Ed in 1oet con:li­

tions, safety considerations w:>uld have tD be ..e:ighe:I. Wlile n::me of the 

canparirons in 1oet con:li tions resul te:1 in statistically significant differ­

ences, the aistributions indicated that the delineation up:Jrades at both 

sites ten:!Erl to mare drivers in the dire:::tion of the nunber of drivers at the 

85th i;:ercentile speed associata:l with full _illunination an:! Easel ine del in~ 

ation. Et:>,oever, tre UP3rades appearerl to hare 1 ittle consistent effect at 
the 15th percentile le.>els. 

In s1.111nary, there is little e11iderx=e fran the analysis of the 

"tails" of the ranp Sfee1 distributions to indicate that the delineation 

UP3ra:'les had any ma:jor effect. With the 1:!K.ception of the significant differ­

ences associated with delineation Ofx3ra:le 3, all other differences w::!re n::>n­

significant. 

d. 'D:."ap Spee:i Di.str :ibutior.s 

1be analysis of trap spee::i distributions obtained un:ler w::!t con:li­

tions at Site # 1 sb::>W:!d that there 1Ere no statistically significant differ­
ences at any of the traF5. N:. Site #2 the only s:ignificant differerx=e in i.et 

con:litions Wis at 'D:."ap 5, where Ofx3ra:les 2 aro 3 differerl fran Baseline d~ 

1 ineation. As sh:>Wl in fig ut"es 25 and 26, the 8:1.sel ine delineation results 

in a sl :ight up-.,ard shift in the distribution as canparEd with the ~ raaes. 

'llle analysis of trap speed distributions cbtainEd un:ler dry oon:li­
tions at Site # 1 sh::>W:!d few differences. Here the only statistically sign­

ificant differerx=es occu::-rEd betW:en 8:1.seline delineation an:3 UP3ra:le 2, for 
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\<tlich significant K-S values i.ere obtained at '!raps 2 and 4. As shown in 

figures 27 and 28, the differences in the distributions are oot substantial. 

K-S values and associated probabilities are given in table 19. 

Table 19. Values am pi:obabilities from K-S tests for significant 
differences in trap speed distributions. 

SITE tl 

TRAP 2 TRAP 3 TRAP 4 TRAP 5 

Canparis:>n K-5 Value Prob. K-S Value Prob. K-S Value Prob. K-S Value Prob. 

PDB-PDl 1 1.043 0.227 0.782 0.573 0.881 0.420 0.559 0.914 

PDB-PD2 1.588 0.013 0.930 0.353 1.508 0.021 0.658 0.779 

Pr:&-PD3 0.544 0.929 1.276 0.077 0.923 0.362 0.959 0.316 

PWB-PW2 0.544 0.929 0.430 0.993- o.901 0.392 0.970 0.304 

PWB-PW3 0.653 0.787 0.813 o.532 1 .258 0.084 o.880 0.420i 

SITE #2 

TRAP 2 TRAP 3 TRAP 4 TRAP 5 

Canparison K-5 Value Prob. K-S Value Prob. K-S Value Prob. K-S Value Prob. 

Pr:&-PD11 0.958 0.318 0.489 0.970 0.601 0.863 0.620 0.837 

Poo--PD2 o. 707 0.700 1.574 0.014 1.939 0.001 1.698 0.006 

PDB-PD3 1.134 0.153 2.306 0.000 2.789 0~000 1.801 0.003 

PWB-PW2 0.606 0.856 0.800 0.545 1.188 o. 119 2.220 0.000 

PWB-PW3 0.756 0.617 0.825 0.504 0.959 0.317 1 .683 0.007 

1 Key to abbreviations in table 7, pc13e 37. 
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Figure 27. Site fl Trap 2 speed distributions 
( Baseline vs. Ui?3ra:le 2, dry, partial lightinJ). 
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Orxler dry coooitions at Site i2, the conparioon of Baseline delinea­

tion with both Dp;Jr.rle 2 arxl ui:gr.rle 3 resulte:l in statistically significant 

differences; in this case at Traps 3, 4, arxl 5. '.llle ~ distributions fur 

the significant canparioons are showi in figures 29 thl:ou;ih 34. Greater 

differences were pro::iuced at the low en:! of the distributions, generally, 

than at the high en:!. 

In si.mnary, the analysis of trap spee:1 distributions provided no 

Stron;J supp>rt fur any of the llP3ra:led delineation Oller the Baseline 

systen. While sane of the canparioons resulted in statistically significant 

differences, the magnit11Je of the differences W3S not large enou;ih to provide 

a basis fur cl'xx>sirg beti.ieen delineation systens. 
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Figure 29. Site #2 Trap 3 speed distributions 
( Baseline vs. Upgra:le 2, dry, partial lightirg) • 
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Figure 34. Site i2 Trap 5 speed distributions 
(Baseline vs. Up;Jrade 3, dcy, partial lighti[lJ). 

e. "Tails" of the Trap Speed Distributions 

Fbr reference in discussion of the "tails" of the trap speed distri­

butions, table 20 soows the percenta;ie of drivers operatin;J below the 15th 

percentile criterion spee:J am the percenta;e aboll'e the 85th percentile for 

each delineation systen aoo trap. Recall that the 15th am 85th percentile 

speeds USEd for the statistical analysis 1o1ere toose d:>taine:j un::ier full 

illllllination with Baseline delineation. 'lhe t-score values fran the analysis 

are given in table 40 in appendix A. 

As discusse:l in the previous sr,_. tion (d.), U~rades 2 and 3 at Site 

t2 produced significantly different speErl distributions versus the Baseline 

under wet ronditions at Trap 5; these bein;J the only significant differences 

resultin; fran the analysis of the "1oet" data set. Comparisons of the 
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Table 20. Percenta;,e of drivers below the 15th percentile speed and .bcNe 
the 85th percentile speErl for each del. ineation systan ( 15th clild 85th 

percentile ,-ere established under full lightin;J with Baseline delineation). 

PERCENT DRIVERS < 15TH PERCENTILE 

PIB 1 PDl PD2 PD3 ~ J?W2 

SITE il % % % % % % 

'mAP 2 12.5 9-3 15.0 15.1 23. 1 24.1 

TRAP3 15.5 ,, .3 16.6 14.0 21.4 21.3 

TRAP 4 14. 7 14. 1 17-0 12.4 23.9 27-5 

TRAP 5 13.9 11-3 12.5 ,o.o 28-2 30.5 

SlTE #2 

TRAP2 17-3 25-0 ,s. 1 15.0 16.8 ,a.a 

TRAP 3 17. 7 18.7 12.4 12. 7 15.4 12.6 

TRAP4 18.4 18.9 12.8 12.0 16.3 16.3 

TRAP 5 15.9 19.9 14.2 13.9 13.S 14.5 

PElCENT DRIVERS > 85TH PERCENTILE 

PDB PDl PD2 PD3 PWB PW2 

SIT!:: il % % % % % % 

TRAP 2 15.0 16.1 15.9 17.0 6.9 6.3 
. 

TRAP 3 14.0 15.3 15. 7 17.6 4.6 5.1 

TRAP 4 15.6 14.9 14.3 19.4 3.6 5.6 

TRAP 5 14.3 15. 1 13.6 17.4 4.3 4.9 

SITE #2 

TRAP 2 11.a 15.3 13.9 14.4 21.8 7.6 

TRAP 3 13.1 13.5 16.3 17.9 18.6 18.4 

TRAP 4 12.6 14.3 16.3 17.0 15.9 13.0 

TRAP 5 13.3 14.6 14.6 15. 1 26.4 16. 1 

1 Key to abbre<Jiations in table 7, P<ge 37. 
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•tails" of the Trap 5 distributions showed that both uP3rades differed sign­

ificantly fran Baseline delineation at the, 85th percentile but not at the 

15th percentile. AS sh:,\,'11 on table 20, with Baseline delineation (PWB), 

26.4 percent of the drivers operated above the criterion 85th percentile 

spee:1 at Trap 5, whereas with the delineation uP3ra::les (PW2 and PW3), 16. 1 

percent. and 18. 9 percent did so, respectively. 

B:>th delineation uP3ra::les could be chosen o;er Baseline delineation 

for producin3 speed distributions closer to distributions obtained under the 

full lighting that sei:ved as the model. Sowarer, because the significant 

differences occurred only at Trap 5, they are not sufficient for ch:xlsing 

either upgt·aded systan in place of the Baseline under 1oet corrlitions. 

Recall that under dry corr:litions at Site t 1, the only significantly 

different trap distributions occurred between the Baseline and Op;Jrade 2 at 

Traps 2, 3, and 4. Further analysis of these distributions failed to reveal 

statistically significant differences at either the 15th or 85th percentile 

"tail." In sunoary, data fran Site #1 does rot recaltllen:I any of the delinea­

tion up;rades aver the Baseline systan. 

Urrler dry o::,rditions at Site #2, significantly different trap speed dis­

tributions i.ere obtained at Traps 3, 4, and 5 for both UP3rade 2 and UI=grade 

3 versus Baseline delineation. Analysis of the "tails" of these distribut­

ions sh::),oed significant differences at the 15th percentile "tail" at Traps 3 

and 4 only. As can be seen in table 20, the differences between the Baseline 

delineation ard each up;rcde are similar at each trap. At Trap 3 with 

Baseline delineation, 17. 7 percent of the drivers operate:'I below the 15th 

percentile spee:i, canpared with 12.4 percent ard 12. 7 percent durin3 Op:Jrades 

2 and 3 respectively. At Trap 4 with Baseline delineation 18.4 percent of 

the drivers operated below the 15th percentile speed, canpared with 12.8 

percent. and 12.0 percent during UP3rades 2 and 3 respectively. 

n:ie 5 to 6 percent fe1oer drivers operating below the 15th percentile 

speed durin3 UE9raded delineation -.ould have been imp,rtant at Trap 2. 
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'Ihere, it could be ai:gued that tbe 1IP3rades increase:J the mmber of drivers 

woo entered the rclllp at an appropriate speed an::1 did oot reduce spew on the 

freeway mainline. B:>wever, since the differences were observed at Traps 3 

and 4, the delineation uP3rades cann::>t be credited with soch safety benefits. 

At the 85th percentile "tail," differences between the Baseline and 

Op;Jra::l.e 3 distr:il:>utions 1o1ere also statistically significant at Trape; 3 and 4, 

but between the Baseline and 0P3ra::l.e 2, only Trap 4 distr:il:>utions were 

statistically significant. As can be seen in table 20, 4 to 5 percent more 

drivers operated above the 85th percentile speed durirg upgraded delineation 

than durin; Baseline delineation. 'iilile there are statistically significant 

differences, they are not strorg eroU3h to ronclme that any of the delinea­

tion LJP:Jrades is superior to the Baseline delineation. 

13. Driver Behavior Effects 

'lhe driver behavior measures ronsisted of lateral placanent, brake a~ 

lications, edgeline encroachnents, gore encroacrments, arrl hecKUight chan3es. 

'lhe lateral placanent data were obtained fran the dia,ional IR detectors at 

Traps 4, 5, an::1 6. 'lhe other measures were obtained f:an observer input to 

the TES recordirg unit via button boxes. 

a. Lateral Placenent Measure 

'lhe pl..lqX)se of the lateral placanent measure \eS to dete:cmine 

whether any of the delineation systems w:>uld result in better lane placenent, 

particularly under wet coroitions when visibility IE.S degraded. Sane of the 

delineation upgrades, with RPM' s or fully retroreflective p:,sts on the raup, 

could be expected to pr011ide a better path definition than the Baseline de­

lineation systan. Table 21 shows the sanple sizes, means (displacenent fran 

the right edgeline), an::1 standard deviations at each trap for both sites. 

'Ihe mean lateral placenent for each trap is soown graphically in figures 35, 

36, and 37 for Site #1, an::1 figures 38, 39, and 40 for Site #2. 'Ihe darker 

bars in the figures represent wet road con::litions ard the lighter represent 
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Table 21. ~an distance C ft) of vehicles fran right 
edgeline at Traps 4, 5, and 6. 

Site 11 Lateral Placanent 

Trap 4 Trap 5 

Corx:lition tb. Mean Std.Del. No. Mean Std.Dev. 

EWBl 112 2.4 2.5 151 5.2 2.2 

PWB 355 3.2 2.1 218 6.3 2.8 

PW2 516 4.8 3.1 820 4.9 2.0 

PW3 117 4.0 1.9 220 4.0 2. 1 

FDB 266 4.5 2.1 266 5.0 2.5 

PDB 1431 3.7 2.4 1509 5.2 2.3 

PDl 283 4-3 2-3 292 5.4 2.1 

PD2 798 3.8 2.2 801 5.1 2.1 

PD3 203 4-0 2-4 204 3-9 1.9 

Site #2 Lateral Placanent 

Trap 4 Trap 5 

COn:lition No. Mean Std.Del. No. Mean Std.Dev. 

fWB 360 4-3 2.7 371 2.8 2.0 

PWB 331 4.6 2.5 467 2.7 1.8 

PW2 242 3.9 2.6 245 4.0 1.9 

PW3 524 3.9 2.0 503 2.5 1.6 

FDB 1020 3.8 2.2 1069 2.0 1.9 

PDB 1728 4.3 2.4 1849 2.9 1.9 

PD1 265 3.4 2. 1 266 2.0 1.7 

PD2 536 3-8 2-5 559 3.0 1.8 

PD3 875 3.7 2.0 868 3.4 2. 1 

1 Key to abbreviations in table 7, pa;e 37. 
(1 ft= .305m) 
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Trap 6 

No. Mean 

149 3.8 

381 4.9 

744 6.3 

198 6.4 

266 2.8 

1311 4.4 

292 5.4 

796 6.9 

186 4.8 

Trap 6 

No. -Mean 

397 1. 6 

461 3.0 

253 1.9 

493 1.0 

1015 2.5 

1851 2.8 

268 2.9 

567 2.9 

880 2.5 

Std.Del. 

2.5 

3.0 

2.4 

2.4 

2.4 

2.7 

2.8 

2.6 

2.0 

Std.De\7. 

1.6 

1.8 
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dcy conditions. Trap 4 was located near the physical gore and Traps 5 and 6 

were locate:i do-;;nstrean at apprax:imately 100-ft (30.5 m) intei:vals. n-ie 

means shown in the figures represent the distance £ran the right e:igeline at 

\obich the vehicle broke the diagonal I/R bean. For b:>th sites the lane width 

between the edgelines W:t.S approximately 14 ft (4.27 m). 'Illus a lateral i;osi­

tion 0£ .3.5 ft ( 1.07 m) w:iulri iroicate a vehicle near the center of the 

lane. 

7 

6 

5 4.8 

DISTANCE FROM 4 
RIGHT 

EDGEUNE (FT) 3 

2 

1 

0 
FWB PWB PW2 PW3 FOB PDB P01 

EXPERIMENTAL CONOmON 

I ■ WET crnomONS El DRY crnorrlONS 

Key to abbreviat:ions L-l table 7, p.ge 37. 

(1 ft"' .305 m) 

Figure 35. lateral placanent - Trap 4 - Site 1t1. 
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Key to abbreviations in table 7, pa;;e 37. 
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Figure 36. Lateral placanent - Trap 5 - Site 41. 
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Figure 37. Lateral placanent - Trap 6 - Site #1. 
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Ke:ii to abbreviations in table 7, p.cge 37. 
( 1 ft = • 305 m)' 

Figure 38. Lateral placenent - Trap 4 - Site #2. 
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Figure 39. Lateral placenent - Trap 5 - Site #2. 
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Key to abbreviations in table 7, pcge 37. 
(1 ft = .305 m) 

Figure 40. Lateral placenent - Trap 6 - Site #2. 
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It W!S assi.:med that the delineation systen that produced lateral 

placenents similar to th:>se cbserved under full lightiIJ3 \IOuld be the best. 

A series of t-tests was used to detexmine the statistical reliability of the 
observed differences. 

Table 22 soows the lateral placenent differences between full 

lightil'J3 with Baseline delineation ari3 the delineation systens urxler partial 
lightil'J3, alol'l3 with the statistical significance of the differences. With 
few exceptions, the magnitu::le of the differences is snall. H::>wever, with the 

lai:ge sanple sizes, a difference of more than 0.3 ft (0.1 m) is usually 

statistically significant. 

'lb determine ~ther any delineation systen proouced a pattern of 

results across sites or traps, the lateral placenent values ,-ere used to 

create systen rankings for each 1"eather corrlition at each site. 'Il'lat is, the 
systen that produced a lateral placenent value closest to the value observed 
umer full lightiIJ3 was ranked first, the next closest value secorxl, etc. 

Where rankings did not differ significantly, they ,-ere given the sane rank. 
'ltle rankin;;s of each systen are given in table 41 in appendix A. '!he rank.in;; 
faile:3 to reveal a pattern of superiority for any of the delL-leation systens. 
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'!able 22. lateral placenent differences betlHeen full light~ with 
Baseline delineation am delineation systems un:ler partial lighting. 

SITE tl 

SYSTEM DIFF. FBCM EULL LIGHTING PLACEMENT 
( in feet) 

LIGBTING WEATHER DELINEATION TRAP 4 TRAP 5 TRAP 6 

E>ARTIAL DRY BASELINE 0.8"' 0.2 1.6* 

E>ARI'IAL DRY' UPGRADE 1 0.2 0.4* 2.6* 

E>ARTIAL DRY UPGRADE 2 0.7* 0.1 4.1* 

E>ARTIAL DRY UPGRADE 3 0.5* 1 .1* 2.0* 

PARTIAL WET BASELINE 0.8* 1.1* 1.1* 

PARTIAL WET UPGRADE 2 2.4* 0.3 2.5* 

PARTIAL WET UPGRADE 3 1.6* 1.2* 2.6* 

SITE i2 
. 

SYSTEM I DIFF. FRCM EULL LIQ!TING PLACEMENT 
( in feet) 

LIGBTING WFATHER DELINEATION TRAP 4 TRAE>S TRAP 6 

PARTIAL DRY BASELINJ;; 0.5* 0.9* 0.3* 

PARTIAL DRY UPGRADE 1 0.4* o.o 0.4* 

PARTIAL DRY' UPGRADE 2 0.0 1.0 0.4* 

PARTIAL DRY' UPGRADE 3 o. 1 1.4* 0.0 

PARTIAL wET BASELINE 0.3 0.1 1.4* 

PARTIAL WET l)PGAAr£2 0.4* 1.2* 0.3* 

J?ARTIAL WET UPGRADE 3 0 .• 4* 0.3* 0.2* 

* iroicates statistically significant ( p > .OS) differences. 

( 1 ft = .305 m) 
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In a:ldition to the ranking of systens against the fw.l lightl.ll3 cri­

terion, an ad:litional rankiD3 canpared lateral placenents relative to the 

center of the lane. :Recall that a lateral· position of 3.5 ft ( 1.07 m) "'0ul.d 

put a vehicle near the center of the lane. A placenent closest to the center 

of the lane was ranked 1. As with the full lightl.ll3 criterion, the signifi­

cance of the differences 'WB.S taken into aca,unt in assigrrnent of rank. 'Ihe 

rankin;Js are shown IJl'lder criterion 2 on table 41 in appeooix A. .z,gain, the 

variation in rankin;s across sites and coooitions was six:h that oo del inea­

tion systen ene~ed as superior. 

In Sll!lllacy, the lateral placenent data do rot aid in discriminatin; 

between any of the indepeooent variables of concern. 

b. Brake Application Measure 

'Die observer input to the TES data tape via hand-held button boxes 

inclu:led brake light applications in a:lvance of the exit taper (i.e., on the 

freeway mainline). 

'1he design of both exits permitted a driver to safely lea<.re the main­

line a."ld enter the taper at 55 mi/h (88 km/h). further, the signin;J was 

a:lequate am rot likely to prodix:e confusion. Given this situation, it was 

assuned that brakiD3 in mainline 1,0uld be associated with the visibility of 

the exit. 'lhat is, it was assuned that better visibility, whether pco:luced 

by lightin;J or up;Jra:led delineation, w:>uld lea:1 to fewer occurrences of brake 

light applications in mainline in advance of the exit. 

Tat>le 23 shows the percenta=]es of drivers brakil'l:I in mainline I.Ulder 

wet and dry coooitions at Site i1. 'Il3ble 24 shows the sane for Site t2. 

Als:> sho....rt on the tables are the mul.tiway O'li Square values associated with 

the statistical tests for indepeooence. Given the unifoi:mly low percenta,Je 

of drivers brakir13 in mainline, a stroD3 case canoot be ma:le for any of the 

delineation systens. 
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Table 23. Site #1 - mainline brakirg. 

DRY WET 
. 

'.IOrAL N'.). PERCENT 'lUl'AL NO. PERCENT 
CGNDITION VEHICLES BRAKING BRAKING VEHICLES BRAKING BRAKING 

BASELINE 1397 7 0.50% No Data 

UPGRADE 1 260 6 2.30% 

CJPGF<ADE 2 684 17 2.50% 640 9 1.40% 

UPGRADE 3 185 2 1.10% 192 0 0.00% 

(ChiSg = 16.97,p .2:_.0l) (ChiSg = 7. 186, p .2:_.05) 

Table 24. Site #2 - mainline brakirg. 

DRY WET 

'IOI'AL 00. PERCENT 'IOI'AL NO. PERCENT 
CCNDITIOO VEHICLES BW>.KING BRAKING VEHICLES BP.AKING BRAKING 

BASELINE 1540 12 0.80% 406 6 1.50% 

UPGRADE 1 237 3 1.30% 

UPGRADE 2· 540 1 .20% 180 5 2.80% 

UPGRADE 3 No Data No Data 

(ChiSg = 6.18, NS) (ChiSg = 9.087, p .2:_.05) 

c. Edgeline Encroactment Measure 

All of the erratic manewers observed fran the brake-light p::,sition 

were enc=achnents on the right edgeline at the beginnin;i of the exit taper. 

Because Site #2 did not pro11ide a good vantc13e p::,int fran which to cbserve 

edgeline enc=ac!:ments and still remain hidden, it .was virtually irnp::,ssible 

to see encroachnents under rain corrlitions. Even urrler dry conditions the 

71 

'...,, 



percentage of drivers observed encroachi.n; on the right edgeline was vecy 

snall. Because it is felt that the low percentages are due to the inability 

of the observer to accurately detect the encroachnents, this data is not 

reported for Site #2. 'Ihe data fran Site #1 are sho1'!1 in table 25. 

'lable 25. Site #1 - edgeline encroachnents. 

CRY WET 

TOTAL NO. PERCENT TOrAL NO. PERCEm' 
CONDITION VEHICLES ENCROACE. ENCROACE:1. VEHICL&S ENCROACH. ENCl«)ACB. 

BASELINE 1397 470 33.60% 315 164 52.10% 

UPGRADE 1 260 92 35.40% 

UPGRADE 2 684 270 39.50% 640 272 42.50% 

UPGRADE 3 185 19 10. 30% 192 52 27.10% 

( ChiSq = 55. 99, p 2:.- 01 ) (Ou.Sq= 30.45, p 2:_.01) 

eoth of the delineation UP:Jrades produced lo1o1:r percentages of 

encroachnents than 83.seline delineation unaer 1o1:t con::litions. (P3'rade 3 

resulted in significantly lo'Aer percentage:; of encroactrnents un::ler both dry 

and 1o1:t conditions. Further, performance under delineation Op;Jrade 3 was 

approximately the sane as that observed un::ler W:t con1itions with full 

l:i.ghtin;J an::,. Baseline delineation. It appears that Up-;i-rade 3, with the 
fully retrorefl.ectorized posts along the exit, acts to better align drivers 

in the ex.it. 

d. Gore Encrodrnent ~sure 

'lhe percentage of encroachnents on the gore stripes was low on both 

sites an::! under all coroitions as shown on tables 26 and 27. On both sites 

there was a lower percentage un::ler full lighting than under any of the 

partial lighting corrlitions. As the Chi-Square values asso::iated with each 

data set indicate, there are no statistically reliable differences between 

the delineation systens. 
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'!able 26. Site jfl - gore encroachnents. 

I CRY WET 

I TOrAL NO. PERCENT TOrAL NO. PERCENT 
I.OIDITION VEHICLES EN:ROl\.CH. ENCROP.CH. VEHICLES ENCROACH. ENCROACH. 

BASELINE 978 24 2.50% 223 7 3. 10% 

UPGRADE 1 261 10 3.80% 

UPGRADE 2 457 16 3.50% 649 0 0.00% 

UPGRADE 3 158 2 1.30% 38 3 7.90% 

{OliSq = 3.64,NS) { OliSq = low cell freq. = 
unreliable) 

Table 27. Site #2 - gore encroacmients. 

CCNDITICN DRY WET 

TOrAL NO. PERCENT TOrAL NO. PERCENT 
VEHICLES Et~H. ENCRa\.CH. VEHICLES ENCROJ\CH. ENC:ROl>.CB. 

BASELINE 822 12 1.50% No Data 

UPGRADE 1 209 5 2.40% 

UPGRADE: 2 291 6 2.10% No Data 

UPGRADE 3 311 2 0.60% No Data -----(OliSq = 3.277, NS) 

14. Effects of New Lamps on Driver Performance 

Up:,n canpletion of data rollection associated with the main purp:>se of 

the study, the luninaires cin Site #2 ~re cleaned and new lanps i.ere install­

ed. Wiile the a\Tera;ie illuninance un:ler existing corditions was above AASH'IO 

specifications, the lanps had not been changed for sane time. 'Ihus it was 

deaned desirable to refurbish the lights and collect a snall anount of data 

to determine ..tiether the additional light output w::,uld result in any differ­

ence in traffic performance. 
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Statistically a.,nparable data under existin; and refurbished lightirl:3 

were in delineation UP3ri:des l and 3 urder dry con:Htions. 'Ihe analysis 

showed that the differences in space mean speej were significant (p>.05) for 

the UP3ri:de 3 canparisons and nonsignificant for UP3ra:le l. 'llle differences 

in mean speed, oowever, were not practically significant: a difference of 0.9 

mi/h ( l .44 km/h) between lightill3' corrlitions urrler delineation UP3ra:le 1, and 

a difference of 1. l mi/h ( 1. 76 km/h) under UPJri:de 3. Also, the chan;e in 
lightin; had virtually no differential effect on the speed distributions for 

either up;jra:le. 

15. Comparative Costs of Lighting and Delineation 

'llle purp:ise of this section is to provide information on the cost o:m­
parisons between full lightin; with easeline delineation and partial lightirl:3 

with UP3ra::led delineation systens. Clearly, it is not p:,ssible to pr017ide a 

sin;le cost canparis:>n that will be dit-ectly applicable in all States. 

Luninaire maintenance and p:,wer rosts will vary £ran State to State, as will 

costs associated with delineation systen inst.:lllation and maintenance. 'Ihe 

cost canparis:ms presented in this section are based on actual State of 

Washin;ton delineation installation arrl maintenance costs and costs for 

luninaire installation, maintenance, arrl p:,wer. 

Luninaire installation arx3 operatirg costs are for a 250-watt, high 

pressure 9:>diun lanp mounted on a 40-ft ( 12.2 m) p:>le. 'Ihe cost to install a 
canplete luninaire, inclu::lin:3 fourrlation, p:>le, and wirirl:3 is apprar:imately 

$3500. Assunin; a 20-year service life, an interest rate of 6 percent, arrl 

= salvcge value, the equivalent unifom annual cost of a luninaire 1o0uld be 

$305. 'Ihe annual oper~tirl:3 cost for each luninaire is $100, $46 of ..tlich 
goes for maintenance and $54 for p:>wer. 'Ihus the total cost per luninaire 

tr0uld be $405 per year; the value use:1. in the ccmparisons below. Ole further 

·assunption ma:3e in calculatin; the cost ccmparisons is that luninaires are 

spaced at approximately 180 ft (54.9 m);_ a spacin:J which pr017ides the most 

effective light distribution on a relatively straight section of roa:lway. 

T\oO different levels of maintenance were assuned in developin; the 
annual maintenance cost of the delineation systen UPJri:des. Case l assuned 

that the delineation systens w:>uld have to i::e totally refurbished each year 

to maintain maximun effectiveness. 'Ihat is, rather than cleanin:J delineator 

p:>sts, replacin; reflector elanents in RPM' s, etc., the entire systan w:,uld 
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be replaced. 'lhis represents States i.hich experience significant weather­

related delineator and markin; -.ear am tear, si.x:h as is likely in areas with 

heilllY sn::,wplow activity. R>r the purpose of de11elopin3 equivalent unifoon 

annuai. costs for this case, delineation systan oosts were based on a 1-year 

service life, an interest rate of 6 percent, and no salvage value. case 2 

assunes that the delineator systens w:iuld hc111e to be totally refurbished 

wery 2 years and that there w::>uld be no other annual maintenance costs. 

'!'his represents States ~ich ha.re a mi.x:h more benign climate where i.eather­

related effects are far less pronounced. In this case, delineation system 

annual oosts are based on a 2-year ser,,;;ice life, an interest -◄t.e of 6 

percent, and oo salvage value. 

For the cost ccmparison presented in table 28, actual delineation oosts 

for Site 12 were used (see table 29). l:bwever, rather than usiD3 the actual 

spaciJ'l3 of luninaires on Site #2, the moJ;"e desirable 180-ft (54.9 m) spacirg 

was assuned for the calculation of lightin:J cost. Given the leJ'l3th of the 

ramp at this site, sirh spacirg w:,uld result in the requiranent for nine 

luninaires. At an annualized cost of $405 per luninaire, the lightiJ'l3 cost 

for full lightill3' of the ramp w::>uld then be $3,645. Table 28 shows the cost 

canparis:m of full lightil'J3' with Baseline delineation am bo partial 

lightirg configurations with each of the delineation systens teste:3, for 

cases 1 and 2. 

'lbe dollar values listed re]?resent the canbined annualized oost of 

lightin;i and delineation. It will be recalled that the profile:3 tape used on 

the gore stripes for delineation □P3rade 3 was crosen to represent a treat­

ment such as a thick application of theillloplastic ~ich 1<0uld be raised far 

enoi:gh off the surface of the roadway to re:3uce the negative effects of water 

film. 'Ihus for the cost ccrnparis:ms shown in table 28, Up;rade 3A reflects 

the cost of a thick application of ep:,xy, wiereas Ui:grade 3B reflects the 
cost of the profiled tape actually u..~ in the field stmy. Finally it will 

be noted that, because the Baseline delineation used on the test sites 

incll.rled the use of FPM' s, the Baseline treatment actually constituted an 
ui:grade ·wer the delineation systens used in many other States. 

A review of table 28 shows that even with the ioost conservative 

assunption of a 1-year service life for delineation systans, fran a cost 

standp:>int, ccrnbinations of partial illunination and a delineation systen 

ui:grade are almost ah,ays pc-eferable to the nine-luninaire· implanentation. 
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Table 28. canparative delineation and lightir)3 oosts. 

Case 1 - On~year service life for delineation systans 

DELINEATIOO 

LIGHTIN:; BASE- UPGRADE UPGRADE UPGRADE 

LINE 1 2 3A 

FULL (9 LUMINAIRES) $4,737 -- -- --
PARTIAL (3 L™INA.IRES) $2,307 $2,450 $2,588 $3,664 

P~~IAL ( 1 LUMINA.IRE) $1,497 $1,640 $1,778 $2,854 

. 

Case 2 - T\,,o-year service life for delineation systans 

DELINEATIOO 

LIGBTII'Xi BASE- U?GAADE UPGRADE UPGRADE 

LINE 1 2 3A 

FULL (9 LUMINAIRES) $4,737 -- -- --
PARl'IAL ( 3 LlM.c NA.I RES) $1,777 $1,868 $1,921 $2,475 

I PARTIAL ( 1 LUMINA.IRE) $ 967 $1,058 $1,111 $1,665 
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UPGRADE 

3B 

-
$5,190 

$4,380 

UPGRADE 

3B 

-
$3,260 

$2,450 

.... 

l­
i 



Table 29. Costs to delineate Site #2. 

Right side Left side Gore stripes 400 Gore 

1,800 ft 867 ft, ft each; avg. 1!l 'Ibtals 

curved spacin; R?M' s an:j posts 

diverters 25 ft 

Baseline $463.50 $221.97 $88 $257 $1,030.47 

tlp3rade $221.97 

1 $463.50 plus $88 $277 $1,164.85 

$114.38 

UP3ra:le 

2 $463.50 $436.97 $137.68 $257 $1,295.15 

tlp3rade $239.17 $1,200 theono- $2,310.05 

3 $499.50 plus plastic or $257 or 

$114.38 $2,640 profiled $3,750.05 

tape 

(1 ft= .305 m) 
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~ OF RESULTS 

1 • Transient Visual Adaptation 

Field tests, usirg a snall sanple (N = 15) of subject d~ivers, irrlicated 

that 'NA occurs in drivers traver::;irg a partially lighted ranp. O:mparis:>ns 

of detection performance to roa:lsi.de targets urrler lighted versus unlighted 

corrlitions sho-..ed that detection perfonnance is better under unlighted c:orrli­

tions. Eb~er the impro.red detection perfoz:mance was observed only for 

targets placed at 350 ft (106.75 m) and 475 ft (144.88 m) downstrean of the 

last luninaire. For t.m;ets place:i at 600 ft ( 183 m) fran the last lunin­

aire, there was no significant perfounance difference between lighti.n;J 

c:orrl itions. 

2. Effects of Lighting and Weather on Ramp Speed 

At both sites, weather (dry versus wet) arrl lightirg ( full versus part­

ial) were shown to have statistically significant effects on ranp space mean 

speeds. Ho~er the absolute differences were rot large. At Site il the 

maximun difference bev,,,een lightirg c:oooitions was approximately 3 mi/h (4.8 

km/h); this beirg obtained urrler wet corrlitions. At Site #2 the maxim1.111 

difference was less than 1 mi/h ( 1.6 km/h); this beirg obtaine:3 urrler dry 

conditions. 

At ooth sites the results are cx:msistent with what w:>uld ~ expected 

fran the starrlp:>int of visibility. 'lhat is, the highest mean spee:ls were 

observe:i un:ler full lightirg arrl dry corrlitions and the lowest urrler partial 

lightin; and wet corrlitions. 'Ihe significant effect on speed in -..et -..eather 

at Site 11 (a sirgle-luninaire installation) arrl the lack of the sane at Site 

i2 ( a three-luninaire installation) si.ggest that the greater nunber of lunin­

aires results in impro.red visibility. 

3. Effects of Lighting and Weather on Ramp Speed Distributions 

Analysis of the ranp speed distributions arrl a1ditional analysis of the 

"tails" of the distributions did not pc-o.ride any infoz:mation that 1<o0uld 
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oontradict the above results. For ranp speed distributions, the only signif­

icant differences between full and partial lightin; i.ere at Site #1 IJllder wet 

conditions. '!here i.ere no significant diffe:cences at either "tail" of the 

distributions. 

4. Effects of Lighting and Weather on Trap Speed Distributions 

'lhe trap distribution canparisons in:licated that there is little practi­

cal difference between light~ oonditions in dry i.eather. 'Mlile statisti­
cally significant differences were obtained at Traps 4 and 5 on Site t2, the 

differences in the distributions were snall at both traps. N:, significant 

differences were observed at Site tl. 

In wet weather, no significant differences were observed at Site #2. 

At Site #1, there i.ere significant differences at 'Iraps 2, 3, and 4, with 
full lighting resultin; in distributions havin3 a higher speed ran;e. 'lhe 

differences in the distributions i.ere larger than those observed under dry 

coooitions. The larger differences at Site #1 as canpare::1 with Site #2 

SU3gest that the three-luninaire installation (Site #2) pr011ides better 

visibility than the single-luninaire installation. 'Ihat is, performance is 

more like that obtaine::1 un:ler full lighting. 

'Ille analyses of the l:_rap distribution "tails" proouced results consis­

tent with the above fin::lings but did 'lOt pr017ide a1ditional insights. 

In surmary, the various analyses of the weather aoo illunination vari­

ables consistently SU39est that, under dry conditions, lighting has little 

effect on the speed behavior of drivers. 

1 ightin3 is superior to partial lighti03. 

In wet -.eather, ho~er, full 

Finally, it was folllld that a 

partial lighting cxmfiguration using three luninaires is superior to one 

usin; a single luninaire in that it produces results that are more c:,nsistent 

with those d:>taine::1 umer full lighting. 

5. Effects of Weather and Delineation on Ramp Speeds 

lhe analysis of variance of weather an:l delineation data showed that 

only weather pi:-oduced statistically significant effects on ranp space mean 

spee::1s. Neither delineation nor the weather and delineation interaction was 
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significant. 'Ihe · effects of weather were discussed i!bove. 'Ihe largest 

difference between any of the delineation systaa:. was l mi/h (1.6 km/h). 

6. Effects of Weather and Delineeatio;1 on Ramp Speed Distributions 

The canparisons of ramp speed distributions for wet con:Utions resulted 

in ronsignificant K-S values at both sites. 'llle cx:mparisons under d::y condi­

tions, oo-..er, indicated significantly different distributions for delinea­

tion llp:3rades 2 and 3 when cx:mpared with Baseline delineation. k'I exanina­

tion of the speed distributions soo""'33 that the delineation uP3rades prcduce 

a general upward shift of the distriblltions. I/bile the shift is rot eoough 

to produce a statistically significant difference in means, the curves imply 

that both delineation 1JP3rades p::cduce an improvement in the visibility of 

the exit under dry conditions. .H::>-..er, based on the failur~ to obtain sig~ 

ificant differences under wet conditions, the :improvements are not eoou;ih to 

overcane the visibility problems associated with rain. 

The analysis of the "tails" of the ramp speed distributions for Site #1 

did not show any statistically significant diff"!rences for wet or dry o:>ndi­

tions. At Site #2 the delineation cx:mparisons in wet corrlitions prcduced no 

significant differences. !bi.sever, under dry conditions, delineation llp:3rade 

2 resulte::I in a speed distribution tnat was significantly different fran the 

Baseline delineation at the lower "tail." Upgrade 3 was found to be signi­

ficantly different at both "tails." 'lhat is, UP3rade 2 and 3 prcducej a 

lower percenta;e of drivers operatin;; below the 15th percentile speed estab­

lished in full lightin;, and UP3ra:1e 3 al:oo produced a higher percentage 

operatirg above the 85th percencile speed. 

The lower percentage of drivers below the 15th percentile supp::,rts the 

su;;gestion that both U?3rades produced improved visibility canpared with the 

Baseline delineation. Che oould argue that because of the higher perce,..tage 

of drivers c-./er the 85th percentile speed, Up;rade 3 was less desirable than 

UP3'rade 2. tbwever, given that the significant results ...ere obtained under 

dry coooitions, and that the geanetrics of the ranp are relatively simpl~, 
there is not sufficient evidence to ch:x>se one of the uP3rades over the other 

on the basis of the ranp speed distr.ibution canpari:oons. 
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7. Effects of Weather and Delineation on Trap Speed Distributions 

'Ihe analysis of the trap <lat.a ootained in wet cornitions reveale:1 little 

additional infoouation with regard to the speEd-relate:3 behavior. At. Site i1 

rone of the delineation canparisons resulte:I in statistically different 

distributions. At. Site 12 ►-~ only significant distribution differences were 

at Trap 5, '!Nhere delineation UP3ra::3es 2 and 3 differe:3 fran the Baseline 

delineation. 

'Ihe analysis of speed distributions at irdividual traps in dry cordi­

tions indicate:3 s:me difference in effects between the tw:> sites. At Site i1 

the only significantly different distributions were for the canparis:,n of 

delineation lli;:grcrle 2 and the Baseline delineation. ~il<! statistically 

significant, the differences at Traps 2 and 4 were rot latge en::n;gh to 

justify a conclusion that either delineation systen was better than the 

other. 

'lhe analysis of the "tails" of the distributions sho~ that at Traps 3 

and 4, delineation UEgra::3e 2 resulted in a significantly {p ~-05) lo.er 

percenta;ie of drivers operatirg below the 15th percentile, canpare:I with 

Baseline delineation. tlp;jra:le 2 also produce:! a higher percentcge of drivers 

operatil"l:l at speeds higher than the criterion 85th percentile. H::>WBTer, the 

difference in percenta;ie at the upper "tail• is statistically significant 

only for Trap 4. In other w:,rds, while delineation UP3rade 2 appears ,:o 

shift the speed distribution generally upward ccmpare:I with the Baseline 

systen, oot all of the percenta;ie differences are statistically significant. 

A very similar pattern of distributional speed shifts and statistical 

significance was also associate:! with delineation UP3rcrle 3. 

While the analysis of speed distributions at in::! ividual traps did not. 

produce a consistent pattern of results, all of the statistically significant 

differences between the delineation UP3ra::les an: the Baseline delineation 

system st.ggest that the delineation UP3rad~s provide better visibility of the 

site un::ler dry corditions. 'Ihe canparative analyses of the distribution 

•tails" showed that the UP3ra::les, where significantly different fran the 
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83.seline, resulted in a lower percenta:]e of drivers operating below the cri­

terion 15th percentile speed a.-.a abclll'e the 85th percentile speeo; perfo~ 

ance oore closely matchi03 that ob~rved lnJer full illunination. B::>wever, 

under wet weather corrlitions, where one w:,uld h:>pe for the delineation to 

produce better perfocmance, the t1P9rades -..ere not founa to pcoduce any bene­

fits over the Baseline systen. 

8. Effects of Weather and Delineation On Driver Behavior MeasL♦res 

'!he driver beha,,,ior measures consisted of lateral placement, bra.11:e 

applications, edgeline encroactments, and gore encroactments. Of these 

measures only edgeline enc=actments pr01Ticle basis for choosing between t.ne 

delineation systems. 

With r~ard to edgeline e:-i=oachnents, both of the delineation ui:grades 

P=duced 10\.'er percentages of this maneuver under ..et corrlitions, with Up­

gra:ie 3 showing the best perfonnance urrler l:x>th dry ard ..et conditions. 

Further, perfo:onance under delineation lli:grade 3 was approximately the sane 

as that observe:i urrler wet corrlitions with full lighti03 and Baseline deline­

ation. It appears that oi:grade 3, with the fully reflectorized E,X)Sts along 

the exit, acts to better align the drivers in the exit. 
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CCN:LUSIOOS AND ~TIONS 

A canparis:m of taJ:get detection perfo:cnance un:ler ro lightin::J and 

partial light:irg sh:>wed that 'NA has a detrimental effect on target detection 

Kien measured un:ler four- an:3 five-luninaire partial lightir13 configurations. 

A canparis::m beb.een these no partial lightirl:J ooooitions, however, sh:>wed 

ro significant differences. 

A review of the pattern of results fran the field study of lightin:3 and 

deli;ieation s1.ggests that 'NA may operate wher. partial lightin:3 consists of 

fe~ than four luninaires. Since Site i1 had a lower level of lighting (a 

one-luninaire partial) than Site i2 (a three-luninaire partial) , one w:>uld 

expect UP3raded delineation to be more beneficial at Site i1. However the 

pattern of resul. ts fr:an ccmparirons of the trap speed distributions iooicated 
that delineation uP3rades terx:led to be more effective at Site t2. Further, 

where significant differences were obtained at Site lt2, they more frequently 

occurre::I at raup locations lohere 'NA w:,uld most likely be manifested. It is 

p:>ssible that the higher lightirf:3 level at Site i2 (an:3 the oonsequent T-IA­

related redu::tion in visual sensitivity) produced an "effective" visibility 

situation that accounts for the increased effectiveness of the delineation 

up;rades. Consider als:> the previously cited fiooin:3s £ran N:HRP 256 that 
perfotmance was better uooer bO-llJllinaire partial lightin::J than urx:ler four­

luninaire lightirf:3. ( 1 > 

'Ihe CCI!lbination of anpirical evidence fran the TVA study, the Su:Jgestive 

evidence fr:an the field study of lightin:3 an:3 delineation, and the results of 

N:HRP 256 provide a basis for recarrnemill3 that corrlitions urrler which TVA 

influences perfotmance be further studied. Specifically, it is recanmended 

that a study be coooucte:::I urx:ler partial lighting con:iitions which include 

one, tw:>, and three llJllinaires. 'Ihe results of such a study w:>uld pr011ide 

a better empirical basis for reccmnerx:1ation$ on the most appropriate partial 

lightin::J oonfiguration. 

With r53am to lighting, the firx:lings supf()rt the contention that full 

lightirf:3 is generally superior to partial lightirf:3 in tenns of ranp speed 
measures. Further, a mmber of supf()rting resul. ts s1.ggest that, for a 

partially lightro exit, a three-luninaire configuration is superior to a 

sill3le-luninaire configuration. 
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With regard to the effects of alternative delineation systems on rcmp 
space mean speed, there -.ere no significant differences betw::!en the Baseline 

delineation aoo the uwrade:i delineation syste!!IS. '!he analysis of speed 

distribution data obtained ur.der dry ~ther conditions provides evidence 

that delineation UP3rades 2 and 3 are superior to the B:!SP.line delineation. 

Both up;rades appear to provide better visibility of the exit because, in 

canparison with Baseline delineation. they result in perfoz:mance that is 

closer to that observed ur.der ful.l lightin3'. Bowe11er, the analysis of the 

spee::1 distributions obtained urx:!er wet conditions provided no basis for 

differentiating between the delineation systems. 

Because of the failure of the delineation uP3rades to maintain a speed­

related advan"ta:3e over the Baseline systan ur.der the more demanding visibi- . 

lity conditions of rain, neither of the delineation UP3rades can be strongly 

recarmerxled over the Baseline systan. 

'lhe only evidence to support the superiority of any delineation up;rades 

was in the incidence of edgeline encroachnents. With regard to this measure, 

delineation UP3rade 3 produced the best performance l.lnler both dry aoo wet 
conditions; performance canparable to that observed ur.der full lighti.r.;. 

Bowe\Ter, fran the standpoint of operation. safety benefits, or cost effect­

iveness, none of the delineation uwrades denonstrated enough advantage to 

irerit a recamiendation. 

'!he lack of ca:npelling evidence regarding the effectiveness of the up­

graded delineation systens soould not be generalized to other situations. 
'lhe sites on lolhich the delineation up::irades were tested were dianond inter­

c:han:Jes with little ranp curvature. For the purposes of ttJe project, sites 

of this design "Were ap.1,>roprip.te oecause they were representative of the de­

sign on ~ch partial lightin3' is most frequently used. However, slightly 

curved ranps do not p:>se a significant path maintenance problen for drivers, 

and the transition alo03 the exit taper is canparatively easy. Consequently, 

up;raded delineation may not be as useful as it 1o0uld oe on ranps with a 
great deal of curvature, e.g., a loop ranp, which entail more difficult guid­

ance proble:ns for drivers. Should the future see more frequent use of part­
ial lightin:l on ranps with significant curvature, it is reccmnended that 

further testing of up::iraded delineation be condocted. 
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APPENDIX A: Support.in; Data 

Table 30. Deteetlon distance with target location at right side, 350 ft (106.75 m). 
-

ILUJMlNATlON CONDITION 
TRIAL DIFFERENCE 

ILLO!IINATED NON ILLUMINATED (NI-I) 

1 383 
2 290 378 88 
3 677 427 -250 
4 378 
5 306 475 169 
6 308 444 i36 
7 426 467 41 
8 240 
9 349 522 173 

10 288 470 182 
11 403 116 -287 
12 486 420 -66 
13 415 
14 303 477 174 
15 474 474 0 
16 306 
17 284 346 62 
18 397 463 66 
19 375 411 36 
20 401 508 107 
21 348 386 38 
22 432 534 102 
23 323 231 -92 
24 418 433 15 
25 360 449 89 
26 338 428 90 
27 350 414 64 
28 415 409 -6 
29 431 501 10 
30 472 556 84 
31 330 
32 320 137 -183 
33 339 399 60 
34 355 34S -10 
35 331 511 180 
36 373 407 34 37 464 543 79 
38 317 366 49 
39 361 487 126 
40 350 472 122 
41 365 456 91 
42 384 (95 111 
43 478 557 79 44 401 513 112 
45 460 574 114 
46 3 71 
47 340 387 47 48 347 444 97 
49 375 363 -12 50 336 S06 170 51 . 330 499 169 52 416 510 94 53 338 246 -92 54 410 4·45 35 55 424 421 -3 56 373 453 80 57 425 508 83 58 470 
59 478 459 -19 60 508 582 74 

AVERAGE 384 434 53 
COUNT 57 ss 52 STD. DEV. 70 97 98 T-VALUE 3. 90 

( 1 ft - • 305 m) 
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Table 31. tetection distance with ta?:get location at right side, 
475 ft (144.88 m). 

ILIDU1'1A.TICN (XlllDITICN 
TRIAL DIFFEREOCE 

ILI.U'LINATEO NOOILLlz.tINATED (NI-I) 

1 336 
2 354 347 -7 
3 383 666 283 
4 276 416 140 
5 333 531 198 
6 344 467 123 
7 437 540 103 
8 322 279 -43 
9 301 506 205 

10 368 433 65 
11 378 506 128 
12 405 472 67 
13 533 
14 407 404 -3 
15 457 448 -9 
16 
17 ' 18 436 421 -15 
19 344 
20 373 481 108 
21 370 468 98 
22 469 523 54 
23 324 
24 382 465 83 
25 419 375 -44 
26 409 615 206 
27 420 516 96 
28 462 
29 436 411 -25 
30 474 512 38 
31 406 
32 385 
33 361 499 138 
34 408 371 -37 
35 435 557 122 
36 379 453 74 
37 513 526 13 
38 332 30~ -27 
39 400 493 93 
40 518 
41 427 377 -so 
42 480 526 46 
43 486 510 24 
44 470 
45 568 551 -17 

AVERl\GE 404 469 66 
(X)(JNT 40 37 34 

STD. re..!. 64 80 84 
T-VALUE 4.57 

( 1 ft = .305 ml 
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Table 32. retection distance with target location at 
right side, 600 ft ( 183 ;n) • 

IU.U,UNATIOI C.c:NDITION 
TRIAL DIFFEREN:E 

ILLlMINATED NOOII.LU'l.INATED (NI-I) 

1 299 
2 234 341 107 
3 414 405 -9 
4 397 
5 485 436 -49 
6 465 430 -35 
7 401 557 156 
8 274 384 110 
9 390 487 -:;7 

10 425 
11 475 360 -115 
12 483 357 -126 
13 551 c;15 -36 
14 50(; 
15 543 621 78 

-
AVEFW:;£ 418 444 16 

COONT 12 14 11 
STD. TEV. 103 82 97 

T-VALUE 0.55 

Table 33. Detection dist~ with target location at 
left siae, 350 ft (106.75 m). 

-
ILLU'IINATION COODITION 

TRIAL DIFFERENCE 
ILLlMINATED NCNILLlMINATED {NI-I) 

1 252 
2 187 255 68 
3 219 
4 271 217 -54 
5 250 280 30 
6 231 252 21 
7 342 335 -7 
8 251 112 -139 
'.3 278 341 63 

10 279 256 -23 
11 269 228 -41 
12 241 305 64 
13 346 
14 275 309 34 
15 351 339 -12 

AVBRPGE 273 265 0 
ClXJ"Nr 14 13 12 

STD. J:tV. 46 64 60 
T-VALUE 0.02 

{ 1 ft = .305 m) 
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Table 34. Detection distance ·.ri.th target location at 
left side, 600 ft (183 m). 

IWMINATION CCNDITIOO 
TRIAL DIFFEREOCE 

IUU1.INl'.TED ~ILUMINATED (NI-I) 

1 221 
2 234 212 -22 
3 275 267 -8 
4 295 234 -61 
5 279 354 75 
6 192 275 83 
7 340 370 30 
8 270 192 -78 
9 343 314 -29 

10 251 288 37 
11 306 298 -8 
12 253 292 39 
13 459 331 -128 
14 242 3?1 89 
15 583 ~.:.:.7 -234 

-- . 

AVERAGE 303 ,:_ ·; , -15 
COON!' 15 14 14 

STD. !:EV. 100 54 89 
T-VALUE C.65 

( 1 ft = .305 m) 
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Table 35. O:mfidence intervals for significant Tllt. target locations. 

350 ft - right side targets 475 ft - right side targets 

95% 99% 95% 99% 
Confiderx:e confidence Confidence Confidence 

cr.t.OITIOO Interval Interval Interval Interval 
ft ft ft ft 

ILUJMINPLTED 336-402 360-408 384-424 378-430 

NO,llLLUMINP.TED 408-460 400-468 443-495 435-503 
: 

DIFFEREOCE 37-95 28-104 26-80 17-89 

( 1 ft = .305 m) 

89 
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'!able 36, Site # 1 mNA table for statistical effects of 
lightin:, arrl \'weather (see tahle 8), 

\0 
0 

DATA SET • SITE • 1 
NUMBER Of OBSERVATIONS IN DATA SET• 2190 

DEPENDENT VARIABLE: SPEED (SMS 2-5) 

SAS 
GENERAL LINEAR MODELS PROCEDURE 

CLASS LEVEL I NfORMATION 

CLASS LEVELS VALUES 

W 2 DRVWET 
I 2 FULL PARTIAL 
C 1 BASELINE 

SOURCE 

MODEL 

ERROR 

Of SUM OF SQUARES MEAN SQUARE f VALUE PR> f 

0.0001 

ROOT MSE 

S.78608107 

3 3260.64631165 1086,8821039 32.46 

2186 73184.5128485 33.47873415 

CORRECTEOTOTAL 2189 76445.1591601 

SOURCE 

w 
I 

W*I 

OF TYPE I SS 

2423.14534229 
300.24376567 
537.25720369 

f VALUE 

72.38 
8.97 
16.05 

PR> F 

0.0001 
0.0028 
0.0001 

OF 

;. .,-, ~" . -·,-· ' .. ,, ;,,-. ·.~ .-.,,, -'c•·~~-"-·'··•"";-~- ;-,,,_r., .. , .•. : :,, ·4,.·,1,..,. ,.-·,.,,j,.,_,•' __ . ,•,)~-~---...-, ·•·· ,_,,-. ·-••'•''-••'··' 

R·SQUARE 

0.042653 

TYPE Ill 55 

915.09335556 
609. 75257908 
537.25720369 

c.v. 

12.7479 

SPEED MEAN 

45.:S886758 

f VALUE 

27.33 
18.21 
16.05 

PR >f 

0.0001 
0.0001 
0.0001 

..c·-.,,-

• ~ . !' •r-•1c·\. '~ ~ • ""'',,,'.., 

/. 
',~ 
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' 'r 

i: 
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Table 37, Site #2 At¥NA table for statistical effects of 
lighti113 ard ~ather {see table 8). 

DATA SET • SITE •2 
HUMBER Of OBSERVATIONS IN DATA SET• 3004 

DEPENDENT VARIABLE: SPEED (SNS 2-5) 

SAS 
GENERAL LINEAR MODELS PROCEDURE 

CLASS LEVEL INFORMATION 

CLASS LEVELS VALUES 

W 2 DRVWET 
I 2 FULL PARTIAL 
C I BASELINE 

SOURCE 

MODEL 

ERROR 

OF SUM OF SQUARES MEAN SQUARE f VALUE PR> f 

0.0001 

ROOT MSE 

5.92332551 

3 1890.44784649 630.14928216 1 7. 96 

3000 I 05257.355177 35.08578506 

CORRECTED TOTAL 3003 107147 .803023 

SOUP.CE 

w 
I 

W*I 

OF TYPE I SS 

16 79.86 718054 
173.55294494 
37.02772101 

f VALUE 

47.88 
4.95 
1.06 

PR> f 

0.0001 
0.0262 
0.3044 

Of 

R·SQUARE 

0.017643 

TYPE Ill SS 

t 734.45282S7 
37.85301394 

37.02772101 

,.I...;..""~ .. ..,._•,.~..,_.,,_.,, .. ,,-.,.-~-~-, .. --·------....... ~ ...... , >r •• ~ ••• ,--~-~ "-~ ---

c·, ,. ,.,_""_ ·' ,., ,, -~- • -c< .,.-•-1-",,•-"'' ,'--..· ..... 'l ~·- -:,.,. ,.·, • ..,., ''-;' ,-, -- - .·~· ..... ~ ..... ) / "•"';.~ 
·"'·' i•··- "••' ~ L ,j; 

d' ~- '\" . •• ,.·,,,,," • .,· 

c.v. 

11.3183 

SPEED MEAN 

52.3340213 

f VALUE 

49.43 
1.08 
1.06 

.~."i".1.-•;{lr • .t.._-.; .,, ·I, ,.,.. 'I'·-, 

PR >f 

0.0001 
0.2990 
1.3044 

G ~;,,,,'If";. 

// I I 
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' I . 
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DATA SET• SITE •1 

'lable 38. Site #1 l>NNA table for statistical effects of 
~ather arrl delineation (see table 15). 

SAS 
GENERAL LINEAR MODELS PROCEDURE 

CLASS LEl/'EL INFORMATION 

CLASS LEVELS VALUES 

w 
I 
C 

2 ORYWET 
1 PARTIAL 
3 BASELINE UPGRADE 2 UPGRADE 3 

NUMBER OF OBSERVATIONS IN DATA SET• 3417 

DEPENDENT VARIABLE: SPEED (SMS 2-5) 

SOURCE 

MODEL 

ERROR 

CORRECTED TOTAL 

SOURCE 

w 
C 

W*C 

OF 

5 

3411 

3416 

Of 

1 
2 
2 

SUM OF SQUARES MEAN SQUARE 

7299.106 76 758 1459.82 I 3535 

114601.619713 

121900.72648 

TYPE I SS 

7138341415493 
123.13479979 
37.55781286 

~3.5976604~ 

f VALUE 

212.47 
1.83 
0.56 

,.,; ..: ' ',;' ~·"' '• • .:.-·, ,_ •· :-, .... :,, .,.,' .,.,,,-\l -.• ·:.--· ;-:. 

f VALUE 

43.45 

PR> r 

0.0001 
0.1602 
0.5719 

PR> f 

0.0001 

ROOT MSE 

5.79634889 

Of 

I 
2 
z 

R-SQUARE 

0.059877 

TYPE Ill SS 

5243.0792958 
132.27766687 
37.55781286 

-•--, ,'• - ,..,,,_. 

C.V. 

12.9 

SPEED MEAN 

44.9330992 

FVALU'E 

156.05 
1.97 
0.56 

PR >f 

0.0001 
0.1398 
0.5719 

-..~-,.. ,-••-. ',' 

. ' - ~ -

H 
I .,'. 
! ·' 
' > 

I { 

., 
• 



,_..' -._' '·, I',_·'·-~ •r • ' ~ · •'-"' ' ,. ", ..,. ' • .·'I:: . ' ';-. ,, ~ ,}','•. ,:" . '· ~-- ,,. ,, ~ '.1.. .. ~· ........ ~. 

\0 
w 

OAT.t. SET • SITE •2 

'lable 39. Site #2 MVJA table for statistical effects of 
\\eather arrl delineation ( see table 15). 

SAS 
GENERAL LINEAR MODELS PROCEDURE 

CLASS LEVEL INFORMATION 

CLASS LEVELS VALUES 

W 2 ORVWET 
I 1 PARTIAL 
C 3 BASELINE UPGRADE 2 UPGRADE 3 

NUMBER OF OBSERVATIONS IN DATA SET• 3774 

DEPENDENT VARIABLE: SPEED (SMS 2-5) 

SOURCE 

MODEL 

ERROR 

CORRECTED TOTAL 

SOURCE 

C 
w 

W*C 

Of 

5 

3768 

3773 

Of 

2 
1 
2 

SUM OF SQUARES MEAN SQUARE 

3947.31324308 789.46264862 

t 56069.455947 

160016.76919 

TYPE I SS 

t 25.40383889 
3643.75227966 

178.15712453 

41.41970699 

f VALUE 

1.51 
87.97 
2.15 

f VALUE 

19.06 

PR> F 

0.2202 
0.0001 
0.1166 

PR> F 

0.0001 

ROOT HSE 

6.4358144 

OF 

2 
1 
2 

R·SQUARE 

0.24668 

TYPE Ill SS 

87.61017735 
2288.5344907 
178.15712453 

c.v. 

12.2865 

SPEED MEAN 

52.3810811 

f VALUE 

1.06 
55.25 
2.15 

PR >F 

0.3474 
0.0001 
0.1166 

.-;'•" "' 
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Table 40. T-score values for Baseline arrl upgraded delineation 
at the 15th and 85th percentile "tails" of the trap speed distributions. 

15th PEk:ENTILE 85th PERC.ENl'ILE 
SITE #1 

TRAP 2 TAAP 3 TRAP 4 TRAP 5 TRAP 2 TRAP 3 TRAP 4 TRAP 5 

PI:&-PD11 1.513 1 .969* o.079 1.250 0.426 o.543 o.311 0.347 
' 

P.CS-FD2 1.364 o.594 1.429 o.914 o.504 o.968 o.842 0.416 

Pr:&-PD3 0.870 0-556 0.905 1.711 0-632 1.252 1.294 1. 111 

PWB-PW2 0.344 0.032 1.396 0.821 0.314 0.391 1.643 0.509 

PW&-PW3 0.643 ,. 756 0.632 1 .235 G.498 0.522 2.532* 1 .393 

15th PERCENTILE 85th PEICENTIU: 
SITE #2 

TRAP 2 TRAP 3 TRAP 4 TRAP 5 TRAP 2 TRAP 3 TRAP 4 TRAP 5 

PIB-POl 1 1 .449 0.369 0.155 1 .538 0.783 0.198 0.750 0.575 

PCB-PD2 0.813 3. 107* 3.339* 0.887 0.802 1.829 2.176* 0.763 

PI:B-PD3 1.133 3.290* 4.489* 0.985 1.369 3.055* 2.938* 1.269 

FWB-PW2 1.580 0.628 0.772 0.368 0.669 0.045 1.068 3.334* 

PWS-PW3 0.650 1.261 0.489 1.628 1.358 0.807 0.061 2.830* 

Key to abbreviations in table 7, pcge 37. 

* irdicates statistical significance. 
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Table 41. J:elineation systens ranked for lateral placenent 
against Baseline delineation with full lightin;, 

and agai.~st center-of-lane i;osition. 

SITE 11 

TREATMENT CRITERIOO 1* CRITERIOO 2t 

UGH.TING WEATHER r£LINE'ATIOO THAP 4 TRAP 5 TRAP 6 TRAP 4 TRAP 5 TRAP 6 

PARI'IAL mY BASELINE 4 1 1 1 2 1 

PARTIAL [Ry UPGRADE 1 1 1 2 2 2 2 

PARI'IAL CRY UFGRADE 2 2 1 3 2 2 3 

PAR'I'IAL CRY UPGRADE 3 3 2 1 2 1 1 

PARTIAL WET BASELINE - 1 2 1 1 3 1 

PARTIAL WET UPGRADE 2 3 , 2 3 2 2 

PARTIAL WET UFGRADE3 2 3 2 2 1 2 

SITE #2 

'mFA'I'MENT CRITERION 1* CRITERIOO 2t 

LIGHTIMi WfATHER OOLINEATIOO TRAP 4 TRAP 5 TRAP 6 TRAP 4 TRAP 5 n<AP 6 

PARTIAL CRY BASELINE 3. 2 2 3 2 1 

.PARI'IAL [Ry lJFGRA[E 1 2 1 2 1 3 1 

PARTIAL CRY UPGRAre 2 1 2 2 2 2 1 

PARTIAL CRY UPGRAIE 3 1 3 1 2 1 2 

PAR'I'IAL WET BASELINE 1 1 2 2 2 , 
PAR'I'IAL WET UPGRAre 2 2 3 , 1 1 2 

PARl'IAL WET OPGRAI:E 3 2 2 , , 3 2 

. 

* Criterion 1 ooncerns difference fran full lightiD;J (rank of 1 is closest to 
lateral placenent l.n:'ler full lightin:J) • 

t Criterion 2 concerns difference fran center-of-lane p:;,sition (rank of 1 is 
closest to center of lane). 
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APPENDIX B: r:etail.ed Description of Delineation Systems 

'lhe tw;:i test exits lacked a deceleration lane: these exits tapered di­

rectly fran the mainline. 'lhe ranp at Site #1 was straight,· and Site #2 was 

slightly curved. 'lhe 4-in (10.16 an) :yellow stripe on the left side of the 

ra:np, and the 4-in ( 10. 16 an), lohite, right Erlge stripe ,-ere re?rinted at 

each site 12 days before the start of data collect.ion. Bepa.intin; of the 

right e:ige stripe camienced 300 ft (91.5 m) upstrean of each exit taper. 

'lhe 8-in (20.32 cm) gore stripes at each site ,-ere of old thermoplastic 

in a thin layer. 'lhey ,-ere almost indistin;uishable fran glass-beaded paint. 

Fbr UEgra:ie 3, each gore stripe (mainline stripe and ramp stripe) W3S 

caapletely c:cr.rered with 8-in (20.32 an) profiled tape. As such, the tape 

also simulated a thick application of thermoplastic. 

Space bettoeen each 4-in (10.16 cm), white-retroreflective RPM used to 

line the vehicle side of each gore stripe increased gradually fran the tip. 

'Ibis spacing 'ie.S maintained in the B3seline, Up;;rade 1, and for the 8-in 

(20. 32 an), white-retroreflect.ive RPM' s (called traffic diverters) placed ,;;n 

the gore stripe in UpJrade 2. At Site #2. the spacing was, fran the tip: S 

(ft), 5, 7, 10, 15, 20, 30, aIXi 40 repeated eight times (1.5, 1.5, 2.1, 3.1, 

4.6, 6.1, 9.2, 12.2 ml-16 pair, one to the mainline side foi each one to the 

ranp side. At Site #1, 12 pairs ,-ere spaced at 5 (ft), 5, 7, 10, 15, 20, 30, 

40, 40, 40, 47 (1.5, 1.5, 2.1, 3.1, 4.6, 6.1, 9.2, 12.2 m). 

'Ihe 4-in ( 1 o. 16 an) yellow-retroreflective RPM' s lining the yellow ramp 

stripe fran the gore to the ranp terminus in Upgrades 1 and 3 were pl.aced 

adjacent to the vehicle side of the stripe. 'Ihey 1oere installed eNery 40 ft 

(12.2 m) at Site #1, because the ranp was straight, and eNery 20 ft (6.1 ml 

at Site #2, because of the curve in the ramp. 'Ihe retroreflective posts used 

in all delineation systens to line the exit sooulders 1oere wte, flat, 

flexible road markers, 3. 75 in (9.53 cm) wide, pl.aced according to the Manual 

~ Uniform Traffic Control Devices ( KJTCO). ( 1 O) 'lhe top of the retro­

reflective surface 1185 4 ft ( 1.22 ml above the near roadway edge: the posts 

-re installErl not less than 2 ft ( .61 m) or more than 8 ft (2.44 m) outside 
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tne outer ejge of the shoulaer, or in line with a roadside barrier that is 8 

ft (2.44 ml or less outside the outer edge of the shoulder. 

All p:>sts 1oere retrorefl.ectoriurl wi .... h a 3-in (7.62 cm)-wide strip of 

high intensity sheetin3 that ..as 18 in (45. 72 an) long on putially 

retrorefl.ective p;,sts and 46 in (116.84 en) lon; on fully retrorefl.ective 

ones. :Eosts alorg the left sh:,ulder of the _ramp, and right (ramp) sh:,lll.der 

of the gore, carried yellow sheet.in;. Posts along the right sholll.der of the 

exit, and left (mainline) shoulder of the gore, had 1'hite sheetin;1. 

:Eosts installed alon:;i the right shoulder of the exit carmenced 300 ft 

(91.5 ml upstrean of the beginnirg of the exit taper, and were spaced every 

100 ft. (30.5 m) to the ramp terminus. 

'Ihe posts alorg the gore shoulders appeared in pairs, spaced do11C1Stream 

at 10-ft (3.05 m) intervals. At Site #2, the first (most upstreanl pair ..as 
i.nst-..alled w:iere the original first pair 1'0S located: on either side of, and 

in line with, the exit sign su:wort in the gore. !'bur more pairs were then 

ranged back fran the first pair to present the exiting driver with a 

formation that resanbled t1'IO slashes, " \ /" • 

At the Site !fl, the first pair of p:>sts also was installed on either 

side of the exit sign support, but 10 ft (3.05 m) downstrean of the su:wort. 

on llhich there were installed strips of yellow (right) and white (left) 

retroreflective sheetirg. Qlly t1'IO more pairs were ranged back fran the 

first pair, because the gore -was stubby. 'lhe effect of the fomation -was the 

sane as at Site #2. 

'1he p:>sts linin:;i the left .shoulder of the rc111p at both sites ccmnenced 

about 100 ft downstrean of the lea:3. gore EDst, and were installed every 100 

ft (30.5 m) to the ranp terminus. When the interval was halved to 50 ft 

(15.25 m) in Up;Jrade 2, a p;,st loBS inserted into each gap. 
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APPENDIX C: ~tailed Descript:ion of Measurenent System D?ployment 

'lhe locations of traps for deteIIllining vehicle speeds in resp:>nse to 

test delineation aro lighting were established by measurin;! along the exits' 

right sh:lulders. '!he tape measure was pullEd parallel to the exits' right 

edgelines. 

Pai.allel infrarEd beans fran pairEd detectors, 6 ft ( 1.83 m) apart, 

a:imed perperrlicular to exiting traffic, conprised the traps. r.etectors 11ere 

mounted on steel p:>sts. 

First a reference was marked perperrlicular to the p:>int where the exit 

diverga:3 fran the mainline. 'lhe location for the sin;1le detector that was to 

register n:>Dna.1 entries into the exit taper was established 100 ft (30.5 m) 

downstrean of the diverge mark. It i.as called Trap 1 altoou;h oot paired 

with an::>ther detector. 

True traps were establishecl across the exit near the apex of the gore 

stripes (Trap 2), at the gore (Trap 4), al'lCi half way between these places 

(Trap 3). Four more traps were established fNery 100 ft (30.5 m) dolo.!'IStrean 

from Trap 4. 

Traps 4, 5, and 6 ha'l a third (dia,ional) detector, located 6 ft (1.83 m) 

upstream of the trap. 'Ille purp:>se of the dia;i-onal bean was to irrlicate 

vehicles' lateral EX)Sitions on the ranps at these traps. The dia,ional bean 

was aimed downstrean of the parallel beans, at a 45-de;iree an;1le to exitin;J 

traffic. 

Reflectors were usa:3 to bounce each detector's infrared bean back to the 

detector, to canplete the bean circuit. Reflectors at Traps 1, 2, aro 3 had 

to wi.thstani beirg run ewer, s:> raised pavement markers were placed just 

inside the ramp gore stripe (Traps 2 an:! 3), an:1 on an imaginary extension of 

tbe mainline' s right edgeline (Trap 1), to serve as reflectors. The reflect­

or at Trap 1 was placed on a perpendicular fran the sensor mount through the 
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exit's right e:lgel.ine to the imaginary extension of the mainline e:lgel.ine. 

'lhe be upstrean reflectors at Traps 2 and 3 "Ere similarly pl aCE!d, the per­

perdicul.ar rucinin; to t.'ie rcmp-side gore stripe. 'Ihe downstrean reflectors 

were placed 6. ft ( 1. 83 m) a-;e.y. 

At Site #1, pavement reflectors also were needed at Trap 4. and for the 

upstream bean at Trap S, because gore pavanent made it difficult to install. 

the posts used el.se\otlere for reflector-mounts. Reflectors for ranaining 

traps 'Ere mounted on steel posts in the dirt off the left shoulder of the 

ramps. M!rks for the upstrean reflector posts at each trap 'Ere made on a 

perpendicular fran the d~r post thro1J3h the ranp right edgel.ine to the 

left off-shoulder area. 'lhe do-.nstrean posts were marked 6 ft (1.83 m) 

away. 

'lb establish the mark for a diagonal beam's reflector, a perpendicular 

fran the lcx:ation of the detector -;e.s neasured across the ranp to the oppo­

site shoulder or off-shoulder area. Fran this lcx:ation, the sane distance 
was measured downstream E5Callel to the ranp. 'lhis served as the mark for 

the reflector. 

After la:iput of the traps and installation of detector and reflector 

mounts at each site, TES "8.S deploye:i. Cables '!Ere nm £ran the location of 

the TES event recorder, hidden behin:i vegetation,. to the traps to be 

serviced. lead wires "Ere str\ln;3 fran each detector mount to junction bo::>.:es 

at the cable ends. 'lhey w,uld carry the signal ( when an exiti03 vehicle 

interrupted a detector bean) to the event recorder. O!.rryi.n; p:,wer to the 

detectors 'Ere extension cords, stru1')3 fran a battery, hid:len in vegetation, 

upstrean to Trap 1 and downstrean to Trap 8, with outlets at each trap. 

Fine tuni.IK3 1oBS performed next. Brackets were installed atop each sen­

sor mount for easier attachnent of detectors, and reflectors '!Ere treated 
with -;e.ter repellent and installed on their mounts. cables, leads, an::I ex­
tension· cords were canouflaged in vegetation. Junction boxes and all cable 

and extension cord connections and outlets were inserted into plastic bags, 

as were button boxes used for manual input by observers. Detector mounts 

were painted flat black to reduce their visibility. Plastic bags used to 
hood the detectors were also sprayed blac:k:: Cetector lenses ,ere fitted with 

plastic visors for additional protection. 
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