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1 Executive Summary

1.1  Project Background

The Northwest region operates approximately 1.7 milimaetlightsconsumingan approximate
averagel50 MW. The City of Seattle has been actively convertisgxistingHigh Pressure
Sodium HPS street lighting tdight emitting diode ILED) lighting. The City reduced energy
consumption by more théarty percentthroughthis proces¢Smalley 2012)LED stredlights,
coupled with controls enabling adaptinghting, can save an additionaventy-five percentof
energy.

The City can realize strekght energy savings from both a reduction in wattage and from
dimming LED lamps are approaching the efficgaymens/waftof HPS.Clanton & Associates
and Virginia Tech Transportation Institute (VT H¢signed thistudy to test the idea that
lower quantity ofbetterquality light provides equalr better detection distancghis would
create ampportunity for savings frofuminairelumen reductions and from dimming.

The Northwest Energy Efficiency Alliance (NEEA) and the City of Seattle partnered to evaluate

the future of solid state street lighting in the Pacific Northwest wittoanight denonstration in
Seattlebs Ballard neighborhood in March 2012.
streetlights on nighttime driver object detection visibility as functioligbt source spectral

distribution ¢olor temperaturen degrees Kard light distribution.Clanton & Associates and

VTTI also evaluated adaptilighting (tuning of streetlights during periods of reduced vehicular

and pedestrian activity) at three levalse hundred percenf full light output,fifty percentof

full light output, andwenty-five percenbf full light output.

The study, led by Clanton &ssociatesContinuum Industries, and tN TI, built upon
previous visual performance studies conducted in Anchorage, AaakaDiego, Californiaand
San Jose, California.

1.2  Study Description

Clanton & Associates and VT Ebnductedthel e monst rati on in Seattlebs
along 1%8' Avenue NW, between NW§5" Street and NW 8DStreet. Thg divided thefifteen-

block stretch into six evaluation test areagwaipproximately one test arpartwo blocks. The
demonstration usedéhilips Lumed.ED luminaires equipped with the Schreder Owlitgtting

control system.

Clanton & Associates and VT Ebnducted thelata collectiordemonstration ovemto evenings.
Following aninitial evening without data collectido allowrepresentatives from the City and
media to view the demonstration a@ capabilities of the systemesearchers conducted
gualitative and quantitativieesting the following two evenings. Eaeliening, three groups of
participants evaluated the entire test site. The first group evaluated all of the ligies at

Clanton & Associatesi
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hundred percerdf full light output, the second group evaluated all of the LED lighfstwat
percentof full light output(HPS remaned atone hundred percentand the final group evaluated

all of the LED lights atwenty-five percenwof full light output(HPS remained aine hundred
percen}. Full output of the luminaires represented itteximum output of the specified

luminaires, with Clanton & Associatebadselected to meet the llluminating Engineering
Society of North America (IESRecommendeBractice for Roadway Lightin@RP-8) criteria for

a collector road with medium pedestrian conffidte first night of general participatgsting

took place on dry pavement. On the second night, flusher trucks wetted the pavement and the
process was repeated.

Thewritten evaluatiorasked participants a series of general questions based upon where they
live, in addition todemographic questions and site condition questiémseach test area, a
participantnextrated twelvestatements on five-point scale (strongly disagree to strongly
agree).

VTTI conducted theaiser field tesbn both nights of general participant testing. On each evening,
three participants at a time participated intdbker field testTwo participants sat in the back seat
of the test vehicle, while one participant sat in the front passenger seat. A reginasémtm

VTTI drove the car. The driveénstructedeachparticipant to depresspush button device when

he or she identified woodenvisibility target through the front windshield. A GPS device
recorded the detection distance betweervéigcle and thtarget thuscreating datdor

guantitative compariscamongluminaire types and light levels.

1.3 Research Results

The use of LED technology for city street lighting is becoming more widespread. WW&ske

lights are primarily touteébr their energ efficiency, the combination of LEDs with advanced
control technology, changes to lighting criteria, and a better understanding of human mesopic
(low light level) visibility creates an enormous potential for energy savings and improved
motorist and pedesan visibility and safety.

Data from these tests support the following statements:

1 LED luminaireswith a correlated color temperature of 4100#¢videthe highest
detection distance, includirgatistically significarly better detection distaneghen
compared to HPS luminaire$ higher wattage

1 The nonuniformity of the lighting on the roadway surface provides a visibility
enhancement and greater contrast for visibility.

1 Contrast of objects, both positive and negative,dstter indicator of visibility thais
average luminance level.

1 Dimming the LED luminaires téifty percentof IES RR8 levels did not significantly
reduce object detection distance in dry pavement conditions.

T Participants perceivedrdming of sidewalksas less acceptahbiiban dimming to the same
level on the roadway.

Clanton & Associatesii
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1 Asymmetric lighting did reduce glare and performed siryilew the symmetric lighting
at the same color temperature (4100K)

The results indicate that ti®5watt LED luminaire,with a carelated color temperature (CCT)
of 4100K (symmetric and asymmetrities the highest detection distance of all of the test areas
with a value of approximately 130 feet. This luminaire outperformed evezbthevatt (280
system wattsand400-watt (450 sywtem wattsHPS with over two and four times the wattage
respectively. Even when reducediteenty-five percentof full light output during the dry
pavement test, the LED 4100K luminaires did not have a significantly different detection
distance comparet the same luminaires ahe hundregbercentof full light output The wet
roadway conditions did show a decrease in detection distance when the lighting system was
dimmed especially atwenty-five percentof full light output

The illuminanceuniformity ratio of the4100KLED luminaire is the highegteast uniform)of
all of the LED luminaires, yet this luminaire also has the greatest detection distance.

The contrasts of targets for all colors increased as the light levels dirRaridipans assessed

the contrast from 200 or more feet away from the vehictebeyond the reach of headlamp
lighting, whereas most detections occurred within 200, f'etvithin the headlamp span. A

greater contrast ratio typicaltesults in greater visibilityhowever,based on the average
detection distances and t h\&Tlttonduded tha headtaings 6 s
are not the primary source of detection

Luminance does not exhibit a correlation to detection distdhedwo HPS luminairesna the
5000KLED provided greatelevels ofluminance than did eithef the 4100KLEDs (symmetric
or asymmetrig but did not show a related increase in the object visibility. d@monstratethat
the primary indication of visibility is contrast and tlateduced luminance leweith equivalent
contrast may provide equivalemt betterdetection distances.

Theuser field testesults indicate that the implementation of adapigiging does not
significantly affect object detection distance for drgae. Howevergoupling this datavith the
written evaluatiorresultsindicates thateducing the light level towenty-five percentof full

light output for all hours of the nightisesconcerndor the public, especially on the sidewalks.
Tuning the light to a point such asenty-five percentof full light output may be justified at low
vehicular and pedestrian volumesd under dry pavement conditiobsit not for all hours of the
evening.

Theasymmetric luminaires recorded the lowest glare values of all of the testaar¢ae light

was intended to be directed away from the driver. While the asymmetric luminaires performed
on par with the symmetric 4100K LED luminaire, participants did netttee asymmetric test

area very high, especially at the lower light levels. Participdedsnedhe distributiorto be

patchy anctlaimed that signage waficult to view.

Clanton & Associatesiii
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1.4  Industry Implications

Standards
Theuser field testatafindingsdemongratethat less uniformity trends toward greater detection
distance The importanceof uniformity in target detectiononstitutes another aspect to consider
The 4100KIluminaireexhibitedthe highestlluminanceuniformity ratio, indicating the most
nortuniform appearanget alsoshowedthe highest visual performand&hile industry
standards list maximum uniformity ratideeydo not address a lower limithe IES research
committeeshould explore botthe maximum and minimum ratios to account for kigbontrast
with less uniform pavements. Visibility level (VL) concepts are addressed in the standards, but
researchershould refineghe values to replicate field data.

Thedata gatheretom the user field tesh this study also supports the use of ams
corrections under IES R®. The contrast of objects illuminated by shorter wavelength light
(from LEDSs) at low light levelss avalid reason for reducing light leveigile not affecting
visual detection distance.

Future Product Designs
LED technobgy and the design of luminaires can address the sidewalk lighting issue. Ideally, the
luminaire controller would maintaihigher light levels omthe sidewalks for pedestrians during
conditions when roadway illumination is reduced. The authors believeuhant LED drivers
could be adapted to support this methodology. Such design changes would ensure that sidewalks
remaired illuminated andhat pedestriansvould likely feel saferthanthey didin this test in
which some participanesxpressed concern @it underlighted sidewalksvith the luminairesat
twenty-five percentof rated outputMore uniform sidewalks may also play a greater nole
pedestriansd perception of security

Economic Analysis
The analysis indicates that the implementation of L&D controls can pay back in just over
three years when replacing 400 W HPS luminaiviés 105W LED luminaires and within six
years when replacing 250 W HPS luminaieth 105W LED luminaires The payback values
improve with more aggressive adaptlighting.

1.5 Future Work

This project used a test sitong a roadway with a spe limit ofthirty-five milesperhour. In
order to fully understand the magnitude of mesopic benedgarchers should expattis

study to take place on a roadwayttva higher speed limiffity -five mph) to verifythe existence
of similar resultsFuturedetection tasks mapcus onfoveal (ine-of-sight) versus noffoveal
(peripheraljvision; researchers may developw adjustment factors to account for color comtras
in foveal vision.

Given thatresearchers fountbntrasto be a strong indicator for detection distance, future
research should delve further into Visibility Level (VIheweightedaverage/L comprises the

Clanton & Associatesiv
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Small Target Visibility (STV) within RF8. Researchers should refine theséues to more
accurately predict STV based upon visibility research.

The test sitevas locatedn an urban environment willght contribution from several adjacent
businessedAs researchers reducéde light from the LI luminairestheinfluencesof non
uniformity and contrasasstrong indicators of visibilitypecame evidenHowever, the light
contributionfrom the adjacent businesses remained at full brightness throughout the
demonstrationthuscontributing to the @ntrast valuesSubsequent stuelswould benefit from
havingadjacent businesses extinguish their lights for the duration of the demonstration to
determinewhether or nohonuniformity and contrast remain strong indicators of visibility
without their contibution.

Researchers added the conditadrwet pavement to this demonstratiortést the impacten
visibility when pavement conditions chandeiture researcéhouldlook into other weather
conditions such as fog and snow to determine visibidilancewhen introducing these
common weather elements.

Future work should also include a more thorough look at sidewalk visiwiliign pedestrians

are navigating detached and attached sidewalks, what type and quantity of light achieves the
highest leel of visibility? Future studies should include bathtic and dynamic objeciis-situ

in a city to measure detection distance.

Clanton & AssociatesvVv
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2 Introduction

2.1  Background

The use ofight emitting diode LED) technology for city street lighting is becoming more
widespread. Whil¢éhese lights are primarily toutdar their energy efficiency, the combination
of LEDs with advanced control technology, changes to lighting criteria, and a better
understanding of humamesopic (low light levelyisibility creates an enormous potential for
energy savings and improved motoasid pedestriawisibility and safety.

LED efficacy (the amount of light generatpérwatt of electricity) continues to inease
substantiallyas the technology and deployment improve. However, efficacy varies dramatically
with the spectral distributionqolor temperatuneof the LED. Due to the current manufacturing
process, cooler colofkigher Correlated Color Temperatuoe CCT)result in higher efficacies
thando warmer colorglower CCTs). In fact, as of 203, the Department of EnerdfpOE)

reported cool white LEackage$CCT=4746K to 7040Kwith an average ofé4 lumensper

watt and warm white ED package$CCT=2580Kto 3710K with an average df29 lumensper

watt (DOE 2013) However public preference typically favors warm whiight, or the lower

color temperatuesuchas 3500K | gnoring this in favor of higl
marketing media pushigher-color-temperaturé000K and 6000K light sources to gain a
competitive edge. This results in installations that produce light very efficidutiyithin a
spectrum that caaffectbrightness perception, color rendering, discomfort glare, circadian
rhythm, and other possible health iss#sS 2013.

Network control of exterior lighting provides another layer of energy savings potential to street
lighting systems. Most street luminaires pé®to sensathat detect a drop in ambient daylight,
causingthe luminaire to switch on. At dawn, the same sensor turnth@fiminaire. Although a
straightforwardsolution, this strategsesults in the light source being activated all niyid

during periods of dusk and dawidditionally, photo sensarare tyjrally the most likely
component of the system to fail. Networked lighting controls link groups of luminaires together
with either radio frequency day power line carrier. When dimmable sources (such as LED) are
controlled in this meshetwork the lumin@es can be dimmed or turned off as a group, or
individually.

The llluminating Engineering Society (IER)adway lightingeriteria (RP-8) outlines decreasing

light level requirements for decreasing levels of pedestrian and motorist conflict. However,
without dimming and contrdakechnologyavailable changinglight levels aftelinstallationhas
beenimpractical A roadway lighting design provédithe appropriate amount of light for the

worst set of design conditions. Additionally, because light outipuingshes with timglumen
maintenance)traditional design practice puts the initial light output well over the requirement so
that the light level will still be met when light output ldecreasedt the end ofhe light

sourc® kfe. Implementing dimmmgcontrol, o r A t thesd light sburcesannow provide
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thedesign levebf light at all timesaccounting for decreasing late night pedestrian activity and
for lumen depreciationverthe life of the light source.

LEDs also produce a white lightith high color rendering abilitgs opposed to the yellow light
produced by the high pressure sodilHi®S)sources commonly used in North American cities.
With the revision of Technical Memorandum (TI\2-12) Spectral Effectsf Lighting on Visual
Performanceat Mesopic Lighting Levelshe IES recognized that some spectral distributions
provide better visibility under mesop(low light level) conditions tharlo others. Although
pinpointing it isdifficult, TM 12-12 documents a method for calculating #féectiveduminance

of a roadway lighting design. This means that designers can design for lower light levels when
using a white light source arsill achieve the same level of visibility provided by higher light
levels produced byreHPSlight source.

The energy savings from this combination of opportunities far exceeds the potential of the
efficient technology alone. However, most pilot studies and tests evaluate the solid state
technology alone without analyzing the potential synergiesese otheopportunities

Table 1. Potential Cumulative Energy Savings
Potential Cumulative Energy Savings

Energy Savings Potential

LuminaireReplacement 15-40%*

Lumen Maintenance 5-15% (at beginning of life)

Mesopic Multipliers 5-10% (4000K source compared to HRE
2000K)

AdaptiveLighting 25%**

TOTAL ENERGY SAVINGS 50-90%

Notes:*This savings is in addition to theoplication of adaptive lightingand greatly depends on whether the incumbent
technology was currently meetipgrformance or prescriptive criteria
*Assumesfifty percentlight level reduction durindifty percentof the operating hours.

2.2  Technology and Market Overview

The cost effectiveness of LED street luminaires varies dramatically deperdsitg-specific
factors andnthe variablegonsidered in the economic analysising a Return on Investment
or Net Present Valuenalysiscaptures not only energy costs but maintenance saasgell
Additionally, light sourceefficacycontinues tamproveeach year. The DOE predicts that by
202Q even warm white LED packagesvill exceed 200 lumesperwatt (DOE 2013) While
efficacycontinues tancreasethe growing number of luminaire manufacturers in the market
intensifiescompetition andeducesosts However, quality also varies significandynongthese
manufacturersthe DOE reports payback periods frasgateway projects as shortthseeyears
and as long asventyyear§DOE 2013) The following variables affect the cost analysis of any
project:
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Cost ofcurrentenergyand future predted escalation

Maintenance costdight source, driver/ballast, photocell replacemeatg) whether or
nottheseare considered in the analysis

Use of adaptive lightingnd controls to reduce light output after hours

Use of lumen maintenance tuning to keep lighting at design levels throughout the course
of the systembds | ife

1 Change from current lighting levellsathaveoverlightedstreets

= =4

E

2.3  Project Objectives

Thelarge number of previous pilot and study projdws failed to sufficiently addresise
following objectives

1. Test different color temperaturés the existence gireferencefor a specific coloand
for performance advantagit a specific colotemperature (spectral distribution)

2. Evaluate opinions of citizens toward various light sources that may be suitable candidates
for selection of replacement luminaires.

3. Evaluate the performance of luminaires with an asymmetric distribution that maximize
the vertical brightness along a roadway.

4. Test three different light output levelsrne hundred percetity percentandtwenty-five
percen} to sedahe point at whiclithe lower levels become undesirable.

5. Test different road conditions (wet and dry paest) toidentify potentialuminaire and
light sourceperformance advantagr one condition over the other.

6. Evaluate object detection performance and community acceptandetefbroad
spectrum LED lighting.

The results of this studyill also suport the development of LEBtreelight design guidelines
for theNorthwest With the rapid pace of change in this industry, tlesignguidebook will help

municipalities and utilities toostjustify and confidently select lumin&s and control systems
to meet their individual needs.

2.4  Project Hypotheses

Researchers developed todowing series of hypothesprior to beginning this project to help
define the study parameters.

Luminance versusl lluminance

1 lHluminance hagonstitutedhe basis of most lighting design criteria, yeloes not
address visual adaptation. Luminance will more acclyratedict object detection versus
I 'l uminance, Ssince i tovewmlsadaptatien@amde®lgeetnt s what
contrast. hisdistinctionbetween illuminance and luminanegll be emphasized under
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wet conditions where the difference between illuminance and luminance will be the
highest

1 Since thesarliermentionedexperiments werdluminancebased, this experimeshould
perform both illuminance and luminance setups. Sihedédst areas will be identical, the
luminance detection will be compared with the illuminance test in order to establish the
relationship between the tywand also to confirm the hypothesis that lumica is the
best object detector predictor.

Broad Spectrum versus HPS Lighting

1 Broad spectrunighting will yield object detectiorhigher than that of HPS lightingnder
the same illuminarecor luminance level. This occurredtimeeotherstreetlight
experimentzonducted by Clanton & Associates and Virginia Tech Transportation
Instituteand is predicted to have the same results with this experi®eedVork for
additional information.

Adaptive Lighting

1 Even under lower luminance or illuminancedésy broad spectrum lighting will have
greater detection distances than HPS.

Asymmetric Lighting

1 Asymmetric distribution will increase detection distan@specially under wet
conditions. Since pavement reflectance and viewing dggleaffect luminae values,
wet pavement luminance increases when light is directed toward the driver. This
increases veiling luminance and low contrastymmetric distribution directs light away
from the driver, similar to an extension of headlanipeseeffects may al® appear
under dry conditions, since small target visibility increases with asymmetric distribution

Enerqy Savings

1 Asymmetric broaespectrum lighting at dimmed levels will result in maximum energy
savings due to increased detection distances even at dimmed lighting levels.

Vertical llluminance and Luminance

1 The asymmetric luminaire design approach relies on theageation of light at higher
angles, resulting in a greater ratio of vertical illuminance to horizontal illuminance. This
will likely result in higher luminance conditions for vertical targets as well, which should
result in greater contrast between vertaradl horizontal surfaces (target versus
background/foreground). This shift in the light propagation in a roadway lighting system
may result in considerable improvements in visibility.

CCT Importance
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1 Changing CCT for broadpectrum lighting will noteadto a lineardecrease in detection
differences and will not follow the lumemmerwatt efficacy.While lower CCT for broad
spectrum lighting will have lower detection distances, the difference will be insignificant
compared to higher CCT broad spectrurhtiigg within the range that is considered
reasonable for roadway lighting. This will give communities the ability to choose CCT
based on community preference without the penalty of reduced energy savings potential.
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3  Methodology

3.1  Overall ProjectSetup

This demonstration project targeted two audiences over the course of three e@mitiggirst
evening, industry professionals, media, and political representagieredan overview of the
lighting system anthegoals of the demonstrationgect. On the two succeeding evenings,
participants from the general population of Seattle, Washingewedthe lightingwith botha
written evaluatioranda user field test

Researchers conducted the surveys, a written evaluatiomnda user fieldest to gain an
under st andi ng ®ohsotidistate gireeblitihiy using LEDteclenalogy and to
guantify the difference in visibility undeéhe newtechnology andindertraditional high pressure
sodium(HPS)light sources.

Researchers cdncted thalemonstration along a portion of1BvenueNorthwestin the
Ballard neighborhooth Seattle, Washingtoimhe 15-block stretch of the demonstration test site
containedsix test areags shown irFigure 1l below.

Figure 1. Demonstration Site Layout
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While the test site containé?lo 400 WHPS sectionghe study surveyednly the larger of the
two. The integrity of the studsequiredequalnumbersof LED luminairesin each test area
Giventhe existing layout of théghting along this street, the intersection at NW ®Breet has
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too few luminaires for its own test ares® it remainedvith the Seattle City standad0 WHPS
streetlighs.

Two of the test areassedHPS, one witi00 WIlight sources and one wi2b0 Wlight sources.
Both of these test areasedcobraheadstyle luminaires. The other test aressedLED
luminaires of varying distioutions and color temperaturessoutlined inTable2.

Table 2. Summary of Test Areas

Summary of Test Areas
Test Areal TestArea?2 TestArea3 TestArea4d Test Area5 Test Area 6

Light Source LED LED HPS LED LED HPS
Color Temperature 3500K 4100K 2000K 4100K 5000K 2000K
Distribution Type ll Type ll Type ll Type Il Asymmetric Type Il

Note: Color temperature valueseasstatedby the manufacturethey werenot measured.

3.2 Site Selection

Researchers begaplection of the demonstration site in June 20tk Seattle Department of
Transportation (SDOT) providedliat of possble streets andettedthemfor consistency of
streetlightarrangement and spacirigesearchers also considered e#Hsgosing the road to
throughtraffic. Possible demonstration site locations inctide

8" AvenueNWbetween NW 5iStreet and NW 45Street

4™ Avenue South between South Industrial Way and South Michigan Street
Winona Avenue North between N'&reet and North 85Street

West Nickerson Street betweel{' 2&enue West and Warren Avenue North
Greenwood Avenue North between North Sfreet and North 74Street

1% Avenue between the West Seattle Bridge and East Marginal Way

35" Avenue SW between SW Thistle Street and SW Roxbury Street
California Avenue SW between SW Edmunds and SW Myrtle Street

15" AvenueNWbetween NW 85Street and NW 65Street

=4 =4 4 -8_4_9_9_°_2

Researchers finalized tidemonstration site at T5venueNW becausét is long enough to
accommodate six test aredhas a fairly uniform oppositgole arrangementt does not cross
major streets, and it is straiglith a uniform width throughouiThe demonstration site was
originally intendedto startat NW 85" Street anatontinueto NW 63" Street.A paving project in
that area witka detour route along NW &3Streetmovedthe demonstration site the stretch
from NW 80" Streetto NW 65" Street

Onceresearchers had selectbe demonstration sitthe SDOT conducted a truck turning

movement studgnddevelopeda detour routeCoordination with the Metro bus service began to
design a detour route that wouttdnimize the impacton ridership.
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While SDOT coordinatethe road closure along $%\venueNW, Clanton & Associates and
VTTI developedhe characteristics of the lightin§eattle City Light (SCLronducted asite
visit to observe th@&uminairemountingheight, existindight sourcewattage, light sourcpe,
arm lengthpole spacing, and other sources of illumination along the site aside from street
lighting. The characteristics of the roadway include:

Seventy feeaturb to curb width

Ten feetenter Anei no median

Three lanes of traffic in each direction
Single head luminaire

Six footarm length

Thirty footluminaire mounting height
Wooden pole

Overhead electriteeds

~130-foot spacing pole to pole

= =2 =4 -8 _8_9_95_°5_--°

Figure 2. Preliminary Site Visit to Observe Other Sources of lllumination

3.3 Public Outreach

In advance of the demonstrati@DOT notified business owners and residents in the vicinity of
15" AvenueNW. Each business owngegceivednotice of he demonstratin and street closure in
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a onepage handouSDOT mailedresidents in the arggearthe demonstration site a postcard
notifying them of the street closure and detour rol&0T also contacted thecal

neighborhood blog, The Ballard Blog, to inform resits as well as to recruit participafas the
demonstrationSDOT also provided a press release with details of the demonstration and street
closure AppendixJ: Public Outreaclshows all of the outreach documents.

3.4  Lighting Criteria

The existingHPS luminaires along the stretch of"1/&venueNW consist 0400 Wlight sources
meeting thecurrent City of Seattle prescriptive standards. To provide a baseline for comparison,
Clanton & Associatedesignedhe new LEDstreetlightsaround performance iteria

recommended by the llluminating Engineering Society of North America)(fecommended
Practice for Roadway LightinRP-8). The roadwaynd pedestrianlassification determined the
luminance criteria to use for the desigime area surrounding tliemonstration site is mainly
residentialith somecommercial buildings along f5AvenueNW. During the daytime, 1%
AvenueNW is heavilyused with three lanes of traffic @ach directiorwith a center turn lane.

At night, the street reduces to twodarof traffic in each direction, with parallelrgang in the

third lane. Theseconditions classify the sitgs a collector roadway.

The IESdefinesa collector roads

AA roadwayservicing traffic between major and local stre@&tsese are streets used
mainly for traffic movements within residential, commercial, and industrial areas. They
do not handle long, through trips. Collector streets may be used for truck and bus
movements and give direct service to abutting propebties.

Two schoolsare locatedvithin two blocks of the demonstration site. Pedestriaivicis
moderate during theighttime. Many residents in the nbgrarea walk their pets aloig"
AvenueNW. Given these conditions, the demonstration is classifiedwasghenedium
pedestrian conflict.

IES RR8 (2005)definesa medium pedestrian confliak
AAN areawhere lesser numbeof pedestrians utilize streets at nighypical are
downtown office areadlockswith libraries, apartments, neighborhood shopping,

industrial, older city streets, and streets with transit lines.

Clanton & Associates selectduetwattage and distribution for the ne&D streetlightsbased
upontheir performancen meetingthe criteriain the following table.

Table 3. IES RP-8 Luminance Criteria for New LED Streetlights
Luminance Criteria for New LED Streetlights

Average Uniformity Uniformity Veiling
Roadway Pedestrian Luminance L.y Ratio Lag/Lmin Ratio Lna/Lmin Luminance Ratio
Classification  Conflict Area (cd/m?) (max) (max) L vmax/L avg (Max)
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Collector Medium 0.6 3.5 6.0 0.4

Clanton & Associateased nduminance criteria for the HPS luminaires. #@0 WHPS
luminairesrepresentth€ i t y of Seattleds standard 250Wmi nai r ¢
HPSIluminairescompare the visibility performande that observed iother studies and tie

higher400 Wluminaire.

35 Luminaire Selection

Philips LumedRroadStaprovided theLED luminairesior the demonstratiarselecting one
manufacturestreamlined the procurement and installation presaskile eliminating any
variables due to distribution types and reflector compon@tston & Associatealso
consideredtie IESTM-15-11 Backlight Uplight Glare BUG) ratingsin luminaire selection
Clanton & Associateselected nduminaires with uplight ratings above(00) or glare ratings
above 2G2)to limit optionsappropriate for anixed-use neighborhood.

In order to meet thieiminancecriteria outlined iINES RR8, Clanton & Associateselectedhe
LumecGPLM 105 WTypell luminaire This luminaire comestandardvith acorrelated color
temperaturéCCT) of 4100K andconsumed.05 W. Lumecprovided the othemon-standard
luminaireswith CCTs of 3500K and 5000K for this demonstratikiumec also provided a
customdesigredasymmetric luminaireCCT 410&. Clanton & Associateasedthe lighting
software AGi32 an@ 0.765 light loss factor for all lighting calculatigrikis valueis based upon
Phil i ps 8blampdunénsdepéeciation value and a 0.9 luminaire direct depreciation
factor. AppendixE: PreliminaryLuminaire Testingshows all calculations

Thefour LED test areas each contained ten luminaBesause theesearchncluded theeffect

of color temperature oparticipantopinions,the test areas also represeriteee differentolor
temperatures3500K, 400K, and 5000KAIl ten luminaires have a standard Type Il distribution
for each of these color temperatur€ke fourth test area also has a color temperature of 4100K
with an additionatustomasymmetric distributiodesigned specifically for this study

3.6 Controls Selection

Owl et 6 s Ni gdontrekhihe EED luminaises EEach luminaireontainsone 2nwW
luminaire controller (LuCoat 120volts. One segment controller (SeCaceives signals from
each othe LuCos. This system ca@emotely meter energy consumptigmovidetwo-way
communicaibn with status updates, addn the lights on command or on schule.

At the time of specification, the City of Seattle vedsoimplementing the Owlet control system
on another project.

To ensure that the signal would propagate along the entire demonstitjd@CLinstalledtwo

10W LuCos within thet00 WHPS est area. These LuCbgpass thédPS luminaireand only
act as repeaters to the next LED LuGoshe entire system receives a signal.
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3.7  Asymmetric Luminaire Design

As mentioned above, the luminairegeast area utilize a nontraditional distributon. Instead of
offering even light distributiotothtoward and away from the drivehis design directs the

majority of the lightaway from theoncomingcar, ef f ect i vel y (pfiolbeam)d i n g o

down the roadin a mannesimilar to extending thlaeadlight rangeT his design isntendedo
compare the measured detection distance under the asymmetric luminaire to a Jigreldrd
distributionluminaire The reflected glarbom wet pavement can cause discomfort ead
impairad r i vabilty®ossee however if the majority of the light leaving the luminairegso-
beam reflected glaravill be decreasedndwill, in theory increasehe visibility of the driver

Coordination with Philips Lumelbeganin June of 2011Because the demonstratisite was not
yetfinalizedand the luminaire design depended on the specific road dimensionecdid not

beginluminairedesign unt October 2011Figure3 shows one of the initial conceptual drawings

for the demonstratian

Figure 3. Elevation of Conceptual Design of Asymmetric Luminaire
Glare Zone 90°

After thefinalizing thedemonstration siteClanton refinedand optimizedhe design to meet the
exact conditions of the roadway.providedPhilips Lumeawith the roadway characteristics as
well as design parametershich included:

Maximize small target visibility (STV)

Have a maximum to minimutaminanceuniformity ratio of no greater than 10:1
Maintain the same BUG glare rating of @& the symmetric lumiiras

Do not allow prebeam(the forward distribution of the lightp cross into oncoming

= =4 -4 9

traffic, where it would becoma glare source for motorists on the opposite side of the

street
This newdistributiondesign does not metkte average luminance valuedi#s RR8. However,
while theaverage luminance levels would be lesaximizingthe STVmay result in
uncompromisedisibility.

The initial design provided by Philips Lt met these requiremenésillustrated inFigure4. It
showsminimal light crossing into oncoming traffic and the majoritytee light from the

Clanton & Associates11

t

l



Visual Quality, Acuity, Community Acceptane&ED Streetlight Sources

luminaireleadingthe driver. Asharplight cutoff tothe left of the luminairereats a unique
distribution, noticeable in the field

Figure 4. Preliminary Asymmetric Luminaire Design by Philips Lumec
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While the firstdesign met albf the desigmequirementsClanton & AssociatedirectedPhilips
Lumec to revise the original design to an IES BUG uplighhgaidf O, to furtherreduce the light
crossing over onto oncoming traffic atmmaintain or increase small target visibilifiyhe
secondasymmetric luminaire desigiigure5b) increased the STV from 4.6 to 5ahd lowered
the dare threshold along witthe average luminance

Clanton & Associates12



Visual Quality, Acuity, Community Acceptane&ED Streetlight Sources

Figure 5. Second Asymmetric Luminaire Design
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Philips Lumec revised the second design to exclude the backlight mask and created a third and
final design that wasompletedn earlyNovember 2011Philips Lumedegan productioron

this designin early 20121t delivered one luminairef each typeo VTTI for preliminary testing,
andshippedthe remaining ninef each typdo Seattle for installation.

3.8 Road Conditions

Becauseof he Paci fi c Nor thedemenst@tion avaustengstreetlight mat e,
performancevith two differentpavementonditions: dry and wefFog is also prevalent in this

area but is quite difficult to generate on commantTl made planso accommdate for fog in

the calculation results shouldlie experienced during the demonstration,itooiadeno plans to
generate afficial fog.

Clanton & Associatescheduled theemonstratiorior the frst week of March 20125Since
wettinga dry roads easiethandrying a wet roadClanton & Associatescheduledhe
demonstration for a timehen theprobability of rain was small, but also prior to theset of
Daylight Saving Time. The demonstration had to begin no sooner than an hour after. fuateet
sunsetas summer approachegreases thdifficulty of gettingparticipants to attend post
sunset demonstratidater in the nightGiven all these consideratior@lanton & Associates
decided that th&leal time for the demonstration would bergla§ March 7and March8 from
8:00 p.m.to 00 a.m.each night.
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Sincethe demonstration requiredhe evening with dry roads and one evening with wetgoad
Clanton & Associates along with SDGiRdseveral contingency plans in placeaddress
potentid weatherissues|f the roads were dry all three eveningfeywould be artificially
wettedone evenindo simulate rain conditions. If the roads were wet all three evertigston
& Associates and VTTwould conducbnly two evenings (one with mediacindustry
professionals and another for participants3uiveys with a makeup datecheduled later in the
year when the probability of dry roads would be higkeEmtinuum Industrieprinted allof the
written evaluation®n waterproof paper in trevent of rainwhile participantcompletedheir
surveys.

3.9 Light Output Level

The studyevaluatedhree light output levels for the LED luminairese hundred perceritfty
percent andtwenty-five perceniof full light output This effortevaluatedhe concept of adaptive
lighting standards and determihihe effect of reduced light levels at loweaffic volume
conditionsat nighttime.

Adjustments tdhevoltage inputs provided to the luminaire via the Owlet control systees
the light outpubf the luminairesPrior to the demonstratioRhilips Lumec serd sanple of
each luminaireo VTTI, where peliminarytesting determinethe corresponding voltage inputs
for each light output valuefie hundred percerftfty percent andtwenty-five percen). See
AppendixE: Preliminary Luminaire Testinfpr additional information.

3.10 Participant Recruitment

Continuum Industries recruiteghroximatelyl80 participant$or each night of the
demonstrationsixty for eachof the thredight levek. VTTI determined the numbeif recruits
for theuser field tesbased orthe required number @ighteerparticipantsor each light level
The fact thahistorically manyparticipants chooseotto ride in theuser field testehicle
dictated an overecruit ofapproximately three times the requiregmber of participantfor each
light level.

SDOT provided assistander recruitment outletthroughout the CityContinuum offereakach
potential recruita forty-dollar gift cardas an incentive for participation

Continuum recruited participant®m across Seattle through colleges and universities, as well as
throughemployment offices and neprofits. It encouaged norprofits to alert their constituents
about the surveyand several used tlierty-dollar gift cards as fundaisingopportunitiesy

having members donate their gift card directly to the organizationtinuum also targeted
participants from sowes closer to the test site, including neighborhood associations and assisted
living facilities. It also informed businessaffected by the street closures of the opportunity to
participate in the test as means of generating community interegbaddil.
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Individualsinterested irparticipatingsigned uponlinevia arecruitmentwebsitethat collected

contact information, availability by date and tingender, an@ge. Thaecruitmentwebsite also
educatd participants on whate demonstration wouletquireof them. As the survey dates

drew nearContinuumindustriescontactedarticipants via email and phone with priotitgsed

onthe datsof their online registration anoh theirage group. To account for changes tioe

human eyever a lifetime Continuum madevey effort toevenlyrepresent each age groiap
eachlight level of the test. Given the weather contingency plans andtémto have a

representative sample of age groups, some participants were recruited for both nights of testing,
at differentlight levels.

3.11 Written Evaluation

On eaclof the twonights of general participant testing, participants completed subjective
surveys for each test area. Clanton & Associates modified a survey originally devieloped
parking lot lightng surveysy Dr. Peter Boyce, formerly of the Lighting Research Cetder,
render it suitable for use street lighting demonstrations. The team usedstnisesurvey to
evaluate the street lighting in Anchorage, Alaska; San Diego, California; SariCadig®enia;
and Roseville, California

Thewritten evaluatiorasked participants a series of general questions based upon where they
live, in addition to demographic questions and site condition questions. For each test area, a
participant nextatedtwelve statements on five-point scale (strongly disagree toangly

agred. Following are thestatementshat comprisedhe written evaluation

It would be safe to walk here, alone, during daylight hours.
It would be safe to walk here, alone, during darkness hours.
The lighting is comfortable.

There is too much light on the street.

There is not enough light on the street.

The light is uneven (patchy).

The light sources are glaring.

It would safe to wik on the sidewalk here at night.

| cannot tell the colors of things due to the lighting.

10 The lighting enables safe vehicular navigation.

11.1 like the color of the light.

12.1 would like this style of lighting on my city streets.

©CoNorwWNE

Participants also answeradadditional questioon the scale of much worse to much better

13.How does the lighting in this area compare with the lighting of similar Seattle city streets
at night?
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3.12 User Field Test
Equipment

The data collection equipment used during the expericwgisted o& variety ofcomponents
for collecting illuminance, luminance, color temperature, and participant responskldsitaf
theseare part othe Roadway Lighting Mobile Measurement SystéRLMMS), a device
created by the Center for Infrastructure Based Safety Systems (CIB&B)laas a method for
collecting roadway lighting data in addition to participant response data.

VTTI mounted a specialgesignedi S p i apgaratusontainingfour waterproof Minolta
illuminance detector heads horizontally onto the vehicle roafrimanner that positionéao
illuminance detector headwser the right and left wheel paths gmukitionedthe other two
illuminance detector headdong the centerlinefahe vehicle VTTI positioned an additional
verticallmounted illuminance meter in the vehicle windshield as a method to measure glare
from the lighting installations. VTTI connected the waterproof detector heads and the
windshieldmounted Minolta headtseparate Minolta-L0 bodies that sent data to the data
collection PC positioned in the trunk of the vehicle.

VTTI positioned a NovAteGlobal Positioning Device (GPS) at the center of the foaf
mounted illuminance meters and attaciteédo t h d e i 8 p alppcpnaectadith€&PS
device to the data collectimomputervia USBsothe vehicle latitude and longitude data was
incorporated into the overall data file.

VTTI mounted twaseparate video cameras on the vehicle windshiazi@ collected color

images of thdorward-driving luminous scene and the second collected luminance information
for the forward-driving luminoussceneVTTI connected eactamea to a standaloneomputer
that wasn turnconnected to the data collectioomputer The data collectionomputer
recordedlluminance, human response (reaction times), and GPS data and synchronized the
cameracomputerimages with a common timestamp. Additional equipment inside the vehicle
consisted of individual input boxes fparticipantentered responses and a Controller Area
Network (CAN) readefor collectingvehicle network information.

A specialized software pr ogachcompanetefthe ed i n
RLMMS. The software synchronizelse entirehardware site andsetsdata collection rates at
20Hz.VTTI set the videamage capture ratler this demonstratioat 3.75 framepersecond

(fps). The final output file used during the analysis contained a synchronization stamp, GPS
information guch asdtitudeard longitude), input box button presses, individual images from

Lab

each of the cameras inside the vehicle, vehicle speed, vehicle distance, and the illuminance meter

data from each of thieur Minolta T-10s.VTTI incorporated theehicled ktitude and longitde
datainto the overall data fil#ia USB connection to the data collectiommputer

Visibility Targets

Research has established a relationship between certain visibility metrics and the detection and

avoidance of a small object on a roadway. Reseaslalso established a correlation between
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these visibility metrics and the frequency of vehicular accidents at night. Small Target Visibility
(STV) is a method to calculate this relationship.

The STV method (as defined by IES-RBPis used to determine the visibility level of an array of
targets along the roadway when considering certain factors such as the luminance of the targets,
the luminance of the immediate background, the adaptatiohdétree adjacent surroundings,

and the disability glare. The weighted average of the visibility level of these targets results in the
STV value.

The visibility targetdor this demonstration argooden squareseveninches on each sigdeith a
tabmeasuing 2.375 inches by 2.375 inches one sidépictured inFigure6). The targets came
in four colors red, greengray, andblue.VTTI painted thdarget bases to be similar to the road
surface VTTI placed thesebjects along the roadway as the objecdtsiterest in the
performance portion of the project.

Figure 6. Visibility Targets Used within Test Areas

VTTI positioned targetsf each color within each of the test aremachievea consistent level
of verticalilluminance for all luminaire types. Each target locatiawafourteenlux of vertical
illuminance except for thé00 WHPS sectionwheretwentylux was the lowest achievable
verticalilluminance

V T T lgdaksin setting up the visibility targetonsised of exposingach luminaire type to each
target color andnatchingeach location by vertical illuminanceéTTI paired thearget colors
(green/gray and red/bluapd intermittently shiftethem amonduminaires during breaks when
the luminaires were dimed The percentreflectance byachtarget color is shown ifable4.

Table 4. Percent Reflectance by Target Color

Color Reflectance
Gray 17%
Green 17%
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Blue 15%
Red 12%

llluminance more directly characterizes a1 mi n @uiput wh&reas luminance more directly
characterizes the amount of light perceivéatching the targets for illuminance isolates the
lighting output thus making the luminges comparable on that badi¢atching the targets for

luminance would requireonsiderations of target surface reflectance, road surface reflectance,
and target color.
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4  Procedure

4.1  Equipment Pretesting

Prior to the demonstratioW,TTI received four luminaires (one of each of the four types of LED
luminaires) and all equipmentcessaryo operate theontrol system. fiis preliminary testing
ensurd that the luminaires weroperating as specified addterminé the driver voltage inputs
correspondingo the desired light output levels ofie hundred percerftfty percent andtwenty
five percentWhile thetesting also included correlated color temperature measurgiiment
results of the color temperature test were inconclusive.

Thetestingpr ocess entailed mounting each | uimmdaire
time of approxmatelyone hundredhours Next VTTI individually mounted thduminaires in

the outdoor environment at the VTTI test faciliisigure 7. In thislocation VTTI measuredhe

output of the luminaire in terms of horizontal and vertical illuminance along a grid of test

locations beneath and to the side of the luminaire.

Figure 7. Laboratory Evaluation Grid
B " :

Dimming Data

VTTI also measured theffects of dimming each LED luminairEigure8 shows the relationship
between the dimming voltage and gercentof light output for each luminair@ he results
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indicate that as dimming voltage increases pireentof light outputalso increases similarly for
each luminaire.

Figure 8. Dimming Voltage by % Light Output
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VTTI used thel-10 dimmingvoltage inputs collected through this preliminary testing to allow
the control system to tune the lights at the desired light levels. The values calculated are:

1 One hundred percetight outputi 8V
1 Fifty percentlight outputi 3.1V
T  Twentyfive percentlight outputi 1.2V

VTTI modified thefinal voltage inputs from the above values because the control system needs
to have a linear curve between the low and high vialoederto function properly. Therefore,
the low voltage inputs used during tthemonstration are:

1 One hundred percetight outputi 8V
1 Fifty percentlight outputi 3.3V
1 Twentyfive percentight outputi 1V

The relationship ifrigure9 shows the illuminance for each luminaag it is dimmed or
brightenedllluminancediffers amang the luminairesbut the relationship is similar for each
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Figure 9. Dimming Voltage by Illuminance (Ix)
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Table 5. Summary of Lab Light Trespass
Summary of Lab Light Tre spass
4100K ASYM 3500K 5000K
HS SS HS SS HS SS HS SS

Average Lab Measured 4 21+ 2.23 1.68* 1.99 2.37* 4.67 2.22* 4.74
Light Trespass (lux)
Max (lux) 4.88 4.75 413 442 464 551 442 536

Min (lux) 3.37 0.53 0.37 022 069 326 061 4.05

Note:* Meets precurfew andoostcurfew limit

Based on the IES recommendation, the four luminaires evaluated are below the light trespass
limit. AppendixE: Preliminary Luminaire Testingontainsadditionalcollected data.
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4.2  Equipmentinstallation

SCLinstalled allnew light sources and cleashluminairesto ensure that afOOW HPS
luminaires along the demonstration site were not subject to dirt or luminaire depre&é&tion
alsopurchased and installedrt250 WHPS cobranead luminaired.umecshipped fortyLED
luminairesto the City in late January ameérly February for installatiofrigure10 illustrateste
sequence of each of the test areas

Figure 10. Demonstration Site Layout
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Seattle City Light began installing the HR@ninaires first. No luminaire controllers were
installed within the housirgpf the either th&50 Wor the400 WHPS luminaires. Wo of the
400 WHPS lumnaireshaveexternallymounted LuCo®sn ther poles; howeverthe LuCos do
not controlthe light ouput of theHPS luminairebut insteadpropagatehe signato the next

LED series of luminaires

Seattle City Light next installethe LED luminairesaftercompletingall of the HPS luminaire
installations Because Philips Lumdtadinstalledthe LuCosn the luminaires at th&actory,
they did not requirdield installation SCL staff correlated each LED luminaire with a badge
number matching the pole displayedamaerial image of the demonstration.skeadescription
of the luminairealong with the pa@ badge numbas handwrittenon the inside oéachhousing
to help properly identifghe placement of the luminajras indicated ifrigurel1l.
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Figure 11. Example of Handwritten Description
and Badge ID within Housing

Each LuCohasa unique ZigBee label on the moddiescribingthe LuCo, luminairg and GPS
location.The installation process also used thoteer identical label®r each LuCooneis
placed in the luminaire housing, one on the pole that can bdyesxheone standing on the
ground, and the last labelpgacedon a commissioning spreadsheet.

4.3  Seup of Visibility Targets

The teanrset up the smallisibility targetsthe night before the demonstration begbime team
placed signslong 18" AvenueNW restricting residents from parking on the street.

The team placed eadi the four colors of targets (red, blue, green grad) under each test area
andmeasuredhe vertical illuminancewith the goal of findindocations within each of the test
areasvhereeach target location measuredemyual vertical illuminancegalue under each of the
test areas. Thiam marked thimcation of the target on the pavement with spray chdiis
demonstration did not use yelldargets becaugbe researchers couldtfind a yellowpaint
colorwith areflectancecomparabléeo the other target colors.

The researchers found tardgmtationswith achievedvertical illuminance values dburteenlux
for five of the six test area3he400 WHPS test arewas unable tachieve dourteenlux
vertical illuminance valuethis area achievedlawest vertical illuminance&alue oftwentylux.
Researchers do not expélats higher illuminance leveb affectthe resultsas visibility is based
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on contrast and illuminanc®&/hile this area exhibited a high@rget illuminance, the roadway
illuminancewas higher as wellgnd the contrast should remain unaffected. The contrast is
explored in more detail later in this investigation.

To simulate rain on theads,SDOT flushertrucksartificially wettedthe roads for the March 8
demonstrationTheysprayedthe entire width of 18 AvenueNW from NW 80" Street to NW
65" Street. The flusher truslsprayed down the road three timeaceimmedately after the
road closureand theragainbeforeboththe first and second dimming testhile the lights were
being dimmedThe sidewalks where participants were completingnttitten evaluations
receivel nowaterfrom the flusher trucks.

4.4 Written EvaluationandUser FieldTests

Threegroups ofparticipants took parh thewritten evaluation®n each of the two nights of
general participant testingach of the three groups arrived at different times throughout the
evening. The first group arrived at 7:p0n, the secon@roup at8:30 p.m; the third group
at10:00 p.maAt the arrival of each group, the participants wheendivided into two subgroups
based upon assigned color of their written evaluations.

A bus dropped offhe first subgrouat the intersection of 5Avenue NW and NW 80Street.
This group of participants madts evaluations on thevestside of the street and took advantage
of the slight downhill topography. Treecond subgroustartedat the intersection of i5Avenue
NW and NW 6%' Street. This gppupwalked slightly uphill and madiés evaluations from the
eastside of the street.

Beginning at8:00 p.m. each nighB8DOT and the Seattle Police Department began closifig 15
Avenue NW between NW 85Street and NW 80 Street. The road remained st until1:00
a.m.Onepolice officerstayedat each end of the demonstration #iteoughout the duration of

the survey, and oredditional police officer roamed the site throughout the evening. Once the
police officersgave clearanct® begin the survesya team member gawestructions taeach

group of participants

Two project team membersdesachsurveygroup and answeregliestions. At the beginning of
the surveyfeam members instructgarticipantanot tolook up at thestreetlights but ratheto
evaluate the whole field of view into the strebtam members also instructed participamtisto
talk to one anotheo avoid influencingpther participarg épiniors. In addition to the two team
membergergroup, SCL staffnembers helped asite to managdraffic andto keep the
visibility targets in the correct standing positooiiwo private security officers algemainedon
site for the duration of the demonstration.

The bus picked upachsulgroup of participants approximately an houeatley had been

dropped off All participantsreturned tdSalmon Baymiddle schoolndturned in their survesin
exchange for théorty-dollar gift card incentive.
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4.5  Experimental Protocol

A member from the VTTI teamdrove the experimental vehici a maimum speed othirty-

five mph.Researchers selected the thiiitye mph speed as a typical speed for a commercial
lighting roadway and simulated stopping distances outside of headlamp.réhgexperimental
vehicle drove in the middle of the three laresthe far right lane was used for target placement
Along the route, participants pressed buttons wheg wereconfident they had detected the
targds located along the roadwalhe total testing time for the detection task lasted
approximately five nmutes

4.6  Dry Pavement

The drypavementdemonstratioman a total okighty-threeparticipantsn theuser fieldtests As
many as three participants could take part indifngng test at one time. Some runs contained
fewer than thregarticipantsdepending on the number of volunteers from eadigroup.

Table 7detailsthe number of runs aritie number of participants bight level The light levels
aredividedinto number of runs (or lapshd the number of participants.

Due to a failed videoard,VTTI could not recordhe luminance data concurrently with the
participant target detection$ conducted &econd data collection effort approximately four
months later (July 2012) to gather the necessary luminancelthgalata is included in the
analysis.

Table 6. Dry PavementWritten Evaluation TestNumbers

Pavement Light Number of
Condition Level Participants
Dry 100% 62
Dry 50% 54
Dry 25% 49

Table 7. Dry Pavement ParticipantsUser Field Test Numbers and Computer Conditions

Pavement Condition Light Level Igluunnsqtzlﬁrag;) I;\lal:trincti);?ar\r:?[fs gg;n dﬁttij;enr
Dry 100% 9 24 No Video Card
Dry 50% 12 35 No Video Card
Dry 25% 11 24 No Video Card
TOTAL 32 83
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4.7  Wet Pavement

As mentioned earlier, SDOT flusher trucks wet the roads fos¢bend evening of general
testing.Two trucks arrived on site shortly after the road barricades were up Qrd/éBueNW
was officially closed. Each trudield 3,000 gallons of water. Starg full, both trucks began
wetting the road near the intersection of NW' 2venue and NW 80 Street.

Figure 12. Flusher Truck Wetting the Roads

A total offifty -oneparticipantarticipatedduring the wet pavement parti, thirty-two fewer

than the dry pavement portioResearchers reduced the tifoeeach evaluation group due to the
allowance of time for flusher trucks to wet the pavenimis reducing the number of
participantgperrun. Table9 details the number of runs, number of participants, and computer
conditions for the wet pavement portion of tieer fieldtest.

Table 8. Wet PavementWritten Evaluation Test Numbers

Pavement Light Number of
Condition Level Participants
Wet 100% 59
Wet 50% 59
Wet 25% 49

Table 9. Wet Pavement ParticipantsUser Field Test Numbersand Computer Conditions

Number of Number of Computer
Runs (Laps) Participants Condition

Pavement Condition Light Level
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Wet 100% 10 24 Normal

Wet 50% 7 21 Normal

Wet 25% 2 6 System Error
TOTAL 19 51

Only six participants were able to be tested fortétenty-five percentight level condition as
themobile computesystem encountered further communication erddosvever, complete
luminance dataxistsfor the wet portiongiven its abilityto record during participant testing.

4.8 Luminance Measurements

As mentioneckarlier, a video card failureneant the inability to measuadl of the luminance
conditions on the first day of the experimdniminance data for the dry condition was recorded
prior to the wet pavement tesfterrepair ofthe videocard the following dayUnfortunately
time restrictions led to recordiranly of the onehundredpercentlighted scenaripno luminance
data of the visibility target&wasrecorded for théifty percentor twenty-five percentdim
conditions Table10 details the available luminance ddtathe analysis, thene hundred
percentdry daa was scaled by the illuminance measurements to provide estimates for the
background luminance and the target luminaResearchers undertoolsecondary effort in
July 2012 to recollect luminance data to ensure qualiyfortunately, wet pavement wast
available on this attempé discussiorof theuser field testneasurements can be found in
Section 5Discussion.

Table 10. Recorded Luminance Data
Recorded Luminance Data

March 2012

Pavement Light Level Lumi nance Data

Dry 100% Recorded Luminance
Unable to Record Estimated
Dry 50% based on the illuminance ratio
2506 Unable to Rec_:ord I_Estimated_
Dry based on the illuminance ratio
Wet 100% Recorded Luminance
Wet 50% Recorded_.uminance
Wet 25% Recorded Luminance
July 2012

Pavement Light Level Luminance Data
Dry 100% Recorded Luminance
Dry 50% Recorded Luminance
Dry 25% Recorded Luminance
Wet 100% Wet Pavement not available
Wet 50% Wet Pavement not available
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Wet 25% Wet Pavement not available

5 Findings

51 Written Evaluation

Researchers administerdetvritten evaluatiorio participants on each night of the experiment.

Each participant ratetivelve statemergon ascale fronist r ong | tofidt sagpegoagr «
The statementaddresgerceptios of safety, comfort, glare, preference for light color and color
rendering, and overall styl@verall,332 participants surveyed the test area, roughly split

between the wet and dry nights

Table 11. Written Evaluation Results

Written Evaluation Results

Topic Result
Statement 1 Safe, daylight Participants considered the street a safe area
hours
Statement 2 Safe, darkness Participants considered the street a safe area
hours night, even with dimming.
Statement 3 Comforiable No statistical difference between responses

within a given test area when the light output
reducedo 25% light level.

Statement 4 Too much light Paticipants did not rate the HPS luminaires a
having too much light.

Statement 5 Not enough light Asymmetric luminaire showed agreement at ¢
light levels.

Statement 6 Uneven (patchy) Asymmetric luminaire showed agreement at ¢
light levels.

Statement 7 Glare Asymmetric had the best glare ratifigwest)
followed by the 3500K and 4100K.

Statement 8 Safe on sidewalk HPS400 Wreceived highest rating, followed b
HPS250 W.

Statement 9 Cannot tell colors No statistical differences across color
temperatures, including HPS, across all dim
levels.

Statement 10 Safe vehicular HPS luminaires received the highest ratings,

navigation while the asymmetric received the lowest
ratings.

Statement 11 Color oflight Both HPS sources showed nearly the same
neutral preference as the LED sources.

Statement 12 Style of light With the exception of the asymmetric luminair

partidpants preferred the LED luminaires as
much as the curred00 Wand250 WHPS
standard.
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In an effort to recruit enough survey participants, some participants came to both nights of
testing. The duplicate participants evaluated different road conditions and light levels each night.
The participants had a full twentgur hours and bright daght betweerthe two nights of

testing, andesearchers did not expect their participatoroth evenings to significantly affect

the results. However, researchers analyzed the duplicate surveys as a group and compared their
responses to the larger pogida to identify any differences.

Statements SE5 S10, and S12cpmforable not enough lightvehicular navigation, and style
exhibited different agreement ratings among those who saw the test areas twice. The participants
who saw the test areas twiagreed more strongly with these statements for the 250 watt HPS
under the wet condition than did those who went through the test areas once.

Statement S#he light sources are glaringarticipants viewing the asymmetric luminaire test

area for the snd time, under dry conditions and at 25% of full light output, rated their
agreement with this statement higher than those who saw the asymmetric luminaire test area for
the first time.

When responding tetatemen§1Q the lighting provides for safeshicular navigationfor the
asymmetric and 3500K LEDs, participants seeing these areas, under wet conditions, for the
second time disagreed with this statement more strongly than did thniestiewers.

Secondtime viewers agreed with statement Sll&puld like this stylef lighting, more strongly
than did firsttime viewers when evaluating the 250 watt and 400 watt HPS on the wet road
conditions.

When responding to statement Sé8mparison of lighting to other City of Seattle strefetsthe
350K LED, participants seeing these areas for the second time disagreed with this statement
more strongly that did the firgime viewers.

These variations between the responses of the repeat participants and the larger study population
do not change theverall conclusions drawn from the written evaluation. While most of the
variations occurred when participants were viewing the existing HPS luminaires, it is unclear

why participants might have rated these more highly on the second night of viewingwétder
conditions, the standard LED products may have produced more reflected glare on the pavement.
The relatively lower glare of the more diffuse HPS sources may have been more noticeable to
individuals who had seen a less dramatic difference on the pseavigiot.

To address potential bias in the experiment, researchers divided each of the three groups of
participants into two subgroups; half of the participants walked down one side of the street and
the other half walked down the other side of the stfamtinstance, the participants who

traveled from south to north generally viewed the LED test areas lower than those who traveled
north to south. Although evaluation ratings between the two groups exhibited some trends, the
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majority of the values are neignificantly different from one another. Researchers combined the
entire dataset, essentially averaging the two different vantage points.

When researchers analyzed this question by gender, women generally preferred the warmer color

temperatures while metended to prefer cooler color temperatures, as shown in Figuned
Figure42.
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Figure13. Survey Question 11: iftyPdvemere t he col or
at One Hundred percent (Light Level by Gender)
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Research explains the reasoning behinfi womenbo
Some studies on gder and color indicate that women can match colors more accurately and

quickly than men. Only the X chromosome contains genes for pigments in red and green cones;
since women have two X chromosomes, they have a potential advantage over men for superior
vision if their two X chromosomes align in such a way that activates two red and two green

cones.
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5.2 User Field Test

Data Analysis Approach
Researchers performed analy&®svisibility data andor illuminance sensor dat&or theuser
field testvisibility analysis,researchers conducted initial data cleaning which they located
targets via GPS coordinate®rified responses and matchédetmto each target section, and
removedadditional data anomalies (outliers) from the data. For examgsearchers excluded
all data that exceed three standard deviations away from the mé&asearchers performed an
additional data check to look for any other outliers and to check the images associated with the
data file.They did sadoy checking the data Arc Map and verifying the image information.

Next, theentire data fileincluding the button input box, latitude and longitude information, and
respective images from the color and luminance camessmported into a Statistical

Analysis SoftwareQRAS) programfor review and analysig\s anexampleresearchers obtained
the detectiondistance calculation by calculating the distance using latitude and longitude
coominates for each button pre3$ie coordinates for the target locationsreregistere
separately and also integrated to determine the distance from the button press to the target
location.Researcherecheckedhese calculationssing the distance calculation obtairfexin

the vehicle network dat&Vhen thg had completed theistance clgulations the dataset
underwent additional data checking for outljensdresearchers made necessawyrections
(including deletions forfalse button pressesdframe correctionsanddeletions of anomalous
data).Researchers usédhalysis of Variance (ANOVA) as the statistical tool to investigate
differences among lighting type, lighting location, target color, target location, travel direction,
and vertical illuminance levekindings are shown in Table 12.

Table 12. Luminaire Type, Target Color, Pavement, and Light Level ANOVAResults
ANOVA Results

Source vallzue Pr>F Significant
Luminaire Type 38.13 <0.0001 *
Target Color 39.6 <0.0001 *
Light Level 0.01 0.9289

Pavement Condition 2.22 1.438

Luminaire Type * Light Level 0.24 0.8704

Luminaire Type * Pavement 0.83 0.5104

Luminaire Type * Light Level * Pavement 1.08 0.3675

Luminaire Type * Target Color 10.42 <0.0001 *

The illuminancedata for the lighting sections underwent the same data cleaning process as the
visibility (or detection distance) datResearchers checked thtire data file for anomalies and
verified sections with GPS informatiofihey conducted additionapot check using the color
images collected during the drive to verify the section location and starting/ending points for
each run.
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Researchers next imported ttleaned data file into SAS for review and analysis. The
illuminancedata gave an approximation of the light intensity reaching the road surface, which
providedfurther understanding of the performance of the different lighting sections.

Researchers conductedaatditional analysis using detection distance, illuminanoce, a
luminance in a linear regression model. This madlelvedbettervisualization ofthe linear
relationshipamongthe three variables.

Detection Distance
Researchers conducted Analysis of CeVariance (ANCOVA) on the detection distance and
illuminancedata to identifyanydifferencesamongthe lighting sectionsThey used th&tudent
NewmanKeuls (SNK) test to identify where the significant differencesurred Figure B
below highlights the results.

Figure 15. Luminaire Type and Light Level by Detection Distance (Wet and
Dry Pavement Combined)
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As Figurel5 shows, detection distance is not predictdialsed orthel u mi n lght leveld s
Note that the50 Wand400 WHPSIuminaireswere notdimmed for theexperimentthe
lighting level of the LED luminaires surrounding the HPS luminaires liaffigctedthe contrast
of the targets in these sections

Figure16 shows comparisons of luminaire types andgheementonditions by mean detection
distanceDry and wet conditions alone did nexthibit statistically significant differencse
however this relationship showthatthe difference ipavementvetness conditiodid affect
some luminairesThe HPS luminaire type2%0 Wand400 W) shared a similar &nd with the
effect of the wet conditions. The differences for the LERihaire types were more muted.
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Figure 16. Luminaire Type and Pavement Condition by Detection Distance
(All Light Levels Combined)
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Figure17 showsa comparison of wet and dry conditions light level. Again, dry and wet
comparisons alone yielded no statistigaignificant differencdor the LED luminaires
however in this casdghe wettwenty-five percentcondition is noticeably lower than the other
combinationsThe factthat thetwenty-five percentof full light outputscenario for the wet
condition had significantly fewer trials thalid thefifty andone hundregbercentscenariognay
have contributedb its lower averagedue to a larger margin of error.

Figure 17. Pavement Condition and Light Level by Detection Distance (All
LED Luminaires)
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The other contributing factor is the potential for an overall reduction in glametfie dry road.
Wet pavement has a significantly higher specularity than dry pavement, thurgycaasater
impacs of glare of the light source.

A Student NewmatiKeuls (SNK) Test for both nested error terms (pavement condition and light
level) found &rget colorgo be signifi@antly different fromone aother.Participants detected
blueand red targets approximateWwenty to thirtyfee sconer than either gray or green targets.
Participants detected gretargetswith the shortesaveragealistanceof any ofthe four colors,
meaning participants took longer to identify greentargets than any of the oth@rgetcolors.

Figurel18illustrates the differences in the comparisons betwaambiretype and target color
by detection distanc@.hevarying spectral distributios due to thalifferent CCTs of the LED
luminairescontributed to the range detection distances by target color

The 3500K luminaireshave more red and green color content thathe othersourcesthis
explainsthe substantiatirop-offs in blue detectioffor this light sourceas the blue targets are
less activated than the other target col@vhile the 5000K luminaire have thdighest CCT and
have more blue content than the other soutteydid not outperform the 4100Kiininairein
blue target detectiodistance suggesting either a difference in contrast or a veaghof color.
The 5000Kluminairesmaintain a relationshipimilar to the 4100Kluminairesacross all target
colorsexceptfor the neutral graywhere the two performed nearly equally. The asymmetrical
LED luminaires performed orparwith the 4100Kluminaireswith no statistical dference across
the target types

The HPS luminaires performed well fihre colors red and blue while dropping sificéntly for
gray and green. Neither HPS luminaire outperformed the 410@i0airesor the asymmetrical
LED luminairesfor any target color.

Colors gray and green exhibited significantly lower detection distances for the 250 W compared

to other luminaire types. The researchers interchanged gray and green targets by location, as they
did for red and blue targets. The locatiorsofme ofthe targts may have played a role in these

low averages, given researchers placed these targets at the start of the uphill portion. The
distance of approadb the targets may have been less than that of other test areas with targets of
the same coloafter the st vehicle changed directiofihe 400 W HPSest area resulted in

lower gray and greetietectiondistances suggestitigat the yellowish hue provided by HPS

lamps negatively affects the visibility of green and neutral gray.

The results show that on avgea the 4100Kest areagerformed among the best for each target
color. Based on these resufise 4100K luminair@appears t@rovide a sufficient balance
between the red and blue extremes in the target color and is the most appcofwiate
temperaturdor color detection for all of the targets.
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Figure 18. Luminaire Type and Target Color by Detection Distance (All Light
Levels)
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Figurel9illustratesthe difference betweertest areaby pavementondition andight level
The4100Ktest areand the LED asymmetricttst aregerformed besbverallwith regard to
color detection distanc&Vhile Clanton & Associatedid not dim the400 Wand250 WHPS
luminaires for thetwenty-five andfifty percentconditions the HPSdetection distancesaried
for thoseconditions the contrast of neighboring luraires may have been a factor

Interestingly, theone hundregbercentlight outputconditiondid not always result ithe best
detection distancein scenarios such as LED asymmetrical dry conditidatgction distances
were higher at the dimmed stages light level tends to affect detection distancenn a
unpredidable wayresearchers cannot forronclusions here; however, the results suggest a
possibility that dimming a luminaire as low tagenty-five percentof full light output and
reducing its energy use may not have a negative impact on detection diskairadxdy, even
thoughresearchers did not dithe HPS luminaires, thdimming of thesurrounding luminaires
may have slightly affected the light lesé@h these test arealSxtraneous light sources such as

lights from businesses oeighboring parking lotsyay have slightlyaffectedthese results as
well.

The lack of a predictable trendtibx@endry and wet conditionsonstitutes another noteworthy

finding. This suggestthatthe presence of a wet road surface difeet detection distance in
some form, perhaps due to higher spectral reflectance off of the raadway
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Figure 19. Luminaire Type, Pavement, and Light Level by Detection Distance
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Note: 250 W and 400 W operdat one hundred percelight level and were not dimmed

5.3 Contrast

Contrast igdefined aghe difference in luminance that rendersoaject visible. The contrast
metric used for these analyses is a formulation called Weber conthésh is advantageous for
these types of analysdse to its consideration of negative contrast. Values above zero are
positive contrastor the point at with an object is made visible by a dark background. Values
below zero are negative contrastthe point at whiclan object is made visible by a lighter
background. Both negative and positive contrasts are represented here.

Equation 1. Weber Contrast Equation

s .. boamr e OQDOAQE BE OGQ
y'QiE € 01 WH—6—
_ 2000 we WQ

Theresearchers assessed ¢hatrast and luminance of thergets using a program created in
MATLAB® as part of a National Surface Transportation Safety Center of Excellence (NSTSCE)
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endeavor. This data reduction used the still imageshownin Figure20, recorded by the
luminance cameras of the RLMMS. Datauetionists verifiedhe validity of each image and

traced the outline of the visible target using a tool within the software. The luminance and
contrast of the outlined target are calculated by the program while considering the inside of the
trace and itsurrounding elements.

Figure 20. Example Luminance Image

Figures21 through23 showthe results of target contrast for each target color across all light
types for the dry pavement conditiddecause thesgata came from the second data collection
effort, now wet pavement condition was available to be recorded for this analyssnparison

of the contrast results for each dim level shows a slight trend from negative contrast to positive
contrast as the diminance is decreasedng hundred percenutput versuswenty-five percent
output) VTTI did not expect this findindhecauses the illuminance on the roadway decreases,
the roadway luminance and the target luminance would also decrease and thezefontrst

would remain the sam@&his increasingrendtowardpositive contrasindicates that the

luminance of the face of the target does not drop as significantly as the luminance of the roadway
surface. This implies thahe ambient lighting from thareas off of the roadwgyrovides some
illumination on the target face and as the roadway dims, the antipietimg becones a more
significant componentf the target luminance.

These results notably demonstrate tidtough the contrast changd®e detection distance from
theone hundred percetght level to thetwenty-five percentight level did not change.
Researchers expected to see this findyiden thatas the driveadaptation is reduced, the
threshold luminance difference requirdak visibility is also reducedesulting n an equivalent
visibility distance.

In order to remove the impact béadlampsVTTI recordedhe contrast in these figures at least

200 feet from the target locatisywhile they recordedhe average detectiatistances for the
targets all within 200 feet.
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Figure 21. Target Contrast of One Hundred percentLighting Level, Dry
Pavement Condition, per Target Color across All Light Sources
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Figure 22. Target Contrast of Fifty percentLighting Level, Dry Pavement
Condition, per Target Color across All Light Sources
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Figure 23. Target Contrast of Twenty-Five percentLighting Level, Dry
Pavement Condition,per Target Color acrossAll Light Sources
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Figure24illustrates he impact of headlamps from the test vehdIET| took avertical
illuminancemeasurement at target height eveventy-five fed, beginning atwenty-five fee
from the vehicle to 300e# ahead of the vehicld he figure shows the calculated difference of
the measurements with headlamps on versus off. The greatest headlamp impact accurs at
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distance ofifty fed from the vehiclewhere headlampsontributeup toeighty-five lux of light.

The impact igeducel attwenty-five fed from the vehiclewhere the light of the headlamps goes
over top of the targefAt 200 fed fromthe vehicle tothetarget, the test vehicle headlamps have
little-to-no impact on small target visibility.

For detection distances ofe hundredeet or lessassuminghat headlamps provide a
substantial contribution to visibilitwould be accuratéAs dimming occurs, the headlamp
becomes the dominant cause of the detecfisra headlighbecomes the dominant detection
mechanism, the vical illuminance on the face of the target increases and the contrast of the
target increasesAs the roadway becomes dimmer, detection is limited by headlamp distance
rather tharby illuminanceprovided by overhead lightinglanaging thiseffectis crwcial as the
potentialexistsfor a target to go through an invisibility periddringthe transition from

negative to positive contrast.

Figure 24. Impact of Headlamps by Distance from Vehicle
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Figure25illustratesthe relationship between the average horizontal illuminance of each test area

and the corresponding differences in detection distance for each pavement conditiaal The

line represents the average horizontdl | u mi nance f o raedathedarsirepmsemt ai r e 6
the average detection distance. Analyses found no significant differences amlgigf ftbeels

for detection distancéNo other relative trends witlight level existedfor dry pavement;

however, the average detection distances on wet pavement do trend similarihooizbatal
illuminance.This suggests that horizontal illuminance has a greater impact on wet pavement than

dry, again likely due to the specularity of the pavement surfacethambtential for increased

glare. Noethatthe illuminance figures are representative of the horizontal illuminance within

the entire luminairebs test area and not just
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Figure 25. Luminaire Type and Light Level by Detection Distance for Both Wet and Dry
Conditions
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Results indicate significant advantade the LED 4100K test area atwthe LED asymmetrical

test area when crossed with light level gadtementondition.Light levels andpavement

conditions resulted in no significant differences; howesignificant differencedid exist by
luminaire type as illustrated byhe SNK results ifrigure26 (between each luminaire by

groupy. Each columnabeledwith a different letterguch asA or B) signifies significance

between theest areasThe 4100K test area and the LED asymmetric test areas are both in group
A and thus povided a significantly better detection distance than the other groupg0Uh&

HPS is within both groups B and C, suggestirdpiés nosignificantlydiffer from either B or C

but is significantly different from groups A and D.
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Figure 26. Luminaire Type by Detection Distance across Both Pavement

Conditions and Light Levels
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The following six figuresKigures 27 through32) represent the average horizontal illuminance

3500K
5.5 Lighting Metrics
gathered as thexperimentalehicle traveled northbound and southbound with the RLMMS
equipment. Thee data average theadings from each sensor (left, right, rear and front) of the
spider apparatus mounted atop the vehicle. The spikes represent the peak output of an individual
luminaire. Each test area is divided and labeled in the figures below.
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Northboundand sout hbound readi ngs adightleve, iexoaptifaar wi t h
the250 WHPS which produced a higher illuminance on the northbound side.
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Figure 27. llluminance per Section atOne Hundred percent, Northbound
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Figure 28. llluminance per Section atOne Hundred percent, Southbound
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Figure 29. llluminance per Section atFifty percent, Northbound
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Figure 30. llluminance per Section atFifty percent, Southbound
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Figure 31. llluminance per Section atT wenty-Five percent Northbound
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Figure 32. llluminance per Section atTwenty-Five percent Southbound
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The profile of the asymmetric test area is noteworthy as it does not provide the evenly balanced
light distribution.Again, the400 WHPS and250 WHPS test areas were not dimmed.

Tables 13 throughl5 show metrics for all of the test areas. The relationship between each

| umi

nai

reds

hori

zont al

I | umi

nance

and

paveme

each light level. Uniformity ratios are also included ane noted in the tadd asiAvg/Mino and
fiMax/Min. ®he illuminance method uses only fii® v g / Mi n, whilertlhelumirance
methoduses both.
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The maximunmiAvg/Mino uniformity ratio for the horizontal illuminanda RP-8 is 4.0 for a
collector roadway with a medium pedestrian conflict, but because of the elevated plane of the
RLMMS (approximately seventgix inches) VTTI did not expecthe values here to meet those
criteria.

The maximum uniformity ratio for paweent luminance in RB is 3.5 forfiAvg/Mind and 6.0
for iMax/Min.0 Theasymmetricaluminaire exceedethe maximunfi Ma x / ihifonnity
ratio of6.0only at 50 percent of full light output level.

The RR8 recommended average luminance for a collector roadway with a medium pedestrian
conflict is 0.6 cd/ri At theone hundred percefighting level, only the400 WHPS was able to
achieve this recommended valddthough simulated values indicated tladl of theType Il
distributionLED luminairesexceed.6 cd/m, environmental condition®sulted inower actual
average luminance levelhis kind of variance between simulated values and measured values
iS not uncommon

These data also demonstrdie inaccuracy of the current uniformity metric to adequately
representhe lighting distribution. Thesymmetrical design hasnaverageuniformity ratio that

is similar tothe full distribution luminairesHowever,the characterization measurements and the
known distribution both indicate that uniformityleaver with the asymmetrical luminair@hese
findingssuggest need for additionadonsideratiorio fully characterize the roadwappearance
with special luminaireypes.

Uniformity is also importantn target detection. Thé100K luminaireexhibitedthe highest

A Av g/ wiformity ratiofor horizontal illuminance abothone hundred percent and fifty
percentindicatingthe mostonuniform appearancet also hal the highest visual performance.
The nonuniformity of the lighting on the roadway surface seems to provide a visibility
enhancement and greater contrast for visibitigwever, @irther efforsto more fully define
uniformity requirements and their imgance in visibilityare necessary.

Table 13. Light System Calculations,One Hundred percent Light Level

Horizontal llluminance Dry Pavement Luminance

100% at Grade (lux) (cd/m?)

Test

Area Avg Avg/Min Avg Avg/Min  Max/Min
250 W 36.93 3.98 0.54 1.66 2.39
3500K 21.83 3.80 0.45 1.55 3.03
400 W 54.88 4.45 0.67 1.53 2.36
4100K  20.44 8.63 0.43 1.95 4.46
5000K  21.97 2.87 0.49 1.48 3.47
ASYM 18.89 6.79 0.40 1.97 5.66
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Table 14. Light System Calculations,Fifty percentLight Level

Horizontal llluminance Dry Pavement Luminance

50% at Grade (lux) (cd/m?)

Test

Area Avg Avg/Min Avg Avg/Min  Max/Min
250 W 36.93 3.98 0.53 1.81 2.62
3500K 17.45 5.68 0.38 1.50 3.08
400 W  54.88 4.45 0.65 1.54 2.49
4100K  16.27 8.41 0.35 1.78 4.60
5000k 17.00 2.97 0.44 1.59 3.62
ASYM  14.85 6.88 0.34 2.12 6.46

Table 15. Light System Calculations, Twenty-Five percent Light Level

Horizontal llluminance Dry Pavement Luminance

25% at Grade (lux) (cd/m?)

Test

Area Avg Avg/Min Avg Avg/Min  Max/Min
250 W 36.93 3.98 0.52 1.61 2.39
3500K 13.60 5.78 0.32 1.79 4.19
400 W  54.88 4.45 0.66 1.56 2.43
4100k 11.01 8.08 0.33 1.55 4.09
5000K 10.54 8.25 0.38 1.71 4.21
ASYM 9.83 7.21 0.32 1.96 5.25

Figure33illustrates the data from th@eceding thretables: dry pavementuminanceper
luminaire sectionHowever, because the folleup data collectionlid not collect wet pavement
data, that difference is not illustrated here
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Figure 33. Average Roadway Luminance: Dry Pavement Condition
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5.7  Sidewalk Lighting Characteristics

The second luminance data collection effdso consideredidewalks as part of the
investigationResearchers usedMinolta T-10illuminancemeter and &andheldMinolta LS
110 luminance meteéo measurehe vertical illuminance on a pedestrian, the sidewalk
luminance and the light trespass from the roadwdyT1 used the meters teecorded vertical
illuminance at pedestrian heiglur five feetfrom the ground

Figure34 shows thaat the one hundred percent light lextee 400 WHPSexhibited by faithe
greatestwertical illuminancealmost two times that of theextbrightest measuremerithe

5000K luminairedemonstrated unpredictablesults,asit showed a vertical illuminance at the

fifty percentighting levelless than that observedtatenty-five percentHowever,thés 0 0 0 K& s
vertical illuminance at the one hundneércentlight level issurprisinglymore thartwo times

greater tAnthat of theother LED luminaireshowever thisanomalymay beattributable to
contributiors of businesses and other-offadway lighting in the area of the 5000K installation
The 3500K, 4100K, andsymmetricaLED luminairesdemonstratedimilar sidevalk vertical
illuminance for each light level.
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Figure 34. Vertical Illuminance on Sidewalksby Dim Level and Luminaire Type
12

10

Vertical llluminance (lux)
[=p]

1oo| 50 | 25

3500K 5000K 50W

100‘ 50 ‘ 25 Lloo

100‘ 50 ‘ 25 | 100 100‘ 50 ‘ 25
4100K 00 ASYM

Lighting System and Brightness Level

An [ES publicationiLi ght i ng f or E,xdtcemmemds a vertical illummancee nt s
level offive to twentylux based on the type of area surrounding the installéitth RR33

1999) Amongthe new technologies consideradtablyonly a single LED (5000K aine
hundredpercentlight level) metthis criterion with a vertical illuminane of 5.5 lux.

As shown in the recorded averagjdewalk luminance results Figure35, the HPS light sources
produced the highest luminanaeapproximately 2 cd/nf each.The 5000K luminaire produced
unexpected results #sachieved greater luminanegthefifty percentight levelthanattheone
hundredpercentlight level. Off-site lighting fromfuel stations, restaurantandnightclub
signagemay have comtbuted to some of the higher valuescertainareasThe 3500K, 4100K,
andasymmetrid_ED luminaire results behave predictajdg the luminance increases with light
level. No luminance leveAmong these three types of luminaieaseeded 0.5 cd/m
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Figure 35. Average Sidewalk Luminance by Lighting System and Brightness Level
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5.8 Light Trespass

Researchers usechandheldilluminance meteto record light trespass at the property.line
They took thisneasurement along the side of the roadway with themitlance meter facing into
the roagd measurement®present the amount of light leaving the roadway onto the adjacent
properties asFigure36 shows The400 WHPS produced nearly 120 lux of light trespagisile
the250 WHPS provided approximatetiirty lux. All LED luminaires providedight trespassf
tenlux or below which meets the IES criteria from TML as shown imable25 in AppendixE.
Clanton & Associateselectedhese luminaires specifically for this application. The light
trespass is a chararistic of the luminaire and i®ta reflectionof the light source technology.
It does however highlight the potential for improved lighting designs based on the optical
design controllability of the LED light sources.
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Figure 36. Light Trespass at Property Line by Lighting System and Brightness Level
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59 Glare

Glare comes in two formsliscomfort and disability. Discomfort glarernseasuredising a
subjectiverating scaledisability glare, or veiling luminance, céoe measured in the field. IES
RP-8 offers a formula for calculating veiling luminan@eS RR8 2005:

Equation 2. Veiling Luminance
0 —FE @ ™ a&€QFQ+ cke ¢Qdq¢ —

\EGENGATAE OA
ATOADNA ATA v UAADITAA O 00DV A

Using a glare meter placed vertically at eye leaeksearcher can calculdbe amount of
veiling luminance andssess thquantity ofglare.Higher lux valus reaching the meter typically
result in more glare or veiling luminance.
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Figure37 shows the average vertical illuminance recorded by the glare meter placed inside the
windshield of theexperimental/ehiclefor each test area and light level. The results indicate that

the HPS test areas produce more glare tleethe LED test areass evidenced by thduigher
average vertical Il umi nance v altputerduesaflee gl ar
affectedby neighboring luminaires, billboard lights, or business lights.

Figure 37. Test Area and Light Level by Mean Vertical llluminance (Ix) of Glare
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Theasymmetrical desiggenerates particular interest here; thisinaire was designed to

project the light in the direction away from the driiéappears that the glare level experienced

in the asymmetrical test area represents the glare from the environment around the roadway and
not from the luminaires themsek/é&nvironmental glare ilcationdependent and can vary

based on proximity to lighted businesses, stadiums, billboards, and campuses. Road geometry
also plag an important role as vehicle orientation can determine the angle at which light enters
the windshield.Environmental glarés defined aghe overall impression of the ambient light in

and around the street

The overall results suggest tlsice the LED luminaires tested here have a maximum glare
rating of IES G2, these luminairbave less glareonsequences than current lighting
technologiesAgain, giventhatresearchers selectdieseluminaires for their low glare
characteristicghis statementelatesmore to the luminaires, rather thiemthe LED lighting
technology

Tablel6 andTable17 detail the average veiling luminance for each luminaire by direction of
travel. These values are typically compared tdB#®RP-8 recommended maximum veiling
luminance ratio of 0.4 for a collector roadway grade. HowdwesrausérP-8 requires
considerabn only of the roadway luminaireshese resultare notdirectly compaableto the
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RP-8 guidelines. The glare meter placed inelkperimentavehicle records vertical illuminance
from multiple sources of lightncluding those not placed on the roadvaawl reflectionsthus
resulting in a ratio much greater than the 0.4 guidelineninaires placed at intersections not
included in the study, lights from maintenance vehjades business signs factor into the large
Ly values. However the LED designs havlower glare ratisthanthoseof the HPS luminaires.

Inter-comparisons of the technologies are importbmthis demonstratiorihe HPS luminaires
both had glare ratingsgherthan the LED replacemenisarticularlycompared tahe
agymmetricalsystem. These valashow the superior beam control of the LED systems. This
lower ratio to theaveragduminance also indicates thstreelight designers and engineaan
usea lower overall average while still providing the same visual performastee lighting
system does not need to overcome the detrimental impact of the glare.

Table 16. Veiling Luminance, Dry Pavement
Veiling Luminance, Dry Pavement

L vmax/L avg
Veilin
Light Type Light Level NorthLbound Soutflibound Luminagce
v v Ratio

North  South
100% 4.491 3.387 1.850 1.399
250 WHPS 1006 4.415 3.911 1.954 1.499
1006 3.969 3.898 2.242 2.202
100% 3.016 3.391 1.268 1.429
LED 5000K 50% 2.467 2.893 1.115 1.307
25% 1.859 2.531 1.158 1.458
100% 1.567 1.939 0.713 0.905
LED ASYM 50% 1.526 1.988 0.746 0.972
25% 1.349 2.034 0.841 1.268
100% 6.232 5.402 2.701 2.341
400 WHPS 100% 6.561 5.378 3.056 2.505
1006 6.131 5.583 3.641 3.316
100% 2.493 3.299 1.099 1.455
LED 4100K 50% 2.145 2.630 1.017 1.247
25% 1.737 2.261 1.049 1.366
100% 3.006 2.616 1.385 1.206
LED 3500K 50% 2.677 2.587 1.332 1.287
25% 1.986 1.525 1.256 0.965
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Table 17. Veiling Luminance, Wet Pavement
Veiling Luminance, Wet Pavement

L vmax/L avg
Veilin
Light Type Light Level Northbound Southbound Luminagce
Ly Ly Ratio

North  South
100% 5.339 5.717 2.518 2.696
250 WHPS 100% 5.265 5.261 2.842 2.658
100% 5.155 4.879 3.325 3.147
100% 3.281 3.861 1.575 1.853
LED 5000K 50% 4.031 3.434 2.079 1.772
25% 2.890 2.952 1.901 1.942
100% 4.416 4.421 2.294 2.296
LED ASYM 50% 4.453 4.670 2.487 2.607
25% 3.221 3.993 2.292 2.841
100% 4,901 4,998 2.426 2.474
400 WHPS 100% 4,965 5.300 2.641 2.819
1006 4.818 5.173 3.266 3.507
100% 4.684 4.751 2.358 2.392
LED 4100K 50% 4.462 4.244 2.414 2.296
25% 4.203 3.552 2.898 2.449
100% 3.460 3.786 1.821 1.992
LED 3500K 50% 3.079 2.999 1.741 1.696
25% 3.196 2.351 2.304 1.695

The results indicate that glare is higher in the wet environment for all luminaires except for the
400 WHPS.Light from businessealong the side of the roadwékely contributed tahe

differences in glare directionalitfhe southboundide of the roatbeyond the shoulder

consisted mainly ofesidentiablocks or closed businesses, while the northbound side consisted
of multiple open or wellighted business locations.

5.10 Spectral Power Distribution

The spectral distribution of the available ligianstitutes a important factor in color detection.
The spectral power distributions (S§)@or each luminaire are shown belowHigure38. All of
the luminaires show the typical sharp spike at d#0which representshe amount of blue
power needed torive the other light production through the LED phosphor. The 5000K CCT
shows comparatively little output in the higher wavelength regibims 3500K produces less
blue than the other luminaires but more yeHomange spectral power. On the CCT spectrina, t
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3500K luminaire is in the yellowo-white transition and is the closest relation to the HPS
luminaires in terms of CCT among the LED luminaires tested. The asymmetric LED and 4100K

LED are very similar in spectral power distributidue to their compakde color temperatuie
The 4000k4500K CCTrangeis consideredineutralwhite light.o
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Figure 38. Spectral Power Distributions of LED Luminaires
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6 Discussion

6.1 Comparison to Previous Studies

The previous streetliglgtudies performed by Clanton & Associates in Anchorage, San Diego,

and San Jose all had different study parameters, luminaire wattages, color temperatures, light
sources, and existing pole layouts. Therefore, making direct comparisons to these findidgs wou

be difficult and likely valueless. For example, the City of San Diego had already decided to

implement relatively low color temperature street lighting and did not test a large range of CCTs.

Test conditions in Anchorage included snow (dramaticallyerkifit contrast than the other cities)

and car headlights, because that study did not include a road closure. San Jose street lighting
forms a staggered pole arrangement, while Sea

However, a few trends do appear amongstieies in terms of preference for color and light
source. In both San Jose and San Diego, the participants preferred the 3500K LED luminaire
when responding to the overall style of the lighting. In Anchorage and Seattle, respondents
preferred the whitediht LEDs over the existing high pressure sodium lights, but no specific
color temperature stood out as most preferable. In all studies, survey participants considered
white light LED and induction sources to be acceptable.

Findings from the user field $edata contain similarities to other streetlight studies. For example,

in San Jose the 4000K LED performed better compared to the HPS and 3500K LED tested in the
study. However, in that study, the 5000K luminaire performed the belsich was not the cas

in Seattle. Researchers cannot compare the relative detection distances between the two studies
due to differences in road geometry, but the studies did show that the 3500K luminaire is not
optimal for visibility among the LEDs tested in these two |lanai

Three LED luminaires tested in Anchorage had color temperatures of 3500K, 4100K, and
4300K. All three luminaires came from different manufacturers; however, when comparing the
performance of their CCTs, the 4100K outperformed the 3500K by approkimaten meters
(twenty-three feet). Although target color, pavement type, and the presence of snow distinguish
the Anchorage study from the Seattle study, the twtdmge foot detection distance difference is
similar to that observed in Seattle. The Amidye testing included no LEDs with CCTs above
4300K; however, the 4100K outperformed the 4300K, which exhibited performance results
similar to that of the 3500K. These differences could be attributed to road geometry at the test
site, pavement type, orahdifferences in manufacturers.

In San Diego, the test included two LED luminaires in the roadway portion of the study. Both
luminaires had manufacturstated color temperatures of 3500K, althougfsibd measurements
showed them to be different; one reeeed at 3475K and the other at 4560K. Counter to findings
in the other three test locations, the luminaire with a CCT closer to 3500K significantly
outperformed the one measured at 4560K, by approximately thirty feet.
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Based on the findings of the previous streetlight studies together with the data collected in
Seattle, CCT clearly affects visibility. These results indicate that 4000K and 4100K luminaires
regularly outperform CCTs of 3500K and below, and perform justeligSan Jose) or better
(Seattle) than CCTs of 4300K and above.

This research also illuminates inaccuracies in current uniformity rates. Uniformity is important in
target detection, as a greater uniformity ratio indicates aundarm appearance. THE00K

luminaire provided the highest visual performance and the highest uniformity ratio. The
uniformity ratio of the asymmetric design is lower than that seen with the full distribution
designs, warranting consideration of how to fully characterize roadppearance with special
luminaire types. These results call for future efforts to fully define uniformity requirements as
they relate to visibility.

Light trespass constitutes another interesting result. Only the LED luminaires met the IES criteria
from TM-11. Although Clanton & Associates selected these luminaires specifically for this
application, the results indicate that the light trespass is a characteristic of the luminaire and is
not indicative of the light source technology. It does, howevghligint the potential for

improved lighting designs based on the optical design controllability of the LED light sources.

6.2  Adaptive Lighting Opportunities

Traditionally, engineers design street lighting around the worst set of conditions that téorexis

a particular street based upon vehicular volume, pedestrian volume, and ambient luminance. In
reality, these worstase conditions occur only part of the time. The rest of the time, traffic and
pedestrian volumes are reduced. With the advancemeetwbrk controls for exterior lighting,
streetlight designers and engineers can tune light output via adaptive lighting to deliver the
appropriate amount of light based upon the corresponding vehicular and pedestrian volume
present at a particular time. &limplementation of adaptive lighting not only reduces the overall
energy consumption of the streetlights, it also preventslamrging, reduces glare, and

minimizes light pollution. Both the IES and the International Commission on Illumination (CIE)
provide for implementation of adaptive lighting in different forms.

The user field test results from this study indicate that the implementation of adaptive lighting
does not significantly affect object detection distance under dry conditions. However, when
coupled with the written evaluation results, pedestrians consider reducing the light level to
twenty-five percent of full light output for all hours of the night to be unacceptable. This result is
not surprising. Tuning the light to a point such as twdivg percent of full light output (when
roads are dry) is justified at low vehicular and pedestrian volumes, but not for all hours of the
night. While some industry metrics allow the implementation of adaptive lighting, each city can
determine how to besipply adaptive lighting to its particular traffic conditions and community.
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6.3  Future Design Standards

Traditional streetlights have long been a primary cause of light trespass. While sometimes the
light leaving the back of the luminaire illuminates the sidewalk behind the luminaire, frequently
the light leaving the back of the luminaire trespasses intdemggl windows, causing

discomfort to the occupants. To combat the latter issue, luminaire manufacturers began offering
house side shields for specification. These shields, which can be mounted either internally or
externally, allow better optical contrand reduce the amount of backlight leaving the luminaire.
LEDs by nature are directional sources and do not disperse light toward the back of the luminaire
unless purposely designed to do so. This technology advancement decreases the amount of light
tregass potential, but consequently leaves the sidewalks behind the luminaires with less light.

Controls coupled with LED streetlights provide valuable energy savings for end users. The
integration of these two products also provides a unique opportunitynfovative design. While
reducing the light level by seventiye percent minimally affected detection distances, some
participants expressed concern that the sidewalks were difficult to navigate through the written
evaluation comments. Although this syudas not designed for participants to evaluate the
sidewalk separately from the roadway, conducting such a study in the future may be beneficial.

Higherwattage LED luminaires often contain two LED boards and two drivers. Right now, the
luminaire contrders send signals to which both drivers respond, and dim accordingly. However,
manufacturers could design controllers to send unique signals to each driver, in which case one

LED board could dim to a different light level than the other. This dual cardpalbility might
alleviate residentsd apprehensions about redu
light level on the sidewalks simultaneously. Municipalities could still realize energy savings

because half or more of the lights that cdntté to the roadway could be dimmed.

6.4  Economic Analysis

The economic analyskeelowillustratesthe economic viability of replacing the 490 HPS
luminaireswith 105 WLED luminaires with adaptive controls. This analyisidludedsixty
luminaires, gnilar tothat of thedemonstration test site.

Assumptions includeeal costs from the City of Seattle for the erigtlight sources, wattages,

hardwae, andmaintenanceThe LED Uminaire prices are based bumec RoadStar luminais

used in the actualemonstrabn. The analysis usdtie Municipal Solid State Street Lighting
Consortiumés (MSSLC) <calculator, released in
Northwest National Laboratory (PNNL).

Since this economic analysicluded onlya limited quantity of luminaires and only one
manufacturer, actual pricing for larger quantities and multiple manufactuoerd be lower.

Scenarios
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The six economic analysis scenarios listed below illustrate a variety of oppor{ungieding
different luminaires andhe use ofadaptivelighting. This analysis examines the economics of
sixty LED luminaires instlled in Seattle, Washingtamth technologies aviible as of March
2012

1 400 WHPSi no adaptive lighting
o This is typical street lighting fomany cities.
1 250 WHPSi no adaptive lighting
o Thisis typicalstreet lighting for many cities.
1 105W LEDi no adaptive lighting
o0 This approach allows for immediate energy savings and the light level remains
constant throughout the night.
1 105W LED with adaptive lighting(fifty percentlight output forsix hourspernight)
o This approach allows for immediate energy savings. The light level changes
throughout the evening when traffic and pedestrian volumes are reduced.
1 105W LED with adaptive lightindfifty percentight output forthree hourgernight,
twentyfive percentight output forthree hourgpernight)
o0 This approaclallows for immediate energy savings. The light level changes twice
throughout the evening as traffic and pedestrian volumes areeckdu

Assumptions and Limitations
Each lighting scenario reveals the economic costs and potential benefits to utilities and cities in
the Northwestor investingin LED street lighting and controls. Inputs such as rebates, cost of
labor, cost of powerndgreenhouse gas emissions are based on information provided by Seattle
City Light and provide a representative magnitude of cost and returns when implementing LED
street lighting in the Northwest region.

The MSSLC calculator gathers project inputgiémerate scenarios that a project manager uses to
understand implementation options such as size, period of installation, cash flows, and a
projectos over alWhierezh entitynn the Northwest wilshavendifferent

costs (materials andbor)and rebate programs to considéis analysisuseSCL 6s r ebat e
incentives and cost information as a representation of what other utilities and consumer
ratepayers may find within the region.

The different street lighting scenarios use the squaatity of poles and luminaires, wattages
and control systems scenarios, as described within this gfuelg.scenariswithout dimming
includethe cost of the control systetine toseveral othenonenergybenefits of using the
control systemsuch as sset management and maintenance al€his analysis considers the
cost of maintenance and captures the financial benefieddnger source lif@f LEDs over
HPS.The factthat dimming LEDs extends the life of the souceellunderstood; bwever,
given the lack of a precispiantificationof this change in life, the analysis did not include this
benefit

Application

Based on the results of the visual iggstudy,the economic analysis assumes draart
controlled LEDs can be used as viable reptases for standard HPS luminaires in the
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Northwest regionSince the detection distances in the dimmed LED scenarios compare well to
the baselinmondimmed HPS scenaspenergy and maintenance saviiegs beachieved with
lower-wattage LED luminaires ctmlled by adaptivdighting with reasonable payback periods.

Analysis
The following tableslescribehe luminaires and control systemmmponentsised in thenalysis

Scenario JA: 400wattHPS (no dimming) replaced witt®5 watt LED (no dimming)

Table 18. Scenario 1A Economic Analysis Summary
Economic Analysis Summary

Luminaires Installed 60
Implementation Period (years) 1
Simple Payback (years) 3.3
Annual kWh Savings 94,802
Annual Energy Cost Savings ($) $11,760
Baseline400 WHPS (no dimming) Baseline Annual kWh Use 125,356
Baseline400 WHPS (no dimming) Annual Energy Cost ($) $15,669
105 WLED (no dimming) Annual kWh Use 31,273
105 WLED (no dimming) Annual Energy Cost ($) $3909

Scenario B: 400watt HPS (no dimming) replaced witt0d watt LED (with fifty percent
dimming forsix hourspernight)

Table 19. Scenario 1B Economic Analysis Summary
Economic Analysis Summary

Luminaires Installed 60
Implementation Period (years) 1
Simple Payback (years) 3.1
Annual kwWh Savings 101,901
Annual Energy Cost Savings ($) $12,738
Baseline400 WHPS (no dimming) Annual kwWh Use 125,356
Baseline400 WHPS (no dimming) Annual Energy Cost ($) $15,669
105 WLED (fifty percentdimming) Annual kWwh Use 23,455
105 WLED (fifty percentdimming) Annual Energy Cost ($) $2,932

Clanton & Associates62



Visual Quality, Acuity, Community Acceptane&ED Streetlight Sources

Scenario LC: 400wattHPS (no dimming) replaced witl©% watt LED (fifty percentdimming
for three hourpernight, andwenty-five percenbutput dimming fothree hourgernight)

Table 20. Scenario 1C Economic Analysis Summary
Economic Analysis Summary

Luminaire Installed 60
Simple Payback (years) 2.9
Annual kWh Savings 105,810
Annual Energy Cost Savings ($) $13,226
Baseline400 WHPS (no dimming) Annual kwWh Use 125,356
Baseline400 WHPS (no dimming) Annual Energy Cost ($) $15,669
105 WLED (fifty percentdim for three hourstwenty-five percent 19,546
output dim forthree hoursAnnual kWh Use

New Baseline Annual Energy Cost ($) $2443

Scenario2A: 250watt HPS (no dimming) replaced with LEDD5watt (no dimming)

Table 21. Scenario 2A Economic Analysis Summary
Economic Analysis Summary

Luminaires Installed 60

SimplePayback (years) 6.7

Annual kwWh Savings 46,778
Annual Energy Cost Savings ($) $5,847
250 W(no dimming) Annual kWh Use 77,526
250 W(no dimming) Annual Energy Cost ($) $9,691
105 WLED (no dimming) Annual kWh Use 30,748
105 WLED (no dimming) Annual Energy Cost ($) $3,843
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Scenario2B: 250watt HPS (no dimming) replaced wittO5watt LED (fifty percentdimming
for six hourg

Table 22. Scenario 2B Economic Analysis Summary
Economic Analysis Summary

Luminaire Installed 60

Simple Payback (years) 5.8

Annual kWh Savings 54,465
Annual Energy Cost Savings ($) $6,808
250 WHPS (no dimming) Annual kWh Use 77,526
250 WHPS (no dimming) Annual Energy Cost ($) $9,691
105 WLED (fifty percentdimming) Annual kWh Use 23,061
105 WLED (fifty percentdimming) Annual Energy Cost (4 $2,883

Scenario 2C 250wattHPS (no dimming) replaced with 10&tt LED dimmed tdfifty percent
for three hourpernight andtwenty-five percentdim output forthree hourgernight

Table 23. Scenario 2C Economic Analysis Summary
Economic Analysis Summary

Luminaire Installed 60

Simple Payback (years) 53

Annual kwWh Savings 58,309
Annual Energy Cost Savings ($) $7,289
250 W HPS (na@imming) Annual kWh Use 77,526
250 W HPS (no dimming) Annual Energy Cost ($) $9,691
105 WLED (fifty percent dimming) Annual kWh Use 19,217
105 WLED (fifty percent dimming) Annual Energy Cost (. $2402

The sensitivity tables below show the effects
factors are changed. The central point of convergence on the graphs represents the baseline
payback for the HPS baseline scenarios converted to LED luminairegrapiefor a 400 watt

HPS to 105 watt LED conversion (Scenario 1C) and the other for a 250 watt HPS to 105 watt

LED conversion (Scenario 2C). The graphs show different potential project costs, altering the
projectds payback, S lbowseita impact onale paytmekn s i t i vi t 'y ¢
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The central point of intersection, or the baseline scenario, is aty@&.payback for a 400 watt
HPS conversion to 105 watt LED with adaptive dimming controls. The cost factors varied from

this baseline for each sceimare:

Rebate value

Equipment cost

Labor rate

Effective hours of operationb@ased upon dimming levels)
Cost ofenergy

= = =4 8 9

Figure 39. 400 W HPS Replaced with 105 W LED (Scenario 1A)
6.0 400W HPS Replacement

S0

ROI (Years)

50.25

-150% -100% -50% L 50% 100%s 150%
Percent Change in Cost Variable

=t=Febate =8=Equipment Cost Labor Bate  ==s=Hours of Operation = =#=Cost of Energy

The spider graphs show how the base case changes when a single cost variable changes. Points
on the graph represent an MSSLC calculation with the single variable either increasing or
decreasing. The -éxis represents a percent change in the cost varigde¥:axis shows the

resulting change in the payback time in years. For example, looking at the cost of power curve, a
fifty percent increase in the cost of power causes the base case payback to drop from 3.3 years to
roughly 2.1 years. As another exampdifty percent decrease in the labor rate (of maintenance)
has very little impact on the payback, reducing payback only about 0.1 years to roughly 3.2

years. A variable with a steep curve, such as the cost of power, shows that a small change in this
variable has a large impact on the payback. A shallow curve, such as the labor rate, reveals that
even a large change in this variable creates very little impact on the payback.
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Interestingly, control systems that allow for dimming lumen output may notdsasebstantial

an i mpact on payback as other costs do. AHour
with adaptive lighting and its impact on payback period. Note that this curve remains relatively
flat compared to the weryesinRepaesendi agdin@EiSgq
The single largest economic benefit comes from converting the 400 watt HPS to 105 watt LED.
Rebating the initial cost of the LED luminaire has a larger impact than dimming the LEDs.

Dimming may offer other benefitsish as lower energy use (carbon footprint) and less light

pollution.

The 250 watt HPS replacement scenario has a steeper and more sensitive curve than the 400 watt
HPS fAiHours of Operationd curve. The di mming s
overall cost savings than that for the 400 watt HPS replacement scenario.

Figure 40. 250 W HPS Replaced with 105 W LED (Scenario 2A)
250W HPS Replacement
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The more dramatic slopes defining the curves
Costso have some notable similarities. Rebat e
reducing the payback period, as reflected in the slope steepness. Likewise, if the cost of

equipment decreases, the payback also occurs in fewer years. ldaalyequipment costs and

rebates will greatly reduce the payback period.
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The ACost of Powero curve acts as expected. A
valuable, reducing the payback period. Again, rebates are a valuable incentive, especially in
regions with low energy costs.

However, the A Caoasaldourigiie amangtbercast carves beeuse it is ongoing

and typically rising (typically a three percent increase per year). If a manager implements an

LED project and a year later an unexpected jump in the cost of power occurs, the project will pay
backsooner than originally forecasted. The chart below shows that a forty percent change in the
cost of power reduces the projectods payback b

Another way to understand the current situation regarding control systems is that they increase
the 6€CoEfQuipmentd curve (a very sensitive cur
enough to justify their current expense in all cases. Control systems need not be valued only as
energysaving tools; streetlight designers and engineers should also caheil@ther value

added services that go well beyond energy benefits.
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7 Conclusions

7.1 Written Evaluation

The written evaluation results provide valuable feedback on how well the different lighting
systems meet community expectations. The resuttseofwritten evaluation indicate a

preference for the incumbent HPS streetlights, while still showing acceptance of the LED
luminaires. At the lower light levels, some participants considered the lighting too dark on the
sidewalks. As seen in the sidewalaluations, vertical illuminance falls significantly below the
requirements for all of the LEased conditions, a condition further exacerbated by the impact
of dimming.

Additionally, the lower light trespass from the LED luminaires, while desirédils,to create

the same bright surroundings found under the wider distribution of the HPS luminaires. This is
valuable information that suggests separating the sidewalk and roadway lighting systems;
however, many designs across the country intend thewvalll lighting to be covered by the

roadway lighting. The results of this demonstration suggest that separate dimming control, under
which the backlight illuminating the sidewalk is dimmed separately from the roadway, may be
valuable.

As mentioned previasly, researchers assigned the participants to specific evaluation groups in
part based on age to ensure the sample adequately encompassed a wide range of ages. Older
individuals (thosever sixtysix) oftenexperience yellowing of the lenses of their eyes, which

can make it more difficult for them to see. In fact, the IES H@ition Handbook has developed
lighting criteria based upon three age groups for eachcapiph: twentyfour years of age and
younger, twentyfive to sixty-five, and sixtysix years of age and oldérhecriteria (for light

level) increases with the increasing age groups. Not surprispatiicipantssixty-six and older
ratedall of the LED test areas low for the survey quesiidnvould be safe to walk on the

sidewalk here atnight wi t h t he | i g Hitepercantontme.d t o t wenty
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Figure 41. Survey Question 8 It Wwould be safe to walk on the sidewalk here at night 0
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Note:Mean ratings on a scafem 1 (Strongly Disagree) to 5 (Strongly Agree)

The complete list of opeanded participant comments is availabl@ppendixC: Written
EvaluationComments

7.2 User Field Test

The results of the user field test indicate that the 4100K LED luminaire provides the greatest
balance in the visibility of all of the target colors, which indicates that the 4100K may be the best
choice with regard to luminaire CCT. The 4100K and the asgtmic LED luminaires performed
more impressively than the 3500K and 5000K LED luminaires. However, the other light sources
also demonstrated benefits; thus regional preferences may still play a key role in CCT selection.
Careful consideration should bevgn to the CCT of a given luminaire upon selection.

The asymmetrical design demonstrated a reduction in glare combined to other distribution
luminaires, but no increased performance on visibility; thus its anticipated higher performance
failed to be suliantiated, although drivers under this design may be more comfortable.

In the past, standard making bodies have generally determined lighting levels based on
consensus values and some crash analyses. Previous investigations, including those performed
byl ant on & réseasch tedanmSareJssé and San Diego, failed to show significant
impacts on the dimming levels of the lighting system for the object detection task. This is likely a
result of the human response to lighting, which usually followsxmonential function called

St evensd Law. Il n general, this |l aw indicates
is as follows:

Equation3.St evieaw s 0

R=k (SS)"
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Where R is the response, S is the stimulyss 8 base condition to which the stimulus is
compared, and U is the response exponent.

The exponent for light ranges between 0.33 and 0.5, depending on the lighting parameters (flash
versus steady state). Figd&allustrates a simplified response tdight signal.

Figure 42: Simplified Response to a Signal by a Human
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As a lighting system is dimmethe norlinear response of the human eye has limited impact on
the detection performance. This means that the dimming might remain on the plateau of the
function and that it has not yet reached the knee in the function, where performance significantly
falls off. The researchers in this investigation took an additional step to attempt to affect the
vision system by dimming to twenfive percent of full light output. The visual detection
performance in the dry pavement condition appears unaffected; houetrer wet pavement
condition, the light level did significantly affect detection at fifty percent and twirgypercent

of full light output. This result indicates that while streetlight designers and engineers have an
opportunity for dimming under girconditions, they must exercise caution in wet conditions.

The impact of headlamps constitutes another noteworthy consideration in dimming. As a lighting
system is dimmedhe use of vehicle headlamps may limit the reduction in visibility. While this

is a realistic condition, researchers doubt it affected this investigation as the results indicate a
performance decrement in the wet condition that would likely not be éviderthe headlamp

limit been reached.

The three LED luminaires with standard Type Il distribution met IES luminance criteria for a
collector road with medium pedestrian conflict using the standard industry practice of lighting
calculation software withght loss factors. Researchers completed the calculations using the
industry standard software AGi32 and found actual measured average luminance values lower
than the simulated values. Such variation is typical and expected given that simulations assume
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ideal conditions, while in reality, pavement type and road conditions play important roles in the
resulting lighting system performance.

The wet pavement condition presents a dynamic environmental change in which the roadway
reflection is reduced and beoes much more specular. These results indicate the importance of
maintaining the lighting level in adverse weather conditions.

7.3  Color Temperature

Industry representatives have long debated the ideal white light color temperature of exterior
luminaires. Some entities claim that exterior luminaires should not exceed the color of the moon,
or 4100K. Some believe that warmer color temperatures are more ideal (3500K or less). Several
factors influence these debates, including color rendition, quantitaeélengths below 500 nm
(particularly near observatories), and energy efficiency. Many white light LED luminaires
originate from a blue diode; energy is required to make that blue diode into warm white light.
The more efficient white light LED luminaireste cooler color temperatures (5000K and

above).

The user field test demonstrated that the 4100K test areas, including the asymmetric test area,
outperformed all of the other test areas in terms of detection distance. This finding is not
surprising, give the industrywide recognition of white light multipliers (IES 2012, CIE 2010).
White |light sources receive a calculated bene
(S/P) ratio, then the calculated multiplier increases the effective luminvahgss. The 4100K

color temperature effectively represents all colors in the spectrum as a neutral color; it is warm
enough that reds are rendered well and cool enough that blues are rendered well.

From the written evaluation, participants showed nogpesfce for any particular color

temperature among the four tested: 2100K, 3500K, 4100K, and 5000K. With dry pavement,
agreement wit h LILlikeehe soloroitieeyightpy eiss i sotnatii st i cal |y
all test areas (see Figu48). With wet pavement, participants rated the asymmetric test area

lower than all of the other test areas for this same survey question (seed@lg@e/en the
asymmetric luminaireds color temperature of 4
the othertest areas due to another factor such as contrast or glare.
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Figure 43. Survey Question 11 | like the color of the lighto i Dry Pavement
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7.4 Pavement Conditions

This study used both wet and dry pavement in its evaluations to determine the existence of any
luminaire or light source advantages for one condition over another. The detection distance
results from the wet and dry pavement tests yielded no predictabte iWhile detection

distance is somewhat affected by the higher specular reflectanceludfvedt roadway, the two
conditions are not significantly different from one another. This study indicates that light levels
should be not be dimmed at all duriadverse weather conditions.
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7.5  Asymmetric Design

The research team hypothesized a performance advantage for the asymmetric luminaire over the
other standard Type Il distribution LED luminaires. With regard to detection distance, the
asymmetric luminags actually provided the secehi@jhest detection distancdshindthe

standard Type Idlistribution 4100K LED luminaires. The fact that the asymmetric luminaires are
also at 4100K may suggest that CCT is more important than distribution with regatdditode
distance.

The asymmetric luminaires recorded the lowest glare values of all of the test areas, as the light
was intended to be directed away from the driver. While the asymmetric luminaires performed
well in the user field test, participants didt rate the asymmetric test area very high, especially
at the lower light levels. Participants found its distribution patchy and signage difficult to view.

7.6  Control Systems

End users (such as cities, utilities, and departments of transportatidchlisewa control system

with nodes in every streetlight for reading home energy meters, identifying emergency locations
from 9-1-1 calls, or even for supporting police actions by turning off lights to allow for night
vision goggles. Adding such featuresstdlemand response control system that exists in a
network every 160 to 250 feet across a metropolitan area could fulfill many purposes beyond
dimming for energy savings. Cities should consider such changes and potentially justify them in
a broader contexmore like a typical capital expenditure with an energy savings benefit, and less
as a cosbaving project that must justify itself with an acceptable payback. Sorrenavgy

benefits include lumen depreciation dimming, health and-besfig in a darkenighttime
environment, inventory maintenance, and asset management.

Some end users are looking at control systems to keep their lighting levels uniform to reduce
liability over the life of the luminaire. Historically, some end users have purposefully ove
lighted their streets beyond IES recommendations to account for the lumen depreciation. LED
luminaires operated with a control system could maintain lighting levels and their spectral
distribution. Lumen depreciation dimming (not considered in this enananalysis) would

offer additional energy and maintenance savings.

Dimming capability also addresses the potential health and wellness components of exterior
lighting. Much lighting research now explores the impact of exterior lighting on peoples,plant
and animals. With design problems such as light trespassligiting, and the new spectrum of
blue light that LED luminaires add to the nighttime world, dimming the lighting can decrease
these potential and currently unknown impacts. For exampléot®add the ability to dim or

turn off outdoor beach lighting that draws hatching sea turtles away from the ocean and toward
hotels or housing units. Nighttime neighborhoods with minimal traffic after 9:00 p.m. but large
amounts of light coming throughimdows and bedrooms would see a marked decrease in the
amount of nighttime light trespass into bedrooms.
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Control systems also manage the maintenance of streetlights. With@yvoommunication, the

control node within the luminaire can send a signal pomea maintenance problem. These

signals can then be aggregated into one email sent daily to the streetlight manager. This feature
reduces maintenance needs by allowing staff to target maintenance efforts to the exact luminaire

that needs to be repairedw hout sending oubburcmerwss. ¢ o i dent i f

Control systems also provide the valuable benefit of an electronic asset management system..
Traditional street lighting databases are often antiquated and may contain conflicting
information. A controkystem electronically collects the GPS coordinates of the luminaire along
with its wattage consumption, hours of operation, and other characteristics. The configuration of
the system can permit streets or geographical areas to be grouped togethempretensive
database then provides the user with immediate control over a large load. Street lighting could
potentially be used to shed load very quickly.

7.7 Lessons Learned

The research team identified a few lessons learned to apply to similardtudies.

1 Move the traditional technology sourdestheendsof the demonstration site. The layout
of this study located th€00 WHPS test area in the middle of the demonstration site.
With the LED luminaires dimmed twventy-five percent of full light output, adaptation
between the test areas proved to be difficult.

1 Allow more time foruser field tesmeasurements. The tight coordination of bus and
participant schedules limited time for additionakr field testneasurement#n extra
thirty to sixtyminutes each nighior user field testingvould have been ideal

1 Allow more time foruser field test$o increase theample sizeand thuslecrease the
variance in the results of the stuéieepingwritten evaluationgoing onat the same
time astheuser field testsequires coordination.

1 Track duplicate participants througker field testlata. If the study necessitates
duplicate participants, analyze itheesponseseparately from the neduplicate
participants.
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Appendix A: Prior Work

A significant number of studies and pilot projects have preceded this work; a partial list follows.

1 NEEA Study: LED Lighting Technologies and Potential for NEarm Applications.
This assessment evaluated LED technology arikély uses in lighting applications.

1 NEEA Study: Technology and Market Assessment of Networked Outdoor Lighting
Controls. This study evaluated and compared the many manufacturers of outdoor lighting
controls available for street lighting.

1 Seattle Belltow: For this installation, the City of Seattle will respond to a high crime
area by dimming the lights seventy percendf full output for generahighttimeuse. At
1:00 a.m.the lightingwill be raised to full output in an effort to increase a sense of
security.

1 Seattle Residential: The city is halfway through an LED conversion of 41,000 residential
streetlights

1 Anchorage: The consulting team for this project performed the first of these studies in
Anchorage, Alaska. With high electricity pricésichoragesought to reduce luminaire
wattage and power consumptidfiritten evaluatiortest results in both residential and
commercial areas andser field testesults in commercial areas provided enough
confidence in LED lighting from HPS to move to a fullmaout, citywide.

1 San Diego: After a similar test in San Diego, the city adopted induction technology
(another white light source) for its standard luminaire. Its decision was based on better
visibility, a more maintenaneiiendly light source compare low pressure sodiuiin
LPS and high pressure soditinHPS, lower energy use and accepted light source
spectral distributiorrangefor the observatory at Mount Palomar.

1 San Jose: In San Jose, the team expanded the test to include the dimming capdbilities
LEDs and controls. After showing comparative visibility and community acceptance of
LED sources and reduced light levels, the City developed an Adaptive Lighting Guide
and Luminaire Replacement Guide for useathretrofits and new installatiosof steet
lighting systems. These documents provide guidance for dimming streetlights to a lower
level at nightwhen traffic and pedestrian conditions have changed significantly from the
high levels during rush houand for replacing existing LPS lighting Wihew LED
luminaires.

1 The DOE gateway projects demonstrated LED street lighting in New York, Portland,
Sacramento, Palo Alto, Minneapolis, San Francisco, and Oakland. Most of these
monitored energy and light output performance compared to existing HR&digh

9 California Lighting Technology Center: The CLTC ltasmductedesearch and
demonstration projects that evaluate LED and induction white light sources with
networked controls and #ével dimminglts research also includes an-oepth study of
Califo r ni a 6 sstreethghtisftastructgre.

1 Los Angeles: A cityide conversion program kiaeplaced nearly 77,000 luminaires
with LEDs as of May 2012.

1 BC Hydro: Numerous Canadian cities have partnered with the utility for LED and
adaptive controdemonstrations and pilot projects including Vancouver, Port Coquitlam,
and Prince George.

Clanton & Associates 76



Visual Quality, Acuity, Community Acceptane&ED Streetlight Sources

1 BC Hydro: Adaptive Lighting Feasibility Studies performed for cities within British
Columbia found average dimming ranges for each type of roadway (local, collzatbr,
arterial).

1 BC Hydro Power Smart Program: The Adaptive Lighting Guide outlines a process for
municipalities to develop adaptive lighting standards based on IES criteria for pedestrian
and vehicular conflict.

1 A 2005 study byhe Illuminating Engineeringnstitute of Japan found very little effect on
driver visibility with changes in light level@lluminating Engineering Institute of Japan
2006).
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Appendix B: Written Evaluation Form

COVER PAGE

neea

NEEA Nighttime Commercial Street Lighting Subjective Evaluation
First Name Survevor #

Last Name

The Seattle Department of Transportation and Seattle City Light, in collaboration with the Northwest Energy Efficiency Alliance, thank you for participating
in this important research! We are trying to understand the effect of different lighting systems for potential application throughout the Gity. The main goal
is to understand public acceptance of various street lighting systems. Please respond fo each of the questions with that goal in mind.

General Questions Demographic Questions
G1. Do you live in Seattle?
D1 | Gender M F (circle one)
Yes No
D2 | Age (in years)
G2. Do you live within two blocks of the 15" Avenue test area?
D3 | Zip Code
Yes No
G3. Do you work in the lighting industry? (design, manufacturer,
specification, sales)
Yes No
G4. Do you have LED streetlights in your neighborhood?
Yes No
Site Questions
51. Weather conditions --- Clear Cloudy Rain Fog

S2. Ground conditions -— Streets Dry Streets Wet
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S TEST AREA 1
neea

Rate Statements gf;:g?;i Disagree Neutral Agree SK;:;W Op'iqnci'on
1 It would be safe to walk here, alone, during daylight hours. (o] (0] o] 0 o] o]
2 It would be safe to walk here, alone, during darkness hours o] (0] o] 0 0 0
3 The lighting is comfortable. 0 0 0 0 (0] (0]
4 There is too much hght on the street 0 @] 0 0 (0] (0]
5 There is not enough light on the street. 0 @] 0 0 (0] (0]
6 The light is uneven (patchy). o] (0] o] 0 0 0
7 The light sources are glaring o] (0] o] 0 0 0
8 It would be safe to walk on the sidewalk here at night. 0 @] 0 0 (0] (0]
9 | cannot tell the colors of things due to the ighting. 0 @] 0 0 (0] (0]
10 | The lighting enables safe vehicular navigation 0 (@] 0 0 (0] (0]
11 | I like the color of the light o] (0] o] 0 0 0
12 | I would like this style lighting on my city streets. o] Q o] 0 0 0
13. How does the lighting in this area compare with the lighting of similar Seattle city streets at night?
Much worse Worse About the same Better Much Better

14. Write additional comments below
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Appendix C: Written Evaluation Comments

Dry Pavementi 100% Light Level, Test Area 1

= =4 = = =4 = =4 =4 -4 -9

= =4 =

=2 =448 -4_-5_9_9_-°

This is OK. Does the job. Discovered one patch of dark sidewalk though.

One streetlight is out on the opposite of the street.

It is a yellow, but not too yellow. Not terrible.

When trees have leaves, the light will be differ&fght out at NW of 7¥ and 15",

As with some of the other test areas, | like this lighting a lot. Without referencing my
other notes, this seems like the best combo of all.

Dark Alleys

| like this light. It is not patchy and provides sufficient light. It is warm, but bright at the
same time. Lots of shadows though.

Sidewalks are kind of dark. Road okay but could be a little brighter.

More trees.

One | amp isndét wootki oger Jowetightihglile
Lots of shadws on sidewalks.

Add light pollution covers.

My fave so far.

The lights are very bright and glatdyut not enough light reaches the street level. All 4
sets of bright glare lights would be distracting and annoying when driving at night.
Budget Rent A Car has lot spot lights that effected the overall street lighting in a negative
way to bright and tomuch glare.

Appears lighter, but not too bright (although I like it bright). Sidewalk are better lit, more
shops also have contributed to light source.

Good light on street, sidewalk was a bit dim.

There are some areas | would worry about due to dsskibeit where the light covers it is
nice.

Too much time was allotted for the walk. We could have easily done it in half the time
(and not gotten so cold).

My street is residential and | would prefer less of the lights and less brightness. A little
unsaé because of neighborhood, not lights.

| like the white color of the lights vs. the standard orange tinted lights that are common.
Lights could be brighter. Not enough for sidewalk.

The moon is very full tonight.

The nearly full moon should be accouhfer. It is brighter tonight than usual for Seattle.
Hard to judge because of the full moon.

Glare when looking up at light.

Light is just a little dim.

Sidewalk park strip tree here.
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Dry Pavementi 100% Light Level, Test Area 2

1 Too dim on sidewalks.

1 Sidewalks are darker.

1 Cozy. Like being in the moonlight.

1 Seems like sidewalks has better light on the West sidewalk.

1 Seems patchy in some places, but not as bad as patchiness in test area south of here (3). |
like the nonglaringis af e softnesso of the |ight.

1 The lighting is better than some of the other white lights but still patchy.

1 Good fora side street, but light on road seems dim for Main Street. Sidewalk patchy and
uneven. Road also patchy.

1 Trees make light patchy on sidelk.

1 Lights do not light up sidewalk completely.

1 This section has better lighting than the other of the same type of lighting source. I like
the softness of the source. They really penetrate into the side yards well.

1 Add light pollution covers.

1 Sidewalk area okay.

1 Again these are too bright and glaring at the light.

1 Itreally is dark and does not light up sidewalk or parking lots or shops. It was an obvious
change from previous street.

1 Darker, less even light.

1 Not too dim and not too glaring, little patchy.

1 Some dark areas bgtay, not black. Feels easier to see in shadow then | used to.

1 Lighting feels softerheremaybe because there arendt as

1 The lighting would make it easy to see bicyclists/pedestrianie \@hving.

1 Lights too bright to look at directly, but impact on street lighting is gresaterything is

illuminated.

1 Much brighter and cleaner than area 1. Does sort of contrast with housé lgbks
weird, but I like the brightness.
1 Looking diredly at the lights is too bright for my eyes. But otherwise, they are nice and

bright.

1 Better than area 1.

T I havendét really paid attention to other

91 This amplitude of light is very strong. Even blinds would not stop a bedroom from being
in perpetual daylight.

1 Sidewalk feels safer because of porch lights.

1 Glaring when looking upowardat light.

1 Good depth of coverage.

1 Nice solid street lighting.

1 Brightness of lighting varies depending upon distance and location bettveetiights

Dry Pavementi 100% Light Level, Test Area 3

9 Itis nice and bright. Good visibility on sidewalks and streets.
1 Sidewalk and environs are well lit.
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1 Great for driving in. Would not want to live on a street with these lights.

9 Just too much light. Plus it yeellow.

1 Lighting is yellow. Really bright against the apartments. Bright on sidewalk.

1 Seems bright, yet not glaring! like it!

1 Alleys and shrubs are lit.

1 The lights were pleasant and gave enough light. | would feel safe driving and walking at
night.

1 Alittle orangey, but good coverage on both street and sidewalk.

1 Aside from the lights leaving spots in your eyes when you stare too long, it is probably
the best lit block so far. Less shadows on the sidewalk.

1 Add light pollution covers.

1 Very even lidgiting with few shadows.

1 Very few shadows, especially at edges of sidewalks. Fully lighted building facades at
street side

1 The lighting improves visibilitgremendouslyhowever, it is too bright. It seems that the
LED lights provide much more comfatble lighting than the curremstreetlights

1 Too bright.

1 A bit too bright, but way better than 4 or 5.

1 Too orange.

1 Sidewalks are better illuminated. | noticed more people talked too.

1 That tree looks awful.

1 Trees look awful.

1 Good light on sidewalk, stik yellow light but not as bad.

1 The brightness hurt my eyes a bit.

1 Way too bright for residential. Seems overly bright for commercial too.

1 Glaring! Have to squint. Very patchy. Hate it.

1 Seems like the lighting is more even than the other test ardasuntvitreas of darkness.

1 I definitely prefer these lights. Well lit and the lighting is warm. The sidewalk was very
well lit.

1 Too much light for people in houses along street.

1 Nice bright glowy yellow light.

1 The yellow light creates less lighting pollution in the sky.

1 And by better, | mean brighter to a slight degree. | consider myself as a traditionalist, so
favor the amber orange hue.

1 Seems brighter than previous 2 sections.

1 Brighter of all so far.

1 I like the yellow tone vs. the blue.

1 Old lights along this area.

1 Looking right at lights is difficult. Light on street and sidewalk seems to have more

coverage on street and sidewalk than test area 1 and 2.

Dry Pavementi 100% Light Level, Test Area 4

1 Sidewalk has a lot of uneven places and settling and the light does [not] illuminate it at
all in many places. Bad for pedestrians. Unsafe.
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1 Insurance agency really lights the sidewalk. Trees block light on uneven sidewalk
surface. In places sidewalk is vetgrk.

1 Low glare at light source is nice.

1 REALLY dark on sidewalks. Dark spot at 7040, 7037, 7052

1 Thinking about bike riders here, paydighting makes navigation much tougher!

1 Retailers sign is brighter than street

1 1did not feel safe on this road, esly if | was alone. Too many shadows. It seems if |
was driving, | would have a hard time reading road signs.

1 Too dark on sidewalk. Patchy on street, style of light is a lit distracting

1 Significant dark aras before lights.

1 [ feel like the color is niceBut it's not intense/bright enough for me to see what | am
writing.

1 The LED lights here are good for driving, but visibility on sidewalk is not good.

1 Large areas of shadow on sidewalks and between some lights. Hard to see to avoid

uneven sidewalk in plas. Can't read this form well in places.

1 Darkenedges/shadowsorderlinealmost too dark. Building facades are not illuminated
very well. In the rain, this would be too dark. Sidewalk area too dark but this block has
more residential no much light from bsinesses.

1 A little dimmer.

1 Light is similar to Area 5, a bit more uneven, but way too much glare.

1 Patchiness on sidewalks unacceptable

1 C a nséetpeople artripping.

1 Patchier, less light than 5

1 The owls scared me

1 Much too dim, not light reaches thielewalk

1 Something about the light makes my eyes hurt and there are too many dark areas.

1 This section is a little patchy, which makes the lighting noticeably worse. Compare to the
really bright section, a burnt out bulb here would be very noticeablerdéde is bright,
sidewalk is dark.

1 Too little lighting on much of the sidewalk.

f Horrid. Canét see a thing. .Had to stand

1 The houses and sidewalks along the street are too dark. There are a lot of patchy areas.

1 Absolutely notenough light. Tripped on the sidewalk because of the lack of lighting

1 Patchier

1 Not nearly enough dispersion, the patches are quite stark.

1 [I'wouldn't want my daughter driving here at night.

1 Style would be okay if some consistent light

1 Light on the strees not continuous but like spotlights with dark gaps between, uneven.

1 Live in the section

1 I can now realize different lighting in test areas. This one seems very patchy

Dry Pavementi 100% Light Level, Test Area 5

1 Not as good as area 6
1 It seems darkeespecially on the sidewalk
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Things look natural and crisp

Street trees wilbbscurdights.

Seems more glaring and patchy, more so on sidewalks than on the street. Business signs
and storefront lights are very bright in some areas, accentuating gihcersnast.

Light is bluer than T6

| had trouble reading my paper with these lights. Although the street seems well lit for
cars, the sidewalks are not as well lit. The color of light was édnthcomfortable

Good light on street, but lights ardittde distracting (and glaring) to look at. Good
coverage on street but a little patchy on sidewalk.

Trees made light patchy

Lights look very modern. Definitely felt like streets are evenly lit

| believe you should look into a wider angle for your bbhak There are a few darker
areagowardthe center line between lights.

Add light pollution protectors

Did not light sidewalk area as weltlarker edges, more shadows. In the rain, this would
be too dark.

| don't like these lights, way too much glakets of light from shops on street (neon
signs)

The shop auto repair made a big difference on the sidewalk as far as lighting.

It appears darker with more shadowight is not as blotchy but seems dark unless
diredly under a lamp, more shop lights

Godad, cleanerand even lights, lit up the sidewalk almost as much as the.street

There were some more shadowy areas but there no starkly black areas

| usually walk faster

The lighting seems really good here, but | think it is largely because of kheflac
obstructions.

Good distribution of light to sidewalks and street, including between lights.

The light is bright enough and even (not patchy) to fully light the street and sidewalks
This was nice not as light as area 3 but good. Color was soft.

This is a cold color and | don't like it much as a yellower light though it does provide
good illumination

This test area strikes a fine balance of amplitude between the glaring of section 2 and the
dangerous patch work of 4.

Glare wherook up at lights

A little dim, not quite bright enough

Dry Pavementi 100% Light Level, Test Area 6

= =4 -8 -9

| like the pinkish tone. | can see colors quite well.

Street is evenly lit as is the sidewalk. Interval between the lights is good.

Orange glow is annoying.

With leaves, stredtees will negatively impact light and visibility. Patchy light/hot spots
are light and bright. Not light and dark.

1st stop. Hard to compare but this seems like very even light. Bright enough for safety,
but not harsh or glaring.
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Stronger the light, thdarker the shadows

The lighting is nice, not too harsh and | think it gives full coverage of the streets and
sidewalks.

Very orangey. Bright in some areas but less so in others.

Color is yellow/orange

People were talkingkind of distracting. Lightingdoks pretty average to me. Light
fixtures do not bother my eyes. | felt like some lights were slightly dimmer.

Add light pollution protectors

Sidewalk lighted, a few shadows at edges

My eyes have become masensitiveto light as I've aged.

Similar toother bigger streets.

All the lights are working correctly. No flickering on and off.

Seems blotchy. Some areas darker than others.

Light seems dim and yellow, didn't reach the sidewalks

There is some construction on the west sidewalk and a large daiknspediately south
of it. That would feel unsafe.

The lights are way too bright for residential application. The sidewalks are well lit, but
also overly lit.

| like the yellow color better than white, but it seems like white lights things up more
efficiently

Same thing as we have now. Too yellow, too patchy.

Lighting is very even (not patchy) but | prefer the white lights from other test areas.
This is the best; coldlumination, not patchy, not glarey like style best too.

Best

Again, count me a pwst, another sucker for the dusky orange glow. Find a way to
incorporate this hue into LEDs and its arguable even from an aesthetic standpoint.
Goodconsistency no gaps with dark areas. | like the yellow town.

Dry Pavementi 50% Light Level, Test Area 1

T
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Like lower overall glare, lower level of light (less light pollution), slightly warm tint is
nice.

| would feel safer if there were more light directed at sidewalks

Some of LED lights are less brighter and kind of bothersome

Super dark here!

Seems easyike moonlight.

| think it is important to test the lighting on the side streetsually the neighborhood
streets are darkeso the question could be:light enough to see house numbers and to
see street signs?

Questions are in a font that is too ligind too small to read easily. Binders are difficult
to handle.

Street lightingwas good (though darker than normal), but sidewalk lighting was a little
dark

Seems bit dim, sparse. The full moon is bright.
Different color
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Like the lights- not enouglof them. Glare uneven along the length of light.
When | look down the street, it looks really dark

Trip hazard

This is pretty good.

Very slightglaringwhen looking up at or very near the lights.

Even though | feel the lighting is worse, | think the tigg is good enough.
Sidewalk ok, street ok

One of the street lamps was out

Too dark, cold

Good color, but too dark for walking on
and not so patchy

| like the color of the light, but it is not bright ergtu

Dry Pavementi 50% Light Level, Test Area 2

T
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A little brighter, good but a little glarey as you get closer or directly underneath. Still
okay, though

In comparison to area 1, area 2 seems better illuminated.

Test area 2 seems better lit than areBhk. lighting seems generally too dim overall.
Darker on sidewalk, lighter in street.

Seems more patchier that area 1

Would like a little brighter

Many sidewalks are darker than street

Sidewalk lighting was adequate.

Adequate but a bit dim

Nice balanceverall

Lighting across each lamp was very even

Dark shadowy. Seedy. Cold

| almost tripped three times

If it could be a littlebrighterand or if the lights could be shining out to the sides a bit as
well, it would besaferand aesthetically pleasing.

Good overall lighting, both sidewalk and street.

Too dark

Way too dark on sidewalks. Lighting is extremely bad unless directly under lamp. Bad
shadows.
Too dim

Dry Pavementi 50% Light Level, Test Area 3

1
1
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Same yellow color as other streets, not brighitevh

Warmer tone is nice, but lights are way too bright. Good to id pedestrians in black/dark
clothing, though (see those $eattleoften).

Felt too bright, too many strong shadows. Might be good for high pedestrian areas at
certain times.

These lights seem to be more intense and bright. | like it bright.
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1 Yellow/orangelook. The LED lamps in area 1 and 2 had a daylight look. | like the
daylight color better.

1 Aot more ground coverage of the light and that ensures more safety in lesdlso@d k
any unseen danger threat.

1 Alittle dark in betweerstreetlights- the neighborhood bar brings out pedestrians late in

the evening

| see no difference between thin and existing lights h 15

| really like this style of lighting. It is sufficierfor seeing both street and sidewalk.

Quality is warm.

Too much unnecessary light pollutio@'a nséetthe stars. If you consider more light

better, however | don't like it as much even though more light.

| like it bright on main streets but dimmer in ndigihhoods.

Seems moreonsistenthat other Seattle streets

More coverage and less patchy. Sidewalks are illuminated

Felt more comfortable, more light

Look same as other arterials with older technology

Don't like color and glare. Level of lighting orrestt and sidewalk is great!

Bright, warm

| like this, even and good.

Bright sidewalk, bright street.

This was the only one that made me think it might be safe to walk at night.

Almost daylight!

Bright enough, but poor coloration

The light is a bit tog/ellow but | like the even coverage and lights that are bright but not

glaringly so.
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Dry Pavementi 50% Light Level, Test Area 4

The lighting seems low, they should be brighter for car visibility
A little too dim, big black/dark areas between pooligift. Just barely enough
Too many dark areas. Felt unsafe

These lights are set way too low. To clearly see this survey | must be directly under the
light or within 10 ft

Seemed too dark and even the slightest shaded area felt super dark
Super dark! Gies me the creeps! Terrible.

Darker on sidewalk, patchy on road.

Too dark

Sidewalk lighting greatly compromised.

Dim, patchy

Right color, too dim

Dark shadowy

Sidewalks need work

Have to search for a place to read.

Dark sidewalk

Too dim/too spotty
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Not bright enough on sidewalks
Dim light, though the color is better than in Area 5.

Dry Pavementi 50% Light Level, Test Area 5
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Residents should watch their language

A little brighter, and cooler than | would prefer, but some good.
Lights are not brighénough

Too dark here. Doesn't feel safe.

Seems normal, like moonlight, easy not obtrusive.

Dim, but better

Nice color, nice balance

Glaretowardmiddle of each light fixture

Lights from signs can affect perceptions of things

Pretty dark, sidewalkare shadowy.

Sidewalks dark, streets even.

There seems to be enough light on street but sidewalks are dark.
Dark sidewalk

Cold.

Not bright enoughteé

Way too blue, not bright enough

Dry Pavementi 50% Light Level, Test Area 6
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Somewhat dim, but not awful

Good brightness maybe a tad too much. Don't like the yellow look of source, washes
color of things and sources are a little glarey.

Borders on being too much light

IN the car you would have your headlights adding some light to the street.

Once again, thioks like existing lighting on 1%

This feels nice and bright, safe. Best yet! | could read a book by this light.

Kind of yellowish but comfortable.

Better lighting but not enjoyahle

Overall, the LEDs weradequatdor vehicles but not for pedestrians. Sodium was more
comfortable, better visibility (pexbtriars).

Looks similar to test Area 3, but seems more patchy in street

Kind of muted.

Warm

Seems a little dim, but I like the color of the light.

Dry Pavementi 25% Light Level, Test Area 1

T
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Although this project would be good for energy saving purposes, | would really prefer
yellow low-pressure sodium lighting for purposes of insect conservation.

Moon glow casts more shadow

| felt like a blackout.
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Visual Quality, Acuity, Community Acceptane&ED Streetlight Sources

The light seerad to reduce depth perception, made everything same flat gray. | noticed
people all stoppedlirectly under the lights to white. Too dark? | would feel unsafe
biking on a road lit like this.

One of the lights actually flickered & went out during the.test

Just dim enough to be annoying.

Very washed out

Full moon helps!

Seems a little dim

Lighting from looking off sidewalk to street seems minimal/lacking

But just not as bright but no glare

Red, orange & white was easy to differentiate, but blue/greewevgdard to tell apart.
Too much light to pee on sidewallgood or bad? I'm not sure yet

Too green

This type of light is better for driving. It won't make people blind.

Whites seemed a diff color

Too dark

Too dim

Adequate lighting for driving owalking.

Looks a bit yellow

Like this best not too bright, not too dark

Rate this in the middle

This is ok- lights are dim, but adequate for vehiculap&destrianraffic. | think the
color is '‘warmer' than the other LED sectiendike that

Full moon seems to be the better of the LED areas

A bit too dark

Feels a lot like test area 2, lmidewalksfeels better lit. | think this zone is my most
preferred!

| feel like the lecture provided some influence. Comments like "we hope you feel this
way, etc.

Best one even coverage of street cooler light

Lights better than 2 but still too dark, ok fdriving butquestionable for safety of
walking. Couldn't fill out forms except for light for buildings

Best overall of the LED dot lights

Dry Pavementi 25% Light Level, Test Area 2

1
1
1
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A light at the end/beginning of block between areas 1 & 2 would have been nice.
Looking for light

Again, while slightly brighter, this light seems to make everything a flat gray. Very hard
to distinguish colors. Would not fegsafe biking here at night. Usleorescentight to

write this.

This light hurt my eyes a little when | first looked at it

Nice dim light

These lights seem brighter than test 1 even with less commercial lighting.

Seems more even than area 1
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1 Less glareCertain angles don't have sharp light that hurts my. eyes

1 More glare, uneven light, does not light sidewalk

9 This area holds my local bars

1 Sidewalk seems more open than-#buld be uniformity of lighting?

1 Still too green

1 Brighter than #1 but najlaring, doesn't overwhelm.

1 Seems a little brighter than test 1

1 I like the color of the light, blugvhite vs. yellowwhite. Cool

1 More glare than test S but nice

1 This area the light seemed more consistent across the test area, like the light is more even
No businessewith really bright lights makes me think of spring. Moonlight from the
full moon where you can see once eyes adjust if this vg&stahyarea (crime) would
want more light.

1 To dark same as 5

1 This acceptable dimmer than 6 & 3, but-dkwould not use my flashlight in this section
- no color visible, but even without bright structures, | can see far enough ahead

1 Full moon can barely read the survey

1 Way too dark

1 Feels like the perfect amount of light in the street, but sidewalk fedishady

1 Looks a bit dark. Little contrast w/ambient light. Preserves true colors great.

1 LED lights like design not as glary need slight amount more, dark areas on sidewalk

1 light very dark- too dark for safety, patchyunacceptable poorest so .for

1 2ndbest of the LED dot lights

Dry Pavementi 25% Light Level, Test Area 3

1 Awfully bright from the sides as well. Maybe too bright for a vehicle?

1 Too bright

1 Now I can see clearly

1 This light makes it much easier to distinguish colors. | would feel visibdars if | was
biking here & more able to see obstacles in my own path. Compared to the softer,
previous light it seems a little harsh.

1 This test site seemed especially bright, at a much higher intensity than previous tests.

1 The glaring is slight enougb tolerate

1 Way too bright

1 Quite bright- not too bright, but if more costly than #2, not necessary

1 Patchy eye sight if look up directly @ light

1 Gooduntil I walk under light then there is a sharp/annoying source of light at the upper

part ofretindglaring?
1 Lighting feelssafer than test area 1 & 2 nature of the block that makes it questionable.
Shadows more on test 1 & 2 much more visibility here
While the lighting is good for road travel, there is far too much light on the sidewalk.
This areadlt much brighter in comparisomoo much light for biking? No. Too much
light for graffiti?- Yes
1 Sodium lights FTW (If only they weren't so inefficient.)

= =
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This kind of light is making blind during the rain.

Seems like raglar streetlights maybe brighte Can pick out details that | could not see
inl1or2

Much brighter. Is a glare when | look directly at lights

(for driving glare) Brighter than necessary.

Color ok, but too bright

This lighting is excellent from a pedestrian's standpaiatm, bright,everything is well
illuminated evenly

Too bright too yellow too glaring

Realdi f ference wit h wanttdlydrextto lightdthissrightwo ul dn dt
Excellent!

| thought | liked LED lighing, but alter sections 4 & this feels great! Evergolor is

hard to see and yes they burnout, but | like this light.

Full moon

Well lit area, although a bit glaring

The street seems way too bright, but the sidewalk feels safe, but overall it feels like too
much light.

Washes out on the colors! | hate thigbts.

Good for road & sidewalk very yellow lots of glare and ligbtlution. Seems over
lighted for residential

Like the color quality and distribution of light my preference by far over 6 5 & 4
waytoo bright- like daylight which seems like overkill as vehicles should have head
lights on
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Dry Pavementi 25% Light Level, Test Area 4

1 Very directed light, not glaring to the sides

1 Brighter? Still a little hard to see colors. Less harsh, but wouldesti less visible to
motorists.

1 This lighting seemed to make the sidewalk more shadowed than the others so far.

1 Very dim there isn't a lot bleeding light from businesses

1 Alittle too little light.

1 Sufficient light, could be a little brighter

9 Quite dim

1 Very patchy looking from sidewalk to street and on sidewalk, like the lack of glare
though

1 These shaded lights don't huetinas

1 Sidewalk areas too dark

1 The light level up to 20 feet is good on both sidewalk & street, but sharply declines to not
enouwh light after that.

1 Sidewalk walking is fine, biking or running it may katdark.

1 Sidewalks overgrown and dark

1 Feels like #1 too dim. Shadowencroacleasily. Too dark, too long between lights.

1 Not as bright but less glare

1 Way too dim
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It is probaby sufficient lighting for driving, but a bit dim for walking

Too dark

This was my 2n@rea;found that my eyes adjusted better to lower levels of light would
find it difficult to read small numbers, this block seemed more residential.

This section worse¢han section 5

As dim as section 5, but more even (not pateligp dim! | would use my flashlight here
at night

Full moon very dark between lights

Way too dark

Trees seem to close some patchiness

Lots of shadows difficult to see papers in thistigh

Not enough light. Patchy somewhat harsh. Not enough lite to feel safe to walk.
Seems almost as dim as #5 area
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Dry Pavementi 25% Light Level, Test Area 5

1 Better, still hard to distinguish shapes. Target in the road (for the car) was
indistinguishable. In yellow light would immediately have 1D'd it!

This lighting is my favorite thus far.

Great lighting

Like #3, lighting here might be insufficient in cloudgihy conditions

Even but a little dim

Less tree cover on this block light looked more natural, like super bright star light.
Similar lighting to #4, but no vegetation overgrowth makes it feel safer

Too dim, too diffuse

A little dim.

Was in car experient & missed the 1st marker as | did not understand where they were
Lighting is even but there is not enough light. Had to fill out this page of the survey using
light from the front of a business

Love, not too bright, no glareovers the street amazigghell.

Would be nervous about walking @ night without the additional lighting provided by
storefronts seemsawfully dark, | would want to carry a flashlight

Had to find a lighted area to fill out this form

This must be a jokethis is way too dim | notice all the testers huddling in front of city
nails so we can see our surveys. | would get out my flashlight walking here at night.
Full moon barely enough light to read this survey

Light is pleasant to look at but doesn't illuminate enough

Lights from buildings are brighter than te&reetlights

Seems to blend with ambient light, which makes street area brighter is not bad or good. |
love how it does not distort true colors!!!

Good prevention of lighpollution upward. Lots of business lights ondhiide of street
makes difficult to properly evaluate

Very dark patchy

Seems dimmer than #teas

Little light.
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Dry Pavementi 25% Light Level, Test Area 6

1 Note the bright moonlight makes conditions somewhat difficult verses if it had been a
moonlesglear night.

Quite bright

All right.

Very bright glare

| felt the section wapatchierand the lights glare more. Can tell colors & objects though,
which is important and helpful.

A little to yellow.

Not uneven but less light in center lane

Unnatural ctor to the lights compared to past areas

Brighter better lighting & open sidewalks feel safer

Orange's lighter orange than 4 nice! My favorite. Chases away shadows without being
glarey or too bright.

Too bright!

Should be better lit as it is a schoolare

The only patchiness | noticed was due to trees near light source

Glaringwhen looking up at one light but not overall.

Na- I'm very familiar with this section & these lightshey are fine, when they work. |
have reported many burnedt sodiumlights here.

Full moon

Lots of shadows

lots of shadows, dark spots on sidewalk

Too "warm" of color. Seems to wash out true colors.

Yellow, glare

Comfortable degree of light & color appears fairly evenly distributed adequate

The glare from bulbs too noh but light quality quite appealing, meaning its relative
naturalness.
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Wet Pavementi 100% Light Level, Test Area 1

1 Could actually see the shade of green on building's sign

1 Lots of dark patches

1 Again, I think it would very informative to test o side streets where it's less illuminated &
streetlightsneed to be bright enough to see house numbers & street signs.

1 This light is pleasant and adequatie wet street is wellluminated the area righat

77's looks too dark (from up the blockiut it's because a whole fixture is ron

operational.

Full moon is a lighting factor in test

The preexplanatiortonight was much more explicit than last night causing me to answer

my questions w/ a differeninderstanding. Last night | had variables such as broken

cement causing falling & potential muggings.

Cold/dull light also shadowing patchy light on sidewalk. Roadway lit ok

If you like shadows this is good. Nice for shady activity.

= =4

= =4

Clanton & Associates93



=4 =4 48 -4 -8 -9 -9

=

= =4 =

= =4 =4 _-8_48_-9_9_-°

= =4 =4 -4 -9

=

Visual Quality, Acuity, Community Acceptane&ED Streetlight Sources

Were some of the lightmeant to be out?

White light

Rolled my ankle onmuneven part of the sidewalk tHat d inaticed t

Very white lighting, harsh on eyes bright

Light at the end was out, realtypticeable Glare only when looked up at directly.

Full moon patches of dr§& wet pavement, wet much reflection

Standing directly under the light is too glaring, but looking across the street to the other
light is fine.

It's actually hard to tell if the lamps are lighting the as much as the street signs it's pretty
bright

Park gaps between light areasoo much contrast

Didn't look like enough light on street.

The moonlight (full moon) may have enhanced the illumination along with the reflection
off the wet street.

More balanced than previous areas especially consideringdtdavor the cooler light.
Patchybut good overall coverage. Light all the way just some bright spots.

Difficult to get full effect of lighting due to commercial signage.

This was my 2nd faa

Can see oncoming car lights in this area. And goldilocks gaglis just right.

Patchy

Not bright enough, shadows

Thebudget rental spotlight meant that | had to gehi-block to really tell what the
lighting looked like.

| liked this area best in the LEfyle

Sidewalk is less patchy than area 2, but stilitaoo patchy

Althoughnot my favorite, it is not the worst. | prefer the warmer lights.

This lighting is my favoriteof the LED. It feels more natural than other LED lights
There was a street lamp out and in that area it was very darbitfAdrstreet lamps did
not help in that area

Thelight is not harsh ouncomfortableijt sits in the middle for me. But doesn't make
me feel too comfortable.

Wet Pavementi _100% Light Level, Test Area 2

1
1
1
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Too much glare: I'm squinting in the dark

Reallygood lights

Are the lights performing any differently when it is raining? Of course there is reflection
when the streeturface is wet, but ihe lights bright when they're shining through rain.

Well-lighted, Adequate, 'color' difjht feels sadder thasection #1- but it's ok, even the
wet pavement is welighted.

The lighting seemed better on this section than the-fiigiting is more of a natural
color.

Full moon is so bright it is hard to tell
Much better (more) lighting on sidewalk
Funky tintto the light, shadowy. The sands +l&ght district still visible

Clanton & Associates94



= =4 =4 -4 -8_9_49_9_-2

A =A-A_0_49_9_9_959_9_2_9_92_-°2_2_-29_-2_-2°_-2_-2-°_-2-

Visual Quality, Acuity, Community Acceptane&ED Streetlight Sources

We have these sort of lights where | live they work great.

White light

Lights from buildings seemed to assfieetlights

Spacing better than unit one

Closer together Brighter

Has dak patches in parts

Felt more like more building light this section.

More directed light whiter can see cracks on sidewalk better

| like test area 1 better, this light feels less friendly. Also still standing wtiastlightis
glaring but looking acrasat it is not.

Due to less distracting lighted sign | can see the street lamps effects better.
Better than 1

Even bightens up a depressing and shady strip club corner!

Seems brighter than area. #1

Uncomfortable

Sidewalk very dark, street patchy

Again, not enough light on sidewalk

Fine for residential areas. | have LED lights outside my house. This remawisthem
D o e semibas much light as others.

Spotty, too dark

Theselights look glaring from afar but are not as bad when standing under them.
Seemed really dark

Donut shop and corner store make for any sidewalk lighting

Very patchy with lots of dark spots

Lights are not bright enough and need more lights.

Very poor visibility, definitely too dark

The light seems very sharp, but | feel likean see well.

My favorite so far | really like it. A bit dimmer at night, this is much more comfortable.
Seemed darker

The light seems too harsh which makes me feel uncomfortable.

Wet Pavementi 100% Light Level, Test Area 3
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Can't see colors; everytig looks yellow

Very bright but also very glaring. No dark patches

| think this was well organized w/professional attitude & execution. Justin was especially,
especiallyhelpful & encouraging. Thanks You! Also the cookieb&eragesverea
nicetouch!

Good old sodium compared with.ED's in 1 & 2 this does seem 'glaregasier to see
colors (even w/yellow light) | do like this lighting, but | know it starts flickering and
flashing eventually, which is awfdll like it, but | don't dobt it being obséete.

This lighting lit up thesidewalksbetter giving a bright yellow here on sidewdlasy to
see problems w/sidewalkdighting better than test one.

| can see a great distance under this light, good depth of field, good color

Great light for watchig TV. Seems like light is dimmed need more watts
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So far best lit sidewalks

Yellow light.

Not the industrial blue

Full lighting, no dark patches

More yellow,spread®ut more color.

Seems lighter than I'm used to, | thought that the LED lights glargng but actually
these are more.

This area is realllight; there are a lot of lamps giving off a lot of light. | will not want to
live on this street, but as a main arterial this is really lit.

Bright, sort of glaring, but good.

Light was brighter he.

Very beige

Too much glare!

There were some dark areas! Housing little scary.

Warmer the light the better

Lighting reflects brightly off buildings strongly

Stark contrast in pedestrian lighting. Light actual hits sidewalk compared to.area 4
Would betoo bright outside my home windows.

A little glaring but not distracting.

Good light, sidewalk very good like the brightness in street

While bright, | think this light is too yellow and too bright.

Better lighting- doesn't blend in with the stop lights

Harder to read than 5

Light was even on sidewalk

Plentyof light for all lanes. Full visibility and | like the warmth of the light color.

The lighting really seems to distort calor

Yellow light is casting acky shade on all objects

It is bright enoughvhere | can sepeople clearly far ahead of me and behind me which
makeme feel safer.

Wet Pavementi 100% Light Level, Test Area 4

1
1
1
1
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Way too dim; couldn't see the sidewalk

Way too dark unsafe to walk unsuitable

If not for the commercial lighting, thistreet would be unsuitably dark. | don't like it.
Not enough light in this test section. Sidewalks dark & dangerous (cannoas&ed&
uneven surfaces.)

Light in street very patchyshadowy dark, alternating banks of dark & light. Light is
pooled undelamps

Nice & mellow able see with less shadowah see & smell green.

Way to dark!

White light

Trees and branches blocked some of the light in certain areas.

Seems darker but you can still see to walk and drive

Lighting threw shadows on sidewalk, aally making visibility worse.
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Too many shadows, areas with no light very patchy.

Dreary

This light seems less harsh, more natural colors & although it's darker there is less glare
& my eyes do not need tdjustas much as the previous area test #3

Is this the same light as #1? So gieoplegather in doorways to write comments!

Easy on the eyes. Solar powered?

Too dim

Very uneven light, sidewalk dark

Unacceptablamount of lighting on sidewalk. Street is barely lit. If | wasn't familiar with
neighborhood, | would not walk here at night.

Maybe this is darker?

Toodark, spotty, sidewalk way too dark, Danger.

Someof thestreetlightsseem brighter than others.

Hard to see on sidewalk

It is a little hard to read things

It is a much softer glow

Stree was well lit, but sidewalk was dark. Color was good.

Coulduse some yellow lights as well. Possibly need more lighting.

Definitely too dark. Not enough for all lanes. Sidewalk was very dark.

The light is too dim

Wet Pavementi 100% Light Level, Test Area 5
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Needs to be a tad brighter

Aren't very bright buminimally acceptable

Too dark; again, without commercial street fronts, | would use a flashlight to walk this
street.

| like this.

More ofday light feel pleasant.

White light

More commerciaindustry to aid in lighting

Glare in reflections

Spreads out more uniformly

Lighted signs for stores stand onbrethan thestreetlights

| guess | now notice the glare on the street from the wet pavement, | actually like it. And
although tle light is darker on the sidewalk yes it looks more naturapassedo an
orange high glow

Dim.

Spotty

Some glare on wet pavementt not distracting

Lot of lighting from businesses which helps

Neon signs affect perception of color contrash@fluminescensign

Lighting on sidewalk is lacking compared to street.

| have had Lasik halo effect? Not aesthetically pleasing but wouldn't care if it meant
saving energy.
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Perhaps distracting that you can make individual bulbs. Draws attention because
different.

Glaring

Not bright enough. Glarey and spotty on wet pavement.

Need some more lighting source focused on sidewalk

Feels like inside light

Overhead light source is much cleaner

| felt there was more reflection from the stop light

The lighting doesiot feel as warm | can't decide if | like it or not.

| dislike walking in this light because it makes me have a feeling something bad will
happen. It is creepy and ominous.

Wet Pavementi 100% Light Level, Test Area 6

T
T
T
T

= =

=

= =8 -0_9_9_9_9_92_2_-2_-2_-2_-°2_-2_-2_-2._-2_-2_-21-

Can't seeé. t.oo yellow/glaring

Goodlight but like LED more

| understand the LED's use less energgwever is therany wayto get them brighter?
This section seems dimmer than 3 (also sodium) maybe the lack of commercial lighting?
| walk this block before dawn every day and seems visudlonly when all the lamps
are functioning

This is different than 5 but I like bath

A little glaring, but great light on roads & sidewalksome of the trees blocked lighting
in places on sidewalk

First 2/3 of this station was great. Thetreetligh disappeared & last 1/3 more tenuous.
My ratings ate on beginning walk

A little patchy on the sidewalk.

Light seems dull & Yellow. A little old schoatreetlightfeel.

One spot was very dark due to big trees!

If there was more "rain” I'm sure the roddrg would be much worse withis lighting
Dark spots in tree blocking reflection areas.

Yellow, softer

This feels the most normative

Yucky yellow, but bright (good)

Too many shadows created.

Trees along sidewalk both shaded as well as impeded floghaf li

The moon was very bright

This was my fave.

These lights seem like typical ad@hoolSeattlelights. The control?

A little spotty.

| do like the yellow cast light, makes it easier to see headlights of cars.

Could use more white lights

| like thewarmth of the light color. Plenty of light for both sides of the street

This site is free of distracting lights

Warmfamiliar light we are all used to, but not very effective.
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Wet Pavementi 50% Light Level, Test Area 1
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Doné6t | i ke t mddarkaréas. Very uaevea. Dark igthetcentar of the
street.

Dim lighted

My favorite overall.

Uneven brightness, where light is dimmer. It is harder to see the lines on the street.
Driveway alleys are largely unliggéd and a little unnerving

There was ot enough light to read the questions in some areas.

They wanted to know what | would say the professionals from NEEA walking south of
the avenue lights were yellow some blue. Now they can evaluate as they may.

| feel safe in my known environment whichtiigs area. If | was in Beacon Hill, outside

of my comfort zone, | would probably feel less safe. Maybe good to have people from
outside of the area

Appears as a soft light, no washing out, but gives everything a soft gentle appearance.
To be perfectly hosst, | am not sure about #13. | chose about the same since it seemed
the most neutral

Sidewalks not wet, were they supposed to be?

Trees may have affected sidewalk light.

Bright enough to drive and see any obstacles. Very even light. Too dim lighting to
illuminate any dangersround corners or out of sight. The bright signs create even more
light. The color is aesthetically pleasing but not bright enough.

| loved the lighting

Questions 2 and 8 are misguided. | wouldn't walk here after dark when thedsesiare
closed. InDecembeii is dark before 5.

Not bright enough to see colors except ursleetlights

This notasafe street for a female to walk down alone at night. | could tell the colors of
things due to other sources of lighting. Bteeetlightsdid not enable me to see colors.
Too dark

Glare on roadway

Could be better

For a busy street, this is dark. These lights don't give off much light between actual light
locations.

Seemedike there was one light out, west side south most light.

Withoutreliable light from stores, it would be too low. With it is the lowest amount |
would find comfortable with in a community.

Best area so far. Seems very soft but not as invasive feelthg aery bright bronze

color. Good for commercial, bright for residential

Tone is a little cool, but brightness is just about right. Slightly patchy and dark spots, but
adequate lights.

Damn you budget rental truck! Do we get a party favor from the louez

Unclearwhether questions refer to street or sidewai8 (6, 9, 11, 12). | don't drive so
can't respond to #10.

Seems really patchy/dim in some areas (south end of test arabmastiand north end

of test area).
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1 2nd favorite

1 Higher distribution 6LED style lights this block.

9 Allthrough, areas-b, street treewill obscure.

1 Too dark and patchy on road. Too dark on sidewalk.

1 Itis still too dim to make me fully comfortable walking around at night.
1 Dark

1 Full moon!

Wet Pavementi 50% Light Level, Test Area 2

9 This is better than test area 1

1 Seems a bit dim overall

1 Uniform lighting doesn't seem that much brighter but good shadows are reassuring. Lines
on street uniformly visible.

1 This area appeared to patchier although this may have beemnesult of hyper
examination and over examination on my part.

1 Maybe | am crazy but this feels like there is less lighting than Area 1 but that also might
be because there are less stores with lights

1 Areas of shade beneath trees making it harder to ske sireet. Too dark to see around

corner if reflects off wet areas better than dry.

IT was hard to answer #9 becausedtieetlightswere the only thing on.

same as area 1

Safeto walk on sidewalk, light to see obstacles.

There was less lighting frobiusinesses in this section

Green light

Looks good

This section is brighter and more even than the last.

Not bright enough to feel safe in an urban area. Moonlight light. Most fill light from other

sources.

Not a lot of business lights so it was a trtest of the light spread on the sidewalk

Colorsappearednuted. Shadows cily the soft light are fuzzy and indistiriccreepy

More like there is hardly any light on the street! Also sidewalk lighting is only good

under streetlight or in an area whéhne storefront has good lighting.

#1 strip club! Not safe. Nothing to do with lighting.

Way too dark, seems like hospital lighting only worse. Does nothing for my complexion.

Appears to be less ambient light from businesses/residences this block. Ssksewask

darker.

Under awing, lights are distracting. It seems patchy on west side of street.

Too patchy on streets, too dark on sidewalks

| didn't realize what patchy really meant until this test area. There seem to be pools of

light and the contrast crest more of a sense of mystery. It makes me feel less safe. | am

not sure wheat or who might be lurking in the dark corners.

Too dark on the sidewalk

Lights seems bright enough, but poles seemed further. apart

=4 =4 =4 -8 _8_9_9_-°
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Wet Pavementi 50% Light Level, Test Area 3
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The center of the street is very well lit compared to all the others. Also lights up the
sidewalk as well.

| know that orange color of the spectrum is best in terms of lights rendering the farthest
from the source, but this makes the street laaky ghdto. Some may not prefer this.
Way, way too bright especially over wet pavement.

Brighter lights, more yellow? Glare patches on wet pavement. Lines on pavement a little
hard to see in areas. NMibright sidewalks.

The lighting in this area is very bright.

Lights overall very well. Less dark areas on the sidewalk

Although not a fan of the more yellowish orange light, the clarity and evenness of the
light in this area is much higher than the whiter lights in area 1 and 2. This light is much
more even andovers more area.

This feels really bright and | like it. For walking by yourself at night this would be really
nice, | would feel much safer. However, it might be kind of glaring for drivers (I am not
sure on that though).

Note: | said worse, because | dot like extra bright lighting

More glare and distracting color but better lighting. Much brighter and makéseine
safer. A bit patchy and glare. Very safe driving

The lights in this section are much brighter

Yellow lights are warmer color.

This secton is waybrighterthan 1 and 2. Although as a female, | wouldn't feel safe
walking here, alone, at night. | feel much more comfortable with this lighting.

This color of light

Best lighting for walking

The best of the 1st three

This is the kind of lighthg | am used te compared to the others, this is the brightest.
Like the brightness level

Floods very evenly and bright. So bright it sort of drowns out surrounding lights. Car
headlights too over powering and invasive.

Toolvery bright, very glareggpeciallywith wet street. Not a fan of the yellow tint. Good
illumination on sidewalks, though.

Way too freaking bright from the lights and the reflection of the street. Hurts the eyes!
Glad | was wearing a ball cap.

| may like a color of light, but thatogésn't necessarily mean it is safer or easier to walk in
it. The converse of this is also valid.

Bestlight of the night.

Too bright for a residential streets. Great for major thoroughfares.

Main and first impression = lots of glare here.

Very warm,comfortable light.

Sodium type lights. Slight yellow orange shift. This block seems to have a higher
coneertration of lights that a typical street. Individuals sensitive to glare may be
distracted in this area.
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The bleeding of light onto th&perturealonghere has got to annoy people. It is a bit

bright - now would this look coming from a residential street. Arterials fine, residential
no.

Too bright for residential street, but great for main roads. Neighboring homes may find it
annoying (too bright)

Thelighting is very bright and makes me feel safe.

Very bright

Wet Pavementi 50% Light Level, Test Area 4
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Waytoo dark, especially sidewalk.

Spotty coverage. Blocked by vegetation especially once trees in leaf.

Most dim out of all, so far

Toodim overall. Seems the dimmest.

Lighting sees dimmer, particularly $eets overgrowing the sidewalk. Makes it feel less
safe even though the street is wide open.

Very dim. Do not like thdluishcolor it gives off. Least favorite so far. Sidewalk ischar

to see in this light.

This has been the worst of the 4 so far. Kingattchydoes not illuminate much. Area
covered by each streetlight very low.

| think this has less lighting but | could be feeling that way because the last section was
so bright and Bm comparing it to that.

Much brighter than area 1 and 2. More glare. More patches on street, uneven lights. Too
dark on sidewalk if not under light.

This section was darkest because most of the businesses/houses had no exterior lights on
It feels dark ad creepy compared to test area 3. Luckily there is someone singing
karaoke in the tavern across the street to ease my fears. Since the lighting is not as bright,
it probably saves energy, which is good.

Too dark (worse so far)

Darki

Might as well have ntights. Rely on lights from store signs. Have to stand directly under
the lights

Lights on opposite side of streglaremore than on my side. Business lights contribute to
safety. Infront of a business with no light son it was too dark

Almost too dim,patchy before with pools of light with lots of dark patches.

First half was better than second half.

Looking down or up the street the sides oflthbts are visible and possibly distracting
Way too dim for driving or walking safely

Darki

Majority of actualstreetlightson opposite side of street/sidewalk, seem very dark.
Johnson agent awning light too bright = distracting. Look up e side no glare, look a w
side glare.

Too dim. On sidewalks, can't see cracks plus lots of dark areas for strangensrkinige |
Areamuch darker than others.

Too dark on the sidewalks
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Darker.

Wet Pavementi 50% Light Level, Test Area 5
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Slightly patchy but not too bad.

Somethingabout these lights seems like they are the best out of all the LED lights | have
seen so far.

Some glare off the wet pavement. Sidewalks seem well enough lighted.

Light seems blue. Dislike but the sidewalk isn't too bad.

Best of all the white light areas so far. Not as patchy and illuminates a lot of area.
This doesn't seem well lit but better thiae last one. | think | am still comparing this to
the area 3 where | felt tleafest

Strong moonlight again, like last night, must affect results

Lesspatchy than some. But not bright enough.

Better lighting on sidewalk, more even, wider lightstreet, sign light distracting, still
bright with less glare.

The lighting is really nice in this area. Much better than test aregl@ing is more
even, making it more comfortable.

Pretty dark, but not as bad as 4

Could be brighter sidewalks are ptty dark.

Like the light from a full moon. Pretty, but doesn't make things bright enough to feel safe
at night.

Needs to be brighter for ideal safety. Business lights did help with the safety.
Adequate, but lower level of lighting. Not glare. Good! Everwlooking up at directly
of from reflections.

Dr. Hoats wellness for life sign is freaking blinding, as the shop.

This style of lighting seems to be more absorbed by the moisture on the roadway.
Looking up or down the street, or long distances the sitid®dights are visible.
Seems dimmer in a bad way that test area 6. Raises a few questions/concerns about
walking or driving at night in this area.

This light feels very "cold 0

White/bluecolor shift (slight). Appears less luminous than are sodium @yea

Seems dim on both street and sidewalk

| think for this kind ofcommerciaktreet, the lighting works e ¢ a u augmentéddys
lights from the stores.

Darker.

Wet Pavementi 50% Light Level, Test Area 6
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Lighting partially block by trees.

Most mediocre/plain/typical lighting compared with other Seattle streets out there.
Favorite test area, bright E good shadows on sidewalk, but not a hard white light.
Even though the lighting is brighter, | did not think it was better.

| like the warmth othis light. It is a bit on the bright side though.

| am finding it difficult to rate glare and patchy in isolated instances might have been
easier in relationship to each other.
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Not the best of the two orange lights, but still better than the white lights.

With regards to the colorl think | prefer this yellow light not because it is yellow so
much but because it makes it seem brighter.

Test areas 3 and 6 were the brightdstt area 6, the best overall

Very bright and easy to see obstacles. Feelwafking.

Lighting suitable for downtow&eattle

This is a safer part of 15th than the other sections.

Could see well

Looks good (for an old guy)

Good

Made the area very visible and comfortable to walk through at night.

Very different from when it wasrg, much darker, but still good.

#3 and #11 comfortable and | like the color mainly ouaafiliarity, not necessarily a
true likeness of the color. Even though it is a widely used color, it reminds me of an
industrial area.

Bright, but glarey. | don'tlie the strong yellow tint of the light.

The glare from the reflected light off of the street is very uncomfortable.

The rain water makes the lighting different and more reflective.

Sidewalk would feel safe if fewer cracks and more levething to do wih lighting.
Patchylighting (not really much of it) seems more attributed to road surface and paving
and wetnesthatvariations in lighting.

| like the soft yellow effect of the light

Seems reggsentative of usual areodium type city lighting. Slightolor shift yellow
orange.

Light casts a lot on the utility poles.-#éide seems brighter thars&le

Orange color is not too pleasing.

| love this lighting!

It is all a little dim,althoughwell spread out.

Wet Pavementi 25% Light Level, Test Area 1

Toodark

Too dim to writelegibly.

Seems better with wet roads. Remember not liking it a lot last night when dry. Sidewalks
still a little dark.

| live and walk up and down 15th AveeNW almost every day.

The biomat spotlight was distracting

Light is a bittoo low.

Very dark on sidewalks, seems a bit dark on streets.

One dark alley no shadows. On all: the color depends on the distance.

Street is dark and so is sidewalk

There was an area where there wasregelar(not led) light shining over a budget raht
place which lit up the street much more than the LED streetlights, but also created more
glare.

Dim but | like the wet reflections. The sodium light at the budget light is distracting.
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Seems a touch dim. | think a higher intensity light would be pratera

| like that there is very little glare off the water.

Walked into the back of a person who had stopped on the sidewalk.

The light doesn't seem much brighter than the ambient light from what you would get just
from the businesses.

Orange hued light imore glaring

Too dark, feels unsafe.

Let there be light.

| am standing directlundera streetlight and can barely see what | am writing. My

yellow pencil looks red.

This is part of the areacbnsidersketchier than the other points on the test zone.

Full moon make made it seem lighter out.

Lighting fills in the spaces betweeommercialight very nicely

Test sequence Area 6 to 1. Not impressed with intensity settings on LEDs. Seemed
uniformly off. Made the olédodiumlook too bright (with horrendousmber color)

| can at lease read what | am writing here. This was not the case in Test Area 2.
Dondét be a tattle talk (directed at | ady).
Sidewalks are a little better lit, but still kind of dark

You should say in the introduction and on the slides for the driving on the street that the
signs are on the road, yesterday | missed the 1st 2 as | didn't understand.

Lights are dimmer, yet comfortable. Of all test areas, | prefer this one.

This is the bestme. Smoothest lighting.

Bright enough to see by, while still preserving ambiance. A very pleasing choice.

Good color, even distribution, not quite enough lumens

Light directly down fronstreetlightpatchy

My favorite of the LED styles

Very dark sectionalmost unsafely so. Rain not a factor. Sidewalks too dark, unsafe.

| live in Ballard and | feel that all streets are safe day or night.

Wet Pavementi 25% Light Level, Test Area 2
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So dim | couldn't see the paper

Sidewalk a bit bright on this one, bukeepy street.

Seems brighter than test area 1

Not enough illumination

Fine on the streets, still a bit dark sidewalk

On bright bus light is distracting.

Lighting is good.

This section brighter. There were bright "patches" but that were private ligfile@ting
in the wet street

The moon is pretty bright.

Many patchy and again seems dim; underwhelming.

Again, lack of glare is nice. Smell of doughnuts is, however, distracting.
Light seems very patchy and gets overpowerepdrgh lights

Without lightfrom businesses, it is hard to see lane lines on street.
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1 Not enough light.

i Better than test area 1

1 Tesses boutique and other storefronts gave off light so | could see. Crossing street, |
stepped in a huge puddle that was invisible.

1 | feel like the LEDIights are better for really bright, but focused lighting.

1 I'would feel uncomfortable walking down this street alone.

1 Still set too dim, needs to be brighter/whiter

1 The donut shop smelled so delicious that | almost walked straight in to the wall. Perhaps
moving to a more lit location would have allowed met to find it easier and avoid walking
into things.

1 The color is not so harsh but it still not a lot of light on the sidewalk

1 Sidewalks are badly illuminated.

1 Better for driving, worse for walking.

1 Seemslte same as Area 4

1 Lovely mood lighting, but could stand to be a touch brighter. Pleasant color, seems to
preservemy night vision better. A little brighter and this would be my first choice.

1 Patchy areas make this not comparable to other comm..Areas

1 1like this lighting

1 Fine for driving, not for walking unless | had a headlamp

1 This is hilariously insufficient lighting!!! Totally unsafe. But perfect for a bad hair day

Wet Pavementi 25% Light Level, Test Area 3

Too bright, too orange, too glarey.

| find the yellow to be pleasing and not at all harsh

Lighting on sidewalks is better and it needs to be. Another creepy. street
This is the best lighting yet.

Love! Bright, safe, and not intrusive.

Light is a little glaring, but hamount of illumination is favorable.

Seems like the existing lighting, plenty of light on sidewalks.

A few deserteduildings, feels so isolated.

Old light better but not cost efficient

| like this way better than Area 1 and 2

The brighter illuminations much more comfortable, better visibility, colors
During rainy conditions at night the glare could be too much. It is also a lot more yellow.
These lights seems much brighter isn't more glaring.

Very bright/maybe too bright.

WOW! This is it!

Feels likel am in a well lit room. Nice, warm, safe. Can see to the end of the driveways
and lots, safe.

These areasight be too well lit.

Better for old eyes.

Standard sodiurighting - similar to test area.6

Lots of shadows, but | can see pretty far ahead of me.

Barely crosses over into too bright. Preferable to too dim.
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Glare hurts, giving me a headache. At least | can see the forms, can see the uneven
sidewalk

Yellowish light bright like daylight

Very well illuminated section, warm color to the lights.

This is optimal lighting- effective, warm, easy on the eye. Much better than the dim cool
blue light. Feels safer. No reflective problems.

| was in the group last night where our guide let slip that areas #3 and #6 were controls.

Wet Pavementi 25% Light Level, Test Area 4
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Feels very dark, maybe okay using brights but probaldy nod busy arterial.

Too dim

Darker street area in general, brighter lights might be more beneficial on areas like this
with less business lights

Light is pleasant but too dark

Toodark on sidewalks

My apartment is on this section. It needs more light.

It seemed more "patchy" here but not enough contrast to be a problem

This section seems pretty dark. This opinion is unaffected by doughnut aroma.

Bushes on sidewalk are overgrawn

The light is very uneven with patches of darkness between lights.

This section seems a lot darker after the last section.

Too little light to be safe.

Back to test 1

Midas sign and apt lights seemed to be the only light source. Streets are in almost total
blackness.

Not sure if it wa because of the lighting, or this sidewalk () more uneven ground, but |
nearly tripped on a couple of cracks in the sidewalk.

The man singing karaoke at the bar where we stopped would probably not win on
American ldol. If he wre to pass out in the street here it would be hard to see his body.
Worst of the lot. Without the fewommercialights it would be a cave.

Way too dim, to even see this page to fill out. Sidewalks too dim. More light comes from
businesses along street.

| don't feel safe here

Best version oRadioheadkaraoke | have heard, ever. At waterwheel lounge.

The screaming drunks were kind of distracting.

Not nearly bright enough. Treacherous.

Have to use store lighting to read form sidewalk is dark.

Lights reallydim but better light than #5

Too dim for pedestrians

Wet Pavementi 25% Light Level, Test Area 5
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Sidewalk better than sum. Glaring in spots but not all. Maybe depend on what is near.
More residentiabreas couldise brighter lights.
Patchy light, toalim.

Clanton & Associates107



Visual Quality, Acuity, Community Acceptane&ED Streetlight Sources

1 Light is very blue, too dark on sidewalks.

1 One glaring business light distractindike seeing shadows

1 Dark!

1 The light seemedbrighter, more comfortable. I liked it.

1 Businesses have distracting lights in this section.

1 Now I understand glaring.

1 A bit dark

1 The brightness is similar to other streets but the lights aren't as glarndd W& better if
the light wasmore even.

1 Darker but less glaring.

1 Not bright enough.

1 Inlife, there is always the unexpected.

1 "TheShop" signs provided light. Streigthts did not andcandinaviarspecialties.

1 There are a lot of businesses with bright lights in this area so that makes it a little harder
to judge the lighting.

1 1'would have a tight grip on some bear mace and a rape whistle if | had to walk through
here dong at night.

1 Had to find a lighted storefront to be able to read the questions.

1 Too dim

1 Can't see while writing this.

1 Very dim, sidewalks are barely.lit

1 [Ilike that it feels like moonlight, but it would be better if it was brighter.

1 Hard to see wheredm walking- see sidewalk grade ddrsee cracks (except by
buildings with lights)

1 More light on street from businesses tisteetlights

1 [Iwas inthe car for this section. Note: objects stood out due to silhouetting by streetlights

skews findings
M Feek like | amin a cave

Wet Pavementi 25% Light Level, Test Area 6

Too bright, too orange, too glarey

Again with yellow, very nice! Again might be because of () though.

A bit of glare when wet in spots, but overall good visibility.

| like the brighted i ght s, but as a pedestrian in Bal/l
Light color and glare ardisagreeablebut illumination is good.

Color is a bit whiter, plenty of light osidewalks;jt seemed odd to me that there was not
a section with LEDs thaittempted to match the normal lights.

Best |ighted area in this sectionéé
Overall, | like the color of the LEDs. If you turn the lights down for efficiency, you will
need to add pedestrian lighting to ttmmmercialarterials. Too dim in some cases.

| like this lighting the best.

It is a very comfortable brightness but the yellow of the light is a bit harsh.

Good overall lighting, feels safe.

And there was light!
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Ah! Light!

It seems like the lighting here is the same as it has always been.

This lighting £ems like normal, boring street lighting.

Some areas near apartment parking lots are dark. These areas are probably scary for
attractive women.

Writing in the back of this booklet sucks.

Lots of shadows on sidewalk, feels like it would be scary at night.

Not unfriendly, but not the most personable.

Some colors are easier to see than others yell/or = good, green not obvious.
Trees make lighting on street patchy lighting yellowish.

In the future, you should change the order of the test area pages in thet faroddse of
use. Oh and | like these lights a lot.

The wet streets don't have much impact on my impressions.

The bright porch lights on W side ofiBard HS were distracting and nosgide of pool.
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Appendix D: Product Specifications

Project name Type
Date Prepared by
Luminaire Lamp Optical system Voltage Options Finish

GPLM

Roadstar series B

G PLM 451/8" (1146 mm)

13 3/4" (349 mm)

47/8" (124 mm)

Voltage

Average System Max AC current
lumens*  watts (amps)** 0120 0208 0240 0277 0347 (0480

Includes surge protector | 0kY

O 105W79LED4K 8174 19 1.17
347 and 480 volt for 180W9BLED4K only
3 130W9BLED4K 10469 147 14
O I150W79LED4AK 9979 170 1.7 L i t.
= P -~ - uminaire optons

* Lumens for Type |l distribution. Consult photometric files for lumens of specific distributions.

¢ For 120 volt AC input BL Bubble level

€DMG Dynadimmer control

DMG  0-10 volt dimming-ready power supply

PH8  Photoelectric cell, twistlock type includes receptacle
RC Receptacle for a twist-lock photoelectric cell

Optical systems / LED

[ e e I

0O LE2 TYPE Il / Asymmetrical distribution or a shorting cap
O LE3 TYPE lll / Asymmetrical distribution 1 WPG Without protective grid
O LE4 TYPE IV / Asymmetrical distribution
O LEH2 Type ll/ Hyperextensive
O LEH3 Type lll / Hyperextensive Finishes
O LEH4 Type IV/ Hyperextensive
0O WH White O GY3  Medium Gray
BUG RATINGS 0 BK Black O NP Aluminum
WATTAGE O NF No finish
Distribution 105W79 130W98 I50W79
= CHuIE LHE LRt e Specifications subject to change without notice
LE3 B2U1G2 B2U2G2  BVUIG2 B2U2G2
LE4 B2U2G2 B2U2G2 B2U2G2 B2U2G2
LEH2 B2U3G2 B2U3G2 B2U3G2 B2U3G3
LEH3 B2U3G2 B2U3G2 B2U3G2 B2U3G3

- S pH I ll pS
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Lamp

Composed of high performance white LEDs. Color temperature of 4000
Kelvin nominal, 70 CRI. Ambient operating temperature range -40C
(40F) - 50C (122F). L70 lifetime of 70000 hours at 25C ambient. Use of
a metal core board insures greater heat transfer and longer lifespan of

the light engine.

Optical system

Composed of high performance collimators, optimized with varying
acrylic beam angles to achieve desired distribution. System is rated IP66.
Performance shall be tested per LM63 and LM79 (IESNA) certifying its

photometric performance. Dark sky compliant.

Surge protector

LED Driver 3 poles surge protectors and protect line-ground, line-
neutral, and neutral-ground in accordance with IEEE / ANSI C62.41.2
guidelines, Surge rating | OkV.

Driver

High power factor of 99%. electronic driver; operating rang 50-60 Hz.
Auto-adjusting to a voltage between 120v and 277 volt AC, Class |l
THD of 20%. Lamp starting capacity -40F (40C) degrees. Certified

in compliance to UL requirement.VVeather tightness rating IP66.
Assembled on a unitized removable tray with Tyco quick disconnect plug
located in a separate enclosure in order to protect from heat generated

by the LEDs.

The current supplying the LEDs will be reduced by the driver when a
temperature is exceeded as a protection to the LEDs and the electrical
components, Qutput is protected from short circuits, voltage overload

and current overload. Automatic recovery after correction.

Housing

The upper and lower part of the housing are made of die cast A360
Aluminum alloy 0.100 (2.5mm) minimum thickness. The mounting means
includes two brackets made of stamped galvanized steel (12ga.). Fits on
a |.9” (48mm) to 2 3/8” (60mm) OD by 7” (178mm) long tenon, fixed
by 1/2 13 UNC steel zinc plated bolts. An integral part of the housing
permits and adjustment of +/ 5°. The housing is complete with a secured
access door avoiding accidental dropping, a ground lug and a terminal

block that accepts (#8 max.) wires from the primary circuit.

Heat sink
Built in the upper housing, optimizing the LEDs efficiency and life.

©2010 Philips Roadway Lighting
All rights reserved.

PHILIPS

Document order number: GPLMTSIO0ROI

Product does not use any cooling device with moving parts (passive

cooling device).

Bird guard
Prevents birds from entering the luminaire. Made of high density

polyethylene 0.030 (0.8mm) thick and captive to the housing

Light engine
LifeLED composed of 4 main components: LED lamp / optical system /

heat sink / driver electrical components are RoHS compliant.

Wiring
Luminaire wiring is done using a terminal block located inside the

housing.

Hardware
All exposed screws shall be stainless steel with Ceramic primer-seal base
coat to reduce seizing of the parts. All seals and sealing devices are made

and/or lined with EPDM and/or silicone.

Finish

Application of a polyester powder coat paint. (4 mils/100 microns).
The chemical composition provides a highly durable UV and salt spray
resistant finish in accordance to the ASTM-BI 17-73 standard and
humidity proofin accordance to the ASTM-D2247-68 standard. The
specially formulated Lumital powder coat finish is available in white,
black, gray and bare.Additional colors are available. Consult factory for

complete specifications.

Vibration resistance
Meets the ANSI C136.31-2001 table 2, American National Standard
for Roadway Luminaire Vibration specifications for Bridge/overpass

applications.

Certification
CSA, UL or CUL. ISO 9001-2008.

Philips Roadway Lighting

10275 W. Higgins Road

Rosemont IL 60018

Tel: 847-390-5111 Fax: 847-332-0305

Customer Support/Technical Service: 847-390-5111
www.philips.com/roadwaylighting

A Division of Genlyte Thomas Group LLC
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Datasheet
Luminaire Controller m OW I e t

\
Storage temperature -20°Cto+70°C
Storage humidity (relative) 10% to 90 %
Operating Temperature (Ambient) -20°Cto+70°C
Operating humidity (relative) 10% to 90 %
Dimensions 114 mm x 92 mm x 42 mm (outside edge)

98,8 x92 x 42 mm

Weight 3904
Ingress protection class P44
Electrical protection class I
Housing material controller ABS
Related Voltage 230 VAC+109%/-15 %
Frequency 50/60 Hz
Supply and switched voltage (L) 10A fused
Impulse withstand voltage 4KV

Switched Output Voltage 230 VAC
Max. power 1100 VA (any type of ballast)
Relays Type Bistable; Zero crossing switch strategy

Switched Output Voltage 230 VAC
Max. current step down signal 10mA
Relays Type Bistable

Dim interface 0/1-10V DC polarity sensitive

Frequency 2.4 GHz (ISM Band; international) (2400 .. . 2483.5 MHz)
Channel 16 (dynamic)
Transmitting Power 2mW (Optional 10mW)
Pysical / Protocol IEEE 802.15.4 (2400 ... . 2483.5 MHz) ZigBee
Topology ZigBee Meshnet
230V 50/60Hz Baud rate 250 kbps
+10% -15%
Load EN 30148917/ EN61000-4
230V/1100 VA (max.)
EN 300328
Dimming Interface EN 60950-1
110N EN 61347211

Real Time Clock automatically synchronisation
Luminair Controller M-D 230V L(-5204-2230-2100-1100 el GGG TR %
1XEM;1xDO; 1xA0 (LC-MD EU1 024) ,‘E‘
Luminair Controller -M -8 230V 1C-5204-2230-2100-0110 S
TxEM;1xDO; 1xPC (LC-MB EUT 02A) :\
Luminair Controller -C-DALI 230V L(-5204-2230-2011-0100 3
1xCD;1xDO; TxDALI (LC-DAEUT 028) ‘,3‘

©O0WLET 11/2010 | Data subject tochange | www.owlet.de Owlet GmbH | Friedrich-Ebert-Str. 70 | DE 55130 Mainz Phone: +49 613197176 -0 | Fax: +49 613197176 -20 | www.owlet.de
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Datasheet
Segment Controller
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77 mm

Power ZigBee GSM

SeCo CPX4 LAN

SeCo CPX4 WLAN

SeCo CPX4 GPRS

SeCo CPX41P66 10 LAN

SeCo CPX41P66 10 GPRS

SeCo CPX41P66 10 3G

©O0WLET 11/2070 | Data subjecttochange | www.owlet.de

30V

Pl

30V

BV

30V

BV

18mm

5$C-0211-1230-0000-0000

5C-0211-1230-0000-0000

SC-0311-1230-0000-0000

$C-1011-1230-0000-0000

SC-1111-1230-0000-0000

$C-1211-1230-0000-0000

Endosure
Network Protocols
LEDs

Security
Real-Time Clock
Routing Features
VPN

Management

Industrial Protocol Support

AntennaTypes
Antenna Connector Type

Dimensions (L xW x H)

Y owlet

NEMA 4X/IP66 rated
UDP/TCP,DHCP

Ethernet status, power, cellular link/activity, signal strength
(5 bars), ZigBee link/activity

SSL tunnels, SSHv2, FIPS 197 (IPsec, HTTPS)
Yes
NAT, Port forwarding, Access control lists (IP filtering)

IPsec with IKE/ISAKMP; Multiple tunnel support;
DES, 3DES and up to 256-bit AES encryption;
VPN pass-through,

GRE forwarding

HTTP/HTTPS web interface, Password access control, IP service
port control, Optional secure enterprise management via iDigi
or Digi Connectware® Manager

Modbus bridge enables Modbus serial to Modbus/TCP
conversion Integrated Python code allows gateway to act as
Modbus client/master or Modbus server/slave Functions like
an Ethernet to serial bridge, but uses ZigBee to transport serial
data Handles unique timing issues per Modbus pratocol rules
Uses Modbus Unit ID to look up IP or mesh MAC address

IigBee/802.15.4 external antenna, Cellular: 2" dual band
dipole, magnetic mount

XBee: 1 x50 © SMA, male (on gateway), Cellular: 1x 50 Q
SMA, female (on gateway)

7.60inx5.63 inx 2.72in (193 mm x 143 mm x 69 mm) 3.10
1b(1.41kg)

Power Input Rating
Power Consumption
Surge Protection
Interfaces

Serial

UsB
Analog1/0

Ethernet

ZigBee/802.15.4

Cellular (via PCI Express Module)

90 - 254VAC
Approx. 15W
2kVburst (EFT) (with included power supply)

Software-selectable RS-232/485, screw terminal block
connection; Throughput up to 230 Kbps; Full signal support for
TXD, RXD, RTS, TS, DTR, DSR and DCD; Hardware and software
flow control

1 powered USB Type A connector (Host)

4 ports to connect sensors or other devices; Digital /0 option
available upon request

1RJ-45 port; Standard: IEEE 802.3; Physical Layer: 10/100Base-
T; Data rate: 10/100 Mbps (auto-sensing); Mode: full or half
duplex (auto-sensing)

XBee-PRO® module, 2.4 GHz

GSM/GPRS 2G (HSPA and EV-DO 3G modules can be suppor-
ted)

Operating Temperature
Relative Humidity
Ethernet Isolation

Serial Port Protection (ESD)

-300 Cto+700C(-22 F to +158 F) with selected PCle module
N/A — endosure is water-tight

1500VAC min per [EEE 802.3/ANSIX3.263

+15kV Air Gap and +8 kV contact discharge per IEC1000-4-2

Safety

Emissions/Immunity

Mabile Certifications (GSM/UMTS)

UL 60950, (SA 22.2 No.60950, EN60950

CE, FCCPart 15 (Class A), AS/NZS CISPR 22, EN55024, EN55022,
Class A

PTCRB, NAPRD.03, GCF-CC, R&TTE, EN 301 511

DS_CoCo_LuCo_10-0003

Owlet GmbH | Friedrich-Ebert-Str. 70 | DE 55130 Mainz Phone: +49 613197176 -0 | Fax: +49.613197176 -20 | www.owlet.de
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PHILIPS
ADVANCE LED-INTA-0024V-20-DL-O

Brand Name | XITANIUM
Description | 48W 24V 2.0A Dim

Input Voltage | 120~277V

Electrical Specifications Input Frequency | 50/60Hz

RoHS | Yes

Status | Active

Max. I Max. Mi
Output Output Output Tcase c"P:;t Input Inrush Max. Po": Surge
Power Voltage Current Max u(r;) Power Current THD Fa::ajn: Protection Weight iP
W) v) (A) W) | (Awls) | (%) (KY) (Lbs) | Rating
o 048 @ I20v
48 24.0 0.10~2.0 85°C 0.22 @ 277V 57 100/1200 20 0.9 3.0 2.8/1270 P66
Wiring Diagram Min. Min.
Dimming Output Output
Dimming Range Voltage Power
INPUT OUTPUT Mothon 0 ) )
BLACK RED (POSITIVE)
Ng LED 0-10v 15% ~100% 15.0~24.0 300
ware | DRVER
(NEUTRAL) BLUE (NEGATIVE)
| Enciosure
0-10V DIMMING

GRAY (NEGATIVE)

Input, Output and O-10V Dimming use lead-wires.
Lead-wires are 18AWG 105C/400V solid copper

Standard Lead Length

in. | cm.
Black 9 22
White 9 22
Blue ? 22
GREd Z gg in. (mm)
ray
Violet | o > Case Length | 8.38 (211.1)

Case Width | 2.35 (59.1)
Case Height | 1.47 (37.1)
Mounting Length | 9.0 (226.2)
Mounting Width 1.7 (42.9)

Maximum Wiring Distance (at full load)
Wire Size (AWG) Distance (feet)

;i 171 Overall Length | 9.54 (240.5)
22 18
20 29
18 45

16 71 )
: it N @& (€ Fos

10 300
UL Class 2 7310_S-000

E220165 3426-32

Revised 08/05/2010
PHILIPS LIGHTING N.A.
10275 WEST HIGGINS ROAD - ROSEMONT, IL 60018
Tel: 800-322-2086 - Fax: 888-423-1882 - www.philips.com/advance
Customer Support/Technical Service: 800-372-3331 - OEM Support: 866-915-5886
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Appendix E: Preliminary Luminaire Testing

Equipment Pretesting

The luminaire pole stands on a level surface offset in the measurement grid. The pole is fitted
with an attachment bracket for luminaires and the bracket can be adjusted based on the type of
luminaire. The LED luminaire was mounted at a height of 30 feet. The measurement grid

extends six meters (19.7 feet), behind 13 meters (42.7 feet) in front of, and 20 meters (65.6 feet)
to each side of the luminaire. This is a modification from the stdndaasurement technique
developed in IESTM-73 which specifies wheel path measurement only. The technique here
includes glare, light trespass and a more comprehensive pavement evaluation. This configuration
allowed the team to evaluate the backlight noteict ed at t he -sbddwagf ¢ ha
luminaire) as well as the light output to the roacksay d e ( t-side offihe lumiraiee).

Horizontal and vertical illuminance measurements were performed eméter spacing in the

test grid using Miolta T-10 illuminance meters. The data wasorded manually at each point

along the grid.

Horizontal measurements were taken with an illuminance meter on the pavement, facing up, at
two-meter spacing locations on the 20x40 meter grid. Vertical measotremere taken using

an illuminance meter affixed to a mobile cart, mounted 1.5 meters from groundHgynebds).

For the vertical measurements the meter was aimed along the roadway direction with the meter
facing the luminaire. This means that in tbp half of the grid the meter was aimed parallel to

the grid facing the bottom half of the grid and in the bottom of the grid, the meter was reversed
and facedowardthe top of grid, parallel to the grid.

Additional vertical measurements were recordeageach edge of the grid with the meter
aimed into the grid to estimate light trespass.
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Figure 45: Vertical illuminance meter on cart

The electrical power usage and the spectral power distribution of the sample luminaires were
also recordedA Yokogowa WT 110 power meter was used to measure electrical power usage
The spectral power distribution was measured using an Ocean Optics pdoaradiometer

with a Teflon integrating sphere acceptance optic.

Vertical llluminance

Each luminaire was evaluated at the VTTI laboratory in the grid environfignte46, shows
the vertical illuminance for the 4100K Type Il LED luminaire as an gtam

Clanton & Associates116



Visual Quality, Acuity, Community Acceptane&ED Streetlight Sources

Figure 46: 4100K Type Il Grid - Vertical llluminance

Hluminance (lux)

Distance (m)

Distance (m)

Vertical i1l uminance measurement gives an i
eyes 1.5 meters from the ground. Each measuremeites facing the direction of the
luminaireperthe orientation oFigure46, the vertical plane below the luminaire are facing up

the road and the vertical plane above the luminaire is facing.ddverroadside is the area to the

left of the luminaire ath the house side is the smaller area to the.rigtis measurement

provides information about both the ability of the luminaire to highlight objects and pedestrians
in the roadway as well as the glare experienced by a dfilierFederal Highway Adminisition
(FHWA) recommends 20 vertical lux in crosswalks for pedestrian detection; these values are
shown in the top half of the grid. The levels in the lower portion of the chart indicate light aimed
towarda driver and higher values in the lower part ofdghid indicate higher levels of glare

Though the legend indicates a possibility ofZ8Dlux, not all luminaires achieved this level

Each vertical illuminance figure, however, is derived using the scale necessary for the luminaire
that did provide 3@10lux levels. In the case of this 4100K luminaire, one can see the overall
uniformity of the output of the luminaire; howevé&igure47 shows the vertical illuminance grid

for the asymmetric luminaire.
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Figure 47. ASYM Grid - Vertical llluminance

pi—

14

Hluminance (lux)

10

6

W 30-40
20-30
m10-20

2

Distance (m) 5
6 m0-10

10

14

18

Distance (m)

Horizontal llluminance

Horizontal illuminance was also measured at the ground level at the VTTI Labofdi®y

measurement gives an indication of the distribution of the light actually reaching the ground. It
alsoshows the | evel of uni fThisdata provides the infamngatioh u mi n a |
required to assess the overall lighting of the roadway brightness of the road $tigfa48

andFigure49 show horizontal illuminance grids for the 4100K asgrametric luminaire.
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Figure 48. 4100K Type Il Grid - Horizontal llluminance

Hluminance (lux)

m 30-40
Distance (m) [m20-30
M 10-20

m0-10

‘— Luminaire

Distance (m)
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Figure 49. Asymmetric Grid - Horizontal Illuminance

Hluminance (lux)

m 30-40
Distance (m) 120-30
H10-20

m0-10

‘— Luminaire

Distance (m)

Table24pr ovides a summary of the il luminance mea:
noteworthy that the luminaires had very similar performance across the grid with the exception
of the asymmetric design where only one half of the test area was illuminated
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Table 24: Summary of Lab llluminance
Summary of Lab llluminance

4100K ASYM 3500K 5000K

HS SS HS SS HS SS HS SS

Average Vertical
Grid Illluminance 449 11.74 3.25 6.37 471 10.97 454 10.75
(lux)
Average Horizontal
Grid llluminance 4.83 9.83 3.80 7.25 5.03 9.48 4.73 9.25
(lux)

Max Grid Vertical

lluminance (lux) 24.76 20.93 27.40 21.62
Min Grid Vertical 0.57 0.29 0.67 0.59
llluminance (lux)

Max Grid Horizontal 28.74 32.20 27.41 26.05
llluminance (lux)

Min Grid Horizontal 0.62 0.19 0.64 0.76

llluminance (lux)

Note: HS = Hous&ide, SS = Streebide

Light Trespass

The level of light trespassing beyond the roadway to the ksidseof the luminaire was also

evaluated. This measurement is considered due wwotieern for light that is directed or
Aspilledd into areas where light is not inten
commercial locations)The llluminating Engineering Society recommends (IES-TMD0) the

following limitations on light trepass Table25).

Table 25: IES Light Trespass Limitations
IES Light Trespass Limitations

Environmental Pre-Curfew PostCurfew
Zone Limitations* Limitations*
El 1.0 (0.10) 0.0 (0.00)
E2 3.0 (0.30) 1.0 (0.10)
E3 8.0 (0.80) 3.0(0.30)
E4 15.0 (1.50) 6.0 (0.60)

Note:* Lux (foot-candles)
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Environmental Zone 3 is descr, goéidcoaesporgdetoer al |
the locations for this cobitaead style. Each of the luminaires was evaluateéde laboratory

setting for this factor on both the hotsde of the luminaire and what would be considered

beyond the intended reach of the luminaire on the ssidetof the luminairefFigure50 and

Figure51 show an example of the light trespass measured in the laboratory.Setenggures

represent house side, light trespass with the luminaire facing 6m out (5 meter overhang and 1
meter sidewalk).

Figure 50: 4100K - Light Trespass - House Side

&

House Side Light Trespass - Facing Luminaire 6m Out

IS

llluminance (lux)
L

=]
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Figure 51. 4100K - Light Trespass- Street Side
6

Street Side Light Trespass - Facing Luminaire 13m Out

"~

Hluminance (lux)
N w

0 T T T T T T T T T T T T T T T T T T T 1
18 16 14 12 10 8 6 4 2 0 2 4 6 8 10 12 14 16 18 20

Meters
. Luminaire

Table26 provides a summary of light trespass as evaluated in the laboratory.3éttirigused
theaverage to give a single value for each lumindireases o maximum value that is meant
to be a threshold, for example if light trespass is not allowed to ekgeddx behind the
luminaire, the value is listed as a maximum value in the table.
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Table 26. Summary of Dimming Pretesting

Dimming Illuminance (lux) % Light Output \ A w VA var PF deg.
0) 102.4 21.3 122.9 0.219 24.7 27| 10.§ 0.914 23.7
1 108.1 22.4 122.9 0.227 25.7] 279 10.9 0.921) 22.9
2| 171.4 35.5 121.9 0.323 37.9 39.3 11.4 0.957 17|
3| 237.1 49.1 122.1 0.431 51.2 52.4 12.1) 0.973 13.2
4 297 61.5 122.9 0.542 65.3 66.9 12.7 0.982 11
4100K 5| 354 73.7 122.9 0.657 79.7 80.9 13 0.987 9.3
6| 416 86.1 122.7 0.784 95.7 96.7 13.3 0.99 7.9
7| 468 96.9 123.7 0.907 110.9 1119 13.9 0.997 7.1
8| 483 100 123.7 0.934 114.9 115.4 14.1) 0.993 7|
9 483 100 122.2 0.947 114.9 115.4 13.9 0.993 6.8
10| 483 100 122 0.944 114.9 115.7 13.9 0.993 6.9
0| 132.4 21.4 123.2 0.22§ 25.6 279 11.3 0.914 23.3
1 1374 22.9 1239 0.237 26.4 28.7 111 0.921] 22.9
2| 215.94 35.3 123.5 0.324 38.3 40.1 11.7 0.95§ 17.1)
3| 298 48.7 123.4 0.431] 51.8 53.2 12.1) 0.974 13.1
4 374 61.1) 123.4 0.54 65.6 66.9 12.9 0.982 10.9
Asymmetric| 5| 448 73.2 122.7 0.659 79.8 80.9 12.5 0.989 8.9
6| 524 85.9 122.9 0.784 95.9 96.4 12.§ 0.991 7.5
7| 591) 96.9 122.5 0.909 110.4 111.4 12.9 0.993 6.7
8| 611) 99.9 122.4 0.944 115.2 116 12.9 0.994 6.4
9| 611) 99.9 122.9 0.944 115.3 116.1 13 0.994 6.5
10| 612 100 122.2 0.957] 115.5 116.2 13.1) 0.994 6.5
0) 96| 18.6 119.9 0.224 24.9 26.9 10.4 0.92 23.1
1 100.7 19.9 120.7 0.229 25.69 27.7 10.7 0.923 22.7]
2| 163.9 31.9 120.9 0.323 37.2 38.4 11.3 0.957 16.9
3| 233.4 45.2 120.4 0.424 50.2 51.5 115 0.974 13.1)
4 309 58.1 119.2 0.544 63.7 64.9 12.1) 0.983 10.7
3500K 5| 367] 71.1 119.9 0.66 77.7 78.6 12.1] 0.989 8.9
6| 438 84.9 119.4 0.793 93.7 94.9 12.4 0.991 7.6
7| 498 96.5 119.3 0.917 107.9 108.7 12.7 0.993 6.7
8| 516 100 118.9 0.952 112.7 1134 12.7 0.994 6.5
9 5117 100.7 120.1 0.953 112.7 113.4 12.9 0.994 6.5
10 514 100 120.]) 0.945 112.9 1139 13 0.993 6.6
0| 713 18.7 120.1 0.234 26| 28.1 10.9 0.923 22.7]
1 72.9 19.1 119.]) 0.239 26.4 28.5 10.7] 0.927 22.1
2| 118.4 31.1 119.2 0.333 37.9 39.5 11 0.94 16.2
3| 169.2 44.4 120.1 0.439 51.9 52.7 11.4 0.97§ 12.5
4 217.7 57.1 119 0.55§ 65.1) 66.2 119 0.984 10.4
5000K 5| 266 69.9 118.9 0.675 79.3 80.2 11.9 0.989 8.4
6) 319 83.7 1189 0.817 95.7 96.6 11§ 0.997 7.1
7| 362 95 118.9 0.931 110 110.4 12.1) 0.994 6.3
8| 379 99.5 120 0.967 115.3 116 12.2 0.995 6)
9| 380 99.7 119.9 0.967 115.9 116.3 12.2 0.994 6.1
10| 381 1009 118.9 0.979 115.4 116.3 12.9) 0.995 6)

Clanton & Associates124



Visual Quality, Acuity, Community Acceptane&ED Streetlight Sources

Vertical llluminance

Figure 52. 3500K Grid - Vertical llluminance
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Figure 53. 5000K Grid - Vertical llluminance
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Horizontal llluminance

Figure 54. 3500K Grid - Horizontal llluminance
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Figure 55. 5000K Grid - Horizontal llluminance
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Light Trespass

Figure 56. ASYM - Light Trespass- House Side
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Figure 57. ASYM - Light Trespass- Street Side
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Figure 58. 3500K - Light Trespass- House Side
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Figure 59. 3500K - Light Trespass- Street Side
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Figure 60. 5000K - Light Trespass- House Side

Visual Quality, Acuity, Community Acceptane&ED Streetlight Sources

6

House Side Light Trespass - Facing Luminaire 6m Out

I

N
Rt
o

Y
Vi

“

",
",
"\,
",
"\
"\
“
LY
,
e

“uy

Hluminance (lux)
o w

LY
/ ' %
- ",
-
e
;‘3‘
o
y
o ——
e e

18 16 14 12 10 8 6 4 2 0 2 4 6 8 10 12 14 16 18 20

. Luminaire

Meters

Figure 61. 5000K - Light Trespass- Street Side
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Appendix F: Luminance Calculations
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400 WHPS

— Excellence in lllumination
| 2 g 3 Engineering Software
P since 1984
I|ghhng soﬁwore www.agi32.com
by Lighting Analysts

sampie banet copyright 2006 Lighling Ancéyst, Ine

400 W HPS

General:

Roadway Standard: IES RP-8-2000
R-Table: R3 (Slightly Specular), Q0=0.07 Actual QO Value: 0.07

Roadway Layout:

Layout Type: Two Rows, Opposite, With Median; 2R _OPP w/M
Roadway Width: 30 ft

Median Width: 10 ft

Lanes In Direction Of Travel: 3

Driver's Side Of Roadway: Right

Label: OVF40SXX2D
Description: OVF40SXX2D

File Name: OVF40SXX2D.ies
Luminaire Arrangement: SINGLE
Arm Length: 6 ft

Lumens Per Lamp: 50000
Number Of Lamps: 1

Luminaire Lumens: 37171
Efficiency (%): 74

Luminaire Watts: 400

Total Light Loss Factor: 0.810

Luminaire Location Summary:
Coordinates in ft

Spacing - Row 1: 130
Spacing - Row 2: 130

Label X-Coord Y-Coord Z-Coord Orient P8 Spin
OVF40SXX2D 520 =g 30 90 0 0
OVF40SXX2D -260 =5 30 90 0 0
OVF40SXX2D =13 2 30 90 0 0
OVF40SXX2D 0 =3 30 90 0 0
OVF40SXX2D 130 =3 30 90 0 0
OVF40SXX2D 260 = 30 90 0 0
OVEF40SXX2D -390 =4 30 90 0 0
OVF40SXX2D 390 =3 30 90 0 0
OVF40SXX2D 520 73 30 270 0 0
OVF40SXX2D =260 73 30 270 0 0
1

1Gi32/Roadway Optimizer - Copyright 1999-2011 by Lighting Analysts, Inc.
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