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Abstract: To reduce traffic congestion in the United States, roadway maintenance and construction operations are widely performed
during nighttime hours. This makes visibility a critical issue as workers need to be visible to oncoming traffic and heavy equipment
operators in order to ensure their safety. A variety of high-visibility safety garments are available to increase the visibility of workers at
night. The study presented in this paper assesses some of these garments from the perspective of drivers. The approach adopted includes
the design of a field test setup in which eight safety garment assemblies were displayed in a replicated maintenance work zone. A video
was created for each safety garment assembly being worn by workers to capture the approaching view of a driver entering the work zone.
The videos were shown to drivers, who evaluated the visibility of the garments in pairwise comparisons. Two random effects binary probit
models were estimated. One model was used to understand the characteristics that would make it more likely that the subject could detect
a difference between a high-visibility vest used by the Indiana Department of Transportation workers and a competing assembly. The
amount of background and retroreflective material, the driver’s age, and the speed at they which they traveled through the work zone were
found to be significant in this model. A second model was a conditional one: given that a difference in garments could be detected, was
the competing garment assembly more or less visible than the current safety garment used by the Indiana Department of Transportation?
In this case, the mean and variance of the retroreflective material of the garment and the lighting in the work environment were found to
be significant.
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Introduction

A primary reason for nighttime highway construction and main-
tenance operations is to reduce the traffic congestion caused
by daytime road work due to lane closures �Arditi et al. 2005;
Rebholz et al. 2004�. However, additional problems related to
safety arise with the decision to work at night such as impaired
drivers, higher speeds, and visibility �U.S. Dept. of Transportation
�USDOT� and Federal Highway Administration �FHWA� 1998;
Arditi et al. 2005�. The problem of limited visibility during night-
time roadway operations can affect the project cost, work quality,

worker productivity, and worker and motorist safety. According to
Arditi et al. �2005� one of the primary causes of nighttime acci-
dents relates to worker visibility issues. Workers need to be vis-
ible to oncoming traffic and heavy equipment operators to ensure
the safety of both the workers and the motorists and to reduce
struck-by incidents �ANSI/ISEA 2004�. High-visibility safety gar-
ments have been developed to improve the visibility and safety of
workers at night.

The “American National Standard for High-Visibility Safety
Apparel and Headwear,” referred to as ANSI/ISEA 107-2004,
provides recommendations for the use, design, and testing of
high-visibility apparel. The standard defines three performance
classes for high-visibility apparel �Class 1, Class 2, and Class 3�
depending upon the minimum area of the materials to be included
in the safety garment. Class 1 garments are usually not recom-
mended for workers exposed to roadway traffic. The minimum
required amount of background material specified by ANSI/ISEA
107-2004 are 775 in.2 �0.50 m2� and 1,240 in.2 �0.80 m2� for
Class 2 and Class 3 safety garments, respectively. The minimum
required amounts of retroreflective or combined performance ma-
terial are 201 in.2 �0.13 m2� for Class 2 safety garments and
310 in.2 �0.20 m2� for Class 3 safety garments.

In November 2006, the Federal Highway Administration
�FHWA 2006� issued a new section in the Code of Federal Regu-
lations �CFR� entitled 23 CFR 634 Worker Visibility. In order to
decrease the likelihood of worker fatalities or injuries for both
daytime and nighttime operations, the new regulation required the
use of high-visibility safety apparel for workers who work within
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the federal-aid highway right-of-way and who are exposed either
to traffic or to construction equipment within the work area. It
provides specific requirements such as the use of garments with
ANSI/ISEA 107 Performance Class 2 or 3.

The performance of high-visibility garments during nighttime
hours has been evaluated in the past by determining the recogni-
tion distance �the distance between the subject and the point at
which the driver recognizes the presence of a subject�. Luoma et
al. �1995� studied the effects of retroreflector positioning on the
recognition of pedestrians. The study considered four retroreflec-
tor configurations �no retroreflectors, torso, wrists and ankles, and
major joints� on pedestrians who were located in different loca-
tions within the roadway. The evaluation included ANOVAs con-
sidering recognition distance, retroreflector position, and walking
direction. The study found that pedestrians with retroreflectors at
the major joints of their bodies had the greatest mean recognition
distance �249 m/817 ft�, followed by pedestrians with the material
at the wrists and ankles �241 m/790.5 ft�, torso �136 m/446 ft�,
and no retroreflectors �35 m/115 ft�.

Sayer et al. �2002� assessed the effects of color on the detec-
tion of pedestrians who were wearing different colors of retrore-
flective markings on the legs for normal and color deficient
drivers. Drivers sitting in the driver’s seat of a stationary automo-
bile observed a pedestrian walking along the road. The analysis
consisted of the modeling of detection distances as a function of
the specific intensity of the unit area of the colored retroreflective
markings and ANOVA. The effect of the participants’ ages was
not significant, but for persons with normal color vision, the color
of the retroreflective marking affected the distance at which the
pedestrian was detected.

Sayer and Mefford �2004a� assessed the attributes of 18 ret-
roreflective personal safety garments on pedestrian conspicuity at
night by having drivers passing through a replicated work zone
attempt to detect pedestrians. ANOVA was performed considering
factors such as detection distance, garment configuration, trim
color, trim intensity, and driver’s age. Class 3 jackets were sig-
nificantly more conspicuous than both the Class 3 or Class 2
vests. Younger drivers detected a pedestrian at significantly
greater distances than older drivers, but gender and retroreflectiv-
ity were not significant. A second study by Sayer and Mefford
�2004b� considered the detection distance, scene complexity, gar-
ment type �Class 3 jacket, Class 2 safety vest, and Class 2 vest
with sleeves�, and pedestrian orientation. That study found that
the garment type and pedestrian orientation relative to the driver
were not significant factors. Both the scene complexity and arm
motion did have significant impact on the results.

Arditi et al. �2004� evaluated six safety vests in highway work
zones by measuring their luminescence when they were displayed
in a work zone. The study involved the videotaping of the vests
and considered the luminance values of the safety vests, the vest
position within the work zone, and the vest face �front or side�. A
system was developed to perform a field test, calculate the lumi-
nance of the safety vests, and rank the safety vests according to
their luminance. Two of the vests that were very similar and
which had the largest amount of retroreflective material were su-
perior to the other vests, three of them orange and one of them
yellow.

Hirasawa et al. �2007� conducted an experiment in a replicated
work zone to determine the most recognizable uniform colors
�dark blue, red, yellow, and orange� as perceived by users during
the winter and autumn seasons in daytime hours, nighttime hours,
and at dusk. Two lighting conditions were evaluated at night
�spotlighting and balloon lighting�. The study compared the color

recognition distance and worker recognition distance for the dif-
ferent colors. The most recognizable colors were yellow during
daytime and orange at dusk and nighttime.

None of these previous studies integrated in their assessments
the combination of different high-visibility personal protective
equipment �PPE�, the perspective of drivers regarding the visibil-
ity of different PPE, and the features in a maintenance work zone.
This study is a new approach, which evaluates the visibility of
different safety garments combined in multiple assemblies. A field
test was designed to display different safety garments in a main-
tenance work zone and drivers evaluated the visibility of the gar-
ments. In order to evaluate the visibility of the safety garments, a
statistical analysis was performed considering the characteristics
of the garment and the driver.

Study Approach

This study sought to provide insight into the perceived visibility
of safety garments given certain characteristics of the drivers and
certain characteristics of the field test setup. The approach was
divided into four main phases: selection of the high-visibility gar-
ments and garment assemblies for testing, field test setup, percep-
tion of drivers regarding visibility, and the data analysis.

Selection of the High-Visibility Garments for Testing

Fourteen different types of high-visibility PPE, described in Table
1, were considered in this study, all of which were yellow-green
in color with white retroreflective material. The garments were
selected by personnel from the Indiana Department of Transpor-
tation �INDOT� and included weather-related safety garments,
safety pants, retroreflective bands, safety vests, and the safety vest
and safety t-shirt currently used by INDOT workers. Various co-
efficients of retroreflection �RA� measurements were taken for
each high-visibility PPE using a retroreflectometer. This coeffi-
cient with units specifies the amount of light that is retroreflected
for a given unit of light incident on a given area of the material
and the units are given by candelas per incident lux per square
meter �cd / lx /m2�. The measurements were taken at an angle of
incidence of 2°, which was used to simulate the observation angle
of the driver, and �4°, which was used to simulate the entrance
angle of the illumination. As shown in Fig. 1, the retroreflectivity
values were not uniform across the garments.

Eight assemblies were created by using two or more high-
visibility items: eight weather-related assemblies and eight gen-

Table 1. Description of High-Visibility PPE Used in the Study

Item
number PPE description

Amount of
retroreflective

material
�in.2 �cm2�/
front face�

Amount of
background

material
�in.2 �cm2�/
front face�

1 INDOT safety vest 132 �851.6� 467 �3,012.9�

2 Short sleeve safety vest 149 �861.3� 543 �3,503.2�

3 Breathable safety pants 96 �619.4� 876 �5,651.6�

4 High-visibility headgear 0 0

5 Arm and knee bands 42 �271� 0

6 Self-illuminated vest 136 �877.4� 614 �3,961.3�

7 High-visibility t-shirt 101 �651.6� 593 �3,825.8�

8 Mesh vest 112 �722.6� 538 �3,471.0�
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eral assemblies. Because the study focused on trying to improve
current safety garment practices, the statistical analysis was per-
formed considering only the eight general assemblies and the
safety vest currently used by INDOT �the composition of the
general assemblies is shown in Table 2�. The general assemblies
consisted of a main garment �safety vest� or a combination of a
main garment and secondary garments �safety pants, ankle ret-
roreflective strips, or wrist retroreflective strips�. The high-
visibility PPE assemblies met the minimum requirements for
Performance Classes 2 or 3 of the ANSI/ISEA 107-2004.

Design of the Field Test Setup

A maintenance work zone was selected as the basis for experi-
mentation. A nighttime maintenance crew working for INDOT
“set up” the field test site to replicate a typical maintenance work
zone that would be encountered on an interstate highway. The
layout of a maintenance work zone was used for the purpose of
creating the videos for data collection. The work zone was located
on I-74 in southeast Indianapolis between Exits 96 and 99. The
cones at the work zone were placed at every other skip of the
pavement markings. The work zone included the use of four
truck-mounted attenuators and typical signage for nighttime
maintenance operations. Fig. 2 shows the setup of this work zone.
In this scenario, a worker wore the high-visibility assemblies and
was videotaped in the active work zone in two different positions:

�1� facing the traffic and �2� facing away from the traffic. These
positions are typically assumed by workers in maintenance opera-
tions and were identified during prior visits to nighttime projects.

Once the field test was set up, a video camera was mounted on
the dashboard inside a passenger car. The research team passed
multiple times through the open lane of the work zone and re-
corded the approach view of the worker. The videos were re-
corded at 45 mph �72 kmh�, which is the posted work-zone speed
limit on Indiana’s interstates. During the time the videos were
being recorded, there were free flow traffic conditions on the
highway. A video was made for each assembly in both worker
positions for a total of 30 videos �15 assemblies, two positions�.
The purpose of this setup was to obtain an image similar to that
seen by drivers while passing through the work zone. The posi-
tion and angle of the camera were determined through initial trials
in a controlled environment. The video camera was centered be-
hind the automobile steering wheel and its shooting angle was
parallel to the work zone.

Because lighting can be a significant factor in the conspicuity
of high-visibility apparel, the amount of light in the active work
zone was measured in candles and lux using an electronic light
meter. During the test, the worker modeling the assemblies was
told to take a light reading by locating the light meter at the
middle of the garment view that was facing the traffic. The mea-
sures were taken to obtain a range of representative lighting levels
in the work zone when the test car was passing at two points
selected within the work zone to take the lighting measurements
�one a distance from the worker and one closer to the worker�.
These points were approximately located at 180 ft �55 m� and
1,000 �305 m� ft before the testing assembly. The car driver, using
a short wave radio, then informed the worker wearing the test
PPE when the automobile had reached the measurement point so
the worker would know when to record the light intensity.

Perspective of Drivers regarding Visibility
of the Garments

A questionnaire was developed to compare the visibility of the
different garments from the perspectives of drivers. In April 2007,
the surveys were distributed to different groups of Civil Engineer-
ing and Construction Engineering students at Purdue University.
Each video was approximately 7 s long and showed the last por-
tion of the work zone. In August 2007, the questionnaire was
distributed and the videos were shown to a group of INDOT
employees in the agency’s state headquarters.

Fig. 1. Retroreflectivity measurements �cd / lx /m2� for INDOT
safety-vest assembly

Table 2. Composition of PPE Assemblies

Assembly
number

High-visibility PPE item as shown in Table 1

1 2 3 4 5 6 7 8

1 �control� 3 3

2 3 3 3

3 3 3 3

4 3 3 3

5 3 3

6 3 3 3

7 3 3

8 3 3

9 3 3

Fig. 2. Test layout for data collection
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The survey included questions about the demographics and
other characteristics of the driver including factors such as age
and whether they wore contact lenses/glasses. In addition, the
participants made pairwise comparisons between the visibility of
each of the assemblies and that of the safety vest currently used
by INDOT to determine which of the assemblies shown in the
two videos were the most visible or if there was no difference in
their visibility. The high-visibility PPE currently used by INDOT
�shown in Fig. 1� is a yellow-green vest with a 4-in.-wide fluo-
rescent orange band with two strips of reflective silver material
spanning front to back over each shoulder and around the waist.
This safety vest was used as the standard for comparisons in the
driver visibility evaluations. The video of the INDOT safety vest
assembly was shown first in each of the comparisons. For each
comparison pair, the subjects were asked if the assembly in the
first video was more visible; if the assembly in the second video
was more visible; or if there was no difference in the visibility of
the two assemblies.

The dimensions of the background and reflective segments in
the garments were measured to calculate the area of background
material and retroreflective material for each garment. Variables
were created to represent the mean, standard deviation, and vari-
ance of these areas. Since the pairwise comparisons were made
between the INDOT safety vest and a competing assembly, the
difference between the amount of retroreflective and background
material �in.2 /cm2� in the two assemblies were used as variables.

Data Analysis

To analyze the data, two processes were considered in comparing
various assembly options with the current INDOT safety vest.
First, whether the subject could detect a difference between the
INDOT safety vest assembly and a competing assembly; and sec-
ond, if a difference could be detected, was the INDOT or a com-
peting assembly more visible. Different statistical models,
including the nested logit, multinomial logit, mixed logit, and
binary probit models, were used for the preliminary analysis of
the discrete data obtained from the survey �Table 3�.

A nested logit model groups alternate outcomes suspected of
sharing unobserved effects into nests. In this study, a nested logit
model was estimated considering the following main branches:
�Branch 1� no difference was found between the visibility levels
of the garments; and �Branch 2� a difference was found between
the visibility levels of the garments. From Branch �2�, two sub-
branches were defined: INDOT safety garment more visible and
�2� competing assembly more visible. In this case, the assumed
shared unobserved effects in the nest were not significant, sug-
gesting the model could be reduced to a simple multinomial logit
model. When estimating a multinomial logit model, three
probability-generating functions were defined for three discrete
outcomes: �1� no difference was found between the visibility lev-
els of the garments; �2� the INDOT safety garment was found to
be more visible; and �3� the competing assembly was found to be
more visible. However, the statistical performance of this model
in terms of the number of variables was found to be statistically
significant and the magnitude of log-likelihood at convergence
was not as good as the binary model eventually estimated. Fi-
nally, a mixed logit model was estimated with probability-
generating functions the same as those used in the multinomial
logit estimation. However, none of the estimated parameters were
found to vary significantly across the respondent population, thus,
suggesting that a mixed logit analysis was not warranted �see
McFadden and Train 2000; Milton et al. 2008�.

Table 3. Selected Subject and Experiment Sample Statistics for All the
Data

Variable Values

Percent male/female 73/27

Average age of drivers/standard
deviation/min/max

28.6/12.5/18/62

Average number of years with driver’s
license/standard deviation/min/max

11.4/11.4/0/44

Average mean of retroreflectivity of
main garment in cd / lx /m2/standard
deviation/min/max

451.2/42.2/410.3/554.4

Average mean of retroreflectivity
of secondary garment in
cd / lx /m2/standard deviation/variance/
min/max

213.8/225.37/0/530

Width of retroreflective strips in inches
min/max �cm�

1/2 �2.54/5.08�

Average of amount of retroreflective
material of main garment in
in.2/standard deviation/variance/min/
max �cm2�

126.2/18.4/100.5/149.0

�814.2/118.7/648.4/962.3�

Average of amount of retroreflective
material of secondary garment in
in.2/standard deviation/variance/min/
max �cm2�

34.7/39.5/0/96

�223.9/254.8/0/619.4�

Average of the total amount of
retroreflective material of the assembly
in in.2/standard deviation/variance/min/
max �cm2�

160.9/48.7/100.5/245

�1038/314.2/648.4/1580.7�

Average of amount of background
material of main garment in
in.2/standard deviation/variance/min/
max and in �cm2�

403.5/120.3/300.9/593.5

�2603.2/776.1/1941.3/3829�

Average of amount of background
material of secondary garment in
in.2/standard deviation/variance/min/
max �cm2�

220.2/380.3/0/876

�1420.6/2453.5/0/5651.6�

Average of the total amount of
background material of the assembly in
in.2/standard deviation/variance/min/
max �cm2�

623.7/337.8/300.9/1178

�4024/2179.4/1941.3/7600�

Orange fabric in in.2/standard deviation/
variance/min/max and in �cm2�

141.3/88.4/0/242.1

�911.6/570.3/0/1561.93�

Percent of drivers driving at night:
daily/weekly/monthly/3–4 times a
year/never/unsure �min, max�

43/51/4/0/0/2

�1,6�

Percent of drivers encountering a
nighttime work zone on highways:
daily/weekly/monthly/3–4 times a
year/never/unsure �min, max�

7/9/42/33/3/6

�1,6�

Speed in mph at which the subject
would drive through a nighttime work
zone if the speed limit is 45 mph �72
kmh� mean/standard deviation/min/max
�kmh�

49.7/6.0/37.5/70

�80/9.7/60.4/112.7�

Average lux at 180 ft �55 m� from the
assembly display/standard deviation/min/
max

4.54/2.89/1/18.45

Average lux at 1,000 ft �305 m� from
the assembly display/standard deviation/
min/max

3.93/1.61/0.84/5.92
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Given the preliminary statistical findings with regard to nested,
multinomial, and mixed logit models, binary outcome models
were estimated. Although a binary logit model was considered,
the binary probit model was selected because of the assumption
of normally distributed error terms �statistical results from the two
models were virtually identical�. To illustrate how the binary pro-
bit model was applied, consider whether or not the subject could
detect a difference between the INDOT safety vest assembly and
the competing assembly. The probability of detecting a difference
for each test i can be written as �see Washington et al. 2003�

Pi�D� = P��DXDi + �Di � �NDXNDi + �NDi� �1�

where �D and �ND=vectors of estimable parameters for differ-
ence and no-difference outcomes, respectively; XDi and XNDi

=vectors of observable characteristics that determine whether a
difference or no-difference �respectively� is indicated in test i.
The observable characteristics in this case are related to the char-
acteristics of the assembly, the subject, the video, and the display
room.

Following Washington et al. �2003�, to arrive at a binary probit
model, let �Di and �NDi be normally distributed with mean of 0,
variances �D

2 and �ND
2 , respectively, and with covariance �cov.

Rearranging terms, Eq. �1� becomes Pi�D�= P��DXDi−�NDXNDi

��NDi−�Di�. Because the subtraction of two normal variates also
produces a normally distributed variate, �NDi−�Di in this equation
is normally distributed with mean zero and variance �D

2 +�ND
2

−2�cov and the cumulative normal function is

Pi�D� =
1

�2�
�

−�

��DXDn−�NDXNDi�/�

exp�−
1

2
w2�dw �2�

With �� � being the standardized cumulative normal distribution
Eq. �2� can be written as

Pi�D� = ���DXDn − �NDXNDn

�
� �3�

where �= ��D
2 +�ND

2 −2�cov�0.5. The parameter vector ��� can be
estimated by maximum likelihood as

L = �
i=1

I

P�D�	DiP�ND�1−	Di �4�

where 	Di is equal to 1 if a difference is observed in test i and zero
otherwise; and I=total number of tests. This gives the log-
likelihood as

LL = �
i=1

I 		DiLN���DXDi − �NDXNDi

�
�

+ �1 − 	Di�LN���NDXNDi − �DXDi

�
�
 �5�

which is used to estimate parameter vectors in standard model
estimation packages. The same probit approach is used for the
conditional binary test outcome �conditioned on the fact that a
difference could be detected� of whether the INDOT or a compet-
ing assembly was more visible.

In the analysis undertaken here, survey subjects made multiple
comparisons that will likely share unobserved effects that can
result in the underestimation of the standard errors of the model’s
parameters �see Washington et al. 2003�. This situation can result
in inflated t statistics, potentially misleading levels of signifi-
cance, and possible biases in parameter estimates. These problems
can be addressed with a random effects model that adds a nor-

mally distributed individual-specific error term for each subject k
�
k� to account for the shared unobserved effects in addition to
the traditional disturbance term of each observation �see Shafiza-
deh and Mannering 2006�. In this case, Eq. �1� can be rewritten as

Pi�D� = P��DXDi + �Dn + �

k � �NDXNDi + �NDi + �

k� �6�

where 
k is normally distributed with the mean zero and the vari-
ance one for subject k; and the term �
=an estimable parameter.
The development of an estimable model from this equation fol-
lows the process in Eqs. �2�–�5� above. Note that the statistical
significance of �
 determines whether the random effects are sig-
nificant in the model. In addition, a likelihood ratio test can be
used determine if the random effects provide a statistically supe-
rior model �see Washington et al., 2003�. The likelihood ratio test
statistic is given by

� = − 2�LL��NR� − LL��R�� �7�

where LL��A�=log-likelihood at convergence of the nonrandom
effects model; and LL��B�=log-likelihood at convergence of the
random effects model. The �2 statistic is distributed with degrees
of freedom equal to the difference in the number of parameters
between the unrestricted and restricted model.

Finally, to determine the impact of the variables on the out-
come probabilities, the average marginal effects are computed
�averaged over all observations�. For continuous variables, the
marginal effects are computed from the partial derivatives and are
interpreted as the effect that a change in one unit in the indepen-
dent variable will have on the outcome probability. For example,
a marginal effect of �0.25 implies that a unit change in that
variable will decrease the probability of outcome occurrence 0.25.
For indicator variables, the marginal effects are computed as the
difference in the estimated probabilities with the indicator vari-
able changing from zero to one �see Washington et al., 2003�. It
should be noted that marginal effects assume a change only in the
variable under consideration. There is often correlation in the el-
ements of the vector X �as defined in Eq. �1�� so some caution
should be exercised in interpreting reported marginal effects.

Model Estimation Results: Difference versus
No Difference

All estimated parameters included in the model are statistically
significant and the signs are plausible. The sample contained 676
observations �subject binary-comparison tests�. The model esti-
mates the probability that a driver will find a visibility difference
between the garments being compared, given the non-INDOT
assembly-related characteristics and the drivers’ characteristics.
The model estimation results and marginal effects are shown in
Table 4. In this table, a positive sign in the parameter means that
an increase in the value of the variable or a value of 1 for the
indicator variables will make the driver more likely to find a
difference in the visibility of the garments being compared.

The garment-related characteristics were found to be signifi-
cant. The higher the difference between the amounts of retrore-
flective material of the garments being compared, the more likely
it was that a driver found a difference between the visibility of the
INDOT safety vest assembly and that of the competing assembly.
Arditi et al. �2004� found that two of the garments that did not
have the largest amount of retroreflective material were found to
be superior when analyzing the luminescence of the retroreflec-
tive material in the garments. Our finding suggests that the greater
the difference between the area of retroreflective material on the
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garment, the more visible the driver will find the garment when
comparing two assemblies. The marginal effects indicate that in-
creasing the area of the competing assembly’s retroreflective ma-
terial by 100 in.2 �254 cm2� will increase the probability of
finding a difference between the garments by 0.21.

In the same way, the greater the difference between the
amounts of background material in the INDOT safety vest and the
competing assembly, the more likely it was that a difference was
noticed between the garments’ visibility levels. The marginal ef-
fects indicate that increasing the area of the competing assembly’s
background material by 100 in.2 �254 cm2� will increase the prob-
ability of finding a difference between the garments by 0.01. This
shows that the amount of background material is significant but
less influential than the amount of retroreflective material. How-
ever, the tradeoff between the amount of material used for the
garment and the comfort of the roadway worker must be consid-
ered. For instance, at high temperatures, increasing the amount of
background material can increase the level of discomfort to the
worker, resulting in decreased productivity and reduced safety for
the worker.

Higher values in the speed at which the driver would drive
through a work zone indicate that it is less likely that respondents
will find a difference between the INDOT safety garment and a
competing assembly. This finding may reflect that the attention of
drivers and their detection of workers in the work zone may be
compromised when drivers travel at higher speeds. In a study by
Valentin �2007�, drivers mentioned that when passing through
a work zone, they would drive over the speed limit �45 mph/72
kmh� both when they think there are not workers �65 mph/105
kmh� in the work zone and when there are workers �55 mph/89
kmh�. The marginal effects show that a 1 mph �1.6 kmh� increase
in speed reduces the probability that a difference will be found
by 0.01.

The drivers’ related characteristics were also found to be sig-
nificant in this model. Drivers over 55 years of age were less
likely to find a difference between the INDOT garment and the
competing assembly. A driver older than 55, therefore, will de-
crease the probability of finding a difference between the INDOT
driver and the competing assembly by 0.169.

Finally, as previously mentioned, the respondents made mul-
tiple comparisons that are likely to share the unobserved effects,
and the significance of the random effects parameter ��
�, with a
t statistic of 3.187 indicates that the random effects element of the

model is warranted. This is also supported by the likelihood ratio
test �see Eq. �7�� that showed that the hypothesis that the binary
probit model with random effects the binary probit without ran-
dom effects were the same could be rejected with more than
99.9% confidence.

Model Estimation Results: Competing Assembly
versus INDOT Safety Vest

The second model estimated considered only tests where the sub-
jects indicated that they could tell the difference between a com-
peting garment and the INDOT garment. Given that a difference
was noted, we sought to understand the factors that make the
competing assembly garment more or less visible than the current
safety garment used by INDOT �there were 387 tests in which
subjects indicated that they detected a difference�. Table 5 shows
the results of the random effects binary probit model estimation,
which predicts if a driver will find the competing assembly or the
INDOT assembly more visible. All of the estimated parameters
included in the model are statistically significant at a 95% confi-
dence level and the signs are plausible.

The garment-related characteristics were found to be signifi-
cant for this model as well. However, in this case the amount of
the retroreflective or background material was not found to be
significant.

Higher mean values for the competing assembly’s retroreflec-
tivity indicate that it is more likely for a driver to choose the
competing assembly safety vest as being more visible �relative to
the INDOT assembly�. This finding suggests, as expected, that
garments with higher intensities in its retroreflective values are
more visible to drivers than those with lower intensities. Also,
higher values in the variance of the retroreflectivity values of the
secondary garments make it more likely that a driver will find the
competing assembly vest more visible. This finding may indicate
that differences in the retroreflectivity values are needed to make
the worker more visible and detectable and to ensure the worker
does not blend with inanimate objects.

The lighting at the site was a very significant variable. The
higher the intensity of light, the more likely it was that the drivers
chose the competing assembly safety vest as the more visible
garment. This suggests that the competing assemblies performed
increasingly better than the INDOT assembly as lighting im-

Table 4. Random Effects Binary Probit Model: “Difference” or “No Difference” between the Visibility of the INDOT Safety-Vest Assembly versus a
Competing Assemblya

Independent variable
Parameter
estimate t-statistic

Marginal
effect

Constant 2.168 4.06 —

Difference between the amount of retroreflective material �in.2� of
competing assembly and INDOT safety-vest assembly

0.0071 3.95 0.0021

Difference between the amount of background material �in.2� of
competing assembly and INDOT safety-vest assembly

0.0004 1.40 0.0001

Speed �mph� at which the subject would drive through a nighttime
work zone if the speed limit is 45 mph

�0.0336 �3.24 �0.010

Drivers who are older than 55 years �0.567 �2.46 �0.169

Random effect parameter �
 0.168 3.19 —

Number of observations 676

Initial log-likelihood �402.45

Log-likelihood at convergence �363.22


2 0.097
aDiscrete outcomes are the following: �1� differences detected or �2� no difference detected. All parameter estimates are for the difference-detected option.
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proved �changes in lighting can be produced by the headlights of
passing vehicles and by changes in weather conditions�. Thus, the
selection of an effective assembly is sensitive to ambient lighting.

Finally, as in the previous model, the random effects parameter
��
� was significant with a t-statistic of 2.655, indicating that the
random effects element of the model was warranted. This is also
supported by the likelihood ratio test that again showed that the
hypothesis that the binary probit model with random effects and
the binary probit without random effects were the same could be
rejected with more than 99.9% confidence.

Conclusions

The visibility of workers during nighttime roadwork operations is
crucial to ensure safety. A testing procedure to compare the vis-
ibility of different types of high-visibility PPE is described in this
paper. The procedure begins with an assessment of different types
of safety garments and includes retroreflectivity values in the
analysis and considers the characteristics of the driver and the
work environment.

This paper described the feasibility of using a binary probit
model with random effects for determining the characteristics that
influence, in a pairwise comparison, the selection of a PPE assem-
bly as the more visible assembly. The statistical analysis identified
the characteristics of the garments that could improve worker
visibility; for example, a garment with higher retroreflectivity and
higher variance in the retroreflectivity would be more likely to be
seen than the currently used INDOT garment. In addition, if a
secondary item �such as safety pants or retroreflective bands� is
used, its retroreflectivity variance should be low compared to the
main garment. These findings can be used when developing strat-
egies to improve the visibility of workers. The application of this
statistical method can be used to further evaluate the garments
used by other state departments of transportation and to improve
current practices related to safety garment selection for nighttime
roadway operations.

This study used a setup for a single maintenance nighttime
work zone. However, other than the changing traffic in a work
zone throughout the night, the study did not consider variations in
the use of different lighting equipment, which could affect the
visibility of the garments, as well as variations in the complexity
of the surrounding environment that could be addressed by using
additional sites. The consideration of these factors could be a
fruitful direction for future research.
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