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Abstract This paper outlines the preliminary application of a quantitative method
for assessing field of view using spherical projections of categorical visual infor-
mation overlaid by occlusion maps based on vehicle geometry. The project goal
was to quantitatively assess not only where a vehicle operator can see but what
visual information is available in the operator’s field of view. By creating a driving
environment dataset coded for visual information, we can indicate the probability of
a type of visual information appearing in the operator’s field of view in a given
vehicle. Next, we overlay probability maps with vehicle and operator eye
height-specific occlusion maps, giving us a quantitative representation of visible
information. This method was applied to three vehicles: a midsized sedan, a
light-duty pickup truck, and a full-sized pickup truck using eye heights corre-
sponding to those of 5th percentile females, 50th percentile females, 50th percentile
males, and 95th percentile males.
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1 Introduction

A key aspect of task performance when operating a vehicle is the ability of the
occupant to sense task-relevant visual information in the driving environment.
Current methods for quantitatively evaluating field of view in manned ground
vehicles allow researchers to assess where operators are likely to look and where
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they are able to see [1, 2]. Recent techniques for evaluation of field of view for
manned ground vehicles include the spherical projection of Ray and Teizer [3] and
the masking technique of Bostelman et al. [4]. Ray and Teizer’s technique pre-
sented an automated method for calculating blind spots in construction vehicles. To
do this, the cabin or the exterior of the construction equipment was scanned. From
these scans, they created a point cloud representation of the equipment, resulting in
a map for measuring blind spots. Bostleman et al. developed a masking technique in
which they manually masked digital panoramas in a photo editor, giving a repre-
sentation of what can be seen from the given eye height position. In addition to
using scans of vehicles, CAD models can be used for evaluation of field of view
[1, 2].

It is intuitive to assume that the less visual information occluded by vehicle
geometry, the better able to safely and effectively operate a vehicle one will be.
However, this does not account for where in the field of view task-relevant visual
information will appear. Using their volumetric technique, Cook et al. demonstrated
that a line of cyclists could easily be obscured in a certain location near a com-
mercial vehicle [5]. This type of additional test of whether critical visual infor-
mation is occluded by vehicle geometry is necessary as a vehicle design with
quantitatively greater field of view as determined by analysis of a spherical or
cylindrical projection may not be safer or more effective if what is visible is
irrelevant to the operator’s task.

In this paper, we present an initial application of a proposed method for evaluating
the occlusion of task-relevant visual information. The authors are unaware of other
methods for quantitatively determining the likelihood that general task-relevant visual
information will be visible or occluded by vehicle geometry. We have addressed
this by creating probability maps of specific categories of visual information for
comparison with maps of the occlusion of the visual field by vehicle geometry.

2 Methods

2.1 Task-Specific Visual Information

As previously mentioned, one of the primary goals of this project was the devel-
opment of a quantitative method for assessing the probability that certain
task-specific visual information would appear in the driving environment and where
in the operator’s field of view that information would likely be present. To address
this need, we created a driving environment database using 360°, panoramic, static
images. Locations were sampled using GIS software that randomly selected latitude
and longitude points within the boundaries of the top 25 most populous cities in the
continental United States as defined by US census shapefiles [6]. Images for
selected locations were acquired from an online mapping service.

Once acquired, these images were individually coded using digital editing
software for the appearance of eight visual information categories relevant to
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various ground vehicle operator tasks. The current analysis addresses only three of
the eight layers: roadway surfaces, navigation signs, and road side vehicles. The
roadway surfaces layer includes drivable roadway surfaces (paved or otherwise). It
does not include driveways, parking lots, or other drivable surfaces. The navigation
sign layer include all indicators of appropriate traffic behavior visible to the driver.
These include, but are not limited to speed limit signs, stop signs, traffic cones, and
traffic lights. Road side vehicles include all vehicles stopped on or near roadways
and certain areas that they may appear: parked cars, parking lots, driveways, and
other vehicle entrances to non-roadway areas.

2.2 Occlusion Maps

As mentioned briefly in Sect. 1, Bostelman et al. developed a physical method for
creating panoramic occlusion maps [4]. Using “a standard Red, Green, Blue
(RGB) camera and a motorized camera mount,” they obtained images from the
driver’s perspective in construction equipment, stitched the images into panoramas,
and then manually masked the appropriate regions of the stitched panoramas. Our
own researchers mounted a smartphone on a tripod situated at approximate eye
points for various vehicles and collected panoramic images using a commercially
available application. The portions of the vehicles obscuring the outside environ-
ment in the flattened versions of these panoramas were then manually masked. In
this way, we were able to create occlusion maps of physical vehicles to compare to
our digital models.

Moller and Trumbore [7] developed an algorithm for determining the intersec-
tion of rays and triangles. Lagae and Dutré [8] built upon this foundation to develop
an efficient test for the intersection of rays and convex quadrilaterals which
determines whether intersections exist at all before trying to determine their precise
locations. In order to create digital occlusion maps, we employed a modified ver-
sion of the raytracing method on vehicle models with triangular meshes and a
modified version of the methods on vehicle models with quadrilateral meshes [7, §].
By sending rays from approximate eye locations, we were thus able to render fields
of view as spherical projections. When flattened, the images on these spheres
became our digital occlusion maps. Figure 1 depicts a digitally rendered occlusion
map for an artist’s recreation of a manned ground vehicle.

At this point, our analysis is roughly equivalent to [2]. We can calculate the
percentage of the field of view that is visible or occluded by the vehicle geometry.
However, as pointed out previously, this analysis treats the entire potential visual
field equally and does not address where task-relevant visual information is more or
less likely to appear.

Vehicles We selected three vehicles representative of commercially available
vehicle classes: a full size pickup, a light-duty pickup, and a midsized sedan. We
acquired 3D artist representations of vehicles with geometry based on scan data.
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Fig. 1 Example of digitally rendered panoramic occlusion

Our primary calculations of field of view are based on the 3D digital models of
these vehicles (see Fig. 2). As described previously, we assessed the validity of the
selected digital models, by ensuring that the artistic renderings were accurate in
scale and design by comparing them to published vehicle dimensions and com-
paring with physical vehicles using the masking technique of [4].

Occupants Using SAE anthropometric standards, we calculated approximate eye
points for 5th percentile female, 50th percentile female, 50th percentile male and
95th percentile male. These eye heights were chosen to give a range of possible eye
heights from small to large. Vehicle reference points (Ball of Foot Reference Point
[BOFRP], Seating Reference Point [SgRP], Accelerator Heel Point [AHP], and
derived variables [L1, L6, H8, H30, and W20]) were estimated using a simulated
H-point device placed relative to the driver’s seat of the 3D model. B was set to the
default estimated value of 12.0.

Fig. 2 Rendering of the three 3D models selected for the current study
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Fig. 3 Visualization of an overlay of occlusion map for the full sized pickup truck on the
navigation sign. Red indicates occluded information. White indicates visible information

2.3 Figures

In the next step of our analysis, we overlay the coded visual information maps from
our driving environment dataset with the generated vehicle occlusion maps.
Figure 3 provides a visual representation of this overlay. Visual inspection of the
overlay provides an impression of the quantity of visual information occluded and
by what vehicle geometry.

A quantitative assessment of the quality of the field of view for specific task-
relevant information can be calculated by determining the percentage of available
visual information that is not occluded by the vehicle geometry. We calculated the
percentage of visual information available for the three vehicles (full-size pickup,
light-duty pick-up, and four-door sedan) at each eye point (5 % female, 50 %
female, 50 % male, 95 % male) for each map of task-relevant visual information
(roadway surfaces, navigation signs, and roadside vehicles).

3 Results

The analysis of visibility of roadway surfaces reveals that a very small percentage
(0.5-4.5 %) of the total potentially visible roadway surface is not occluded by the
vehicle geometry (see Fig. 4). This is not surprising considering that our current
analysis evaluates the field of view as a sphere surrounding the operator. While the
total potential visible information may be larger than necessary for the current case,
the analysis reveals relative differences in visibility not related to the fact that most
of the roadway surface is beneath the vehicle. The visibility of roadway surface to
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Roadway Surfaces
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Fig. 4 Comparison of visibility of roadway surfaces by vehicle and eye height

operators of the full size pickup truck (0.5-2.3 %) is approximately 1/3 to 1/2 of the
visibility for the pickup truck (1.6—4.3 %) and the sedan (1.7-4.5 %) depending on
the height of the operator. Roadway surface visibility increases almost linearly with
height. There appears to be no difference in visibility between the light-duty pickup
and the sedan.

The visibility of navigation signs for an operator of the full size pickup truck
ranges from 23 to 32 % (see Fig. 5). Navigation sign visibility increases almost
linearly with height for the full size pickup truck operator. However, while visibility
of navigation signs for an operator of both the light-duty pickup truck and sedan are

Navigation Signs
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Fig. 5 Comparison of visibility of roadside vehicles by vehicle and eye height
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Roadside Vehicles
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Fig. 6 Comparison of visibility of roadside vehicles by vehicle and eye height

higher than visibility from the full size pickup, visibility does not increase with
height.

The visibility of roadside vehicles has a similar profile to the visibility of
roadway surfaces (see Fig. 6). Visibility increases linearly with occupant height
for all three vehicles. The full-size pickup truck again has the lowest visibility
(13-27 %) of the vehicles. However, unlike the visibility of navigation signs and
roadway surfaces, the light-duty pickup truck demonstrates consistently lower
visibility of roadside vehicles compared to the sedan.

4 Conclusions

This initial analysis indicates relatively poorer performance of a full size pickup
truck than a light-duty pickup truck and a sedan. Visibility from the full size pickup
truck consistently increases as the height of the operator increases. Flat, superior
visibility, as seen for the light-duty pickup truck and sedan for navigation signs,
may indicate superior vehicle design to accommodate occupants of varying heights.

The current analysis assessed visibility for three types of visual information. The
value of multiple visual information maps is dependent on differences existing in
the distribution of task-relevant visual information across the field of view. As
demonstrated here, while the relative visibility from the three vehicles was similar
across all three maps, there are sufficient differences between the three selected
information maps to reveal potentially meaningful differences in the vehicle
designs.

The results of the application of this preliminary method demonstrated an
extended quantitative analysis of what task-relevant visual information is occluded
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by vehicle geometry. The analysis demonstrates differences in field of view across
three vehicle models representative of commercially available equipment. The
quantitative and task-specific nature of the analysis will allow the analysis tool,
following additional development, to provide insights into the impact of vehicle
design decisions on the vehicle operator’s ability to perceive critical visual
information.

4.1 Limitations

Because this is a preliminary application of a new method, there are several limi-
tations worth noting and addressing in future research. One significant issue in our
analysis is the need to determine an appropriate field of view for analysis. While the
analysis of visibility of roadway surfaces allows a comparison of relative perfor-
mance across the three vehicles, it is difficult to interpret actual visibility of visual
information due to the inclusion of visual information that can reasonably be
expected to be occluded in all vehicles (i.e., the road beneath the vehicle). This also
applies to the inclusion of portions of the sky above the vehicle that, while
potentially visible through a sunroof, are unlikely to be the source of visual
information critical to the operator’s task. However, there are potentially cases
where these areas of the field of view are critically relevant. For example, forklift or
crane operation may benefit from visibility of overhead portions of the field of
view. Similarly, the current analysis does not account for the normal, forward-
facing orientation of the human head and weighs visual information available from
the side and rear windows as having the same relevance as information available
from the front. We expect our next steps in developing this tool will include
determining appropriate areas of analysis and providing a method for defining those
areas.

An additional concern is the impact of the source of our driving environment
database. The cameras used to capture the panoramic source images are not located
at eye height and we do not have 3D data associated with the images. In practice,
the result is that the visual information maps do not perfectly reflect the location of
visual information for a vehicle operator. Future work will be necessary to deter-
mine the impact of the difference in camera height and operator height and to
determine potential methods for adjusting the results.

Also related to the driving environment database is the time investment neces-
sary to construct the data sets. Many hours were spent manually coding panoramic
images of randomly selected locations for the categories of visual information of
interest. Generating databases of additional locations or different categories of
visual information will require significant investments of time. We are currently
undertaking generation of an extended number of datasets and assessing potential
for generating representative datasets through simulation.
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