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This paper is concerned with the photogrammetric technique utilized to 
measure traffic kinematics of interest in an investigation of the effects 
of environmental conditions (weather and illumination) on a ramp driv
er's decisions to accept or reject a mainstream gap. A ramp providing 
access to the Long Island Expressway West in New York City was se
lected as the study site. Photographs were taken from the roof of a 
nearby apartment building using 2 Mitchell NC 35-mm motion picture 
cameras equipped with stop motion motors, set to run at a rate of 2 
frames ptl1' 1:>tlc.:uml. Thtl phulu c.:uurdinales of each of the vehicles im
aged on each photograph were measured at the Pictorial Data Trans
ducer and transformed to ground coordinates. These ground coordinates, 
in turn, were used to calculate vehicle length, the spacing between suc
ce55ive vehicles on each pholograph, aml U1tl vduc.:ily uf tlac.:h vtlhidtl 
that appeared on 2 successive photographs. A total of approximately 
3,400 vehicle trajectories were computed and filed in the data bank for 
the ensuing gap acceptance/rejection analyses. Although no precise in
formation is available as to the overall error derived from the operator, 
the reduction system, and the transformation methods, analysis of the 
trajectory data indicates the error in the computed position of a vehicle 
for any given frame averages approximately ±2. 5 ft. Trajectory smooth
ing was utilized to provide better estimates of vehicle positions. 

•FREEWAY CONGESTION that results from peak traffic demands has become a wide
spread problem in all large metropolitan areas and is becoming increasingly critical 
as the demand for freeway travel continues to outstrip new construction. It is essential 
that maximum operational capacity of existing systems be obtained. Ramp metering 
devices to adjust entrance ramp traffic volumes to the available expressway capacity 
have been in operation for several years in Chicago, Detroit, and Houston. The initial 
ramp metering devices utilized a simple fixed-cycle traffic signal to control the rate of 
traffic entering the expressway. Some of the more advanced devices are responsive to 
measured macroscopic expressway traffic conditions (usually volume). 

The research and development of merging control systems have now progressed to 
the point where sophisticated combinations of mathematical models and adaptive control 
technology are being applied in hopes of further increasing the operational effectiveness. 
"Traffic-responsive" systems promise greater efficiency, but their effectiveness will 
be a function of the compatibility between the control logic and the driver's risk-taking 
behavior. 

Identification of relevant environmental factors, establishment of the relationships 
that exist between them and driver risk-taking strategies, and isolation of the time
space dynamics that can be measured efficiently for real-time control are a few of the 
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parameters that must be quantified before traffic-responsive control systems can be 
developed. 
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To this end, a study entitled "Environmental Requirements for Merging Control 
Systems" is being conducted by HRB-Singer, Inc., under the sponsorship of the U.S. 
Department of Transportation, Federal Highway Administration, Bureau of Public Roads. 
More specifically, the purpose of this study is to investigate the effects of environment 
conditions (weather and illumination) on a ramp driver's decision to accept or reject a 
mainstream gap. The methodology employed relies on an assessment of the degree of 
correlation between gap acceptance/rejection and psychologically effective measures of 
gap size. Although these psychological gap sizes are subjective, they are defined by a 
series of alternative mathematical expressions involving observable vehicle kinematics 
that are available to the driver at the point in time where he is required to render a de
cision to merge or not to merge. 

This paper is concerned with the photogrammetric techniques utilized to measure the 
traffic kinematics in a manner appropriate for the mathematical expressions utilized in 
the gap acceptance/rejection analyses. 

OBJECTIVES AND PROCEDURES 

Objectives 

The study involves a comparison of gap acceptance/ rejection under varying environ
mental conditions. The 4 "conditions" of interest can be visualized as the cells of a 2 
by 2 matrix, with day versus night as one axis and wet versus dry as the other. In es
sence, then, it was necessary to collect all the physical situational data that might 
psychologically affect the decision of the driver of a vehicle entering from the ramp to 
accept a mainstream gap or not. As an integral part of the study consisted of the deter
mination of which factors do affect the driver's decision, one of the initial project tasks 
was to develop a comprehensive list of alternative expressions for "g," the subjective 
gap size or index of acceptability of a gap, that might be critical to the decision reached 
by the ramp driver. In all, 43 expressions were developed and are being evaluated. 
For illustrative purposes, a few of these expressions are as follows: 

D(i) 

VD(i) 

G(i) 

D(i) [V F(i) - VR + 100J 

LD(i) 

[vLD(i) - VR + 100] 

D(i) o. 75 + [vD(i) - vR] 

[Vn(i) - VR + 100] 19 

The inputs for all of the 43 expressions can be evaluated from the measures shown in 
Figure 1. 

For any time, t, the basic measures that follow were either recorded directly or 
calculated. 

1. XRF (i) longitudinal coordinate of ramp vehicle, front; 
2. XRR(i) longitudinal coordinate of ramp vehicle, rear; 
3. XLR(i) longitudinal coordinate of lane vehicle, rear; 
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Figure 1. Schematic of typical vehicle configuration showing single ramp 
vehicle and basic measures used to formulate g expressions. 

4. XLF(i) longitudinal coordinate of lane vehicle, front; 
5. LR(i) length of ramp vehicle i; 
A J •L(i) length of lane vehicle i; 
7. VL{i) velocity of lane vehicle i; 
8. VR(i) velocity of ramp vehicle i; 
9. Gi = XLR(i) - XLF(i+l) distance headway between any 2 lane vehicles; 

10. Hi= Gi - LR distance headway less length of ramp vehicle at decision point; 
11. LDi = XLF(i) - XRF(i) lead distance in whi ch XLF(i) is downstream of XRF(i)i 
12. Di = XRF(i} - XLF(i) lag distance in which XLF (i) is upstl·eam of XRF(i)i and 
13. F(i) following vehic1e. 

Hence, the basic problem was to derive these measures for each of the 4 environ
mental conditions, i.e., day-dry, night-dry, day-wet, and night-wet. 

Site Selection Criteria 

The process of choosing study locations for any field study effort is nearly always 
difficult, requiring the considered, but always compromised, matching of the experi
mental ideal with the physical limitations imposed by reality. In this particular effort, 
the site selection criteria fell into 3 main sets: geometric, operations, and photographic. 

Geometric Criteria-In terms of physical restrictions placed by these criteria on the 
final selection of the study site, considerations of geometry were the least consequential. 
The conceptual design of the study did not call for a large sample of ramp designs and, 
therefore, any ramp that met certain minimum specifications could be expected to dis
play "typical" merging behavior within the construct of the study. 

OpAratinnal Criterfa-'rhe operational r.harar.teriRtir.R rArJ.nirerl nf thA r::imp-frAAway 
complex were related to traffic volumes on the main stream and ramp, and the require
ment that no anomalous conditions affect flow in the vicinity of the site (i.e., no con
struction or detours) . 

Photographic Criteria-The conceptual study design requirements dictated a unique 
and rather stringent set of photographic criteria. Inasmuch as three-quarters of the 
data were to be collected under low illumination and/or inclement weather, the use of 
conventional aerial photography was precluded. The area coverage requirements, which 
extend considerable distances both up and downstream from the ramp nose, ruled out 
ground level photography. Hence, a fixed, elevated vantage point was required. The 
prime selection criterion, then, was the presence of such a vantage point, such as a 
Lall building in close proximity to the ramp. Correlary requirements were :is follows: 
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1. View of the entire site from the vantage point had to be virtually unobstructed. 
2. The relative position of ramp and building could not introduce large distortions 

due to camera angle; i.e ., obliqueness should be minimized to enhance photographic 
measurements. 

3. The distance from the ramp to the building was constrained by the requirement 
to have as few cameras as possible while maintaining a scale such that measurement of 
the photographs was feasible. 

4. "Appropriate" light conditions (i.e., "night" and "day") had to occur at the same 
hour of the day as a function of seasonal and time system change so that traffic charac
teristics would be similar under both conditions. Thus, a study site was required such 
that the study area would be in daylight in the summer at approximately 6 p.m. daylight 
saving time, and dark in the late fall at 6 p.m. standard time. 

Characteristics of Selected Site 

Freeways in Chicago, Detroit, Boston, and New York City were visited and surveyed 
for appropriate sites. As might be expected, very few ramps that satisfied the combined 
conditions outlined were found. The site finally selected was a ramp on the Long Island 
Expressway . This ramp provides access to the Long Island Expressway West from the 
North Service Road at a point between 99th Street and Junction Boulevard. The study 
site is shown in Figures 2 and 3. The characteristics are as follows: 

Geometr ic -Ramp angle is 8½ deg; acceleration lane is 554 ft long; acceleration lane 
is parallel to main roadway; grade of ramp and main roadway is nearly flat; main road 
up and downstream from ramp is on a tangent; and ramp is on a tangent. 

Operations - Traffic volume is approximately 1,500 vph in each lane of the main 
stream; ramp volume is approximately 225 vph; no construction, rerouting, or other 
anomalous condition was present; and these conditions were met at the appropriate time 
of day . 

Photographic-Apartment building downstream from ramp nose provided r equi red 
photographic observation post. View of ramp and mainstr eam was free from permanent 
obstructions (minor problems of masking by large commercial vehicles did occur). 
Downstream view was adequate and ramp and upstream view were oblique but tolerable. 
Distance from building to ramp and acceleration lane was such that 2 camera set-ups 
provided adequate coverage. Ramp and merge area were illuminated at night by 400 
watt, mercury-vapor luminaires, mounted 30 ft above the road. Distance between light 
standards varied from 65 to 220 ft. Sun angle was appropriate. Time/seasonal varia
tion was as desired. 

Figure 2. Upstream view of study site in daylight. Figure 3. Downstream view of study site in daylight. 
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DATA COLLECTION 

Time 

As indicated earlier, the selection of the data collection time period was of concern 
because the design of the study required both day and night data. In addition, it was 
necessary that the driver population be relatively constaJ_lt (i.e., it would not be desir
able to have rush-hour traffic in the day condition and not at night). Further the time 
selected had to span a period when the prevailing conditions met the operational criteria 
The time period selected as satisfying the requirements was from 5:30 to 6:30 p.m. in 
May, June, July, and August for "day" and during November, December, January, and 
February for "night'.' 

Equipment 

The camera system employed in the majority of the data collection effort consisted 
of 2 Mitchell NC 35-mm motion picture cameras equipped with stop motion motors, set 
to run at a rate of 2 frames per second. Shutter synchronization was achieved by setting 
each camera's shutter manually to the same starting position. The cameras' motors 
were then started simultaneously by means of a common start switch. Shutter speed 
was set at \li.oo sec. Lenses were 18.5-mm wide-angle Angnieux f/2.2. Figure 4 shows 
the placement of the cameras on the roof. 

Film 

Of necessity, prevailing light conditions varied widely among the 1 do.to. collection 
"treatment" conditions, ranging from normal daylight through heavy, cloud-obscured 
sun, to the absence of any sunlight. This necessitated the use of 3 different lypes oI 
film, depending on the existing ambient light conditions . The following summarizes 
treatment conditions, film types, and processing specifications: 

Condition 

Day-dry 
Day-wet 
Night-dry /wet 

Film Type 

Kodak double X 
Kodak four X 
Kodak 2475 
Recording 

Processing 

Effective ASA 320 
Effective ASA 600 
Rated ASA 400 
Revised to ASA 12 50 

Remarks 

Large grain 
but acceptable 

DATA REDUCTION 

Reduction Device 

The photographic data were reduced to numerical data (to allow evaluation of the 
space-time relationships) through the use of the P ictorial Data Transducer (PDT), an 
optical-comparator device. This device was interfaced with a Model 026 card punch. 
Normal machine functions were retained making it possible to use the card-punch key-

Figure 4. View of the upstream (on left) and 
downstream (on right) camera positions. 

board for identification purposes. More
over, the duplication function of the machine 
rcmo.incd intact, allowing quick and effi
cient correction of punehiug; e1·1·u1·1,;. 

Operator Procedures 

Vehicle position data were taken on 
every photographic frame, i. e., at half
second intervals. The positional informa
tion obtained consisted of the locution of 
all outside lane vehicles and ramp vehicles 
within camera view. No positional infor
mation was taken on vehicles in the middle 
or inside lanes because the study was 
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concerned only with the ramp vehicle's m;u:ge into the outside lane. Moreover, frames 
were skipped if all vehicles on the ramp had merged. 

Vehicle numbers were assigned as a vehicle entered the camera's view either on the 
ramp or in the outside lane and were carried through from the upstream view to the 
downstream view in order to keep track of the vehicle and to facilitate the integration 
of the 2 views into one data record. Other identification data assigned to a vehicle were 
a number indicating whether it was a lane or a ramp vehicle (1 or 2 respectively); ve
hicle type identification (1 for passenger, 2 for commercial); and whether the vehicle 
data position was taken on the corner of the left front bumper, 1, or the corner of the 
left rear bumper, 2. In those cases in which a vehicle was hidden behind another ve
hicle, an estimated point was taken, and the data acquisition identifier was a 3, thereby 
flagging the need for replacement by an interpolated point. 

To indicate merging by a ramp vehicle, the lane designation of a ramp vehicle was 
changed from a 2 to a 1 when its left front wheel crossed the lane divider line. It was 
felt that this point in time indicated encroachment into the next lane and signaled a 
driver's intention to merge. 

Positional data were also taken within each photographic frame on 3 fixed reference 
points used for translating a "data" frame's points to a "map" frame for transposition 
to ground coordinates. 

Determination of Ground Coordinates of Vehicles 

The photo coordinates of each of the vehicles imaged on each photograph were trans
formed to ground coordinates. These ground coordinates, in turn, were used to calcu
late the spacing between successive vehicles on each photograph, and the velocity of 
each vehicle that appeared on 2 successive photographs. 

The ramp and section of highway adjacent to it are essentially flat; i.e., the pave
ment surfaces can be considered to lie in a single plane. Because the photographs are 
also planar, transformation equations based on the projectivity between 2 planes can be 
utilized. The transformation equations used are as follows: 

= a:1'-p + b2Yp + c2 
dxp = eyp + 1 

where Xa and YG are ground coordinates, Xp and Yp are photo coordinates, and a1, b1, 
c1, a2, b2, c2, d, and e are the 8 required transformation coefficients. The space orien
tation, origin position, and scales of the ground coordinate and photo coordinate systems 
may be completely arbitrary (the coordinate systems must be rectangular, however). 

The projectivity between the 2 planes (photograph and ground) is uniquely determined 
if the 8 coefficients are known. The determination of these 8 quantities requires at least 
4 pairs of equations of the type shown. This equation system can be solved if the photo 
coordinates and ground coordinates of 4 points are known. These points, which for this 
study were objects on the ground in the area of interest (lamp post bases, storm sewer 
grates, and the like) and identifiable on the photographs, are commonly referred to as 
"ground control points." 

After the coefficients of the transformation equations have been computed, utilizing 
the ground control points, the expressions may be used for computing ground coordi
nates for the vehicles from their respective photo coordinates. 

(An intermediate step was employed to minimize the PDT operators' time. On the 
data frames the operators read 3 reference points in the area of the photograph that 
covered the ramp-expressway complex. A simple rotation/translation transformation 
was then used to transform the coordinates measured on the data frames to map frames 
on which were measured the 3 reference points and the 4 ground control points.) 
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PDT and Operat or Accuracy 

It is believed that the measurement of photo coordinates is the largest single source 
of error in the ground coordinate determination procedure. The method used for check
ing operator accuracy during data reduction was independent of ground measurements 
and was considered entirely from the standpoint of PDT encoder output units. The dis
tances between the 3 reference points used on each photograph were calculated from the 
measured coordinates and noted in output units. The means and the standard deviations 
for each difference for an operator's group of frames were then calculated. An operator 
taking repeated positional measurements on a "clearly defined" point in the projected 
image could reliably locate the point with ±3 output units. (One output unit corresponds 
to approximately 0.000078 in. of travel on the film plane.) However, there is a distinct 
difference between testing for optimal accuracy and reducing a mass of data of average 
photo quality over long periods of time. In general, a standard deviation of ±15 units 
in the distance between reference points was obtained for the "data" photographs . 

Operator accuracy , as discussed here, is in relation to PDT output units only. In 
the upstream view, on reference points near the entrance to the ramp, the conversion 
scale is 0.19 ft or 2.3 in. per PDT measurement unit. These points were furthest from 
the camera. For points at the other encl of the upstream view, the scale conversion 
values were 0.02 ft or 0.24 in. per PDT unit. In terms of ground position error, then, 
±15 PDT units means ±2.8 ft on the ground in the worst case, and ±0.30 ft at the near 
end of the photo coverage. The scale values obtained for points on the downstream 
photos near the end of the acceleration lane (furthest point from the camer a) were ap
proximately 0.06 ft (0. 72 in.) per PDT unit on the X-axis of the expressway (i.e., along 
the road) . Seo.le vuluco for reference point~ near the 1: .:inu:>1·::i ::irP. ::;imilar to those ob
tained for near points on the upstream camera, i.e . , 0.02 ft (U.24 in.) per unit. Using 
these values , in U1e worst case ±15 PDT units correspond to +0.90 ft in ground distance 
and, in the other case, ±0.30 ft along the road. 

Error Considerations 

Although a detailed error analysis has not been made, it is reasonable to expect that 
the errors in the ground coor dinates of the vehicles, as determined thr ough this trans
form ~U on pror.e.rlm·P., will be somewhat lar ger , but not appreciably. Identification of 
the "measured point" on the vehicle (left corner of the front bumper) is not significantly 
more difficult than identification of the ground control points on the photographs, and 
hence errors in the measurement of the photo coordinates should be of comparable 
accuracy. 

It is recognized that all vehicle bumpers are not at the same elevation above· the 
roadway, and, hence, all vehicle points do not lie in a true plane. However, in velocity 
computations, the resultant errors will be very nearly self-canceling (i.e., the errors 
in the X- and Y -ground coo1·dlnates of the vehicle w· J1 be nea.l'ly equal in magnitude and 
direction in both photographs and, therefore, the change in ground coordinates from one 
photograph to the other will be essentially correct). In spacing calculations, the error 
will exist but will be of such magnitude that it will not materially affect the computation 
of the spacing between successive vehicles. 

VEHlCL.I!: TRAJECTORIES 

The data reduction procedure provides for the transformation of measured photo co
ordinates to ground positions. The transformation is such that the X-axis of the ground 
coordinate system is parallel to the centerline of the freeway. Because the angle be
tween the ramp and the freeway is small, the X-ground coordinates of vehicles on the 
ramp can also be used to define their positions. As lateral position (within a lane) is 
not of concern in this study, the Y -ground coordinates can be dropped as they will not 
enter any of the ensuing analyses. 

Each vehicle carries an identifying number. Hence , the position (relative to a line 
parallel to the centerline of the freeway) of each vehicle is known every time it appears 
on a photograph. As the time interval between photographs is known, it is possible to 



construct a time-space trajectory for each vehicle through the length of freeway (and 
ramp) under observation. This collection of time-space trajectories constitutes the 
data base from which the gap acceptance/rejection analyses are made. 
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The velocity of a vehicle may be determined by noting its change in position from 
photograph ~o photograph, as the time base is lmown. The spacing between any 2 ve
hicles, at a given time, may be determined by noting the differences in their X-ground 
coordinates or positions on a given photograph. 

Inaccuracies in the computed trajectories will occur because of mistakes in observa
tions and incorrect measurements and operations. The first type, mistakes in obser
vations, derive from 2 principal sources: mis-identification of vehicles, and loss of 
image of a vehicle (e.g., vehicle of interest hidden behind a large truck) on a specific 
photograph or series of photographs. This latter mistake is beyond the control of the 
photo coordinate reader, of course, and is due to the fact that oblique photography had 
to be used. In order to enter the identification number for a vehicle so hidden, the op
erator of the coordinate reading device was instructed to enter a fictitious position co
ordinate. When these coordinates are later used to establish ground positions, erratic 
trajectories result. By computing the velocity of each vehicle over each half-second 
interval, and then comparing consecutive velocities, rough estimates of the acceleration 
rates can be obtained. Limits are set for the maximum possible acceleration (decelera
tion) values to be expected in traffic operations. When these limits are exceeded, the 
computer rejects the specific vehicle position(s) creating these unrealistic conditions 
and inserts a new coordinate for that vehicle so that a relatively smooth trajectory is 
obtained through the ''bad" photograph or series of photographs. These changes are 
noted and are part of the computer printout. 

Minor erraticisms still remain in the trajectories after the elimination of the gross 
errors mentioned. The solid line in Figure 5 represents a plot of values of velocity 
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Figure 5. Single vehicle trajectory (before and after smoothing) . 
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computed over consecutive half-second intervals over a total time period of 15 seconds 
(for a single vehicle) . Note that although the trend is fairly obvious and reasonable, the 
acceleration/ deceleration pattern represented by these values is quite erratic. In fact, 
it is still beyond the physical capabilities of any standard vehicle, as the limits set in 
the initial smoothing are quite broad. This erratic velocity pattern is caused by incor
rect measurements and operations. The principal sources of these errors are lens and 
film distortions; simplifying assumptions in the transformation procedure; operator er
rors in the measurement of the photo coordinates of the ground control points and the 
vehicles themselves; slight variations in the vertical and horizontal alignment of the 
freeway and ramp; and basic inaccuracies (least count limitations) of the coordinate 
measuring device . Some of these errors are systematic (e.g., lens distortions, road
way alignment variations, and minor errors introduced through simplifying assumptions 
in the transformation procedure) and could be eliminated through calibration and correc
tion equations. However, the development of the required equations would be expensive, 
and the resultant improvement would not be significant. As discussed previously, the 
overriding limitation in the data reduction system is the pointing ability of the operators 
of the photo coordinate reading device. Errors from this source are random in nature , 
and although the magnitude of such errors can be determined , correction is not possible . 

In the ensuing analyses of gap acceptance criteria, only a few discrete points from 
any one trajectory will be utilized. In order that errors in the spacings and relative 
velocities of vehicles of interest do not obliterate gap acceptance relationships that may 
exist, it is imperative that the "most probable" values of velocities and positions at the 
specific times of interest be utilized. Hence, a trajectory-smoothing operation was 
carried out before further analys;ei;;. 

As noted before, collectively, the raw data shown in Figure 5 present a reasonably 
clear indication of the velocity pattern of the vehicle. For any given half-second in
terval, however , the unadjusted velocity value may be considerably in error. H the 
information available from the overall pattern is synthesized through a curve-smoothing 
technique, a reasonable value may be estimated for each half-second interval. The 
technique utilized here calls for replacing the velocity value al any given half second 
by a new value obtained as follows: 

Vi-2 + 2Vi-1 + 3V1 + 2Vt+l + Vt+2 
Via= ----------------

where 

Via = adjusted value of the velocity at interval i, and 
Vi-2 = initial value of the velocity 2 intervals before i, and so on. 

The results of this smoothing technique for the vehicle shown in Figure 5 are indicated 
by the dashed line. The technique for smoothing the velocity trajectories was carried 
out on all trajectories within the data bank before the trajectory data were used as in
put to the gap acceptance relationship analyses. 

RESULTS 

The basic measures used to formulate the g-expressions (shown in Fig. 1) can be 
c.lel'ivec.l frum U1e ::;muuU1eu l1:ajecto1·ies. The accuracy has been determined to be ouit • 
able for the analyses to be performed, and the methodology has been successfully 
established. 

From the photos available to date, covering a total time period of 4 hours, a total 
of approximately 3,400 trajectories have been constructed and filed in the data bank. 

In essence, the position of each vehicle at ½ -second intervals for the total period 
of time it was within the field of view of either camera (a total travel distance of 900 
ft) has been determined. From these data, velocities of individual vehicles and relative 
velocities and spacings between sets of vehicles can be easily determined. In addition, 
the length of each vehicle is also available. 

Although no precise information is available as to the overall error del'lved from 
the operator, the reduction system, and the transformation methods, trajectory data 
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indicate the error in the computed position of a vehicle for any given frame averages 
approximately ±2.5 ft. Occasional gross errors were also noted from the trajectory 
output and are a result of a number of factors, e.g., random PDT errors (dropped 
digits), misidentification of vehicles, estimated positions of hidden vehicles, and film 
distortion. Trajectory smoothing was utilized to remove the gross errors and minor 
erraticisms, thereby providing better estimates of vehicles' positions for the gap 
acceptance/rejection analyses to follow. 




