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From the viewpoint of the change in state of traffic flow, the hysteresis
loops observed support the notion of a special traffic density brea@oiﬁt in the
density space, On the other hand, the point of a change in state suggests that
in order to change from one state of flow to another, extra energy is needed to
make the transition. This is hypothesized as the reason why the density recovers

at a point and stays there.

CONCLUSIONS

As a result of the analysis of the urbé,n freeway data used in this study, the

following findings can be stated:

1, After a queue of vehicles is released from jam conditions, the traffic
stream does not immediatély recover at the same rate with density as
it entered the jam. The distribution of velocities before and affer
maximum density is reached exhibits different patterns. The temporary
lag and resulting traffic density loop is termed traffic hysteresis;

- 2. The point of fuli energy recovery with reéara to the hysteresis loop
coincides With the point which represents the change from sta‘ble flow
to forced flow condifions, |

The above findings are based on an empiriqal investigation. The results

obtained point to the need of continued work toward the understanding of the
behavior of traffic queues, The concept of energy transfer before and after jam

conditions needs fo be explored.
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ENERGY CHANGE: A MEASURE OF THE

QUALITY OF FREEWAY TRAFFIC

INTRODUCTION

The importance of developing a better understanding of the "quality of
traffic flow" has long been recognized. The need for developing measures
aimed at increasing the efficiency of the highway t{ransportation system makes
an understanding of the basic elements affecting the quality of flow essential.
This is currently true for urban freeway systems. Freeway control systems
are now being developed and, consequently, the development of accurate and
reliable parameters for measuring the quality of freeway flow is becoming
increasingly urgent.

Considerable work has beén done in attempting to define the quality of
traffic service. The more common parameters used as measures of traffic
service are safety, time, cost, comfort, and convenience, Dealing with these
parameters on an individual basis poses no major problems. Such past attempts
have been quite successful. However, the development of a measure which
jointly takes all or several of the parameters into consideration has proven to be
a very difficult task. One problem is determining how much weight each of the
measures should be given, In addition, there is the problen of finding a relation-

ship between the combined weighting factor and different operating conditions.
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The necessity for developing joint parameters lies in the fact that the individual
factors are not independent of one another and that a given parameter may be
appropriate for only one type of traffic operation,

Past studies of the car-following situation reveal that acceleration (positive
or negative) of a vehicle is considered to be the major response to traffic gnd
roadway environmental conditions. Thus it is no surprise that acceleration
noise has been used as a measure of the quality of traffic flow. Acceleration or
deceleration can be viewed as the result of power output or energy absorbing
ability of a vehicle. In this context then it is suggested that energy change (i.e.,
change in kinetic energy) may prove to be a valuable parameter for describing

trafiic flow. This concept of energy change will be explored in the succeeding

paragraphs,

THEORETICAL CONSIDERATIONS

From the basic equation of motion, the kinetic energy, E, of a vehicle with

mags, m, moving with a velocity, v, is given by the following'expression:

_ 1 9
E——Emv

Differentiating this equation with respect to time yields:

dE ___ dv
a ™ FE

=mva

where a = acceleration = g—%
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Since m is a constant in the above expression, it is seen that a change in
energy is directly proportional o the product term, v-a. That is, energy
change is proportional to acceleration which is modified by the velocity term.

Due to the inherent capabilities of motor vehicles, excess power used fo
accelerate a vehicle decreases with an increase in speed, When high gear is
engaged, a vehicle has less power to accelerate than when acéelerating from low
or second gear. On the other hand, deceleration is primarily affected by the
friction developed between tires and roadway in addition to that obtained through
a particular gear, It is to be noted that both factors are affected by velocity.
Thus, for identical roadway and traffic conditions, lower acceleration and
deceleration values are obtained for- high speed traffic than for low speed traffic,

Now if acceleration were modified by velocity, in the form of v*a, then
this might tend to .compensate the biased effect that velocity has on acceleration.
At this point it seems reasonable that using the product of velocity and accelefa-
tion rather than acceleration alone to describe a vehicle's response to the
environment would yield more valuable information,

| A parameter similar to that of acceleration noise is proposed for empirical
investigation. The theoretical basis of the parameter is its use of the product
term, v'a. Since the idea originated from the notion of the time-rate of energy
change, the parameter will be termed Energy-change Noise.

Energy-change Noise is defined as the standard deviation of the changes in

energy of a vehicle as it travels through a section of roadway, Mathematically,

this can be expressed as:

323



Nol—

(q;v, - _v)a:'

e

G * ["nL
i
where ¢, = energy-change noise
n = number of energy changes measured
a; = measured acceleration values

v; = measured velocity values

av = mean value of the ajvi's.

EXPERIMENTAL ANALYSIS

By means of aerial photography, a single vehicle's position in space and in
time was recorded as thé vehicle traveled on a section of urban freeway during
rush hours, The vehicle's velocity and the square of its velocity (which is
'directly proportional to the kinetic energy of the vehicle) were computed at one-
second time intervals, Figure 5.28 illustrates the speed and energy variations
with time together with the vehicle's trajectory.

For the same vehicle, chax_lges in velocity and changes in energy on a time
basis were computed and are plotted in Figure 5.29. lThe patterns of the time
variations of velocity and energy are quite similar., The only significant difference
between the two patterns is in mag;nitudef It is observed that acceleration has
relatively high values at low speeds whereas energy-change has relatively low
values at low speeds. The near-identical variation patterns of the two parameters
suggest that both reveal the same type of information about the environment.
However, the effect of 'velocity suggests that these two parameters may have

different applications for different speed ranges. More will be said about this later.
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As discussed previously, acceleration or deceleration decreases with an
increase in velocity. Acceleration-velocity relationships can easily be obtained .
by direct measurement. Such relationships can readily be found in the literature.
A typical acceleration-velocity plot for a passenger car is shown in Figure 5.30.
In addition, the Figure shows such plots for various types of vehicles.

The experimental plots in Figure 5.30 suggest that under normal accelerating
conditions acceleratioﬁ and velocity are linearly related. ‘Though data are not
available for supporting the idea, it is also believed that maximum acceleration
and velocity are linearly related in a decreasing manner. Thus, in any case,
aceeleration has less range to vary at high speeds than at low speeds. Figure
5.31 illustrates that under actual freeway operating conditions, the accelerating
range decreased as velocif;y increased,’

Maximum values of acceleration and deceleration do not generally occur
under normal operating coﬁditions. For this reason, average values of accelera-
tion and deceleration obtained during peak hour freeway operations were analyzed
to determine their biasness, if any, with velocity. Vehicle velocities were
grouped in intervals of 10 feet per gecond rahging from 0 to 100 feet per second.
For each speed interval, the average acceleration and the average deceleration
values were computed. These means are plotted against velocity in Figure 5.32.
In addition, leasf square lines were fitted to the data. The biasing influence of
velocity on mean acceleration and mean deceleration can'easily be noticed.

Acceleration noise is defined as the standard deviation of all the measured

acceleration and deceleration values exhibited by a vehicle traveling on a section
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of roadway, High acceleration or deceleration values contribute more to the
caleulated value of acceleration noise than low values of acceleration or decel-
aration due to the fact that the standard deviation is based on the square of the
deviations. Therefore, the biased acceleration values have yet a greater effect
on the acceleration noise parameter than that due to velocity alone,

Baged on the preceding paragraphs, the hypothesis can be made thaf accelera-
tion is linearly related to velocity. Accepting this hypothesis, the relationship
between energy-change and velocity is the symmetrical parabola given in Figure
5.33. Based on actual.data, the relationship between energy-change and velocity
assumes a semi-parabolic shape as shown in Figure 5.34.

In intervals of 10 feet per second, average energy-change values for a group
of vehicles were computed and are plotted against velocity in Figure 5.35. Both
least square lines and curves fitted by eye are shown.

From both theoretical and empirical approaches, if is evident that energy-
change, like acceleration noise, is biased with velocity. However, velocity has
very little eﬁeet on energy~change in the neighborhood of one-half maximum
velocity. Considering the maximum velocity of an average vehicle to be 110 mph,
then 55 mph would represent that velocity at which energy-change would least be
affected. This speed is close to the actual mean speed of vehicles tra\}eling ona
controlled-access freeway (say maximum speed limit of 70 mph and minimum
speed limit of 40 mph). The identification of the speed range over which energy-

change would be a less biased measure than acceleration will now be of concern.
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Determining the speed range will be done solely on a comparative basis using
acceleration as reference.

As previously stated, a linear acceleration-velocity relationship implies a
parabolic relationship between energy-change and velocity. Peak enérgy—cha.nge
occurs at one-half maximum velocity. In this case, the largest possible diiferenée
between measured acceleration values depends on the speed range from which the
measures are taken. On the other hand, the largest possible difference between
energy-change values depends on the deviation of velocity from the velocity
midpoint, Therefore, if operating speed of é. group of vehicles is very close to
one-half the maximum speed, then energy-change provides a less biased measure
with respect to velocity., Since acceleration and energ'y;-change are reiated in
different mamners to velocity and since they are of different dimensions, it is
- very difficult to compare them for the same roadway and traffic conditions in
order to define at what speed range one is less biased with velocity than the other,
A numerical example may clarify this latter point.

Consider a vehicle capable of a.ttaizﬁng a maximum speed of 120 mph. Assume
a linear relationship between velocity and maximum acceleration, Say maximum -
acceleration is 8 mph/sec at a velo¢ity of zero, Figure 5.36 illustrates this
acceleration-veloéity relationship. Also illustrated is the relationship between
energy-~change and velocity, For a speed range of 30 mph to 60 mph, the
following measurements apply:

v, = 30 mph a; = 6 mph/sec viaq = 180 (mph)?/sec

Vo = 60 mph ag =4 mph/sec Vol 240 (mph)z/sec
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Calculations show that the acceleration difference represents 33% of the
larger acceleration value. The difference between the energy-change values
represents 25% of the larger energy-change value. Thérefore, for the velocity
range considered, energy-change represents a less biased measure than accel-
eration.

' For the speed range of 20 mph to 60 mph, the acceleration difference
represents 37.5% of the larger acceleration value whereas the energy-change
difference represents 46.7% of the larger energy-change value. For the speed
range of 25 mi)h to 60 mph, the appropriate figures are 37.4% for acceleration .
and 34.0% for energy-change.

These figures suggest that if 60 mph were the upper limit of actual operating
conditions, then when the lower speed limit reaches 25 mph, the energy change
would preéent a2 less biased measure than acceleration. Since acceleration is
linearly dependent on velocity, the higher the upper speed limit, the greater the
difference in acceleration would be expected. For the numerical example, the
maximum energy-change occurs at 60 mph. The difference in energy-change
would then remain the same even if a higher upper speed limit is proposed.
Since for normal freeWay operations, maximum speeds above 60 mph are usually
observed and speeds above 25 mph are rather frequent, then it can safely be said
that the energy-change measure is less biased than the acceleration measure,
Thus, it appears to be a promising parameter for ireeway operations,

Approaching the problem from an experimental point of view, speed data on

freeway operations were grouped in 10 feet per second intervals. For each speed
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interval average acceleration, deceleration, positive energy-change, and
negative energy-change were calculated. Their relationships with velocity are
shown in Figures 5.37 and 5,38, From these graphs, the effect of velocity on
acceleration and energy-change can be observed. Extreme points can be seen
magnified in the energy-change plots, For the purpose of determining that speed
range over which acceleration or energy-change is less biased than the other,
least square fits for the different speed ranges were made., The slopes of the
lines were then determined, For purposes of comparison, the value of the
slopes are divided by the mean acceleration or energy-change value as the case
may be for a given speed range. Table 5.1 shows the results on a percentage
basis, |
From the information presented in the table, the findings are as follows:
1. The effect of velocity on acceleration exhibits no significant change for
the different .speed ranges considered. Velocity does however have a
lesser effect on energy-change for an increase in the lower speed
boundary {up to a certain value). This suggests that energy-change has
a lower velocity bias than acceleration over certain speed ranges, For
the data analyzed, the lower boundary is 10 feet per second or less,
Since the majority of traffic on freeways operates at much higher values,
then it can be said that the energy-~change parameter is a superior measure
of the quality of flow on freeways than the acceleration parameter.
2. Because energy-change exhibits a smaller percentage of variation to its

mean value than acceleration exhibits {o ifs mean value, extreme values
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Table 5.1, Comparison of the Effect of Velocity on Acceleration
and Energy-change for Different Speed Ranges

Speed Slope of Least Square Line (Per Cent of Mean Value)

R(af,ng)e Acceleration vs, Velocity Positive Energy-change vs. Velocity
pPs
0-100 - .933% 1.11%

10-100 -1.835 % L71%

20100 ~1.43 % .49%

30-100 -1,15 % . 28%

40~100 -1,51 % ~.02%

50~100 -2.34 % -.59%

Speed Slope of Least Square Line (Per Cent of Mean Value)

I:?;g)e Deceleration vs. Velocity Negative Energy-change vs. Velocity
0-100 .80% -1.21%

10-100 1.27% ‘ - . 82%

20~100 .81% - . 76%

30~100 .85% - . 40%

40~-100 1.22% - . 00%

50-100 1.80% . 65%
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are more readily identified in an energy-change measurement than in an
acceleration measurement. This suggests that energy-change is more
gensitive to large changes than acceleration. Therefore, move traffic
information is revealed through the energy-change parameter than

through the acceleration parameter when abnormal operating conditions

are encountered.

CONCLUSIONS

Based on the theoretical and empirical analyses made in this study, the

following findings can be stated:

1.

This pilot study does not permit an absolute quantification of the energy-change

An energy-related parameter for measuring the quality of freeway

traffic flow can be derived from the notion of the time-rate of energy

change;

On a comparative basis, the energy parameter possesses the following

properties:

a. The energy parameter has a much smaller velocity bias than the
acceleration parameter;

b, The energy parameter more readily reflects abnormal operating
conditions than the acceleration parameter;

Tt is concluded that the energy-change parameter holds much promise

as a valid measure of the quality of freeway flow.

parameter, Continued empirical investigations are needed.
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