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Effect of Response Limitations on
Traffic-Responsive Ramp Metering

James H. BANKsS

Simulations of ramp meter responses were used to study the
feasibility of replacing locally based moving-average estimates of
mainline flow currently used in San Diego with estimates based
on upstream data. The choice of estimation methodology made
little practical difference in the performance of the system; in-
stead, the major problem in providing precise control of meter
outputs was the limited ability of the system to respond. The most
important limitation is that the difference between the maximum
and minimum metering rates tends to be small relative to normal
random variation in mainline input flows at the minimum count-
ing interval of 30 sec. Consequently, meters respond with their
maximum or minimum rates most of the time, which leads to
biases in average responses. Other response limitations include
a comparatively large number of ramps at which demands are
less than minimum metering rates and insufficient total metering
capacity. For multiramp systems, the most promising way to pre-
vent biases caused by the meters’ limited response ranges is to
set flow targets for upstream meters to cause the average response
of the bottleneck meter to be about halfway between its maximum
and minimum rates. This strategy may be employed only where
there is sufficient total metering capacity and may conflict with
other strategies for setting flow targets in multiramp systems, such
as the so-called Wattleworth strategy.

Traffic-responsive ramp metering is an important technique
of freeway traffic control. Its most obvious advantage is its
potential to hold flows through bottlenecks close to capacity,
despite fluctuations in traffic volumes arriving from upstream.
In order to do this, it is necessary to calculate meter responses
based on information about the state of the traffic stream.

Most past discussions of traffic-responsive metering strat-
egies were focused on the best way to calculate the meter’s
response, given certain types of information about the system,
or on determining the best indicators of the flow state. Little
explicit attention is paid to the system’s ability to respond and
how this might affect the control strategies; at most, certain
limitations may be included implicitly as constraints in math-
ematical models. Important response limitations include
maximum and minimum limits to metering rates, the possi-
bility that ramp demand may fall below the minimum metering
rate, and constraints on ramp queue lengths.

The work reported here began as a feasibility study of a
minor proposed modification to an existing traffic-responsive
metering system. In the evaluation of that proposal, it became
evident that the most important issue was the way in which
the system’s output was affected by its response limitations,
particularly the maximum and minimum metering rates, and
not the way in which the nominal response was calculated. A
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scheme for analyzing response errors in traffic-responsive me-
tering systems is presented in this paper, and the scheme is
applied to the simulated results of proposed modifications to
the San Diego system. Some of the ways in which response
limitations affect traffic-responsive strategies are discussed.

TRAFFIC-RESPONSIVE METERING STRATEGIES

Traffic responsive metering strategies may be divided into
two types. Local strategies involve control of a single ramp
to produce capacity flow through a bottleneck; in addition,
considerable attention has been given to so-called ‘“‘gap-
acceptance” strategies (/). These strategies, which are not
covered here, are intended to smooth flow without necessarily
providing capacity operation. Global strategies manage a
number of ramps to control flows throughout a more extended
section of freeway. Because it is often impossible to hold flows
approaching bottlenecks to capacity without metering several
ramps, control of flow at the bottleneck is often the ultimate
goal of multiramp systems; however, global strategies are
usually expressed in terms of target flow states (usually vol-
umes, traffic densities, or lane occupancies) distributed
throughout the system. :

Several global traffic-responsive metering strategies based
on automatic control theory have been proposed. The most
common variety is based on minimization of a quadratic per-
formance functional that penalizes deviations from nominal
values of flow and traffic density throughout the system and
employs some variation of the overlapping decentralization
scheme of Isaksen and Payne (2—4). Another proposed global
strategy is the hierarchical system of Papageorgiou (5,6). This
consists of three functional layers: (a) an optimization layer
based on the steady-state linear programming formulation
proposed originally by Wattleworth and Berry (7) and later
extended by Wattleworth and others (8-11); (b) an adap-
tation layer that reacts to congestion and significant devia-
tions from assumed origin-destination trajectories; and (c) a
direct-control layer that implements local feedback controls.
Papageorgiou’s scheme allows the overall metering problem
to be decomposed into separate global and local strategies,
with the results of the global strategy entering the local strat-
egy as output flow targets (or average metering rates) at the
various meters. Such a decomposition simplifies the design of
global traffic-responsive systems but also raises the issue of
the compatibility of particular global and local strategies.

Local traffic-responsive strategies include demand-capacity
strategies, traditional occupancy-based strategies, and feed-
back strategies (/2). Demand-capacity and traditional
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occupancy-based strategies are similar. In both, metering rates
are calculated as the difference between a target output vol-
ume and the traffic volume measured (or estimated) just up-
stream of the ramp. The only difference is that traditional
occupancy-based schemes estimate upstream volumes from
occupancies instead of measuring them directly; the advan-
tage of this is that it does not require detectors for all lanes.
In both cases, the normal response calculation is overridden
whenever high occupancies indicate congestion; in this case,
minimum metering rates are employed. Feedback strategies
base meter responses on traffic conditions downstream of the
ramp. Recent European work has included the development
and testing of the occupancy-based feedback rule ALINEA
(12-14). Real-life tests on European freeways have indicated
that ALINEA is superior to demand-capacity and traditional
occupancy-based strategies.

The superiority of feedback strategies appears to lie in their
quicker response to the transition from uncongested to con-
gested flow. Under uncongested conditions, all local strategies
are similar and can be thought of as variations of the following
rule:

M) = Q — ¢() + A@) forM,, ., =M@ <M,,, )

otherwise M(r) = M, or M, .., as appropriate, where

M(f) = metering rate for time period ¢,

M, = maximum metering rate,
M,,,, = minimum metering rate,
Q = output flow target,

4(r) = estimated mainline flow arriving from upstream
during time period t,

A(f) = estimated difference between the actual ramp out-
put and the metering rate; A(r) = M(1) — p(1),
where p(t) is the ramp passage count.

Alternatively, the relationship between the passage count
and the metering rate may be expressed as the ratio r(t) =
M(t)/p(t), and

M@ = Qr;‘?(—’) @

aslongasM,, =M@ =M,

In either version, this rule states that the metering rate for
time period ¢ is a function of the difference between the target
output flow and an estimate of the mainline input flow for
the same time interval. The various strategies differ only in
the way in which the current upstream flow is estimated.
Demand-capacity strategies estimate it on the basis of past
upstream volume counts; traditional occupancy-based strat-
egies estimate it on the basis of past upstream occupancy
measurements; and feedback strategies estimate it on the
basis of past downstream volumes or occupancies. In addition,
estimates may involve various types and degrees of data
smoothing.

EVALUATION SCHEME

The ultimate goal of local traffic-responsive metering strat-
egies is to reduce delay by maximizing flow through the bot-
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tleneck. All are based to some extent on the so-called two-
capacity phenomenon, in which maximum uncongested flows
have been found to exceed queue discharge rates. Conse-
quently, they are designed to hold uncongested flow as close

* as possible to its maximum value, and to act quickly to restore

uncongested flow whenever flow breakdown does occur. They
can be successful only if they can hold uncongested flows
above the queue discharge rate. Since recent research indi-
cates that maximum uncongested flow rates exceed queue
discharge rates by no more than 5 to 6 percent (15-19), me-
tering is required to be quite precise.

The most direct means of evaluating such control strategies
is to implement them to determine whether they can produce
bottleneck flows that exceed the queue discharge rate over
extended periods of time. Where this is not possible, they
may be simulated and analyzed by their ability to produce a
predetermined target output flow.

In carrying out this evaluation, it is important to consider
the time frame. Most traffic-responsive systems use short count
intervals, often 1 min or less. The meter’s responses are up-
dated with similar frequency, so that it is possible to evaluate
the system’s ability to produce specific 30-sec or 1-min output
volumes. It is not clear, however, what deviations from the
target flow are significant at this level of disaggregation. Short-
term volume counts normally display a great deal of random
variation, and this is true of both queue discharge and uncon-
gested flow. The Highway Capacity Manual (20) uses 15-min
flows to define capacity; other research related to capacities,
such as the recent work related to the two-capacity phenom-
enon, has used intervals of at least 5 or 6 min. Meanwhile,
average queue discharge rates, which are the critical point of
comparison in evaluating the performance of the system, may
often be measured over even longer time intervals.

It seems reasonable to assume that the value of Q used in
Equation 1 or 2 will represent flow over a period of at least
5 or 6 min, although the meter’s response is updated much
more frequently. Consequently, the primary criterion for
evaluating the accuracy of a particular strategy is the differ-
ence between the output and the target flow, averaged over
aperiod of 5 min or more; a secondary criterion is the variance
or standard deviation of the differences measured at the min-
imum response interval, since this reflects the accuracy of the
response at the minimum interval.

Let e(r) represent the response error for time period ¢; e(f)
is defined as the actual output flow minus the flow target,
that is

=g -0 3)

where g, represents the actual output flow. Three sources of
response error are to be expected. These are (a) predictive
error e,, which results from the difference between g and
4, (b) response error e,, which results from nominal metering
rates falling outside the limits M,,,, and M,,,,,; and (c) response
error e,, which results from the differences between M + A
or rM and the actual ramp flow. If Equation 2 is used to
determine the metering rate, these are

e,() = q(8) - 4(») “4)

r(OMu — Q) + 40 i[O — dOVr(©D) < My,
e(r) = G(rwm - 00 + 4() E[QG) — GOVr(®) > Mpg ©)

otherwise
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and

e, = p(t) — r(OM() (6)

The overall error in the output is the combination of these
errors.

Now consider the ways in which these various sources of
error might combine to produce the distribution of flow down-
stream of the ramp. In cases in which all predicted flows fall
within the response limits, flow downstream of the meter is

g9, =0 +e, +e

If the parameters of the predictive model are correctly esti-
mated, both e, and e, should have zero mean. Also, there is
every reason to believe that they are statistically independent,
so their variances should sum. Thus, the distribution of g,
should have mean Q (the target flow) and variance VAR(e,)
+ VAR(e,).

If some predicted flows fall outside the response limits,
matters become more complicated. In this case

g, = Q +e, +te, +e,

but e, does not have zero mean. Instead, it has negative mean
when the calculated value of M exceeds M,,,. and positive
mean when the calculated value of M is less than M,,,,. Also,
e, is not independent of e ; instead, they should be negatively
correlated. For instance, if ¢ is too high, there will be a neg-
ative error e,; meanwhile, there will be increased probability
that the calculated value of M will be less than M, ,,, which
results in a positive error e,. Since e, exists only when the
meter’s response is M,,,, or M., the distribution of ¢, is a
combination of the conditional distribution of g, given that
(Q - 9)/r > M,,,, and the conditional distribution of g given
that (Q — §)/r < M,,;,. As such, it depends on the dispersion
and shape of the distribution of the actual upstream count g
and on the relative probabilities that the calculated meter
responses fall outside the limits M,,,,, and M

min*

METER RESPONSE SIMULATION

The main objective of this study was to evaluate a minor
proposed modification to the San Diego ramp metering sys-
tem. The system in question is a multiramp traffic-responsive
system, in which all field controllers communicate with a cen-
tral computer. At the time of the study, the system consisted
of approximately 100 controllers; most were grouped into six
major subsystems of 7 to 22 controllers each. In addition,
there were a number of isolated controllers or small groups.
Most controllers are used to operate meters, although a few
only collect data.

At present, coordination between the various metering lo-
cations consists of a set of flow targets that are intended to
hold flows at the bottlenecks to their capacities. These are
preset, having been determined over time by trial and error.
In a sense, they correspond to the optimization layer in
Papageorgiou’s proposed system (5,6), although no actual
optimization is involved. In addition, there is a limited adap-
tive capability: under certain circumstances, high occupancies
will cause restrictive metering rates to be passed upstream.
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Local traffic-responsive control is of the demand-capacity
variety. Detectors, as is common in demand-capacity systems,
are located just upstream of the on-ramps. At present, the
upstream flow is calculated as a moving average of several
past 30-sec counts, with the number of counts varying by
location. Meter cycles (and hence metering rates) vary in
discrete steps, with the number of steps depending on the
location. Each ramp has maximum and minimum rates, and
if the calculated metering rate falls outside these limits, it is
set at the appropriate limit. In addition, when high occupan-
cies indicate that a mainline queue is present, this calculation
is overridden and the metering rate is set at its minimum value.
In contrast to most systems, San Diego does not have maxi-
mum ramp queue length constraints; instead, minimum me-
tering rates are set to control the growth of ramp queues.

One alternative to the existing strategy is to base the es-
timate of ¢ in Equation 1 or 2 on data from upstream meters.
Under uncongested conditions, average speeds in San Diego
have been found to vary only slightly with flow, and there
seems to be an emerging consensus that this is true of most
North American data (21,22). If this is the case, it should be
relatively easy to project variations in uncongested flow down-
stream. It was proposed to do this by using a moving average
of flow at an upstream meter, offset from the response interval
by the travel time between the two meters. The estimated
flow was further modified by a factor intended to account for
count biases and expected flows at intervening off-ramps (off-
ramp flows are generally not counted in San Diego) and by
adding actual or expected flows at intervening on-ramps. De-
tails of the proposed evaluation scheme and the calibration
of the parameters of the flow model may be found else-
where (23). )

The proposed control system modification was evaluated
by simulating the performance of alternative estimates of §
based on data from three freeway segments in San Diego.
Figures 1 and 2 are schematic diagrams showing lane config-
urations, distances between detectors, and approximate maxi-
mum flow rates for selected locations in these sections. The
parameters of the models were calibrated for these sections,
and actual 30-sec counts from the peak periods of three dif-
ferent days were used to calculate values of ¢ at the down-
stream end of each section. These were compared with actual
30-sec volume counts. The response of a meter at or near the
downstream end of each section was then simulated on the
basis values of Q set for these locations. In the case of Sections
1 and 3, no bottlenecks were present, and values of Q were
set arbitrarily. In the case of Section 2, the O-value was set
to approximate the capacity of the College Avenue bottle-
neck; it should be noted, however, that what was simulated
was the output of the College Avenue meter, although past
studies indicate that the bottleneck is probably just upstream
of the on-ramp (15). The output of the meter was estimated
to be

4o() = q() + r(OM()

where ¢q(¢) represents the actual 30-sec count for time period
t; e(t) was then estimated to be §(f) — Q. Metering rates
between the maximum and minimum limits were assumed to
vary continuously, thus ignoring the discrete cycle lengths
used in practice. ‘

‘Since the simulated metering rates were not necessarily the
same as the actual rates in the data, it was not possible to
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FIGURE 1 Schematic diagrams of Interstate 8 study
sections.

estimate e,. Also, given the complexities of the error distribu-
tion in the case in which some values of ¢ fall outside the
response limits, no attempt was made to analyze the distribu-
tion of e, in detail. Instead, alternative ways of estimating g
were compared on the basis of the distributions of ¢, and of
the combined errors e, + e,. Means and standard deviations
were calculated for e, and the sum (e, + e,) for 6-min inter-
vals, and the mean of e, was calculated by subtracting the
mean of e, from the sum. Also, these quantities were calcu-
lated for 30-min intervals during which mainline flows pro-
duced by the existing system are nearly constant and at their
maximum values.

Estimation schemes based on upstream data were com-
pared with those based on local data. Also, within each cat-
egory, different averaging intervals were used to determine
the effect of data smoothing. Finally, upstream-based schemes
using data from different locations were compared.

RESULTS

All models were reasonably good at estimating § over periods
of 5 to 6 min. Mean values of ¢,, when averaged over 6 min,
ranged from near 0 to about 1.7 percent of the target flow,
and in most cases were less than 1 percent. Given the cor-
responding variances of e,, these means do not appear to be
significantly different from zero.

Ability to predict individual 30-sec counts, on the other
hand, was low in all cases. This is indicated by relatively high
standard deviations of the distributions of e,. When calculated
over 30-min intervals, the standard deviation of e, ranged
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from 7 percent up to about 20 percent of the mean flow, with
most cases in the range of 10 to 15 percent.

Mean values of e, were highly variable and quite sensitive
to the relationship between the average input flow and the
target flow, the response range of the meter, and daily vari-
ations in the time series of the input flow. On the whole, they
tended to be similar for both upstream-based and locally based
models. For both types of model, their absolute values tended
to increase as averaging intervals decreased.

Absolute values of the mean of e,, calculated over 30 min,
ranged from 0 to around 7 percent of the target flow. They
tended to be least when the mean of the input flow was “cen-
tered” in the response range of the meter—that is, when the
mean input flow was approximately equal to Q — r(M,,., +
M,,..)/2—and to increase as the mean input flow approached
Q- rM,..or QO — rM,,... The response error e, tended to
dominate the total error in cases in which the mean input
flow was not centered in the response range and led to average
total errors of roughly 2 to 5 percent of the mean flow over
periods as long as 30 min.

EFFECTS OF RESPONSE LIMITS

To understand why the output is so sensitive to response
errors, it is necessary to realize that the normal random vari-
ation in 30-sec counts almost always exceeds the difference
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between the maximum and minimum metering rates. Figure
3 is a typical example of a time series of 30-sec counts from
the San Diego system. The section in question has four lanes
in one direction, and a maximum average flow of around 57
vehicles per 30 sec or 6,800 vehicles per hour. (The compar-
atively low flow is because the location in question is some
distance upstream of the bottleneck.) Note that the individual
counts fall in a band that is about 20 to 30 vehicles wide. This
corresponds to a variation in flow rate of around 2,400 to
3,600 vehicles per hour. Meanwhile, differences between
maximum and minimum metering rates for meters in the sec-
tions studied ranged from 1.2 to 8.5 vehicles per 30 sec or
144 to 1,020 vehicles per hour, with a range of around 5
vehicles per 30 sec or 600 vehicles per hour being most com-
mon. As a result, meters are responding with maximum or
minimum rates most of the time; in the case of the simulations
described here, 45 to 96 percent of the responses were either
M, or M, depending on the flow model, the mean input
flow, and the response range of the meter.

When the input flow is centered in the meter’s response
range, M,,.. and M, occur about equally, and the response
errors tend to cancel out. When mean input flow approaches
Q-rM,,., M, predominates and the output is biased high;
the opposite happens when ¢ approaches Q — rM,,,.. Con-
sequently, the main difficulty in providing precise control of
bottleneck flows is the limited response of the meter in the
face of highly variable mainline flows and not the accuracy
of the estimate § on a count-by-count basis.

In fact, overly accurate prediction of 30-sec counts is coun-
terproductive, as is evidenced by the fact that the short-
averaging-interval upstream-based models, which produced
the best estimates of individual 30-sec counts, resulted in the
largest response errors. Consider the case of a perfectly ac-
curate estimator of 30-sec flow attempting to respond to a
mean input flow of Q — rM,,.. When the 30-sec count exceeds
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the average value, the meter responds with M,,,, and the
output exceeds Q. When the 30-sec count is less than average,
it responds (correctly) with something more than M,,;,, and
the output is Q. Consequently, these will be a substantial
positive bias in the output. An estimator that was so heavily
smoothed that it always estimated the next 30-sec count to
be equal to the long-term average of ¢, on the other hand,
would result in roughly half the output counts being less than
Q and half being greater, so that the average output would
be approximately Q.

In addition to the phenomenon just described, other lim-
itations to the system’s ability to respond were observed. For
instance, it is normally assumed that actual flow from a me-
tered ramp will be approximately equal to the metering rate
or that the two may be related by a fairly stable factor, such
as r in Equation 2. In calculating r values for the San Diego
system, it was discovered that they not only varied by time
of day, but that, at some locations, they also were often sig-
nificantly less than 1.0 throughout the peak. Of the 16 ramps
included in the sections studied here, 6 had r values of less
than 0.95 throughout the peak or exceeded 0.95 for no more
than 5 or 6 min; several other meters in Section 3 exceeded
0.95 for a total of 15 to 30 min during a 4-hr potential metering
period.

This appears to indicate that ramp demand is less than the
minimum metering rate at many locations. This was partic-
ularly true where ramp spacings were fairly close (as would
be expected) and where there were high-occupancy vehicle
(HOV) lane bypasses around ramp queues. The San Diego
system, in contrast to some other systems, does meter HOV
lanes, but it appears that demand for HOV lanes is rarely
equal to the minimum metering rate.

In Figures 4 through 6, ramp passage counts are compared
with metering rates for a variety of situations. Figure 4 shows
the beginning of metering on a fairly high-volume ramp. It
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FIGURE 3 30-sec count versus time, westbound Interstate 8 at Fletcher Parkway, June 11, 1991.
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FIGURE 6 Theoretical metering rate versus passage count, College Grove Way on-ramp to

State Route 94, August 5, 1991.

takes about 20 min for the metering rate to settle down to its
minimum value and an additional 15 min or so for the passage
count to settle down to the metering rate; however, it even-
tually does so. Figure 5 represents a high-volume ramp with
an HOV lane, and Figure 6 represents a low-volume ramp
with an HOV lane. In both of these cases, the average passage
count is substantially less than the metering rate and there is
substantial variation on a count-by-count basis.

Finally, a major response limitation in San Diego appears
to be a lack of adequate total metering capacity, despite an
extensive system. The portions of the system studied involved
inbound flow during the morning peak and metering, which
extends to the outer edge of the metropolitan area. It was
observed that all meters throughout this portion of the system
were responding with their minimum rates during the most
intense portions of the peak, but that this was not always
sufficient to prevent flow breakdown. Obviously, if all meters
must be at their minimum rates for extended periods of time
to prevent flow breakdown at the bottlenecks, there can be
no real traffic-responsiveness during those periods.

IMPLICATIONS FOR METERING STRATEGIES

The preceding section identified three ways in which the San
Diego ramp metering system is limited in its ability to respond
to variations in traffic flow. These limitations, which may well
apply to other traffic-responsive multiramp systems, include
insufficient total metering capacity, a significant number of
ramps at which demand is less than the minimum metering
rate, and meter response ranges that are considerably less
than the normal variation in mainline volumes at the minimum
count interval. The following discussion is focused on the last

of these, since not much can be done about the other two
unless minimum metering rates can be reduced.

A traffic-responsive metering strategy may be adjusted in
three ways to reduce the output biases that result from fre-
quent use of maximum or minimum metering rates. They are
as follows: (a) set flow targets at the upstream meters so that
the input flow at the bottleneck will be centered in the meter’s
response range; (b) smooth the flow estimate § to reduce the
response to short-term input flows that do fall within the
response range; or (c) use an offset value for the flow target
(i.e., use some value other than the actual output flow target
for Q in Equation 1 or 2).

Of these three modifications, only the first shows much
promise of success. The simulations showed that where input
flows were not well-centered in the response range, smooth-
ing of flow estimates based on local data by increasing the
averaging interval from 30 sec to 6.5 min will normally reduce
the response error by about 30 to 50 percent. The remaining
errors, however, are still on the order of 2 to 5 percent of the
target flow, and there will almost always be an increase in
the variance of the output.

The possibility of using offset flow targets was not inves-
tigated in detail. Offset targets could be determined by sim-
ulations in which the target in the response calculation was
varied until the desired mean output was achieved. This would
be unlikely to produce consistently good results, however,
because the simulations also showed considerable variation
in the response error from day to day when input flows were
not centered in the response range.

Setting upstream flow targets centered in the meter’s re-
sponse range to provide input flows at the bottleneck could
be somewhat more effective. Based on the simulations per-
formed here, this method shows promise of being able to hold
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mean output flows (averaged over 30 min) to within 1.5 per-
cent of their targets. In order to do this, it would probably
be necessary to set all upstream targets based on the as-
sumption that the mean metering rate at every ramp down-
stream was approximately halfway between M, and M, ..
By doing this, flows could be held close to their targets
throughout the system.

Unfortunately, this could create a another problem if there
were an attempt to implement the optimization layer of
Papageorgiou’s hierarchical control system (5,6). In this scheme,
flow targets are set based on the steady-state linear program-
ming formulation of Wattleworth (7,8), which is unlikely to
result in metering rates halfway between M,,,, and M,,,. Ob-
viously, there may be a trade-off between the objective of
precise control of flow at the bottleneck and that of minim-
ization of delay for the system as a whole, which is the basis
of the Wattleworth strategy.

CONCLUSION

Described in this paper is a study in which simulations of
ramp meter responses were used to explore the feasibility of
replacing the locally based moving-average estimates of main-
line flow used by the San Diego ramp metering system with
estimates based on upstream data. These simulations showed
that choice of estimation methodology made little practical
difference in the performance of the system and that the major
problem in using ramp metering to provide precise control of
bottleneck flows is the limited ability of the system to respond
and not the accuracy of the flow estimate. The most important
limitation appears to be the limited range of response of in-
dividual meters, which is typically much less than the normal
variation in flow at the minimum count interval of 30 sec used
in San Diego. This leads to a situation in which meters respond
with their maximum or minimum rates much of the time and
in which mean output flows will be biased unless mean input
flows are centered in the response range. Other response
limitations include a comparatively large number of ramps at
which demands are less than minimum metering rates and
insufficient total metering capacity.

The most promising way of preventing biases in the mean
output of meters is to set flow targets for upstream meters to
provide mean mainline input flow at the bottleneck approx-
imately equal to the output target minus (M, + M,,..)/2.
This strategy will normally require that mean metering rates
at all meters be approximately halfway between M,,,. and
M,,... It would be ineffective for systems such as that in San
Diego, however, because at present all meters are required
to operate at their minimum rates for much of the peak in
order to hold flows at bottlenecks close to their capacities. It
is also likely that this strategy conflicts with any strategy that
sets metering rates based on some other criterion, such as
minimization of delay.

These findings raise several issues requiring further re-
search. One of these is how best to resolve conflicting objec-
tives in hierarchical ramp metering control systems. A second
issue is that of the relationships between measurable (and
potentially controllable) characteristics of the traffic stream
and flow breakdown. For instance, how important to the pro-
cess of flow breakdown is the variation in volume counts over
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intervals such as 30 sec as opposed to the mean flow over
periods of 5 or 6 min? The goal of this research should be
clarification of the goals of the control system in terms of the
type of flow it should be attempting to produce. A third issue
is how metering strategies other than those simulated here
are affected by response limitations. For instance, is the re-
ported superiority of the occupancy-based feedback law
ALINEA due to reduced vulnerability to the effects of re-
sponse limits (which seems unlikely) or to some other cause,
such as faster response to the onset of congestion?
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