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•PEAK-PERIOD control of urban freeways is receiving increasing attention as a pos
sible means of reducing congestion on these facilities. Controls on freeway entrance 
ramps during the morning peak periods are routine procedures on the Gulf Freeway 
Surveillance and Control Research Project in Houston as well as at other locations in 
the country. The Houston Research Project is conducted by the Texas Transportation 
Institute and sponsored by the Texas Highway Department and the U. S. Bureau of 
Public Roads. 

There are several approaches to the philosophy of freeway controls and this paper 
presents one of them. 

The ultimate goal of peak-period freeway control is to allow the entire automobile 
transportation system, of which the freeways are a part, to accommodate the same 
number of trips with reduced total travel time. In other words, the same origin
destination demand for trips would be accommodated in the system but these same 
trips, in aggregate, would require less travel time. This would be accomplished by 
more efficient use of the freeway and possibly the arterial street system. 

The diseconomies of freeway congestion are reasonably well documented. It has 
been shown that for an oversaturated traffic system with a fixed demand-time function 
or input-time function, the system travel time can be reduced only by increasing the 
output rate of the system at some time (1, 2). It has, in fact, been shown for a system 
with a fixed input-time function, that minimizing the system travel time in any time 

period t1 to ta is equivalent to maximizing J~2 0 (t) dt where O (t) is the cumulative 

system output (2). The output rate of a freeway system (refers to a one-directional 
length of freeway) is maximized before congestion de.velops, that is, when the demand 
at each bottleneck in the system equals but does not exceed its capacity. When the 
demand on the freeway system increases, congestion sets in at one or more bottle
necks, and if the congestion becomes severe, the output rate of the freeway system is 
decreased. The decrease in output rate stems from two sources: (a) congestion at a 
bottleneck can decrease the flow rate below its capacity level, and (b) congestion or 
queues forming __ at a bottleneck can be propagated upstream past exit ramps, thereby 
decreasing the output rates on these exits (3). Thus, the desirable operation of the 
system is to maintain capacity flow rates at each critical bottleneck without allowing 
congestion to develop. 

Several control techniques are available for use in a peak-period freeway control 
system and each has its advantages and disadvantages. The most positive control of 
vehicles can be accomplished as they are entering the freeway rather than after they 
are on the freeway. Therefore, entrance ramp metering or one of its special cases, 
entrance ramp closure, appears to be the most promising technique for controlling a 
large freeway system. (Entrance ramp metering means the placing of an upper limit 
on the flow rate on a ramp by controlling the time headways of entering vehicles.) 

Since traffic conditions change during the day, the controls must be changeable. 
The controls must be started at the beginning of the peak period and ended when it is 
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over, the tnetering rates must be determined and (perhaps) ramps must be closed 
and reopened. There are, of course, many means available for operating the control 
system, and each has its own advantages. The simplest operational scheme is the 
so-called fixed time scheme under which closui-e and opening of ramps, changes in 
metering rates otl the ramps, etc., are all initiat~d at predetermined times. 

For additional flexibility, traffic measurements can be used to operate the control 
system, i.e., the metering rates and closure times would be determined by measure
ments and/or observations of traffic on the freeway or surrounding facilities. One 
technique would be to detect a single variable such as speed, density, or lane occupancy 
on the freeway near an entrance ramp to determine the control required at that ramp. 
This technique has been applied in Chicago ( 4) for metering one ramp. Another method 
would involve the detection of gaps in the freeway lane adjacent to the entrance ramp 
and upstream of the ramp and releasing vehicles from the ramp when an "acceptable 
gap" was detected. This method has been suggested by Drew (5) and May (6). 

A fourth, somewhat Similar, control philosophy would be to maintain the -sum of the 
flow rates on the entrance ramp and the adjacent freeway lane less than or equal to 
the single-lane merging capacity. Under this scheme, detection in the adjacent lane 
would provide the flow rate there and the metering rate on the ramp would be set at 
the differenc8 between the merging capacity (one lane) and the flow rate in the adjacent 
freeway lane. 

This paper presents some of the possible applications and advantages of another 
means of operating a peak-period metering (and closure) control system. The method 
involves the use of total flow (in one direction.) which must be maintained at levels 
less than or equal to the capacity at each freeway bottleneck (2, 7). This control 
philosophy has greater potential than th.use prcviuul!lly discusB~ul.,ecau::;e Ll11:: u::;e uf 
total flow across all freeway lanes permits use of the continuity characteristics of 
traffic flow, thereby making system considerations possible. The above-mentioned 
techniques can necessai-ily be concerned only with the operation of individual merging 
areas and each can (theoretically) maintain a smooth merging operation at each 
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adapted to these situations. Also, the operation of a given entrance ramp is not an 
independent consideration. Each l'amp is one member of a system and the operation 
of one affects the operation of the system. It is desirable that the control system 
take this interdependency into account. 

CONTROL AT INDIVIDUAL ENTRANCE RAMPS 

At each entrance ramp itl the controlled freeway system the sum of the total direc
tional flo\\l on the freeway and the flow on the ramp must be maintained less than or 
equal to some desired merging rate. The desired merging rate will usually be one of 
the following: (a) the merging capacity of the freeway at the ramp, (b) the capacity of 
a bottleneck between the entrance ramp and the next downstream ramp, or (c) another 
rate based on the optimization of the total system operation. Figure 1 is a schematic 
of a trt,ical metering situation 

The detection station upstream of the ramp provides the flow rate approaching the 
ramp or the rate of flow of the traffic stream into which the ramp vehicles must 
merge; Criteria for the location of the metering station and detection station have 
been presented previously (2, 7 ). The relationship between critical times in the sys
tem is tf >- 1ct + tc + tr where tf is the travel time on the freeway between the detection 
station and the merging section, tct is the detection time, tc is the computation time or 
data storage time and tr is the average travel time on the ramp between the metering 
location and the merging section. 

The upstream flow rate will, of course, vary with time and the desired merging 
rate will usually be constant for fairly long periods. If fr (t) is the time function of 
upstream flow rate and MR is the desired merge rate, MR - fr (t) is the rate at which 
available "capacity" (using the term quite loosely) is approaching the entrance ramp. 
In order not to allow any unused capacity to pass by the entrance ramp, the i th vehicle 
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Figure 1. Schematic of metering end detection locations. 

should be released from the metering station at time ti so that 

fi [MR-fr (t)J dt = 1 
i - 1 

where ti_ 1 is the time of release of vehicle i - 1. This assures that over a period of 
time the merging volwn e will (nearly) equal the desired merging volume if there is 
sufficient demand on the ramp. 

Figure 2 shows the relationships among several of the control variables. The flow 
rate is shown in digital form but it could equally well be shown in analog form and in 
practice the type would depend on the computing equipment used. 

One method of computing the running average flow rate is shown (Fig. 2). The 
average flow rate shown for the time period 7:00:15 - 7:00:16 is based on the 15-sec 
count from 7:00:00 to 7:00:15, the 7:00:16 - 7:00:17 flow rate is based on the 7:00:01 -
7 :00:16 count, etc. Thus, td = 15 sec and tc = 1 sec. Therefore, proper location of 
the detector station would make tf = tr + 16 sec. 

While prevention of congestion would probably be one major goal of a peak-period 
freeway ramp control system, no practical control system will achieve this goal. If 
the attempt is made to operate bottlenecks at or near their capacity (which is probable) 
some congestion will be expected at these locations. Also, the "unusual events" such 
as accidents, etc., occur all too frequently and can drastically reduce the capacity of 
the freeway. A method of prompt detection of congestion is, therefore, necessary if 
the congestion is to be cleared up as s oon as possible. 

The addition of one detector immediately upstream of the entrance ramp (Fig. 1) 
would provide the rapid indication of congestion. Lane occupancy, speed or (calculated) 
density could be the variable used for this purpose and when a critical level is reached 
an over-ride to the metering rate would be provided to clear the congestion. This is 
similar to a scheme tried in Chicago (~). 
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t-igure 2. Relationships omong detected volume, upstream flow rate, desired merge rate and release 
times of vehicles on the metered ramp. 
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Figure 3. Schematic of controls of an individual entrance ramp. 

CONTROLLER 

ON 

ENTRANCE 
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Figure 3 is a schematic of the logic of the controls at a particular location Once 
the desired metering rate (MR) for the location is set by the system monitor and con
trol computer, the individual location can operate independently of all other control 
locations. 
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SECTION I 

Each of the metering controllers at each entrance ramp should be operated so that 
optimal operation of the system of interest would result, at least when considered over 
a fairly long period of time. In the discussions which follow a central digital computer 
is envisioned in the role of monitoring the system operation and controlling the desired 
merge rates at each entrance ramp. While only one freeway is discussed here, a 
single computer could probably control several freeways. 

In the steady-state analysis presented, the length of analysis period must be such 
that the traffic demand and origin-destination desires are relatively constant over the 
time period. For example, the inbound Gulf Freeway in Houston was found to be con
gested from about 7:00 to 8:00 a. m. Vehicles accumulated on the freeway (when 
demand on the system is greater than capacity) from about 7:00-7:30 a. m. and cleared 
from about 7:30-8:00 a. m. (3). Hence in this case one type of steady-state operation 
might be applicable from 7:00-7:30 a. m. and another from 7:30-800 a. m., so each 
period would be analyzed individually. In cases in which congestion is more severe, 
the periods of analysis could be lengthened. 

A linear programming model (2, 7) is used for the control of a freeway system 
(Fig. 4). The simplest form of the model is 

n 
Maximize :E ~ 

j = 1 

n 
subject to :E Ajk Xj ,,; Bk 

j = 1 

and Xj,,; Dj 

and X ;;eO 

k=l, ... ,m 

j = 1, ... , n 

j=l, ... ,n 

The Xj are the input volumes to the freeway system (j = 1, ... , n), the Ajk are the decimal 
fraction of vehicles entering at input j which pass through section k (j = 1, ... , n and 
k= 1, .. . , m) the Bk are the capacities of the freeway sections a nd the Dj are the hour ly 
demands at input j. (If the level of service concept (8) is used for the system operation 
instead of the capacity concept, the Bk would represent service volumes.) 



6 

Briefly, this model maximizes the output [due to the first set of constraints, output 
(very nearly) equals input (2, 7)] of the freeway system subject to constraints which 
keep the demand less than ffie-capacity at each section and which maintain the feasi
bility of the solution. 

The solution vector contains the optimal inputs to the freeway as well as the values 
of the slack variables Skin the active basis. The slack variables for the first set of 
(capacity) constraints place bounds on the desired merge rates. The desired merge 
rate at section K conforms to the following relationship: Bk ;e MRk ;e Bk - Sk. For 
minimizing the queue at the upstream entrance ramp, MRk = Bk. However, a higher 
level of service would prevail on the freeway if MRk < Bk so the tradeoff between 
ramp queues and freeway level of service can be considered. 

Potentially, one of the major problems associated with an entrance ramp metering 
system is the development of long queues at the metering locations. It might be 
desirable to introduce constraints into the model to control these queues. Since the 
values of the slack variables in the second set of constraints represent the (approxi
mate) length of the queue at the end of the study period (assuming it was zero at the 
beginning) the queue constraints can be placed on the slack variables. 

Both types of queue constraints are somewhat indirect in that neither places a 
restriction directly on the queue length. Both restrict quantities that are related to 
the queue lengths. 

The two types of queue constraints which can be placed in the model are 

j=l, ... ,n-1 
and 

j=l, ... ,11-2 

(1) 

(2) 

Assuming input n is the freeway input where no queuing is allowed, the first type 
~s_sures th.at_ the n~mbe;: o~.vehicles ~j whic? ~~e denied a?ce~s ~t ~h~),th input_~~ less 

each of these ramps. 
There are perhaps many other types of constraints which could be added to this 

linear programming model. One such type would maintain the sum of the merging 
volumes in the adjacent freeway lane and the entrance ramp less than or equal to the 
single-lane merging capacity. A constraint which would accomplish this is 

n 
Pa L Ajk Xj + Xa, ,,;; La 

j = a +1 
a= 1, ... , n-1 

where Pa is the percent of the total freeway volume upstream of input a which is in the 
lane adjacent to the entrance ramp, La is the single lane merging capacity at the input 
a entrance ramp, and assuming input n is the freeway input. 

So far a method has been presented by which system operation is based largely on 
historical data (the Ajk and Dj are historical data and when normal operating conditions 
prevail the Bk are also based on historical data) which is then conver ted to control 
parameters (desired merge rates). The individual entrance ramps are controlled on 
the basis of present conditions not on historical data. However, if no reduced capacity 
situations (accidents, disabled vehicles, etc.) occurred, the desired merge rates could 
be determined once and no central monitor and control computer would be required. 
Since reduced capacity occurrences are fairly frequent on urban freeways, it is desir
able that their effects on the operation of a freeway system be considered. 
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REDUCED CAPACITY OPERATION 

Detection 

Prompt detection of a reduced capacity occurrence is important if its adverse effect 
is to be minimized. In addition it is important to obtain a reliable estimate of the 
capacity of the freeway section at the occurrence if the system of controls can be 
adjusted to compensate for the capacity reduction. 

Assume that the capacity is reduced between the Avenue D entrance ramp and the 
Avenue E exit (Fig. 4). Assuming also that the demand there is greater than the 
capacity, congestion will develop and begin to propagate upstream toward entrance D. 
The traditional method of detecting the capacity reduction would be by an indication of 
congestion at the nearest detector upstream of it. Low speed, high lane occupancy, or 
high density indicates a downstream source of congestion, in this case the event of 
interest. 

With a detector on the Avenue D entrance ramp and on the Avenue E exit ramp, a 
closed system is defined and is enclosed by a dashed line (Fig. 4). The input locations 
to the closed system are the freeway section downstream of the Avenue D exit ramp 
and the Avenue D entrance ramp while the output locations are the Avenue E exit ramp 
and the freeway section downstream of this ramp. Shortly after the capacity reduc
tion, the output flow rate from the closed system will decrease while the input flow 
will remain about normal (unless the capacity reduction is close to the input detector 
stations). If! (t) and O (t) are , respectively, the number of vehicles entering and 
leaving the system after some time t 0 , the rate at which vehicles are accumulating in 
the system [I (t + At) - I (t) - O (t + At) + 0 (t)J/ At could be monitored and used to detect 
the reduction in capacity. Thus, when the output rate falls significantly below the input 
rate for some period of time a capacity reduction somewhere between the input and 
output location is fairly certain. Since there is a main detection station upstream of 
every entrance ramp, the freeway is broken into a series of these closed systems. 
The central computer could monitor each of these systems for unusual behavior. 

When a capacity reduction has occurred in one of these closed systems, steady
state conditions will normally exist between the point of decreased capacity and the 
output section of the system. If steady state does not exist in this area a more severe 
capacity reduction must have taken place downstream. However, in most cases the 
steady state exists and the output flow rate will, over a reasonable time period, equal 
the flow rate across the reduced capacity section. The capacity flow rate of this 
section, then, can be estimated by simple volume counts downstream of it. 

Once the capacity reduction has been detected and the capacity flow rate has been 
estimated, the modified operation of the freeway system can be determined. The 
revised capacity flow rate is substituted in the linear programming model and the new 
desired merge rates are obtained. These, as well as the expected input volume at 
each entrance ramp, provide a rapid estimate of the severity of the ramp controls 
necessary upstream of the capacity reduction. All of these operations would be con
ducted automatically within the central computer. 

As an example of the operation of the model under normal and reduced capacity 
circumstances, the system (Fig. 4) will be analyzed. Only three freeway capacity 
constraints will be considered in this simple example, on sections 1-3, and no queue 
constraints are included. An hour period is used in the analysis. 

The statement of the model, then, is 

6 
maximize I: ~ 

j = 1 

6 
subject I: Ajkxj "' Bk 

j = 1 
k=l,2,3 

and xj "' Dj 

and ~ :e 0 

j=l, ... ,6 

j=l, ... ,6 



8 

i 

D· 
I 

TABLE l 

Ajk USED IN MODEL FOR NORMAL OPERATION 

l 

l 

l 1.000 

k 2 

3 

TABLE 2 

Bk USED IN MODEL 
FOR 

NORMAL OPERATION 

K Bk 

l 5900 

2 6000 

3 6450 

TABLE 3 

Dj USED IN MODEL 
FOR NORMAL OPERATION 

2 3 4 5 

600 475 450 500 825 

2 

1.000 

6 

6800 

i 

3 4 5 6 

.949 .933 .824 .519 

1.000 1.000 .922 .619 

1.000 .969 .777 

Table 1 gives the Ajk used in the· model 
under normal operating conditions. These 
data would be obtained from 0-D surveys 
at the entrance ramps. 

Table 2 gives the Bk, the freeway 
capacities under normal operation. These 
would be obtained from historical volume 
counts. 

The Dj, the m:udmum hourly demand 
at each input, are given in Table 3. These, 
too, would be obtained from a series of 
volume counts. 

The simplex method was used to solve 
.i.1....:_ ---.-.1.-.1 ~ -A- ,.._..J m ... ,_,_ A ____ J.. ... .: ___ J.L-

being the slack variables. 
The optimal simplex tableau is given 

in Table 5. The optimal solution is X1 
= 447, X2 = 475, Xii= 450, ~ = 367, Xa = 
825, Xa = 6800, S2 = 213, S4 = 153, and S1 = 
133. Hence, 447 vehicles can enter the 
freeway via the A venue F entrance ramp 
and 153 must be stored or diverted there. 
Only 367 vehicles can be allowed to enter 
at Avenue C, and since the demand is 500 
vehicles, 133 vehicles in the hour must be 

stored or diverted there. The second constraint turned out to be redundant and there 
is a 213-veh/hr excess capacity at Section 2. 

Although the tableaux are not presented here, this same problem was solved again 
assuming that a capacity reduction was detected at Section 2 and that the capacity 
there was estimated to be 5400 veh/hr. In this solution X1 = 600, ~ = 475, Xii= 63, X4 = 
367, Xa = 825, Xa = 6800, S1 = 214, S6 = 387, and S7 = 133. Thus, no vehicles would have 
to be denied access at the Avenue F entrance; in fact, the capacity constraint at Sec-
tion 1 is now redundant and has a 214-veh/hr excess capacity. The inputs Xa, M, Xa, 
and Xa are all unchanged. However, with the capacity at Section 2 reduced, Xii decreases 
to 63 vehicles (from 450). Thus, during the hour only 63 vehicles would be expected 
to be able to enter the Avenue D entrance ramp while 387 would have to be diverted. 
This ramp would probably be closed due to the capacity reduction. 

The effect of the accident on the system output Z0 during the hour can also be seen 
n 

from these analyses. Under normal operation Z0 = :E Xj = 9364 while with the 
j = 1 
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DETECTOR 

I 

xs 

.824 

.922 

,969 

I 

-I 

I 

X5 

I 

0 

TABLE 4 

ORIGINAL SIMPLEX TABLEAU 

I 0 0 0 0 

x6 s , s2 s3 s4 

.519 I 

. 619 I 

.777 I 

I 

I 

-I 0 0 o· 0 

TABLE 5 

OPTIMAL SIMPLEX TABLEAU 

I 0 0 0 0 

x6 SI S2 S3 S4 

I - ,933 

I - I 

I 

- I ,933 I 

-I 

I 

0 I 0 .067 0 

0 

s5 

I 

0 

0 

S5 

-I 

I 

I 

0 

9 

0 0 0 0 

s6 s1 s8 s9 ~1 

5900 

6000 

6450 

600 

475 

I 450 

I 500 

I 825 

I 6800 

0 0 0 0 Z0 =0 

0 0 0 0 

s6 S7 SB S9 

- .949 ,080 .206 447 

-I .047 .158 213 

- .969 -.777 367 

.949 - ,080 -.206 153 

475 

I 450 

I .969 ,777 133 

I 825 

I 6800 

z = 
.051 0 . Ill ,429 

0 

9364 
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RAMPS TO BE 
CLOSED 

OR CLOSURE COMMAND CONTROLS 

Figure 5. Schematic of operations of central monitor and control computer. 
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capacity reduction Z0 = 9130. Therefore, the output of the system would be about 
234 veh/ hr less when the capacity of Section 2 is reduced to 5400 veh/hr. 

Figure 5 shows a schematic of the central monitor and control computer operations. 
It receives inputs from the freeway detector and supplies outputs to the individual con
troller locations. The other operations and decisions are performed internally. 

In summary, some of the advantages of using the total directional flow rate and 
capacity to operate a system of freeway ramp metering controls have been presented. 
The main advantages stem from the ability to make use of the continuity characteristics 
thereby permitting systems analysis and operation. Each local controller obtains the 
desired merge rate from the central computer and then determines the time headways 
between entering vehicles to maintain this rate of merge. The central computer 
monitors the freeway operation by examining the detector outputs. It determines 
whether normal or reduced capacity operations prevail and establishes the proper 
merging rates at each entrance ramp in the system. It supplies these rates to the 
local controllers which then maintains them. 

The control system suggested here is fairly elaborate and an investment in such a 
system should be carefully analyzed. An incremental analysis should be used. If the 
annual cost of the system as outlined in this report is $ 200, 000 and the annual benefit 
to the motorists is $ 400, 000, it might seem to be justified. However, an extremely 
simple, fixed-time control scheme with an annual cost of $20,000 might result in an 
annual benefit to the motorists of $ 300, 000. In this case the incremental investment 
of $180, 000 for an annual benefit of $100, 000 may not be justified. 
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Discussion 
EDWARD F. GERVAIS, National P r oving Ground for Freeway Surveillance, Detroit, 
Mich.-The material in this paper deals primarily wi th a ramp metering system since 
the author feels it is the most effective means of reducing travel time and increasing 
the number of trips obtained on a freeway during peak periods. While ramp control 
cannot be given determinate values at this stage of the research, it certainly appears 
to be a logical statement that it is effective and the work done so far at the National 
Proving Ground for Freeway Surveillance, Control and Electronic Traffic Aids would 
support this conclusion. 

We would certainly agree that if the freeway traffic conditions have reached an 
unstable condition created either by congestion or extraordinary events, ramp control 
would be one of the most effective means of returning the freeway to a stable condition. 
At this point, I must add that we have experimented only with total ramp closure in 
Detroit for two reasons: (a) adequate storage area back of the entrance ramps neces
sary for ramp metering is not present at the entrance ramps in our study area, and 
(b) in the early stages of research, there was little to be gained by two agencies per
forming work on the same subject. 

Where control at individual entrance ramps is discussed, we find the term "merging 
rate" (MR) employed. Stated in plain language, this term represents the combination 
of freeway and entrance ramp traffic which will operate downstream of the merge 
point in a state which will best answer the description of being optimum for a particular 
condition. 

The merging rate is given in vehicles per minute which by itself is a simple enough 
quantity to work with. However, if we were to acquire a value for the merging rate for 
a specific time from downstream traffic measurements, we would have to know the 
downstream flow rate and the headway or speed conditions under which it occurs and 
then determine what merging rate can be used at the ramp metering point. 

Under stable speed conditions the problem would be relatively simple, but when 
speed differential exists on the freeway under heavy traffic conditions, projections 
must be made in flow rates to determine whether the area into which traffic is moving 
can either pass or absorb in "slowdown storage" additional vehicles. This is by no 
means a simple problem and is one that will require quite extensive research. 

An examination of the MR factor indicates that there is considerable complexity 
not only on what to measure but on how much to measure in order to obtain a usable 
value. I would certainly agree with the author that the use of entrance ramp volume 
and volume on the freeway lane adjacent to the ramp will provide an inadequate means 
of arriving at an appropriate value for merging rate unless other factors are taken in 
consideration. 

This is especially true in view of the varying geometrics of our freeways. It would 
be possible, for instance, to have one entrance ramp a short distance upstream of an 
entrance ramp being measured for ramp control. This distance might be too short 
for entrance traffic to redistribute itself into other lanes of the freeway before it is 
measured in advance of the second entrance ramp. This does not mean that it could 
not be done without trouble downstream of the second entrance ramp. This would 
depend on traffic conditions in the other freeway lanes. 

I feel that the merge rate is not as stable as the author describes or we would like 
to see. The value of the merging rate can be influenced by the design of an entrance 
ramp. We should consider the big advantages of ramp metering as coming from the 
reduction of ramp entrance traffic interference rather than withholding vehicles from 
the freeway to reduce traffic loads. Actually the freeway traffic volumes maintain 
higher "peaking" levels because of ramp control. 

Metering will permit entrance of vehicles to the freeway at spaced intervals and 
minimize the problem created by "tailgating." Since merging interference is more 
prevalent with certain geometric designs, we would have to compensate by properly 
modulating the merging rate so that the optimum downstream flow is preserved. This 
indicates the need of studying the various ramp designs and determining the types 
that would work most satisfactorily in a control situation. When considering ramp 
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designs where control is present we might be able to select less costly designs which 
still produce a good level of service. 

The author discusses a linear programming model for control of freeway traffic. 
The freeway is broken down into a series of subsystems in which the input-output is 
measured. One of the important things toward which the research programs must 
be directed is to find how traffic behaves on a freeway on a system basis and determine 
essential variable information which we must know in order to satisfy control require
ments. Minimizing detection points is certain to keep costs of freeway control sys
tems to a minimum. 

One of the reasons why I am an enthusiastic supporter of closed circuit television 
is that not only does it give you information which cannot be obtained by other means, 
but it also would permit the use of an automated system which would not require a 
saturated detection system since anything out of the ordinary could be recognized by 
television and corrected. One thing that I feel will be important in any experiments 
on ramp control is not only to regulate a flow of traffic at a particular entrance ramp 
but anticipate and know where this traffic will go if it is diverted. 

I feel strongly that once we know proper values for merging rates we would find it 
necessary to close certain ramps quite repetitiously, since any interference from 
entering traffic at certain ramps, no matter in what reduced numbers, would create 
freeway flow reduction. Even in ramp metering there is a certain amount of traffic 
which will bypass the entrance ramp if the length of the queue does not appear reason
able to the individual driver. This may subject the downstream ramp to a greater 
pressure for entrance to the freeway. 

What this merely says is that in a complete systems concept, consideration must 
be given to the perfor111ance of traffic off the freeway particularly along those routes 
which parallel the freeway since it does represent transportation through a corridor 
and our real purpose is to make most efficient the corridor movement of traffic. This 
might appear that we are already advocating the introduction of other inputs to an 
already complicated system but I can see many of these factors being accounted for 
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establish a program which would work fluidly in accordance with pre-knowledge of 
certain factors such as weather and time. By determining beforehand how these 
variables can be handled in a computer program, distribution of traffic over a surface 
street and freeway network can be made and the detectors in the system can be made 
to determine whether the program is working properly in the various components of 
the system. 

We should never lose sight of the fact that a good control system still has its final 
output in a driver receiving information and performing on the road. Since he is a 
creature of habit, it would be better that small benefit changes be eliminated from 
traffic systems 1ao that the driving task is not complicated to a rlP~rPP whir.h nullifiP.s 
the benefits. We must also be very careful in designing a control system on a sys
tem basis which will have built-in dampeners. 

I point out the danger that if we obtain samplings by using a short time base, we 
may wind up with a situation where we sample a traffic situation, apply a control change, 
measure the traffic stream again after the change, and come up with still another 
control chan~e. In other applicatfons, this has many t.imPR r:rPatP.d a "hunting and 
seeking" problem which if not properly considered could be a serious fault in any 
control system. 

The delineation of the above problems is not meant to detract from the conclusions 
of the author, but rather to point out some of the factors which may have to be con
sidered in evolving a practical control system for ramp traffic which will accomplish 
its intended purpose, 
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ROBERT S. FOOTE, Tunnels and Bridges Department, The Port of New York 
Authority-The subject Dr. Wattleworth has treated in this paper is a most impor tant 
element in achieving the best operation of limited access road systems. I believe he 
has made a particularly valuable contribution in presenting the system aspects of 
on-ramp control, and in applying linear programming to develop an optimal solution. 

At this stage in the operation of congested roads, I do not believe the point can be 
stated too often: control of t raffic entering and moving over limited access r oads 
(and I include tunnels in this category) is essential when demand exceeds capacity , if 
full benefit is to be achieved from the road. There has been increasing recognition 
of this viewpoint in the past few years, and our work at The Port of New York Authority 
has been concerned with confirming and applying the concepts of traffic flow control. 
This experience leads me to discuss the paper in the light of my guess that control 
of freeway traffic may develop along the same lines that control of tunnel traffic is 
developing. 

Lacking experimental work, the author has rightly presented the need for a system 
control, rather than individual local controls, in a tentative way. It seems to me these 
are important questions to be answered: Will local control do a good enough job? Is 
a systems approach needed? 

By local controls, I mean that the decision about the rate at which traffic should 
enter the freeway at a particular on-ramp is based on detection of freeway traffic 
conditions near the ramp. These controls can prevent congestion from being caused 
on the freeway at the merge point due to excess traffic from the on-ramp. But, I 
believe in most cases this sort of control is not adequate. 

For one thing, on a given road system where demand exceeds capacity, there will 
be one original, principal, controlling bottleneck where congestion is first precipitated 
If that bottleneck is at an on-ramp, local control at that point could be very effective. 
But local control at other on-ramps would not be relevant to preventing congestion at 
the critical on-ramp. And where the bottleneck is not usually at an on-ramp but is 
located along the closed roadway (such as at a grade change point), the local on-ramp 
control would again not be relevant or effective in forestalling congestion. 

For another thing, our experience in controlling tunnel traffic flow has been that 
limiting traffic demands entering the roadway on the basis of conditions in the main 
stream at only one usually critical point is not enough. This, of course, is a function 
of the geometrics and capacity characteristics of the particular roadway being con
sidered, but we find two or three or more points where congestion might develop. For 
these reasons, I believe that in most cases a coordinated central control of the entire 
critical network will prove desirable, rather than local independent controls. 

Probably the most important question to ask in considering this paper is: Will 
steady-state control do a good enough job (except for special reduced capacity occur
rences)? Experimentation is certainly needed on each roadway to answer this ques
tion, but I predict that steady-state controls will generally not do a good enough job 
and that more flexible controls will be the preferred mode. By steady-state controls, 
I mean that, barring special events such as accidents, the merge rate established 
for each of the access points is based on historical data as to demand, destination and 
capacity rather than on the particular current traffic situation. 

My prediction is based on experience that capacity depends markedly on such random 
variables as weather conditions and traffic composition, as well as on the special events 
such as disabled vehicles. But, another variable which could be important on a freeway 
or other multi-exit road is the fluctuation in the destinations of the traffic on the road 
at any particular instant. While the demand and destination patterns measured over 
an hour may be highly stable from day to day, there can be much variation in these 
patterns measured over 1, 5, or 10 minutes. For these reasons, as a control system 
is sought which will come closest to maximizing traffic flow, I feel that system will 
have to be sensitive to current and even predicted conditions of capacity and demand. 

As the system becomes more responsive to traffic conditions, problems of control 
stability become apparent. Since even the steady-state system considered would 
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respond to reduced capacity occurrences (such as an accident), I feel the problem of 
stability may arise when experiments are conducted in Texas. The stability problem 
arises in part due to the time lag in reacting to capacity reduction. During the time 
lag the road is continuing to receive more traffic than it can handle, as there is a 
backlog of excess traffic which must be removed. To removel.this backlog, the input 
rate should be lower than even the reduced capacity output rate. But, when the backlog 
is cleared, there then occurs another time lag (which, in a low-response system could 
be lengthy) when the road is ''starved" for traffic. The tendency then is to over-correct, 
and the cycle repeats. This at least is what we found we were doing in controlling 
tunnel traffic. 

While various means exist to damp the oscillation, the most effective means to 
stabilize the input control system would be to predict what conditions on the limited
access roadway are likely to be in the next 5, 10, or 15 minutes, and determine input 
or merge rates on that basis. We have found that knowing the number of vehicles 
actually present in critical road sections is an effective predictor. The control sys
tem we are now building for the Lincoln Tunnel is based on measuring density. This 
is a task which requires a computer, which leads me to believe that the most important 
task for a traffic flow control computer will be to predict, assess and determine when 
changes in strategy are needed, rather than to run a linear program to determine the 
best inputs for the new conditions. It may be preferable to store solutions for a variety 
of conditions in the computer, ready for instant call-up and effectuation when needed. 

One of the most interesting areas for discussion is the measure of effectiveness to 
be used. Wattleworth' s formulation seeks to maximize the number of vehicles entering 
the system. Another measure of effectiveness (included in this discussion) was 
proposed by Harold Greenberg who consults with us on tunnel traffic problems. This 
would be to minimize the difference between section capacities and section throughputs. 
Dr. Greenberg cakulated the linear programming solutions for this measure of 
effectiveness, and when they are compared with the particular solution reported by 
Wattleworth, it becomes clear that the Greenberg measure would provide a higher 
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The point here is not that one measure is necessarily better than another, but 
rather, that there are a range of plausible measures which should be explored. One 
criterion which should be used in selecting the desired measure is to consider how each 
measure alters input strategies as section capacities vary. For example, if the 
capacity of Section 1 is for some reason cut by one-third, the amount of traffic entering 
the various ramps might then differ markedly depending on which measure of effective
ness was used. 

In conclusion, I would like once again to stress that this is a very valuable paper, 
and represents a definite step forward in the engineering of traffic controls on limited
access roads. We have a long way to go, but Dr. Wattleworth has taken an important 
step in his paper. 

Alternate Linear Programming Formulation (Greenberg) 

We desire to achieve maximum use of each section of the freeway. Thus, we would 
like to obtain the Bk level for each section. This can be done by an alternate linear 
programming formulation. The constraints 

are written as 

n 
I: Ajkxj <;; Bk 

j = 1 
k = 1, ... ,m 

k=l, ... ,m 



in the usual way, where S are the slack variables. To achieve maximum usage, we 
want to minimize 

subject to 

n 
~ Ajkxj + sk = Bk 

j = 1 

Xj ,;; Dj, Xj ~ 0, Sk ~ 0 j = 1, ... ,n 1, ... ,m 

Using the example starting on page 6, we obtain the following optimal solutions: 

X1 = 411, X2. = 475, Xa = 450, X4= 500, Xs = 825, 

Xs = 6629, S1 = o, S2. = 186, Sa = o, W= 186 

or 

Xi = 600, Xa = 286, Xa = 450, ~ = 500, Xs = 825, 

Xs = 6629, S1 = o, S2. = 186, Sa= o, W = 186 
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Any convex combination is also a solution. Here Z = Xj = 9290, which compares to 9364 
for maximizing Z. The max Z solution gives W = 213. 

ADOLF D. MAY, JR., Associate Professor of Civil Enginee.r ing and Associate Research 
Engineer, Institute of Transportation and Traffic Engineering, Univer sity of Califor nia , 
Berkeley-The work of Dr . Wattleworth over the past sever al years in this area of 
peak-period control of a freeway system has been stimulating and provocative to other 
investigators. His work pertaining to the use of linear programming techniques for 
freeway control has opened new avenues for study. This paper has encouraged the 
discusser to become actively involved in the proposed linear programming model and 
to investigate modifications for extension and possible improvement. The following 
comments will be directed primarily to reporting on the discusser's experience with 
the model and to suggest some further avenues of possible study. 

As a first step in becoming familiar with the linear programming model, a computer 
program was prepared and using the same traffic data, the two examples given in the 
paper were run on an IBM 1620 computer. The results obtained were identical to those 
described in the paper; the computer output formats are given in Tables 6 and 7. After 
further study of the model and the accompanying results, certain modifications of the 
model were undertaken. 

The original model permitted the freeway input volume to be equal to or less than 
the freeway input demand. This would permit queuing on the freeway if the freeway 
input volume was in fact less than the freeway demand. Fortunately with the particular 
traffic data provided, no queuing did occur. But this part of the model was modified 
to insure that such queuing would not occur with other data inputs, since it does not 
seem appropriate to develop a control scheme to eliminate congestion on one freeway 
section by creating congestion at another. If in fact this does not permit a solution to 
the model, consideration could be given to extending the ramp control further upstream. 
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TABLE 6 

ORIGINAL PROBLEM 

Input Demond 
Allowable Queue or 

Volue0 

Volume Diversion 

Ramp l 600 447 153 
Romp 2 475 475 0.0000 
Ramp 3 450 450 0.0510 
Romp 4 500 367 133 
Ramp 5 825 825 0.1111 
Freeway 6800 6800 0.4289 

Bottleneck Capacity 
Actual Excess Valueb 
Flow Capacity 

Section 1 5900 5900 1.0000 
Section 2 6000 5787 213 
Section 3 6450 6450 0.0670 

~Increase in objective function per unit increase in input demand. 
Increase in objective function per unit increase in bottleneck capacity. 

Note: Total output= 9364 veh/hr (objective function). 

Input 

Ramp 3 
Ramp 4 
Ramp 5 
Freeway 

Bottleneck 

Section 1 
Section 2 
Section 3 

TABLE 7 

ORIGINAL REDUCED CAPACITY PROBLEM 

Demond 

450 
500 
825 

6800 

Capacity 

5900 
5400 
6450 

Allowable 
Volume 

63 
367 
825 

6800 

Actual 
Flow 

5686 
5400 
6450 

Queue or 
Diversion 

Jt!/ 

133 

Excess 
Capacity 

214 

0.0780 
0.3810 

Volueb 

1.0000 
0.0000 

~Increase in objective function per unit increase in input demand. 
Increase in objective function per unit increase in bottleneck capacity. 

Note: Total output= 9130 veh/hr (objective function), 

X. 
6 

s: D. 
6 

(original model) 
J = J = 

X. 
6 

< D. 6 (queue on freeway) 
J = J = 

X. 
6 

= D. 6 (suggested revised model) 
J = J: 

Jl 

The original model was formulated to maximize :E Xj which is the sum of the input 
j = 1 

volumes to the freeway system. Perhaps this is the best quantity to maximize. The 



TABLE 8 

MAXIMIZE VEHICLE-Ml LES PROBLEM 

Input Demand 
Allowable Queue or 

Valuea 
Volume Diversion 

Ramp l 600 447 153 
Ramp 2 475 475 0.5435 
Ramp 3 450 450 2.0780 
Ramp 4 500 367 133 
Ramp 5 825 825 0.7541 
Freeway 6B00 6800 0 ,3633 

Bottleneck Capacity 
Actual Excess 

Valueb 
Flow Capacity 

Section 1 5900 5900 0.0190 
Section 2 6000 5787 213 
Section 3 6450 6450 2.5803 

~Increase in objective function per unit increase in input demand. 
Increase in objective function per unit increase in bottleneck capacity. 

Note: Total output= 21,040 veh/mi (objective function). 

TABLE 9 

UNEQUAL QUEUE RESTRICTION PROBLEM 

Input Demand 
Allowable Queue or Pre-Set Maximum 

Volume Diversion Queue or Diversion 

Ramp l 600 500 100 100 
Ramp 2 475 425 50 50 
Ramp 3 450 443 7 50 
Ramp 4 500 399 100 100 
Ramp 5 825 791 34 75 
Freeway 6800 6800 0 

Bottleneck Capacity 
Actual Excess Valuea 
Flow Capacity 

Section l 5900 5900 1.0537 
Section 2 6000 5782 218 
Section 3 6450 6450 0.1359 

alncrease in objective function per unit increase in bottleneck capacity, 

Note: Total output= 9359 veh/hr (objective function), 

n 
discusser, however, gave some consideration to maximizing . E tj :K_i which is the 

J = 1 

n 
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sum of the vehicle-miles of travel on the freeway system instead of E ~- The logic 
j = 1 

of this consideration was that if more vehicle-miles were traveled on the freeway then 
one might expect less vehicle-miles of travel being diverted to the surface streets. In 
addition, if the various ramps contributed a wide range in average trip lengths; a 
scheme which would be more restrictive to ramps contributing short trip lengths, 

n 
would appear logical. The original model was modified to maximize . E tj :K_i and 

J = 1 
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Input 

Ramp 1 
Ramp 2 
Ramp 3 
Ramp 4 
Ramp 5 
Freeway 

Bottleneck 

Section 1 
Section 'l. 
Section 3 

TABLE 10 

EQUAL QUEUE RESTRICTION PROBLEM 

Demand 
Allowable Queue or 

Volume Diversion 

600 532 68 
475 407 68 
450 382 68 
500 432 68 
825 757 68 

6800 6800 

Capacity 
Actual Excess 
Flow Capacity 

5900 5860 40 
6000 5722 278 
6450 6450 

Valuea 

1.0000 
1.0000 

0.9731 

Valueb 

~Increase in objective function per unit increase in input demand. 
Increase in objective function per unit increase in bottleneck capacity. 

Note: Tote! output= 9312 veh/h (objed1ve fonctlon). 

TARLE 11 

Excess Capacity Sum of 
Queue Constraint 

Section 1 Section 2 Section 3 
Input Volumes 

none none +213 none 9364 
unequal a none +218 none 9359 
equalb +40 +278 none 9312 

~Assumed queue constraints of 100, 50, 50, 100, ur1J 75 for the five ramps. 
Resulted in equal queues of 68 veh/hr per ramp. 

analysis undertaken of the traffic data (2). The permitted input volumes were identical 
to the author't. ret.ullt. which imlicated ffiat for the given example, maximizing input 
volumes actually did maximize vehicle-miles of freeway travel. The results of this 
modified model are given in Table 8. One would not expect that a selected control 
scheme would always maximize both criteria, and consequently the discussor suggests 
that this offers a possibility for further study. 

The author suggested in his paper that two types of queue constraints could be placed 
on the model: Sj ~ Qj and Sj -= Sj + 1· In the firot case, a m:udmum permitted queue 

is established for each ramp; in the second case, the queue length (number of 
vehicles denied access) would be the same for all ramps. These schemes appear 
plausible, particularly considering the more favorable effect of the public and 
the probability that certain ramps might handle the queues more effectively. 
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The results of such modified models for the given traffic situation are given in Tables 9 
and 10. Table 11 compares the results obtained from the original model with these 
two queue constraints. 

In the reduced capacity example, the permitted volume on ramp three was reduced 
to 63 veh/hr, and the author suggested that this ramp would probably be closed since 
the permitted ramp volume was so small. Consideration was given to undertaking this 
analysis assuming this ramp was closed (Xj = 3 = 0), and this possibility demonstrates 
the flexibility available with the linear programming technique. Further inspection of 
the author's reduced capacity example, however, revealed that the ramp closure would 
not increase the permitted ramp volume at any other ramp but would slightly reduce 
the freeway flow downstream of the ramp, and consequently, increase the level of 
service. This demonstrates another advantage of the linear programming technique 
in that the results of initially conceived models can be used to indicate appropriate 
directions for further refinements and improvements. 

A further interpretation of the linear programming results is the determination of 
the effect of unit changes in constraints on the objective function. The author includes 
a description of this further interpretation in his earlier paper (7) but he did not include 
it here. Each table contained in this discussion includes such results. For example, 

• in the original problem (Table 6 ), a unit increase in the bottleneck at Section 3 would 
result in an objective function increase of 0. 0670. In other words, increasing the 
capacity at this section by one vehicle increases the total ouput of the system by 0. 067 
vehicles. On the other hand, the last column of Table 6 shows 'that increasing the 
capacity at Section 1 by one vehicle increases the total output of the system by 1. 0 
vehicles. Consequently this would indicate that a greater benefit would result by in
creasing the bottleneck capacity at Section 1 than by doing so at Section 3. 

Considering other study possibilities, there is a need for the quantitative measure
ments of the time variation of traffic demand and 0-D desires. The application of 
linear programming for traffic control purposes requires that the various traffic 
demands and 0-D desires be relatively constant over the time period selected. The 
author mentions this matter and suggests that 30-min intervals might be applicable 
and, in the case of severe congestion, the periods of analysis might be lengthened. 
Measurements of traffic demand available to the discussor indicate that selection of 
shorter time periods for applying linear programming techniques may be required. 
For example, on the San Francisco-Oakland Bay Bridge the westbound morning peak
hour volume averages approximately 8200 veh/hr. Congestion is not normally 
encountered in this direction at this location during the morning peak period and 
therefore the volume count is essentially the traffic demand. During the peak hour, 
however, the 6-min volumes (expressed as hourly rates) increase from 7200 to 9200 
during the first half-hour and then decrease from 9200 to 7200 during the second half
hour. Such analyses of the time variation of freeway and ramp demands as well as 
0-D desires, in order to select appropriate time periods for linear programming 
applications, appear to be needed. 

The time period determined by such studies will play a significant part in the final 
selection of a freeway control system configuration and of the size of computing 
facilities required if linear programming techniques are to be applied. A second 
avenue of possible studies then is directed toward the selection of freeway control 
system configurations. Undoubtedly different locations will require specially adapted 
control-system configurations, but perhaps some portion of the spectrum of control 
system ranging from a strictly time-clock operation to a second-by-second dynamic 
linear programming traffic-adjustable operation would be most suitable. The author 
suggests the need for such evaluations and proposed that both the costs and benefits 
of various configurations be estimated. 

The final suggestion for possible study is the extension of the author's work toward 
the consideration of a network rather than a one-directional length of freeway. Opti
mizing the use of a directional freeway length may not necessarily be the same as 
optimizing the use of the network. For example, there are some who contend that 
the best strategy for network operations is to store the excess traffic demand on the 
freeway. Others suggest that in the event of a freeway capacity reduction event, 



20 

freeway controls should be terminated. The specific strategies for ramp control 
might be modified if alternate under-capacity routes (such as frontage roads) are 
available at some ramp locations but not at others. The engineer must consider the 
consequences of freeway control systems to surface street users as well as to freeway 
users, and therefore the total network being affected by the control. system should be 
considered. 
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JOSEPH A. WATTLEWORTH Closure-The author most certainly appreciates the 
excellent reviews by Edward Gervais, Robert Foote, and Adolf May and would like to 
compliment the discussers for the depth and stimulating nature of the reviews. Many 
new ideas emerged from the written reviews and the subsequent discussions with the 
three authors . 

It was gratifying that each of the discussions stresses the need for a systems 
approach to the problem of traffic control since this is.the approach taken at the Texas 
Transportation Institute. 

Dr. May and Mr. Foote deserve special credit for taking the time to analyze the 
linear programming model in det · d f ,. even P, ·oposjng models of their wn. The 
author made several solutions to the proposed models to compare them with his model 
using the example problem in the paper and very little practical difference existed 
among them. While the practical differe1,ces are slight, philosophically I continue to 
favor the criterion of maximizing input (or really output) to the freeway since it is so 

analysis in whi~h th-~ -;~tire arterial street-freeway ~system is considered in the opti
mization. The proposed model does not do this. The network model, perhaps of the 
type used by Pinnell (9), would determine the proper amount of traffic to route or 
assign to the street system and to the freeways. When this has been done it would 
be surprising if a sufficient demand would be diverted from the freeways to the arterial 
streets to eliminate peak-period operational problems on the freeways. Whatever 
network analyses are performed it is probable that the final problem will be a freeway 
with more demand than capacity (otherwise there is no need for peak-period control) 
and the proposed model can be used to aid in the allocation of capacity to the demands. 

All three discussers made the point that we have to determine how elaborate a 
control system is really needed, or rather, what control system is economically 
warranted. Probably they are implicitly questioning the justification for the elaborate 
detection system presented. This same question was also raised in the paper. What 
we are all saying, I believe, is that a Rolls-Royce solution has been proposed and 
possibly the need is more for a Volkswagen. This, of course, is an important area 
requiring further research and this is an important phase of the research planned at 
the Texas Transportation Institute. 

Mr. Foote and Mr. Gervais raised the question of the stability of the control sys
tem. This is always a question in any control system and is another area of further 
research in the freeway control field. I believe that this matter can be resolved but 
this will be another area of intensive research on the Gulf Freeway Surveillance and 
Control Research Project during the coming year. 

Dr. May and Mr. Foote both suggested that shorter time periods of analysis be u1:H:iu 
in the linear programming models because of the changes in the 0-D pat~erns during 
the peak period. In some cases this may be desirable but realistic simulations cannot 
be expected if extremely short time periods are used because of the travel time in-
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volved in passing through the system. I think that half-hour analysis periods would be 
about right for use in the analysis of the operation of the Gulf Freeway. 

There is perhaps a more serious problem involved in the use of the L-P model which 
none of the discussors mentioned. While the 0-D patterns may change a bit during 
the peak period, this pattern probably changes quite extensively when a control system 
is implemented Thus, the use of 0-D data obtained before the initiation of control 
can lead to quite misleading interpretations of the operation of a controlled facility. 

The author would again like to express his thanks and gratitude to the three reviewers 
for their discussions of the paper. These discussions will certainly be of benefit in 
future research. 




