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Previously on Traffic Engineering

Show that o = lk in traffic where all vehicles have length l .
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Previously on Traffic Engineering

The following is a picture from Ni (2016) with one year of traffic data from
a city in US aggregated into 5-minute intervals.
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Figure 4.3 Observed q-k-v relationships.

The density values are calculated from the volume and speed measure-
ments.
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Lecture Outline

1 Macroscopic Fundamental Diagram

2 Extensions and Applications
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Lecture Outline

Macroscopic Fundamental Diagram
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Macroscopic Fundamental Diagram
Introduction

To analyze urban networks, we have both microscopic and macroscopic
tools in our arsenal. The macroscopic ones, particularly, use simple trian-
gular/trapezoidal fundamental diagrams.

Most of the literature on fundamental diagrams, however, focus on highway
traffic. How would this data look for urban/city traffic?

This question led to the analysis of loop-detector data in Yokohama. Re-
member, with a single loop detector, it is easier to measure flow and
occupancy.
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Macroscopic Fundamental Diagram
Yokohama Experiment

Several previous studies tried to zoom out and analyze how average speed
and flows were related in networks when aggregated as a single entity.

The results indicated that these were inversely related and the data mostly
captured uncongested conditions.

Another set of aggregated variables which showed interesting trends were:

I Number of vehicles in the network (accumulation)

I Rate at which vehicles leave the network (trip completion rate)

I Production (average flow × trip lengths)

The first two can be viewed to be analogous to density and flux/flow.
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Macroscopic Fundamental Diagram
Yokahama Experiment

Data collected in 2001 from 500 loop detectors aggregated at 5-min ag-
gregation was used for this study. These typically measured qi and oi , the
flow and occupancy, on link i .

Note ki = oi/(veh len), where (veh len) is the average length of a car.

Let the set of arcs which contained a detector be A′ and let A indicate the
total number of arcs in the network.

In addition, 140 taxis fitted with GPS devices were also used to expand
the inferences.
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Macroscopic Fundamental Diagram
Yokahama Experiment

Suppose the length of link i is li . Define the weighted and unweighted
averages of flow and occupancy/density as shown below:

qw =

∑
i∈A′ qi li∑

i∈A′ li
qu =

∑
i∈A′ qi

|A′|

The production is defined as the numerator of
∑

i∈A′ qi li .

ow = kw (veh len) =

∑
i∈A′ oi li∑

i∈A′ li
ou = ku(veh len) =

∑
i∈A′ oi

|A′|
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Macroscopic Fundamental Diagram
Yokohama Experiment

But the picture from individual detectors looked something like that shown
in (a).

The scatter exhibits a lot of noise compared to those from highway loop
detectors. (Why?)

What if the data from all detectors are aggregated? Would the scatter still
persist.
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Macroscopic Fundamental Diagram
Yokahama Experiment

But first let’s look at the unweighted average flows (left) and unweighted
occupancy (right) across all detectors for a weekday and weekend.

The above plots indicate that the OD demand is likely different for these
days in the network and further there is significant within-day variation
A1–D2.

Lecture 20 Macroscopic Fundamental Diagram



12/29

Macroscopic Fundamental Diagram
Yokahama Experiment

However, when aggregated, these unweighted quantities exhibit neat fun-
damental diagrams with very low scatter. Average speed vu is simply set
as qu/ku.
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Macroscopic Fundamental Diagram
Yokahama Experiment

In fact, the weighted average flow vs. density/occupancy was also found
to exhibit a fundamental diagram.

Note as well (see Fig. 1f) that the flow-speed relation is not monotonic as mentioned in the introduction;
that the maximum flow is reached for an average occupancy of 0.3 (Fig. 1d) and an average speed of 13 km/h
(Fig. 1f); and that these markers are consistent across time periods (morning and evening peaks). Further-
more, the hysteresis phenomenon first reported for individual lanes in Treiterer and Myers (1974) is notable
for its absence.2 The consistency of these results indicates that if the trip completion rate in A’ is linearly
related to qw then the perimeter control rule in Daganzo (2007) would increase the accessibility delivered
by A’, just as predicted in that reference. Given Yokohama’s heavy congestion, its residents would benefit sub-
stantially from its application. Therefore, we now examine the relationship between the trip completion rate
and qw.

3.2. Existence of a linear relation between exit flows and network flow

From an accessibility standpoint, including the dynamics of the rush hour, we are interested in the connec-
tion between the unit production qw and the rate at which cars reach their destinations – defined for now as
leaving A’. Cars can leave A’ along the perimeter of the region and also internally, but they are most readily
observed along the perimeter where there are detectors. Accordingly, we shall focus for now on this observed
outbound perimeter flow (veh/h), which we denote D’. This perimeter flow includes a considerable part of the
trip-ends, as we shall see later. So, a connection between D’ and qw would shed some light on the general acces-
sibility question, although it cannot be the final answer.

Fig. 3a shows the time series of D’ and qw for our weekday when the flows are sampled in 5-min intervals.
D’ has been calculated from the detectors located on the periphery of A. They appear to be correlated. Other
weekdays are similar. Fig. 3b confirms this fact; it reveals that the ratio qw/D’ is close to 0.033 in every 5-min
time slice of the day.3

Section 4 below analyzes taxi data to expand the results of this section to A; it will also demonstrate that a
trip completion relation similar to Fig. 3b, but including all trips and not just those exiting in the perimeter,
also holds for A. The findings are important for two reasons: (i) because they establish that the MFD is not a
property of the detectors or their locations – only of the network itself and (ii) because perimeter control can
be more easily applied to A than A’.

0

0.06

0.12

0.18

0 30 60 90 120

ou
qw

(v
h/

se
c)

0 0.2 0.4 0.6

k u (vhs/ln-km)

A1
B1
C1
D1
A2
B2
C2
D2

Fig. 2. Weighted average flow vs. unweighted average occupancy.

2 Daganzo (2002) attributed the hysteresis phenomenon to lane changing and the non-conservative nature of flow in a single lane. The
fact that the hysteresis loop disappears when we aggregate lanes supports this interpretation.

3 Note there is no trend. In fact, the best-fit 5-degree polynomial deviates from the straight line by less than 0.2% (RMS); and the
difference between the two curves is statistically insignificant. The residuals are completely explained by statistical variations in trip lengths
across individual cars.

N. Geroliminis, C.F. Daganzo / Transportation Research Part B 42 (2008) 759–770 763

Importantly, the changes in OD patterns and time-of-day variations did
not seem to affect these aggregate measures!
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Macroscopic Fundamental Diagram
Yokohama Experiment

The empirical findings discussed so far apply to links in A′. Do they hold
for the complete network?

To answer this, taxi data was used since we can observe trip completion
rates, accumulation, and space-mean speeds easily.

We use mT as our estimate m̂ for m, since valid taxi trips are assumed to be typical trips; i.e.:

m̂ � mT ffi m ð1aÞ

However, if d and s are low (e.g., as occurs at night) the estimate could have a significant error due to insuf-
ficient coverage. To alleviate this problem we aggregated our data and used Dt = 30 min. This ensures that the
coverage of A is reasonable when the number of full taxis in A is on the order of 10 – a value that is consis-
tently exceeded during the day time hours.

The estimation of density is more complicated. First, since the number of lane-km in A is unknown but
fixed we used the accumulation n = kL as a proxy. Thus, an estimate n̂ was constructed as follows: Let
N’ = D’Dt and N’T be the numbers of vehicles and taxis exiting A’ along streets with detectors. The former
is measured by our detectors, and the latter is approximated as a fixed proportion of NT, which is also
observed. We used N’T ffi 0.7NT. Measurements of N’T could not be automatically extracted from the database
because the taxi data were not linked to a digital map of Yokohama; i.e. we had no easy way of knowing on
which particular street the taxis were exiting. The factor ‘‘0.7” was estimated manually, after tracing for a
whole day the routes of 10 taxis on the map of Fig. 5, and determining from this map whether each exit point
belonged either to A’ or A�A’. Fig. 6 displays the result of this effort. Note how the fraction of exits that use
A’ varies little from 0.7. Since full taxis are representative of ordinary vehicles, we expect the ratio n/N’ to
equal on average nT/N’T.Therefore, we can estimate n with n̂, as follows:

n ffi nTN ’=N ’T ffi nTN ’=½0:7N T� � pnT � n̂; ð1bÞ
where p � N’/[0.7NT] is an estimated but observable expansion factor, which approximates the ratio of vehi-
cles vs. full taxis exiting A’ along streets with detectors.

Fig. 5. Trajectory of taxi 1087, and area map (in white) produced by a superposition of all the taxi trajectories.

766 N. Geroliminis, C.F. Daganzo / Transportation Research Part B 42 (2008) 759–770

Some data cleaning was required to identify trip segments with passengers
so that deadheading and search segments are avoided.
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Macroscopic Fundamental Diagram
Taxi Data

To scale-up the data, loop detector flows in A′ can be fused with the GPS
data to get flows in A. (How?)

Taxi Flows on Links with SensorsSensor Locations
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Macroscopic Fundamental Diagram
Taxi Data

But is taxi data a good approximation of the overall demand?

To tag a stop as a passenger move, the taxi had to do one or more of the following: (i) turn on the hazard
lights; (ii) use the parking brake; (iii) turn on the left turn light and stop for at least 45 s;6 or (iv) continuously
exhibit a speed of less than 3 km/h for more than 60 s. Condition (iv) was used to capture stops where the taxi
driver does not activate any safety devices when serving a passenger, while filtering out stops due to traffic
congestion. The 3 km/h limit is commensurate with the granularity of our data.

The path traveled by a taxi between two consecutive passenger moves is a trip. A taxi route is an alternation
of full and empty trips, and the following two-part criterion was used to identify valid (full) trips: (a) the trip
lasts more than 5 min and is longer than 1.5 km; and (b) the trip distance is less than twice the Euclidean dis-
tance between its end points. Condition (a) rules out short trips, which are unlikely to be filled with a passen-
ger, and in any case would not be representative of car trips. Condition (b) disallows circuitous routes, which
for the most part taxis employ only while cruising for passengers.

Only on very rare occasions, as happens in reality, our method identified consecutive full trips. This indi-
cates that the method was effective in censoring out spurious stops. We plotted many taxi routes and the pat-
terns looked realistic. Fig. 5 shows by means of white lines the complete set of taxi routes for one week, which
accurately reproduce the area’s map. The perimeter of A is shown by a dashed line. The figure also shows the
trajectory of taxi-1807 for 3 h. The large symbols A1 to A7 depict passenger moves: black for boarding and
grey for alighting. These points define an alternating sequence of full and empty trips. Smaller symbols have
been used to time-stamp the position of the taxi every 30 s. Note how the distance between consecutive sym-
bols is greater when the taxi is full than when it is not.

4.2. Existence of an MFD in A: estimation results

The filtered taxi data were aggregated into 5-min intervals matching those used in Section 3 with the loop
detectors, and from this information we calculated for each time slice and for all the full taxis: (i) the total
distance d traveled in A; (ii) the total time s spent in A; (iii) their space-mean speed in A, mT = d/s; (iv) their
number in A, nT = s/Dt; (v) the number NT that exited A along its perimeter; and (vi) the number MT that
finished a valid trip inside A. These data were then used to estimate the space-mean speed v and accumulation
n of all cars in A to see if, despite the statistical errors due to the low number of taxis, an MFD as in Fig 1e
appears.
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Fig. 4. Observed outbound/inbound flow ratio for all cars (detectors) and full taxis.

6 People in Yokohama drive on the left side of the streets.

N. Geroliminis, C.F. Daganzo / Transportation Research Part B 42 (2008) 759–770 765

The above plot of outbound/inbound traffic across the perimeter of A
shows that taxi data is a good proxy for the rest of the traffic for most
part of the day.
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Macroscopic Fundamental Diagram
Taxi Data

For each ∆t = 5 min interval, the following taxi data for the portion A
was captured:

I Total distance traveled δ

I Total time spent τ (≤ ∆t, why?)

I Space-mean speed vT = δ/τ

I Number of taxis nT = τ/∆t

I Number of taxis that exited A, NT

I Number of taxis that finished a trip in A, MT

The last piece of information is unique since it gives an idea of the trip
completion rate that cannot be calculated solely from point sensors.

Lecture 20 Macroscopic Fundamental Diagram
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Macroscopic Fundamental Diagram
Taxi Data

How can we use this data to construct an MFD for the entire network?

Measuring average density is difficult. Instead, the accumulation n ≈ kL
can be used as a proxy, where L is the average length of trips.

This can be scaled up for all the vehicles by fusing the taxi and detector
data.

5. Discussion

The results in this paper show that neighborhoods on the order of 10 km2 in cities like Yokohama, Japan,
should have a well-defined MFD. This MFD can be used to improve accessibility as measured by the city’s trip
completion rate. This can be done with pricing, rationing and/or perimeter control strategies based on neigh-
borhood accumulation and speeds, such as those proposed in Daganzo (2007) and Geroliminis and Daganzo
(2007). Simple versions of these strategies are already being used: e.g., in London, Stockholm and Singapore
(pricing); in Beijing – a test in anticipation of the 2008-Olympiad – and Mexico City (rationing); and in Zurich
(perimeter traffic control). But by knowing the MFD and monitoring the state of traffic continuously,
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Fig. 7. Yokohama’s estimated MFD: (a) Scatter plot of m̂ vs. n̂ and (b) 1- and 2-standard deviation bands.

768 N. Geroliminis, C.F. Daganzo / Transportation Research Part B 42 (2008) 759–770

The speeds of all cars can be assumed to be the same as the speeds of
taxis.
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Macroscopic Fundamental Diagram
Taxi Data

Lastly, the productions and trip completion rates were found to have a
nearly fixed ratio, equal to the average length of the trip.

transportation managers can now see whether their system is in a state that is producing the desired accessi-
bility levels for all modes and at all times. Therefore, existing strategies can be refined.

The main caveat in the claims of this paper is that, unlike taxi trips, some automobile trips with internal
destinations include a ‘‘looking-for-parking” portion that extends their length, and this extension increases
accumulation. This effect should be minor in our study because 70% of the trips were found to have external
destinations and, surely, a significant portion of internal trips have pre-assigned parking. The looking-for-
parking phenomenon is important from a policy standpoint, however, and is currently being studied.

Also important from a practical standpoint are the methods used to estimate the state of a neighborhood’s
network (its space-mean speed and/or accumulation) which trigger the control policies along its perimeter.
Although many crowded cities that could benefit from these controls do not have a supporting infrastructure
of fixed detectors to monitor their state, these cities often have vehicles equipped with GPS that, like the Yoko-
hama taxis, can serve as city-wide probes. More experimental research is needed to better understand the
quantity and character of the probes necessary for a sufficiently accurate estimation of a neighborhood’s traffic
state. A development effort is also needed to produce middleware that will support these types of control strat-
egies on traffic signals of different types. An effort is underway (Sengupta et al., 2007).

In summary, the results of this paper show that an MFD exists on neighborhood-sized sections of cities
independently of the demand; and that it can be used to control demand to improve accessibility. But acces-
sibility can also be improved by modifying the infrastructure, since the amount of street space allocated to cars
and buses, street closures, flyover construction or new signal timings surely affect a neighborhood’s MFD.
Therefore, we are currently studying how a city’s MFD depends on its infrastructure.
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The estimate of the productions of taxis, it equals δ/∆t since

Productions ≈ qL = kvTL = (nT/L)(δ/τ)L = δ/∆t.

The trip completion rates can be derived by adding NT and MT .
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Lecture Outline

Extensions and Applications
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Extensions and Applications
Simulations

All these findings were for one city. Can they be generalized and do they
hold for other cities and demand patterns?

Initial results from simulations showed that these type of fundamental
diagrams indeed exist for other networks.

https://youtu.be/_ANAbN15l1U

Lecture 20 Macroscopic Fundamental Diagram
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Extensions and Applications
Existence

Using these simulations, MFDs were found in the following scenarios:

I The network was homogenously congested.

I Trip completion rate is proportional to the production.

The first scenario would still hold for a wide range of demand patterns.
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Extensions and Applications
Existence
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Extensions and Applications
Clustering for Non-homogeneous Scenarios

When the homogeneity assumption is violated, it may still be possible to
divide the network into different regions based on some clustering methods
and construct MFDs for each portion separately.
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Extensions and Applications
3D Fundamental Diagrams

MFDs were also extended to multi-class settings involving two modes of
travel: cars and buses.

The trip completion rates are highest when there are no cars. However,
this is metric is counting vehicles and not travelers.
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Extensions and Applications
3D Fundamental Diagrams

Using average occupancy metrics for these modes, we can construct an
equivalent MFD by measuring the passengers moved.
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Extensions and Applications
Perimeter Control

The main application of MFDs is in perimeter control, where using a set of
traffic lights on the boundary, we can make sure that a given area operates
‘optimally’.

Specifically, the accumulation can be adjusted to maximize the trip com-
pletion rates using a simple single-reservoir model such as the ODE shown
below.

dn

dt
= q(t)−MFD(n(t))

These have been extended to the multi-reservoir case as well using coupled
ODEs, where each portion could have its own MFD.

https://youtu.be/9ZML6zb4-R0
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Your Moment of Zen
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