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Analysis of traffic flow data from the John C. Lodge Freeway 
in Detroit indicates that flow can be categorized into two dis -
tinct modes: (a) steady flow, where the usual linear and pa -
rabolic relations between density, flow rate, and speed apply; 
and (b) an oscillatory mode, in which speed and density exhibit 
out-of-phase periodicities when plotted as a function of time. 
The system switches from one mode of flow to the other when 
operation is near the vertex of the lane occupancy-flow rate 
parabola. The location of this vertex is between 13.1 and 16.1 
percent lane occupancy on the center and median lanes, and 
between 12.4 and 18.1 percent on the curb lane. The recovery 
from the oscillatory mode is quite rapid whenever lane occu -
pancy falls below the critical value. 

The frequency of the oscillation was found to be '/4 cycle per 
minute from calculation of the autocorrelation and power den -
sity spectrum of the oscillatory waveforms. By cross-correla -
tion of the waveforms measured at pairs of locations, it was 
determined that the onset of the oscillatory mode propagates 
upstream at a rate of 16 mph. The data also show that in the 
steady-flow mode the median and center lanes behave simi
larly, but the curb lane is significantly different. The curb 
lane has only about 86 percent of the capacity of the center and 
median lanes. 

• TWO previously unreported phenomena in the traffic flow on an urban freeway were 
found in an analysis of data collected by an automatic electronic data-collection sys
tem located at the National Proving Ground for Freeway Surveillance, Control and 
Electronic Traffic Aids Project (John C. Lodge Freeway, Detroit). The first pheno
menon was the existence of an oscillatory mode of flow, in which speed and density ex
hibit out-of-phase periodicities when plotted as a function of time. It was found that at 
a lane occupancy of about 15 percent (45 vehicles per mile) traffic flow switches to this 
mode. The second phenomenon was a difference in the capacity of the curb lane rela -
tive to the center and median lanes. 

The onset of the oscillatory behavior was abrupt, remarkably regular, and varied by 
more than a factor of two in amplitude as a function of locat~on. The frequency of oscil
lation as determined by a Fourier transformation of the autocorrelation function was 
about '/4 cycle per minute or a period of 4 minutes. A cross-correlation analysis in
dicated that a disturbance is propagated upstream with a velocity of about 16 mph. The 
flow-speed-density relationships were obviously different from those in the steady mode, 
and it would be difficult to justify the simple linear and parabolic relationships in the 
high-density region. In all 22 locations studied it was observed that the switch to the 
oscillatory mode occurred at or near the vertex of the speed-flow rate parabola. In the 
center lane this corresponded to a lane occupancy range of 13. 7 to 16.1 percent. For 
the curb lane the range was 12.4 to 18.1 percent, and for the median lane the range was 
13 .1 to 16. 0 percent. 
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Figure 1. Section of John C. Lodge Freeway 
studied. 

fu the steady-flow mode, i.e. , below 
15 percent occupancy, the flow is char
acterized by the usual parabolic relation
ship between average speed and flow rate 
or density and flow rate, and by a linear 
relationship between average speed and 
density. In the steady-flow mode, the per
formance of the median and center lanes 
is essentially the same, and efficiency in 
terms of capacity is essentially the same. 
In the length of freeway analyzed, this 
capacity ranged from 1823 vph to 2244 vph. 
The performance on the curb lane was 
significantly different from the other lanes, 
with an average capacity of about 86 per
cent of the other lanes. 

SYSTEM AND INSTRUMENTATION 

The NPG System has been described in 
detail elsewhere (1). Briefly, the data 
used in this analySls cover 2.38 miles of 
the John C. Lodge Freeway extending from 
Glendale as the northern terminus to 
Holden (Fig. 1). Sonic sensors were placed 

at 13 locations along this strip as follows: Southbound-5 locations, 3-lane sensing, and 
8 locations, center-lane sensing only; Northbound-1 location, 3-lane sensing, and 12 
locations, center-lane sensing only. All data from all stations were obtained simulta
neously and recorded at 1-minute intervals. Southbound data were recorded from 6:00 
a. m. to 9:30 a. m. Northbound data were recorded from 2:00 p. m. to 7:30 p. m. 

Although other information was recorded, only the following variables were impor
tant to this analysis: time, vehicle count, lane occupancy, and average car speed. 

The ultrasonic sensors were mounted above the traffic. The presence of a vehicle 
below the sensor was determined from the echo receive-time compared to the echo 
receive-time from unoccupied pavement. This was recorded in vehicles counted dur
ing 1 minute. Lane occupancy was measured as the relative amount of time that a 
vehicle echo was received. Vehicle speed was calculated by dividing 17.5 ft (assumed 
average length of vehicle) by the time during which an individual echo was received and 
by averaging all the vehicle speeds during 1 minute. 

Data for one day, August 16, 1966, were made available for this study. From study 
of the log, this appeared to be a typical operating day with no unusual occurrences. 
Throughout the test the weather was either overcast or clear, and except for a period 
from 6:00 a. m. to 6:53 a. m. the pavement was dry. (The wet pavement condition was 
not reflected in any special remarks in the log.) Temperature ranged from 57 Fat 
6:00 a. rn. to 79 Fat 2:30 p. rn. 

DUAL MODE BEHAVIOR 

The switching from a steady mode to an oscillatory mode is shown in Figure 2. This 
figure corresponds to the location described in Figure 11 and shows that flow is reason
ably steady until the lane occupancy reaches about 15 percent at 6:38 a. m. Then sud
denly lane occupancy and average speed start to oscillate. 

This behavior is typical of every location studied. For example, Figure 3 shows 
the same switching action at the Gladstone location. In this paper the emphasis is on 
the southbound direction because this was analyzed in greater detail. However, Figure 
4 is included to show that the oscillatory mode is observed in the northbound direction 
during evening rush hours. 

It is common practice in traffic engineering to depict behavior by a graph of speed 
vs density similar to that shown in Figure 5-in this case representing the Calvert 



60 

average speed - mph 

4Q 

'i I 
f 11 

30 f 1 
I 11 

I 1 I I 
I 
f ,, 

d f 
J I I 

\ I 1 1 I 
zo \ ~I 11 I ; \ I r, I ~ IV 

" 
I I I \1 \ ( l\J 

r ,/1/V 
\ I IJ ' I J 
~ ~ 1' 1.-

, ..... ~" '\_ • 10 

~ lane occupancy - % 

time 

Figure 2. Station 22, Hami I ton: Center lane, a. m., southbound; on ramp-50 ft upstream, on 
ramp- 1945 ft downstream. 
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Figure 3. Station 20, Gladstone: Center lane, a. m., southbound; on ramp-25 ft downstream, on 
on ramp- 1970 ft upstream. 
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Figure 4. Station 27, Glendale: Center lane, p. m., northbound. 

center lane. It would appear reasonable to approximate this relationship by a straight 
line as shown in the figure. However, much greater insight into the traffic behavior 
can be obtained by the corresponding dynamic representation shown in Figure 6. 

60 

50 

40 

30 

zo 

10 

... 
"' e 

"' • 8. 
~ 

: 
" " 5 

" GIG) 

" 

lane occupancy • % 

Figure 5. Average speed vs density: High
density region (> 15%), Station 23, Calvert, 

center lane, a. m., southbound . 

Determination of the Period of 
Oscillation 

The question arises as to whether the 
oscillation is random or has a periodic 
component. H the oscillation has a peri -
odic component, its frequency may provide 
some clue of the mechanism in the traffic 
stream that causes the oscillation. 

A very useful technique that mathe
matically detects a periodicity in an ap
parently random waveform is the calcula
tion of the autocorrelation function and its 
associated power density spectrum. This 
technique, although analytically verypower
ful, is subject to limitations imposed by 
record length, sampling time, linearity, 
and stationarity, and it becomes difficult 
at times to prove the validity of its appli -
cation. A full discussion is beyond the 
scope of this paper. The reader is re
ferred to other sources (2) for details on 
these matters. -

The length of time the traffic flow is 
in the oscillatory mode imposes a limit 
on the time record that may be used for 
analysis. Since the sampling rate is once 
per minute, only about 36 sample points 
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Figure 6. Average speed and percent lane occupancy as function of time: Calvert, a. m., southbound, 
center lane. 

are available for analysis of the oscillatory portion of Figure 6. It would be desirable 
to have about 250 sample points. To get more sample points, one has two choices: (a) 
sampling at a higher rate, or (b) obtaining a longer record. Neither of these alterna
tives was possible in this situation. 

The autocorrelation function (more precisely, autocovariance) was computed for the 
Calvert center-lane speed according to the numerical relation 

where 

N 
T 

p 
s (tn) = 

N-p 

R(T) = Nl-p L s(tn)s(tn+T) 
n = 1 

total sample points, 
time shift of a speed time record with respect to itself, 
sample points lost due to the shift r, and 
average speed at time tn, with adjusted mean. 

This autocorrelation function is plotted in Figure 7 for a total shift of 20 percent. 
The power density spectrum was determined by a Fourier transformation of the auto
correlation function. In numerical form 
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Figure 8. Spectral density: Calvert, a.m., 
southbound, center lane; folding freq= 

Yi cpm, "accordion freq" "" ~ cpm. 

where 

w 211 times the frequency, i.e., 
radians/ minute; 

R (r) = autocorrelation function at 
shift r; 

fl. T sampling interval = shift in -
terval = 1 minute; and 

m number of equally spaced R (r) 
intervals. 

The result is plotted in Figure 8. No 
smoothing was incorporated in the com -
putation of the power density spectrum 
because of the inherent accuracy limita -
tions on the R (r) function. Although the 
amplitude values of the S (w) function may 
be poor estimates of the expected values, 
it is felt that the relative values indicate 
the presence of a strong periodic com -
ponent of the velocity waveform whose 
frequency is 0. 250 cycles per minute. 

Propagation Velocity of Mode Switching 

Cross-correlation was used to deter
mine the rate at which mode switching 
propagated in the traffic stream. The 
cross-correlation function is, in general, 
subject to the same theoretical considera
tions as the autocorrelation function. The 
major difference is that, whereas the 
autocorrelation function reflects a compar
ison of a function shifted with respect to 
itself, the cross-correlation (more pre -
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Figure 9. Average speed and percent lane occupancy as function of time: Chicago Blvd., a.m., 
southbound, center lane. 
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cisely, covariance) function is a comparison between two different functions shifted with 
respect to each other. 

For example, cross-correlation was applied to the Calvert and Chicago center-lane 
locations, which are separated by 143 5 ft, to see the degree of correlation in traffic be
havior between these locations. The two locations were chosen on the basis of geo
metrical similarity so that the effects of these variables would be a minimum. The 
average speed and lane occupancy waveforms for the center lane at Chicago Boulevard 
are shown in Figure 9. A relatively flat cross -correlation function would indicate no 
connection between behavior at the two locations. On the other hand, a sharp peak would 
imply a correlation between behavior at two locations but shifted a time Tm correspond
ing to the location of the peak in the cross-correlation function. Thus, this would ap
pear to be a good way to trace the propagation of a disturbance, such as a shock wave 
or switching of mode. 

The cross -correlation function was computed from the numerical form 

R_i4 (r) = 
1 

N-p 

where 

N-p 

L S3 (tn) S4 (tn + r) 

n = 0 

s3 (tn) = speed at Calvert at time tn, with adjusted mean; 
S4 (tn) = similar speed at Chicago; 

N = total data points common to Calvert and Chicago; 
r = shift in one-minute increments between Calvert and Chicago; and 
p = points lost due to shift. 

A definite peak in the cross -correlation function was observed at T"" + 1 minute (Fig. 
10 ). From the separating distance of 143 5 ft between the two locations, it was then 
possible to estimate a propagation of the disturbance upstream at a speed of 16 mph. 
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/ ramp- 1945 ft downstream. 
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Figure 12. Lane effect: Calvert, a.m., 
southbound. 

so 

This is the same speed as would be pre -
dieted for propagation of shock waves 
using Lighthill and Whitham's theory (~). 

STEADY-FLOW MODE 
CHARACTERISTICS 

Figure 11 shows a typical plot of aver
age vehicle speed as a function of average 
flow rate. It represents the center lane 
(No. 2) at the Hamilton location in the 
southbound direction during the 6 :00 to 
9:30 a. m. period. The average speed in 
this figure is the average of 1-minute 
(average) speeds classified in 1 percent 
lane occupancy intervals. The average 
flow rate corresponds to the same 1-
minute speeds. A least-squares parabolic 
fit was made using only the data cor
responding to traffic flow in the steady 
flow or non-oscillatory mode as observed 
from plots of speed, density, and flow as 
a function of time. In all instances, the 
parabolic fit was superior to a linear 
relationship, using the variance 0'

2 as a 
criterion. The capacity, peak occupancy, 
and optimum speed refer to the values 
obtained at the vertex of the parabola. 
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Figure 13. Station 20, Gladstone: Center Lane, 
a. m., southbound; on ramp-25 ft downstream, 

on ramp-1970 ft upstream. 
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southbound; off ramp-40 ft upstream. 
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TABLE 1 

PERFORMANCE AS FUNCTION OF LANE AND LOCATION-SOUTHBOUND 

Station Capacity Peak Optimum Free a' Ramp 
Occupancy Speed Speed Location• 

Glendale On: 550 ft us 
Curb 1664 0.136 40.46 55.47 0.95 690 ft us 
Center 1871 0.145 42.99 58.69 1.68 425 ft DS 
Median 1861 0.131 46.97 60.53 4.95 

Monteroy On: 1225 ft us 
Curb 1635 0.167 32.47 61.31 0.95 1915 ft DS 
Center 1934 0.147 43.75 60.57 8.29 Off: 40 ft us 
Median 1948 0.146 44.15 58.92 0.83 

Webb On: 800 ft DS 
Curb 1631 0.124 43.76 60.15 0.84 Off: 1155 ft us 
Center 2051 0.152 44.59 61.22 5.29 
Median 2132 0.153 46.15 58.70 5.71 

Calvert On: 625 ft us 
Curb 2029 0.181 37.22 57.94 3.72 Off: 850 ft DS 
Center 2191 0.161 45.14 58.32 3.07 
Median 2114 0.152 46.37 59.11 3.40 

Chicago On: 525 ft DS 
Curb 1930 0.170 37.78 56.75 1.15 Off: ·1uu 1t u::; 
Center 2092 0.156 44.49 60.08 2.00 
Median 2244 0.160 46,51 61.20 10.09 

'*US: Upstream 
OS: Downstream 

Typical behavior as a function of lane at the Calvert location is shown in Figure 12. 
In all three lanes the parabolic fit in the steady flow region was very good-all three 
fits had"".,, 3. O, i.e., a standard deviation of about 1. 73 vehicles per minute. Very 
little difference is indicated between the center and median lanes, but the curb lane is 
significantly different. Note that the curve in Figure 11 is almost exactly a duplicate 
of the data in Figure 12 despite the fact that the two locations are separated by 2280 ft. 

A comparison of Figure 11 and Figure 13 shows a significant difference in center -
lane performance, apparently due to on-ramp effect. Data obtained for Figure 11 were 
observed 50 ft downstream of an on-ramp, whereas those in Figure 13 were observed 
25 ft upstream of an on-ramp. This difference is reflected primarily in the steady-

TABLE 2 

PERFORMANCE PROFil.E ALONG CENTER (2) LANE-SOUTHBOUND 

Station Capacity Peak Optimum Free er' Lanes Occupancy Speed Speed 

Glendale 1871 0.145 42.99 58.69 1.68 4-3 

Monterey 1934 0.147 43.75 60.57 8.29 4-3 

Webb 2051 0.152 44.59 61.22 5. 29 3 

Calvert 2191 0.161 45.14 58.32 3,07 

Chicago 2092 0.156 44.49 60.08 2.00 3 

Hamilton 2161 0.159 45.21 58.02 1.44 4 

Clairmount 1931 0.137 46.78 61.13 5.77 4 

Gladstone• 1590 38.0 4 

Euclid 2086 0.153 46.14 59.84 1.75 4 

Seward 1964 0.143 45.66 60,71 2.17 4 

Pallister 1923 0.151 42.10 61.47 6.65 4 

W. Grand 1823 0.158 38.34 60.10 2.50 3 

Holden INSUFFICIENT DATA 

*No fit possible; assumed peok values from highest Flow rate value-26.5 v/min at 38 
mph (Fig. 13). 
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Figure 15. Optimum speed and capacity profile a long center lane. 

flow mode. No fit was possible to the data shown in Figure 13. This was the only in
stance where a fit could not be made in the steady-flow mode. Unfortunately, the Glad
stone location was the only one in this study that allowed observation of traffic flow 
immediately upstream of an on-ramp, so that it is difficult to say if it is typical. How
ever, this single observation does indicate that any decision to locate a traffic detector
sensor immediately upstream of a ramp should be weighed very carefully. 

No corresponding irregularity was found in the data taken 40 ft upstream of an off
ramp. Figure 14 shows curb-lane data for such a location. If an off-ramp were going 
to affect the flow, it would be reasonable to expect the irregularities to be most pro
nounced in the curb lane. 

The behavior in the steady-flow mode on a lane-by-lane basis is summarized in 
Table 1. Note that the peak occupancy (lane occupancy at maximum flow rate) lies in 
the range of 0.124 to 0.181 for all stations. This represents the vertex of the parabola 
fitted to the steady-flow mode. It is also near the observed value of occupancy where 
the system switches into the oscillatory mode. The optimum speed is lowest in the 
curb lane and highest in the median lane. Capacity is always lowest in the curb lane. 

Table 2 includes steady-state behavior for the entire length of the system studied 
(2.38 miles) along the center lane. Optimum speed and capacity profiles are shown in 
Figure 15. There is a strong indication that more study should be devoted to deter
mining whether the sharp dip in performance at the Gladstone location is due to inac
curate data or due to some unique disturbance phenomenon at this location (Fig. 13 ). 
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CONCLUSIONS 

Several highly significant phenomena have been observed in this preliminary study 
that, if confirmed by further study, would have an important bearing on the development 
of a good mathematical model for traffic flow: 

1. Traffic flow can be divided into two distinct modes: (a) a steady-flow mode below 
approximately 15 percent lane occupancy, and (b) an oscillatory-flow mode above 15 
percent lane occupancy. 

2. The oscillatory flow has a periodic component with a frequency of 0.250 cycles 
per minute for the freeway studied. 

3. A disturbance propagation speed was found to be about 16 mph in the case studied. 
4. Data collection facilities that include electronic vehicle detectors and a digital 

computer such as provided at the NPG constitute a powerful research tool for discover
ing quantitative properties of traffic flow that would go unnoticed by other data collection 
facilities. 
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