A STUDY OF TRAFFIC PERFORMANCE MODELS
UNDER AN INCIDENT CONDITION
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When an incident occurs on a roadway, traffic performance is usually eval-
uated by means of either the shock wave analysis or the queuing analysis.
In this paper, a comparison of these two approaches is given under the as-
sumption that there exists a unique flow-density relationship. It is shown
that the two methods of evaluating the performance give the same result if
the traffic density is not time dependent.

®TRAFFIC PERFORMANCE under various conditions has been studied for many years.
This is an important area not only because of theoretical interests, but also for a better
understanding of traffic behavior whereby a good system design and control strategies
can be achieved.

In the case of a roadway incident (or accident), two well-known approaches are avail-
able to evaluate traffic performance, namely, the shock wave analysis (1, 4) and the
queuing analysis. Then a question may arise: How would the results derived from one
method be different from those derived from the other ? The purpose of this paper is
to answer this question by comparing the two approaches from two aspects:

1. Discharge time—the time required to discharge the stored vehicles after the in-
cident is removed, and

2. Total delay—the increment of the total travel time (TTT) due to the incident, i.e.,
the difference between TTT under the incident case and TTT under the normal case
(no incident).

In this paper, it is assumed that a unique flow-density relationship (a q-k diagram)
exists. For a given blockage time (the duration that the traffic is blocked by the inci-
dent), the discharge time and the total delay will be estimated.

RELATIONSHIP BETWEEN BLOCKAGE TIME AND
DISCHARGE TIME

Whenever a freeway incident occurs, traffic conditions are changed because of a reduc-
tion in capacity. If the reduced capacity is less than the flow, then the region upstream
of the incident location becomes congested, while the traffic situation downstream is
improved because of the lower traffic flow. The traffic situations at different stages
are given in Table 1. [Note that the normal flow q(t) may be a function of timet. There-
fore, the traffic flows before and after an incident may be different.] Figure 1a shows
a g-k diagram, and Figure 1lb shows a shock wave diagram, which is valid only for con-
stant flow condition. A more realistic case can be shown by letting the flow be a func-
tion of time t. Therefore, a generalized shock wave diagram is shown in Figure lc,
where

L(t) = front edge of the shock wave at time t,
si(t) = shock wave speed at time t,
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Figure 1. Traffic conditions under incident Figure 2. (a) Queuing diagram and (b) shock wave
case: (a) g-k, (b) shock wave with incident diagram with an incident occurring at t = 0.
occurring at 1 = 0 and constant flow, and

(c) shock wave with incident occurring at (@)
t=0 and time-dependent flow. &
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Table 1. Traffic conditions when incident occurs (3).
Events Upstream Downstream
Before incident, N Normal flow, qft) Normal flow, qft)
Incident occurs, Q Queueing flow, qq Metered flow, gu
Incident removed, C Capacity flow, qc Capacity flow, qc

Traffic recovered, N Normal flow, q(t) Normal flow, q(t)

qc = capacity flow,

ke = capacity density,

ge = queuing flow,

queuing density,

q(t) = normal flow at time t, and
k(t) = normal density at time t.

Clearly, according to the above definitions, for L(t) <0,

dL(t) {Sl(t) = [q(t) - qel/[Kk(t) - ke, ift € [0t + t:]
at

sa(t) = [ge - q)1/0ke - k(t)1, ift € [ta + t1, ta + te]

where

ta = blockage time and
t; = discharge time = ti + ta.

Note that the shock wave speeds si(t) and ss(t) are time dependent if the traffic flow
q(t) is; seisindependent of time if normal capacity and reduced capacity are constant.
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This statement is certainly true if the unique relationship between flow q and density k
is assumed.

Now, according to Figure 2b, and based on the image of the shock wave diagram
with -L(t) > 0 (represented by the dashed line), it follows that

ta + t1
-Lm-+n)=—f s1(t) at 1)
0
==-82 t1 2)
ta + t,
= ss(t) dt (3)
ta + t1

By using equations 1 and 2,

te + 2 _
f Qe - qlt) 5 _ Gcts qe ts @)

0 ke - k() ke - kg ke - kg

And equations 1 and 3 imply that

ta + ts ,_ta + te
[ s =] [ss(t) - sa(t)] at (5)
0 ta + t

Equations 4 and 5 will give the solution for t;, if ta is known. Now, if there is little
change in k(t) with respect to time, i.e., k(t) ~k (some constant), then equation 4 im-
plies

qqx(t,.+t,)_A(t.+h)wqcxt;_ qa ta
kg - k kg -k ke - kg ke - ko

and equation 5 implies

(ta + t1) (ke = k)  Alts + t1) (ke - ko) ¢
=% - e ; + qcte

Alta + t;) ~ L

where

t

Alt) =j q(r) dr and
0

A(0) = 0.

By using these two equations and eliminating the term A(ta + t1), it follows that
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Alta +ts)~qete + Qo ta

or
ta ta + tg
j [qt) - qql dt ~ J" [qe - qt)] dt (6)
0 ta

Figure 2a shows that the queue length at time t is

t
JI' [q(r) - qel dr, t € [0, t.]
0
Qta) - | Loe - qr)ldr, t € [t ta + ]

ta
Because Q(ta + tz) = 0, equation 7 implies that

ta ta + t‘
I La(r) - gol dr = ‘[ [qc - q(r)] dr
0 ta

The same relationship between ta and t; is obtained as in equation 6.

RELATIONSHIP BETWEEN BLOCKAGE TIME AND DELAY

The formula used to calculate the total travel time is
TTT = density X length X time

Therefore, when the shock wave diagram is drawn in a time-distance space (Figure 2b),
the formula can be rewritten as

TTT = density X area under the image of L(t)

[The image of L(t) is shown by a dashed line in Figure 2b, which is equal to -L(t).]
Because the delay is the difference between TTT under the incident case and TTT
under the normal case, it is legitimate to write the delay in the form

ta + tg
D= ‘[o [-L(t) * AK(t)] dt (8)
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where Ak(t) = kg - k(t) in the congested region Q and ke - k(t) in the discharge region C
(Figure 2b). From Figure 2b,

t

I [-si(r)] dr, t € [0, ta + t1]

wo={°

-soty - J sa(r) dr, t € [t, + ty, ta + tg]
ta + t1

t t
' [kq - k()] j [-s1(r)] dr dt + *4(-sst1) (ke - ko)ts
0

ta + tg t
= J‘ [ke - kit)] X s2t1+j ss(r) dr | at 9)
ta+t1 ta + t1

Again, if k(t) ~ k, then it becomes

ta + tg t
D= [ la) - qod dr at - % (ge - qo) t
0 0
o+t &
e )
- tate (ke - k) - [qc - q(r)] drat
= It.,+t1 fta+t1
ta + tg . .
| Alt) dt - Y%qot? - Yhqct? - qotats (10)
0

According to Figure 2a, if the delay is computed by using the simple queuing diagram,
then

ta + tg
[A®t) - U®)] dt

where
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Qe Xt, tel0ta]

Ult) =
Qota + (& - ta)ge, t€ Lta, ta + t]
ta + tg
D =j A(t) dt - qot? - Yoqcts - qotats
0

which is the same relation obtained by using shock wave analysis.

DISCUSSION AND SUMMARY

Two methods have been proposed to compute both the duration of time to discharge
stored vehicles and the delay to passing motorists. These two methods (shock wave
analysis and queuing analysis) iead to the same resuits if the density is not dependent
on time. In particular, this is the case if the flow rate q(t) varies slowly during the
time period (ta + t;), and the unique relationship between q(t) and k(t) can be assumed.
This result can easily be generalized by letting both flow and density be functions of
distance. Furthermore, this result is valid even if q(t) is a random process. In this
case, the equivalence of these two methods holds for every realization of q(t), if k(t) is
independent of time.

When k(t) is time dependent, these two methods may yield different results. It seems
that shock wave analysis has more physical meaning. On the other hand, if queuing
analysis is used, computational effort is saved and, in some cases, the delay can be
evaluated even when the traffic is stochastic; e.g., if traffic counts form a Poisson pro-
cess and the duration of the blockage time is exponentially distributed, then the delay
can be estimated by using the model developed by Loulou (2). The time-dependent case
has not been done in the paper. However, if the explicit form of k(t) is known, numeri-
cal comparison can easily be made by using the equations derived in this paper.
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