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Travel time function for basic link considering signal control
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Abstract: In order to describe the travel time of signal-
controlled roads, a travel time model for urban basic roads
based on the cumulative curve is proposed. First, the traffic
wave method is used to analyze the formation and dispersion of
the vehicle queue. Cumulative curves for road entrances and
exits are established. Based on the cumulative curves, the travel
time of the one-lane road under stable flow input is derived.
And then, the multi-lane road is decomposed into a series of
single-lane links based on its topological characteristics. Hence,
the travel time function for the basic road is obtained. The travel
time is a function of road length, flow and control parameters.
Numerical analyses show that the travel time depends on the
supply-demand condition, and it has high sensitivity during peak
hours.
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he successful wide scale deployment of advanced
T traveler information systems ( ATIS) and advanced
traffic management systems ( ATMS) depends on the ability
to obtain and subsequently disseminate information that ac-
curately reflects network traffic conditions. Many different
techniques for assessing traffic conditions are proposed'" .
Travel time is one of the most important traffic state in-
dices and attracts much attention. There are many approa-
ches to model it. One of them expresses the travel time of
a link as a function of traffic flow (inflow and outflow) on
that link. Carey et al. " extended it with a so-called
whole-link model. The travel time is treated as a function
of an estimate of the flow in the immediate neighborhood
of the vehicle, averaged over the time the vehicle spends
traversing the link. An equivalent form, as a function of
link density, is used in Refs. [3 —4]. The second ap-
proach uses the LWR model proposed by Lighthill et
al”™ . 1t is widely accepted both theoretically and empiri-
cally”™. Based on the simplified kinematic wave mod-
el'”, Kuwahara and Akamatsu ' derived an analytical
function of the instantaneous travel time to solve the dy-
namic user equilibrium. However, the travel time they
derived does not represent the actual ( or experienced)
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travel time unless traffic conditions remain constant. Fi-
nally, the theory of vertical queues suggests that the trav-
el time can be decomposed into a free-flow travel time
and a waiting time in a queue''"’. However, these travel-
time functions typically do not consider other traffic flow
and disregard the spillback effects.

Besides, the above methods are combined with new tech-
nologies to estimate travel time'"'*'. They focus on estima-
tion performance rather than travel time modeling. The em-
phasis on new technology to measure travel time is partially
due to a misunderstanding of how to interpret vehicle travel
times. For example, Sun et al. ' used conventional aver-
age velocity sampled at a detector station over fixed time pe-
riods as a base case in their analysis. They found that link
travel times significantly differ from the quotient of local ve-
locity and the link distance. This result is not surprising
since the link travel time for a vehicle reflects traffic condi-
tions averaged over a fixed distance and a variable amount
of time, while the detector data only reflect traffic condi-
tions averaged over a fixed time period at a single point in
space.

If we examine the basic road in an urban network, we can
see that its topology (see Fig. 1) is somewhat more complex
than a single “line” which is adopted in current research.
The basic road is composed of two sections: the upstream
section and the channelized section (with traffic signals at
the head). Furthermore, since flow rate and control param-
eters (i. e. red time and green time) are different for left-
turn, through and right-turn flow, travel time also should be
different, which implies that they must be evaluated respec-
tively.

Road network

demand

demand

Fig.1 Topology of basic road

Traditionally, the travel time is the sum of the free-flow
travel time and the delay that is produced behind stop-line
by signal control. However, if we check the velocity varia-
tion of a vehicle along a road (see Fig.2), we find that de-
lay can be attributed to two reasons: One is caused by sig-
nals and the other is caused by other vehicles (because of
the decrease in velocity) .
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Fig.2 Velocity profile along a link

In this paper, the travel time model for the basic link is
proposed. Our ultimate objective is the properties of travel
time. The method of the traffic wave is used. First, the
queue dynamics of a simple link is analyzed. Based on the
analysis, the travel time of a simple link is constructed.
Then, the basic link is decomposed into a series of sub links
and, hence, the travel for a basic link can be derived. Fi-
nally, properties of the travel time function are studied.

1 Preliminary Dynamics of Traffic Queue

The queue dynamics under signal control was clearly de-
scribed in Ref. [14]. Here, we just simply describe the re-
sults. Consider a one-lane road controlled by signals without
endogenous flow as shown in Fig. 3. Assume that the funda-
mental diagram of traffic flow is a parabolic function as
shown in Fig. 4. The upstream flow is ¢ ( point A in Fig.

4), sog= - %k(k —k;). Density k can be obtained,

m

(1)

where ¢, denotes the maximum flow; kj denotes the conges-
tion density; and k_ denotes the optimal density. Formation
and dispersion of a queue behind the stop line at the signal
controlled road is shown in Fig.5(a). At the beginning of
red time, the stopping wave (line OB in Fig. 5(a) which re-
presents the queue back) propagates upstream with velocity
u, and a queue forms. When the effective green time be-
gins, a starting wave (line AB in Fig. 5(a)) emerges and al-
so propagates upstream with greater speed u,. After t', the
starting wave catches up with the stopping wave and the
queue has dispersed. A new wave u, forms. It takes " for
wave u, to run through the stop line. If the effective green
time g is greater than ¢’ +¢”, then the traffic state will repro-
duce cycle by cycle. However, if g is smaller than ' + 7",
the wave propagation profile is different (see Fig. 5(b))
from cycle to cycle. At first, the stopping wave spreads
with speed u,, which makes the queue back of this cycle
further from the stop line than the former cycle. So the
queue length will be longer and longer. It is an unstable
condition which represents oversaturation.

Based on the analysis above, some formulae can be ob-
tained as follows:

4w u =4 " 4w~ 49
‘_kj—km’ 0_ki—k’ Tk, -k

u

(2)

! ' ! u[)r
u,(r+t") =ut =t =— (3)
Uy —u,
, uluor
lmax :ult = (4)
Uy — Uy
" Lmax
"= (5)
U,
i L !
'R ‘I“L;
g r(g+r=C)

Fig.3 A single one-way link
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Fig.4 Flow-density relationship. (a) Parabolic fundamental diagram;
(b) Triangular fundamental diagram
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Fig. 5§ Traffic wave propagation. (a) Unsaturated condition;
(b) Over-saturated condition

When g =t' +¢" holds ( this equation determines a specific
split A), a stable state forms (the decrease in A will result
in oversaturation), i.e.,

g:ﬂ_‘_ﬂ (6)
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2 Single-Lane Condition

Consider a simple one-way road controlled by signals dis-
played in Fig 3. Under the non-saturated condition, the traf-
fic wave profile will reproduce cycle by cycle. Fig. 6(a)
presents the wave dynamics within one cycle. Fig.6(b) de-
picts the cumulative vehicle number of two locations: x =0
and x = L. It can be expressed as n(x, ) and means the cu-
mulative vehicle number of location x at time #. The ideal or
expected cumulative curve n'(L, ) for the departing flow
takes a shift from the cumulative curve of x =0. So the lat-
eral difference between n(0, t) and n(L, t) represents travel
time while the lateral difference between n’(L, t) and n(L,
1) represents delay. From Fig. 6(b), we can derive the trav-
el time profile. The biggest delay is » + L/v(gq) —t,; and the
smallest is L/v(q) - t,. So the shape of the delay profile
can be obtained (see Fig.6(c)). ¢, is the free-flow speed.
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Fig.6 Traffic wave and travel time derivation. (a) Wave profile;
(b) Cumulative curve; (c) Delay pattern

The overall delay is the sum of the shaded area:
d=S,+S5, (7)

where §,, with a trapezoid shape, and S,, with a rectangle
shape, are areas shown in Fig. 6(c),
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The average delay is
a=;ic=
(r+%—2tf)(r+t’+t”) (ﬁ—tf)(g—t’—t”)
24C * 4C
(11)

The ultimate average travel time is the sum of free-flow
travel time and delay:

T=t,+d=t, +
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3 Travel Time Function with Decomposition Method

Problems discussed above mainly focus on the ideal sce-
nario of one-way links while the case in reality shows more
topological complexity. We define the basic road as shown
in Fig. 7(a) that always appears in an urban road network.
It is a road controlled by signals with a channelized section
of length /,. Overall upstream traffic demand, g, is assumed
to be uniformly distributed between two lanes, i.e., g, =
q,- The proportion of left-turn flow, right-turn flow and
through flow is p,, p, and p (p,.=1-p, —p,), respec-
tively. The symbol expression method for signal parameters
is the same, i.e., g, &.. 7,>» and r,. So we can obtain
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Fig.7 Sketch map. (a) Basic road; (b) Decomposition
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Qi = QOI + qos + QOr’ qol = qipol’ qos = qipos’ qur = qipor
(13)

We decompose the basic road as shown in Fig. 7(b). The
basic road is divided into two sections: the upstream section
and the channelized section. Both include some single one-
way links. The channelized sections are controlled by the
signal (except the right-turn lane). So this problem is sim-
plified.

Delay also can be divided into two parts: upstream delay
and channelized delay, so we have

d =d, +d, (14)

where d, denotes left-turn flow delay; d, is the delay at the
upstream section (It should be identical for three directions);
d, is the delay for left-turn flow at the channelized section.

1 l
R V) (1
By Eq. (12), we can obtain
dy =1 (L4 4s Tos &) (16)
And the delay for left-turn flow can be derived,
di=d, vy = (s g 80 D)
v(g/2) v,

Similarly, the delay for through flow is

o l,
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For right-turn flow, the delay is caused by other flows
rather than signals, so we have

() ) @

Hence, the travel time for three directions can be derived:
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4 Properties

As known to all that the traffic state is determined by traf-
fic demand and supply ( sometimes stochastic factors also
work) . The relationship among these three entities is shown
in Fig. 8.

The travel time is also confined by supply and demand.
From the above analysis, we can see that travel time can be
formulated as the function of four parameters: link length,
link structure ( such as channelization length, number of
lanes etc. ), control parameters, and the flow rate (of three

Traffic demand Traffic supply

—
=’

Traffic
state

Fig.8 Formation of traffic state

directions). The former three can be seen as traffic supply
because they influence the overall capacity. The latter one
can be seen as demand. In the following section, we discuss
how much these factors can influence the travel time.

4.1 Relationship with supply structure

4.1.1 Link length
Rearrange the travel time function for the one-way link
into the following form:

(r+2—L—2tf)(r+t'+t") (%q) —tf)(g -t' -1 .
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dL q * Ve 24

We can see that when other parameters are fixed, the trav-
el time is in a linear relationship with link length. The slope
is determined by the flow rate and the zero flow velocity.
4.1.2 Link structure

Take the left-turn flow travel time as an example. It can
be formulated as the function of upstream section length,
channelization section length and flow structure as well as
signal parameters, i.e., f,(I,, 1, q;. 4y "> 8y)- SO

a7, 1
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=+ — 26
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4.1.3 Control parameters
Based on Eq. (12), Fig. 9 and Fig. 10 present the
relationship between travel time and signal parameters. Given
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Fig.9 Travel time vs. split with arriving flow rate of 800 veh/h
and / =400 m
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split, the travel time will increase with green time. Further-
more, the slope which depicts the sensitivity of travel time
to control parameters also shows an increasing trend. This
implies that when the traffic state is bad, the travel time
fluctuates more than that of the normal state.
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Fig. 10 Travel time vs. green time with arriving flow rate of 800
veh/h

4.2 Relationship with demand

4.2.1 Flow rate
The flow rate can be seen as traffic demand of an intersec-
tion and it is an important factor in travel time formation.
Fig. 11 gives the dynamic relationship of the flow rate and
the travel time when other parameters are fixed. We can see
that when the flow rate increases, the travel time first de-
creases and then increases. Because from Fig.6, S, > /2,

and S, >0, then d >r"/2. So d—o as g—0.

126
124 |

—_
[38)
[\S)

Travel time/s
—
[y*)
S
T

118
116
114
112 1 1 1 ]
400 600 800 1 000 1 200
q/(veh -+ h~Y)

Fig.11 Travel time vs. ¢ with r =40, g=80, /=400 m

4.2.2 Flow rate structure

From Egs. (20) to (22), it can be concluded that travel
time for a specific direction such as left-turn flow also re-
lates to other flows. Take left turn flow as an example, the

related term in the travel time is Fig. 12 presents

v(q,/2)
the term profile with respect to the dynamic flow rate of g,.

To explore the inner influences of other direction flows,
we take derivates,

lu
a7, Y9q/2) l, [ 4
b - _ y (7) (27)
dQOS dqos 2( V( ql/z) ) 2

35.0
3.5}
34.0
33.5

S 33.0

)

T35t
32.0
3.5
31.0

Il 1 1 1 ]
0 200 400 600 800 1 000

9os/(veh » h~1)

Fig.12 [,/v(q;/2) vs. g, under the condition of g, = 500
veh/h, ¢, =200 veh/h, [, =320 m
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We can see that the travel time for different flows is not
identical, which should be evaluated respectively.

5 Conclusion

The travel time function that is suitable for network analy-
sis with a time scale such as 10 min is studied. The function
describes the relationship between travel time and traffic de-
mand as well as supply. Properties of the travel time model
are studied in this supply-demand framework. We find that
travel time is very sensitive to traffic state, especially when
the saturation tends to be 1. This model outperforms other
models in the situation that road geometry, flow structure
and signal parameters are all accounted for.

However, traffic dynamics may be complicated when the
demand exceeds supply. Under this condition, the vehicle
queue becomes longer and longer. Vehicle trajectory togeth-
er with traffic wave changes cycle by cycle. This situation
should be taken into account. Furthermore, the decomposi-
tion method may cause some inaccuracy which should be
overcome by attaching a revision coefficient. These will be
our future work.
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