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LINK TRAVEL TIME ESTIMATION
IN DOUBLE-QUEUE-BASED TRAFFIC MODELS

ABSTRACT

Double queue concept has gained its popularity in
dynamic user equilibrium (DUE) modeling because it
can properly model real traffic dynamics. While direct-
ly solving such double-queue-based DUE problems is
extremely challenging, an approximation scheme called
first-order approximation was proposed to simplify the
link travel time estimation of DUE problems in a recent
study without evaluating its properties and performance.
This paper focuses on directly investigating the First-In-
First-Out property and the performance of the first-order
approximation in link travel time estimation by designing
and modeling dynamic network loading (DNL) on sin-
gle-line stretch networks. After model formulation, we
analyze the First-In-First-Out (FIFO) property of the
first-order approximation. Then a series of numerical
experiments is conducted to demonstrate the FIFO prop-
erty of the first-order approximation, and to compare its
performance with those using the second-order approx-
imation, a point queue model, and the cumulative inflow
and exit flow curves. The numerical results show that
the first-order approximation does not guarantee FIFO
and also suggest that the second-order approximation
is recommended especially when the link exit flow is in-
creasing. The study provides guidance for further study
on proposing new methods to better estimate link travel
times.

KEYWORDS

double queue model; dynamic user equilibrium;
dynamic network loading; travel time estimation;
first-in-first-out (FIFO).

1. INTRODUCTION

Dynamic traffic assignment (DTA), often broadly
categorized into Dynamic User Equilibrium (DUE)
and Dynamic System Optimum (DSO), is one of
the most challenging problems in transportation
engineering, which has been intensively studied for
decades (Peeta and Ziliaskopoulos 2001). Being a
specific type of DTA, DUE aims to simultaneously
model user departure times and route choices by as-
suming that all users follow certain rational behav-
ior. DUE ends at an equilibrium state where for any
given origin-destination (OD) pair the generalized
travel costs are identical for all route choices and
departure time choices. Related literature reviews
can be found in [1-3].

As queue spillbacks (i.e., downstream conges-
tion propagates to the entrance of a link, thus re-
stricting the inflow to the link) are prevalent on
transportation networks, there have been some
models that properly captured such phenomenon in
literature. Developed by [4], the cell transmission
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model (CTM) is one of the earliest and most widely
used models that can capture queue spillbacks [5, 6].
When applied in DUE models, the CTM needs to dis-
cretize each link over both space and time to model
the flow dynamics, leading to a DUE model with a
very large dimension especially for large networks
with a long study time period. Furthermore, as DUE
models are normally very complex, the CTM-based
DUE models are highly challenging to solve for prac-
tical problems due to its large dimension. Thus, there
is an increasing trend in the recent DUE literature
focusing on balancing the computational efficiency
and the level of details a DUE model can capture.
Recent efforts have been focused on developing link-
based traffic flow models such as the link transmis-
sion model (LTM) [7, 8], the double queue model
[9-12], among others [13, 14]. The concept of dou-
ble queue originated from LTM based on the trian-
gular fundamental diagram of traffic flow [7]. It was
first proposed and used in [9] and recently applied
to model continuous-time DSO and DUE problems
[11, 12, 15, 16] thanks to its capability of capturing
queue spillbacks in macroscopic traffic modeling.
Specifically, at time interval 4 the dynamics of link
(i) in the double-queue model can be described by
the changes of a downstream queue q;j (h) and an up-
stream queue qf/’. (h) as follows [15, 16].

ai(hy-qyh-1) = A-(ug(h) - vy (h-n))

(1

qh(h) - g -1) = A-(uy(h-nf) - vy (h)) ()

where ”,-j(h) and v, (h) are the inflow and exit flow
rates of the link (i) at the time interval &; nand n¢,
are the free-flow and shockwave travel times of the
link (i,j) in terms of time intervals, respectively. To
capture the flow withholdings caused by the double
queues, two sets of complementary slack variables
are defined, i.e., 77,~,-(h) for the upstream queues
and ,ul.j(h) for the downstream queues as shown
in Equations 14 and 15, respectively. Their physical
meanings are described after the model formula-
tion. Note that the continuous-time double-queue-
based models are usually solved by discretization.
Thus in this paper, we directly formulate the dis-
crete-time model for simplification purposes.
Generally, the link-based DUE models can be
categorized as instantaneous DUE models and pre-
dictive/ideal DUE models depending on whether
travelers are assumed to make route choices based
on the current prevailing travel times or predicted
travel times [17]. The instantaneous DUE mod-
els assume that travelers are making route choice

decisions based on the current prevailing travel
times while the ideal DUE models assume that the
travelers’ route choice decisions are based on the
predicted travel times. With the development of in-
formation technologies some new models are pro-
posed considering a mixture of both. For example,
when drivers get informed about traffic events via
multiple information sources, the rerouting is mod-
eled in [18]. This paper focuses on the ideal DUE
problems that generally contain two basic com-
ponents (or sub-models): a traffic flow model that
describes traffic dynamics and evolutions in time
and space, and a choice model that describes the be-
havior of traveler choices (such as departure-time
choices and route choices). In theory, a DUE prob-
lem should integrate both components into an in-
tegrative formulation, which should then be solved
simultaneously. One challenge, however, of solving
such an integrated DUE model is that usually one
cannot derive a closed-form expression for link (or
path) travel times, especially when queue spillback
occurs. Therefore, in literature most DUE models
are solved via an iterative (and largely heuristic)
procedure that solves the two components sep-
arately at each iteration. As shown in [11], this is
just one way of solving DUE and one may choose
to solve the integrative DUE model directly, i.c.,
solving the two components simultaneously. This,
however, requires applying certain approximation
schemes to the link or path travel time functions to
derive certain closed-form approximations. In [11]
the authors proposed the first-order approximation
to simplify the computation of link travel times in
order to solve their double-queue-based ideal DUE
model. They did not, however, conduct a full inves-
tigation about the properties and performance of the
first order approximation scheme, which means that
the reliability of the estimation of link travel times
remains questionable. The focus of this paper is to
fill this gap by evaluating the properties and per-
formance of the proposed first-order approximation
in link travel time estimation, which will serve as
reference for future studies on proposing a better
method to estimate the link travel times for solving
double-queue-based DUE models.

In this paper, we narrow our study down to
Dynamic Network Loading (DNL) on single-line
stretch networks and the reasons are as follows.
First, the DNL on a single-line stretch network elim-
inates travelers’ route choices and thus eliminates
the necessity to estimate link travel times to obtain

388

Promet — Traffic& Transportation, Vol. 33, 2021, No. 3, 387-397




Yang X, Ma R, Yang P, Ban XJ. Link Travel Time Estimation in Double-Queue-Based Traffic Models

the predictive route travel times as in an ideal DUE.
Second, the predefined time-dependent demands in
DNL also avoid the computational complexity from
travelers’ departure time choices. Therefore, we can
solve the DNL problem directly and then compute
the link travel times based on the cumulative inflow
and exit flow curves, which are defined as the ‘real
link travel times’ in this paper. By comparing with
the real link travel times, we can study the perfor-
mances of the first-order approximation and other
approximation methods.

In particular, we first formulate the discretized
DNL model for single-line stretch networks as a
linear programming problem. Note that we omit
the continuous-time DNL model to save space [19,
20]. Then, we investigate the FIFO property of the
first-order approximation and show that FIFO is
guaranteed if there are no downstream queues on
any links of the network anytime as presented lat-
er. After that, we conduct some numerical experi-
ments on a simple single-line stretch network with
only two links and compare the performances of the
travel times estimated using the first-order approxi-
mation, the second-order approximation, the point-
queue model [3], and the cumulative inflow and
exit flow curves, respectively. Here the second-or-
der approximation is an extension of the first-order
approximation. We also define the link travel times
estimated from the cumulative link inflow and exit
flow curves using linear interpolation as the real
link travel times, which are intuitive deductions of
real travel times and can be obtained after the DNL
problem is solved. Detailed performance results can
be found in the numerical analysis section. The re-
sults show that the first-order approximation could
overestimate the link travel times under certain cir-
cumstances when demand is larger than link capac-
ities, whereas most of the time it underestimates the
link travel times. Overall, the link travel times from
the first-order and second-order approximations are
more reliable compared with the point queue mod-
el. The numerical results also suggest that the sec-
ond-order approximation is recommended when the

4o g, (h)

qo(h)

1%
o (M=dy(M|| =

Noi(h) y,(h

link exit flow is increasing. The study can provide
guidance for future research on deriving a closed-
form expression for link travel time approximations
in ideal DUE models.

This paper is organized as follows. The second
section is about the discretized DNL model for-
mulation on single-line networks followed by the
first-order and second-order link travel time approx-
imation functions. In the beginning, there will be
a brief introduction on the double queue dynamics
and the slack variables defined for reflecting the
flow withholdings at road link entrances and exits.
The third section presents the numerical experi-
ments and discussions. The final part is the conclu-
sion.

2. MODAL FORMULATION AND LINK
TRAVEL TIME

The paper mainly concentrates on the double-
queue-based DNL on single-line stretch networks
in order to study the performance of the first-order
approximation proposed by [11] in a direct manner.
The DNL model is to assign a given time-depen-
dent demand profile onto the network, which is an
important component for DUE. Figure 1 displays the
structure of a single-line stretch network on which
the DNL model will be built, followed by the nota-
tion used throughout the paper. In Figure 1, we use
red and green bars to represent the upstream and
downstream queues at the two ends of each link,
respectively. Note that it is assumed that all travel
time parameters are integral multipliers of the dis-
cretizing time interval A.

Notation

N — the node set;

L — the link set;

(0] — the only origin OEN ;

0 — the dummy origin;

(0,0) —the dummy link;

S — the destination;

(x,S) —the last link connecting the destination S;
A — the selected discrete time interval;

qi5(h)

qi(h)

nsh) ()

Figure 1 — Single-Line Network Structure with Double Queues on Links
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T — the number of time intervals required for
all demand arriving at the destination S;

h — he[0,77, h is the ordered ID of a time
interval;

fl.j — the free-flow travel speed of link (i,/)EL;

w; - the shockwave travel speed of link
(i))EL;

d,(h) —the demand at origin O at discrete time
interval 4;

q'l;.(h) — the upstream queue of link (7,/)EL at

discrete time interval 4;

q‘;(h) — the downstream queue of link
(i,/)€LU(0,0) at discrete time interval 4;

,ui].(h) — the slack variable related to the
downstream queue of link (i,/)EL at
discrete time interval 4;

’7,-]-(’1) — the slack variable related to the upstream
queue of link (i,j)€L at discrete time
interval /;

vl.j(h) — the exit flow rate of link (i,/)eLU(O,0)
at discrete time interval /;

”,-j(h) — the inflow rate of link (i,j)EL at discrete
time interval A4;

ng. — n?=rg. /A (note: n,=0) where 7¥, is the free
flow travel time on link (i,j)EL;

! —n= U./A(note: n%,=0) where it is the
shockwave travel time on link (i,/)EL;

n ij(h) - nl.j(h)=rl.j(h)/A where Tl.j(h) is the travel
time on link (i,/)EL at discrete time
interval 4;

Cl.j — the exit flow capacity of link (i,j)eL;

Ql.j — the queue storage capacity of link (i,j)eL

(note: Q5,=%).

As shown in Figure 1, a dummy origin O and a
dummy link (O,0) are created for modeling purpos-
es. By setting the free-flow and shockwave travel
times of the dummy link (O,0) as zeros and the
queue storage capacity as infinite, we can always re-
place the time-dependent demand at origin O as the
time-dependent inflow to the dummy link (O,0).
The following is a brief description of the double
queue concept and the slack variables defined for
reflecting the flow withholdings.

As the DNL model for single-line stretch net-
works does not have the route and departure time
choice behavior as in a DUE model, the formulation
is much simpler as presented below. Again, the in-
flow rate to the dummy link, namely the time-de-
pendent demand, is pre-defined. By solving the
DNL model, we can obtain the time-varying inflow
and exit flow rates, the upstream and downstream

queues, and the values of the slack variables, with
which we can estimate the link travel times using
different approximation schemes and compare their
performances.

Initial conditions:

gi(hy=0, V()€ LU(0,0), Vhe[0,T] 3)
q(h) =0, V(i,j) € LU(O,0) 4)
n%0=0; n(go=0 (5)
uoo(h) = do(h), Vhe[0,T] (6)
Traffic dynamics:
voo(h) =uoi(h), Vhe[0,T] @)
vi(h) =up(h), (j)EL, (k€L he[0,T] (8)
40 = g0+ -2 (uy (- ) - v (),
(i,)) eLU(0,0), hel0,T] ©)
qi(h) = q5(0) + A - 2 (uy(h) - vy (h-n)),
" (10)
(ij)eL, hel0,T]
0 =< 17;(h) L Q- qis(h) = 0 namely,
0<75(h) L Q- A2 (uy(h)-vi(h-nf)) =0, (11)
h
Gj)eL, hul0,T]
0=<n;h) L q?,-’h = 0,namely,
. . (h - v
0=<ny(h) LA Zh:(u,,az n§) - vi(h)) = 0, (12)
GjHel, hel0,T]
0 < vy(h) L nx(h)-(Cy- y(h) - vi(h)) =0,
(i) eLU(0,0), kel hel0,T] (13)
8j(h) = min(Cy - Wy (h),nu(h)), (i,j)€LU(0,0), (14)
G.oeL, helo,T]
vij(h) = Cy - ti(h) - 855(h) (15)
Vas(h) = Cus - fas(h), h€[0,T] (16)

Equations 3-6 give the initial conditions; Equations
7 and 8 define the flow conservation at each node;
Equations 9 and 10 describe the upstream and down-
stream queue dynamics, respectively; Equations 11
and 12 are the complementarity problems for the
upstream and downstream queues; Equations 13-
16 define the complementarity problems on exit
flow rates and the computation of exit flow rates.
In particular, n;(h) in Equation 11 describes the flow
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withholding at the entrance of the link (7). If
Ql.j—ql?j‘.(h)>0, then nij.(h)=0, i.e. no withholding at the
link entrance if the upstream queue is less than the
link queue storage capacity. Otherwise the inflow
rate to the link (which is also the exit flow of the up-
stream link) may be restrained, i.e., nij.(h)ZO. :“,'j(h)
is the slack variable associated with the downstream
queue of the link (i,/), which collectively restrains
the exit flow of the link (i,j) with the inflow with-
holding of its downstream link (7,%), i.e., njk(h). To
be specific, if q‘;.(h)>0, ,U,-j(h) will be zero, indicating
Vg;(h)zcy"/“‘y'(h)zcy if there is no withholding on the
inflow to the downstream link (j,k), i.e., njk(h)=0.
Equations 13-15 are designed to restrict V,-j(h) to zero
if njk(h)ZCl.j-yl.j(h). Similar formulations for the dou-
ble-queue-based DUE model can be found in [11].

Reference [11] proposed the first-order ap-
proximation to estimate link travel times using the
first-order Taylor expansion theory to solve their
double-queue-based DUE. The approximation
first assumes the exit flow rate remains constant as
vl.j(h+ng.) from h+ng. to htn,(h) as shown in
Equation 17 and then further approximates the link
travel time using first-order Taylor expansion theory
as presented in Equation 18.

h+nij(h)
gi(h+nf)= 2 vi(»)
r:h+n?, (17)
0 0
~ vy (h+nf))ny(h) - n})]
4(h+nl) gd(h+nl)
i(h) = nY L UL — p9 i i
O S ) " Gty Ch )-8, ()
:I’l(')"" qz(th"?/)/C,j
"Gy i (h+n§) -85 (h+nf)|iCy
_ o, gihtn) 1 (18)
G - [ug(hn)+ 8 (h+nf)liCy
xn%qz(hcfnﬁ}),(Hﬂff(hwﬁj-)cfa,,(mng))
v i

v@f(];) V;f(};)

D

It can be seen from Equations 17 and 18 that the
approximated link travel time nij(h) is estimat-
ed by assuming that the link exit flow rate is con-
stant from h+n2. to h+nl.j(h), which could either
underestimate or overestimate the link downstream
queue in Equation 17 and thus the link travel time
in Equation 18. The first-order Taylor expansion is
applied in Equation 18 to deal with the non-zero re-
quirement for the term 1 - ((u,(t+))+9,(t+5))C;.
Figure 12 below is created for demonstration purpos-
es, where the area surrounded by the dashed lines
represents the actual link downstream queue while
the area marked by pattern lines is the estimated
link downstream queue assuming the exit flow rate
is approximated as vij(h—l-ng.) from h+n2. to itn(h)
n Equation 17.

As shown in Figure 12, if the link exit flow rate
is increasing from h+ng. to h+nl.j(h), the link down-
stream queue will be underestimated, leading to the
underestimation of link travel time in Equation 18,
it is the opposite for the case with decreasing link
exit flow rate. Since the first-order Taylor expansion
leads to additional underestimation of link travel
times, the second-order Taylor expansion as ex-
pressed by Equation 19 is proposed as an alternative
method to improve the approximation performance.
In this study, we define the approximations used in
Equations 18 and 19 as the first-order and second-order
approximation, respectively.

ny(h) = nij+qf (h+nj)/Cy-
V(i (i n)+ 85 (h+ny) )iCy+

(19
((/—li/'(h+ng‘)+5i/'(h+n2')/cij)2 )

As FIFO is an important requirement in DTA,
it has been investigated in many DTA models (Ran
and Boyce 1996). It requires the derivative of travel
times to be no less than -1, namely:

ny(h+ D-ny(h) o

AT (0)/dt> -1 or A - (20)

vu.(;l)

h+n°
u

a) Accurate

b) Underestimate

hnh)  h

¢) Overestimate

Figure 2 — Link Downstream Queue Approximation
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FIFO Property: If the link travel times are approxi-
mated by the first-order approximation in Equation 21,
FIFO is guaranteed if there are no downstream
queues on any links of the network anytime.

Proof: If there is no downstream queue on the net-
work, ie., gf(h+n{)=0 for any h, then n(h)y=n,
for any & based on Equation 19, resulting in
6nij(h)/8h=0. Therefore, FIFO is guaranteed for
first-order approximation.

It is worth to mention that there will be no queue
on the network if the inflow and exit flow capacities
of all links on a single-line stretch network are the
same, which guarantees FIFO. On the other hand,
if downstream queues exist on a road network be-
cause of large demands or various link inflow and
exit flow rate capacities on routes, FIFO will not be
guaranteed. Counter examples can be found in the
numerical tests.

3. NUMERICAL ANALYSIS

The numerical analysis is conducted on a two-link
stretch network as shown in Figure 3. A dummy node
O and a dummy link (O,0) are added to the network.
Different pre-defined inflow rates (i.e., demand pro-
files) are tested with all experiments assuming that the
inflow lasts for 15 minutes. In addition, it is assumed

a5 g, (h)

Vaoh)
s (h)=d (h) =u,, (h)
, -~
_———— >'

N, (h)

Hey(h

that the capacity of the link (1,S) is time-varying,
which could be caused by road maintenance, acci-
dents, or disasters. Related parameters are given in
Table 1. Note that in all numerical experiments the
inflow rate capacity of the link (O,1) is set the same
as the inflow rate to the dummy link, while the in-
flow rate capacity of the link (1,S) is set the same as
its exit flow rate capacity.

The discrete time interval is selected as 0.2 min-
utes, i.e., A=0.2 minutes, so that the free flow travel
time rg., the shockwave travel time rfj?, and the two
capacity-changing time points of C, ¢ (2 minutes and
5 minutes) will all be integral multiples of A. Again,
as previously mentioned, the time-dependent inflow
rates to the dummy link are given and the queue
storage capacity of the dummy link is defined as
infinite. Further, we assume that the Link O-1 and
the Link 1-S are three-lane road links with a normal
flow capacity of 4200 vph while the capacity of the
Link 1-S'is decreased to 2100 vph during time inter-
vals 10 to 25 due to an incident. We also assume that
the inflow rate capacity of the first link is unrestrict-
ed to test various scenarios. In order to measure the
performance of the first-order approximation, the
point queue model denoted by Equation 21 is used for
comparison purposes [11].

h+nj
ny(h) = nij+ g~ (1)
O T OB )

=u,s(h)

77

RO RO)

Figure 3 — A Simple Stretch Network for Numerical Analysis

Table 1 — Parameters for the Three-node, Two-Link Stretch Network

Parameters Values of parameters
fl.j, w; O1=f,=60 mph; =, =20 mph
Qij 045572 0 =0,57(4200/60+4200/20) - 0.2=112 vph
A Discretized time interval, which is 0.2 minutes
r‘; ng 19,=194=0.4 minutes; 7%,=0; n,= nf=2; n%,=0
w5 nG 79, =19¢=1.2 minutes; 13,=0; n%,= n9;=6; n%,=0
ug0(h) A fixed value for the first 75 time intervals, then becomes zero
Co1(h) = 4200 vph;
4200 vphif 2 < 10
;) Cis(h)=12100 vphif > 10and & < 25
4200 vphif & > 25
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Considering the inflow and exit flow rate capaci-
ties of the link (O,1) and (1,S), different demand pro-
files ranging from 2100 vph to 8000 vph are tested
in the numerical analysis. For each demand profile,
the real link travel times based on the cumulative
inflow and exit flow curves, the first-order and the
second-order approximated travel times, and the
travel times based on the point queue model will
all be computed for performance comparison. First,
we test with an inflow rate of 4200 vph with results
shown in Figures 3 and 4.

As it can be seen from Figure 4, the upstream
queues are always larger than or equal to the down-
stream queues on both links, which is consistent
with Equations 12 and 13. The cumulative inflow and
exit flow curves are plotted in Figure 5a, based on
which the real link travel times can be obtained
using linear interpolation. Since link (O,1) is the
link with complete double-queue constraints on
both ends, it is chosen as the study link. Figure 5b
shows its link travel times obtained from different
approaches and its exit flow rates.

From Figure 5b, the second-order approximation
technique always produces higher link travel times
than the first-order approximation and the point
queue model, which is consistent with Equations 18,
19, and 21. In addition, when congestion presents the
point queue model always underestimates the link
travel times while the first-/second-order approxi-
mation could either underestimate or overestimate
the link travel times. Furthermore, the second-order
approximation always produces smaller errors in
the case of underestimation but greater errors in the
case of overestimation. The numerical results show
that: (1) if the inflow rates are lower than or equal

200F T T T
10l T Upstream queue of link O-1
— - — Downstream queue of link O-1
160+
140t
120+

100+

80F

Queue (vehicles)

601

40t

20

o -—-

20 70 60 30 T00

to 2100 vph for 15 minutes, there are no queues and
vehicles are traveling at a free flow speed; FIFO is
satisfied by all estimation schemes; (2) if the inflow
rates are higher than 2100 vph and lower than 4200
vph for 15 minutes, the travel time patterns are sim-
ilar to that in Figure 5b; (3) if the demand is much
higher, the travel time pattern will be different from
Figure 5b as shown in Figure 6 with an inflow rate of
8000 vph for 15 minutes.

Figure 6 presents two peaks of link travel times,
reflecting two different bottleneck capacity levels
during the study time period. The first bottleneck
capacity level is 4200 vph (i.e., exit flow rate ca-
pacity of the link O-1) while its inflow rate capac-
ity is 8000 vph, and the second is the time-varying
exit flow rate capacity of the link 1-S. The sudden
decrease of travel time on the link (O,1), i.e., from
7,,(28)=1.6 min to 7,,(29)=1.1 min, produces
V7(28)=-(1.6-1.1)0.2=-2.5<-1. Obviously, FIFO is
violated here. It is similar for the cases with inflow
rates higher than 2100 vph and lower than or equal
to 4200 vph.

From the above numerical analysis, it is also ob-
served that (1) the point queue model could produce
an underestimation but never an overestimation; (2)
as shown in Figures 5b and 6, when the real link travel
time (i.e., the blue solid line) is increasing, the first
order approximation (i.e., the green solid line), the
second order approximation (i.e., the pink dashed
line), and the point queue model (i.e., the blue dash-
dot line) all give underestimations, whereas the
second-order approximation gives the best estima-
tion; (3) when the real link travel time is decreasing,
both the first-order and the second-order approx-
imation first give an underestimation and then an

200 T T T
1ok — Upstream queue of link 1-S
— - — Downstream queue of link 1-S
160+
140F
120+

100+

80f

Queue (vehicles)

60

401

20F

0 20 40 60 80 100

Figure 4 — Upstream and Downstream Queues with Inflow Rate of 4200 vph
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1200 . . = : 1200 : : : :
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Table 2 — Link Travel Times on the Link Computed with Different Approximation Methods

) Maximum absolute difference compared | Total absolute difference compared with
Demand d_(h)/ Mtammlu? real with real travel time real travel time
o ravel time N x
Capacity Co(h) |T3* = max 7' () difa = max| T01{0) total = Sum| 70 (#)
h<75 h ‘ | Tot (h) | -Toit(h)
[min] - .
point queue | first-order | second-order | point queue | first-order | second-order
0.24 0.4 0 0 0 0 0 0
0.48 0.4 0 0 0 0 0 0
0.50 0.4 0 0 0 0 0 0
0.71 0.64 0.10 0.09 0.14 0.28 0.21 0.20
0.95 1.74 0.65 0.40 0.60 4.75 2.66 2.82
1.00 1.90 0.70 0.40 0.60 5.60 3.00 2.90
1.19 1.90 0.70 0.40 0.60 5.64 3.04 2.94
1.43 1.90 0.70 0.40 0.60 5.69 3.09 2.99
1.67 1.90 0.70 0.40 0.60 5.73 3.13 3.03
1.90 1.90 0.70 0.40 0.60 5.78 3.18 3.08
2.14 1.90 0.70 0.40 0.60 5.83 3.23 3.13
2.38 1.90 0.70 0.40 0.60 5.88 3.28 3.18

overestimation before reaching the real link travel
time, while the point queue model gives an under-
estimation before the real link travel time. These
findings from the numerical results give us insight
into how to design a more accurate approximation
scheme.

To further compare the performances of differ-
ent link travel time approximation methods, Tuble 2
summarizes some statistics on the travel times on
the link (O,1) estimated using different approxima-
tion methods given a series of demand profiles.

In 7uble 2, the maximum real travel time is the
maximum travel time on the link (O,1) estimated
with the cumulative inflow and exit flow curves
among all the discrete time intervals; the maximum
absolute difference compared with the real time as
defined by difu= m}?x| THo1(h) - T (h) | means
that, among all the time intervals, the maximum ab-
solute difference between the travel times on the link
(O,1) computed by the approximation technique x
(where x refers to the point queue model, the first-or-
der approximation, or the second-order approxima-
tion) and its real travel time based on the cumulative
inflow and exit flow curves; the total absolute dif-
ference compared with real travel time is defined as
total = s%m| THi(h) - T (h)|.

Table 2 shows that with the increase of the de-
mand, the maximum travel time on the link (O,1)
and the maximum travel time differences with dif-
ferent approximation methods increase first and
then become stable after the demand arrives at the

exit flow capacity of the link (O,1). Total absolute
travel time differences, on the other hand, keep in-
creasing with the increase of demand. In terms of
total absolute travel time differences, as plotted in
Figure 7, compared to the real link travel times, the
first-order approximation is more reliable than the
point queue mode; the second-order approximation
is slightly better than the first-order approximation.
To sum up, the point queue model, the first-order,
and the second-order approximations increase in
both the performance and the computational com-
plexity.

.5 1 1.5 2
Demand d,(h)/Capacity C,, (h)

--g-— Point queue = — & - First-order approximation

—#— Second-order approximation

2.5

Total absolute difference compared with real travel time

Figure 7 — Total Absolute Difference Compared with Real
Travel Time
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4. CONCLUSION

This paper focused on investigating the prop-
erties and performance of the first-order and the
second-order approximation methods for the link
travel time estimation in the double-queue-based
ideal DUE models. By analyzing the approxi-
mation function, it was found that the first-order
approximation could result in either overestimated
or underestimated link travel times when the de-
mand is larger than the link capacity. In addition,
FIFO is guaranteed if there is no downstream queue
on any link of the single-line stretch network over
time but not guaranteed if there is downstream
queue on any link.

In order to directly study the performances of
the first-order approximation, the discretized dou-
ble-queue-based DNL model was designed and for-
mulated for single-line stretch networks. Then we
proposed and compared the link travel times using
the first-order approximation with those using the
second-order approximation, the point queue mod-
el, and the cumulative inflow and exit flow curves.

Numerical analysis was conducted on a two-
link stretch network to demonstrate the FIFO vio-
lation of the first-order approximation and compare
its performance with other estimation schemes.
Overall the point queue model, the first-order ap-
proximation, and the second-order approximation
increase in both the performance and the computa-
tional complexity. To be specific, the results showed
that all these estimation approaches produced the
exact real link travel times if the demand was al-
ways no larger than the bottleneck link exit flow rate
capacity. However, if the demand exceeded the bot-
tleneck capacity, queues would build up. The point
queue model could underestimate the link travel
times while the first-order and the second-order ap-
proximation may either underestimate or overesti-
mate the link travel times. When the real link travel
time is increasing, the link travel time from either
the first-order or the second-order approximation
is always underestimated. When the real link travel
time is decreasing, the link travel time from either
the first-order or the second-order approximation
is first underestimated and then overestimated be-
fore reaching the real link travel time. These give
us insight into how to design a more accurate ap-
proximation scheme. For instance, it is suggested
that the second-order approximation should always
be preferred when the real link travel time is in-
creasing and the computational complexity is not

an issue. In addition, with the increase of the total
demand, the link travel time estimation error would
increase with the first-order and the second-order
approximations. The numerical results show that
the first-order approximation produces more reli-
able results compared with the point queue model,
while the second-order approximation may be used
as an alternative to further increase the travel time
estimation performance.

This paper specifically studied the performance
and properties of the link travel times estimated
with the first-order approximation proposed and
applied in the previous study on the ideal double-
queue-based DUE modeling [11]. Future study can
be conducted on how to better derive a closed-form
expression for link travel time estimation in order
to improve the estimation accuracy and even guar-
antee the FIFO property. Such improved link travel
approximation will help better model and solve the
ideal DUE problems with queue spillbacks.
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