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Abstract In previous evacuation ﬂow planning, a system optimal dynamic traﬃc assignment (SODTA) did not consider the exogenous costs caused by potential traﬃc accidents. A traﬃc accident,
which might occur as a result of traﬃc congestion, will impact an evacuation process because of accidentrelated delays experienced by the downstream vehicles. This paper establishes a safety-based SO-DTA
linear programming model in which the generalized system cost incorporates both the travel time
and the accident-related delay. The goal is to minimize the generalized system cost under the cell
transmission setup. Furthermore, the authors provide strategic guidance information that considers
both the objective of the decision maker and the route choice behavior of the evacuees. Mathematically,
the authors propose an unconstrained non-linear programming model aimed at minimizing the gap
between the safety-based ﬂows and the stochastic real-world evacuation ﬂows, to provide strategic travel
time information to be published on variable message signs (VMS). In the case study, the authors found
that the safety-based SO-DTA model can reduce congestion and improve the evacuation eﬃciency; the
stochastic real-world evacuation ﬂows, guided by strategic information, can approach the safety-based
ﬂows.
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Introduction

Man-made and natural disasters, with a potential for severe loss of life, occur frequently.
Emergency evacuations, the mass movement of people away from a disaster-impacted area, have
been studied for decades in an attempt to mitigate these calamitous consequences. Typically,
the ﬂow optimization for emergency evacuation is a focused subject, which has achieved some
results. Chiu, et al.[1] and Zhang, et al.[2] generalized the state-of-the-art emergency evacuation
model for road networks. The system optimal dynamic traﬃc ﬂows of the entire road network
are generally speciﬁed as the optimal evacuation ﬂows in most literature[3, 4] . However, several
gaps must be considered when specifying these ﬂows as input for engineering application. Two
examples demonstrate deﬁciencies deserving attention. First, these optimal evacuation ﬂows
are based on the assumption that vehicles can travel smoothly with no risk of traﬃc accidents.
Second, although system optimal dynamic ﬂows can be planned and established as benchmarks,
real-world evacuation ﬂows will not approach the optimal ﬂows unless information advisory
guidance and management schemes are enforced.
Existing studies have established the minimum total travel time (system time) of the road
network as the single objective of emergency evacuation ﬂow optimization, neglecting the inﬂuence of the extra delay experienced by downstream vehicles because of the potential traﬃc
accidents. The system optimal ﬂows are not able to satisfy the traﬃc safety requirements and
may produce inadequate evacuation capacity, hindering the downstream ﬂows. The ﬁrst step
of this paper is to integrate the exogenous costs of traﬃc accidents into the traditional system
optimal dynamic traﬃc assignment (SO-DTA) objective. So-called exogenous costs of traﬃc accidents are the hidden costs, such as direct economic losses and extra delay costs of downstream
vehicles. The economic losses are normally the primary external accident cost in a normal traﬃc
environment, whereas the extra delay costs are speciﬁcally correlated to the emergency event.
The more eﬃcient the rescue eﬀorts are, the more lives that are saved. Therefore, the delay of
emergency vehicles is more signiﬁcant than the economic loss in an evacuation scenario. The
extra delay costs are thus considered the single exogenous cost in an emergency evacuation. We
identify, for the ﬁrst time to our knowledge, the mathematical expression for the exogenous cost
of potential accidents in the emergency environment. There are three steps used to develop the
exogenous costs. First, we analyze the inﬂuence of one traﬃc accident on the delay of downstream vehicles. Second, we measure the accident rate as a function of time intervals, based
on previous studies of the relationship between the average number of accidents and the traﬃc
ﬂows[5–8] , and the accident rate prediction model[9] . Third, the exogenous cost, the expected
value of probabilistic delays, can be determined by multiplying the accident-caused delays and
the accident rate. In this study, the exogenous cost, combined with the total travel time, is
established as the minimum objective (generalized system cost) of the safety-based SO-DTA
model.
Although improved system optimal dynamic traﬃc ﬂows have been attained, it remains
diﬃcult to establish real-world evacuation ﬂows. Although many papers, such as Oh, et al.[10]
and Chiu, et al.[11] , use information guidance to adjust the actual network ﬂows in recurrent
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traﬃc congestion conditions, most of these studies simply publish the real-time or predictive
information to travelers; they do not consider the driver route choice behavior feedback. Consequently, the results cannot reﬂect the original expectations of the decision-maker who aims
to achieve network ﬂows close to the system optimum. Instead of publishing such real-time
information, we propose the strategic ﬂow guidance method (as the second step of this paper)
based on both the decision-makers’ objectives and the evacuees’ responses. Considering the
traveler route choice behavior, each piece of published guidance information will produce one
evacuation ﬂow scenario based on stochastic traﬃc assignments, which can reﬂect driver route
choice behavior. By minimizing the gap between the improved system optimal dynamic traﬃc
occupancy and the information-caused predicted traﬃc occupancy in the diverging links, we
can generate the strategic travel time of the downstream links to be published on the VMS
board located at the upstream link. This broadcasted travel time may not be the actual link
travel time but may be the best piece of information available to align the evacuation ﬂows
with the safety-based system optimal dynamic ﬂows.
The study is organized as follows:
1) Prepare the presumption of the formulation.
2) Introduce the safety-based SO-DTA model.
3) Propose a strategic ﬂow guidance model.
4) Provide the algorithm procedure.
5) Validate with a numerical case study.

2

Notations
T

Set of time intervals;

IO

Set of source cells;

ID

Set of sink cells;

IL

Set of link cells;

Γ (i)

Set of successor cells of cell i;

Γ

−1

(i)

Set of predecessor cells of cell i;

li

Length of cell i;

Qi

Maximum number of vehicles that can ﬂow into or ﬂow out of
cell i per time interval;

Nj

Maximum number of vehicles that can be present inside cell j per time interval;

xti

Vehicle occupancy in cell i during time interval t in the
safety-based SO-STA model;

t
yi,j

Flows moving from cell i to cell j during time interval t
in the safety-based SO-DTA model;
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μti

Predicted vehicle occupancy in cell i during time interval t under strategic
traﬃc guidance;

t
i,j

Predicted ﬂows from cell i to cell j during time interval t under strategic traﬃc
guidance;

pti,j

The proportion of diverted traﬃc departing from cell i to cell j under strategic

traﬃc guidance, where j∈Γ (i) pti,j = 1;

t
ηi,j

The proportion of merging traﬃc going to cell j from cell i under strategic

t
traﬃc guidance, where i∈Γ −1 (j) ηi,j
= 1;

δit

Free-ﬂow speed divided by back propagation speed in cell i
during time interval t;

3

git

Demand from source cell i during time interval t;

G

Set of network properties: 1). Topological Structure including lane numbers
n, cell set I, route set R, etc. 2). Flow Characteristics including time-varying
demand g, maximal vehicle number N of the cell, cell capacity Q, etc.

Basic Assumptions

1) If an accident occurs in the evacuation network, the accident site cannot be cleared in a
timely manner because of the heavy evacuation ﬂows. The delay inﬂuence on the downstream
vehicles will continue until the evacuation is terminated.
2) Increased traﬃc ﬂow reduces the severity of crashes[8] . Fortunately, the heavy ﬂows
during evacuations may guarantee less severe traﬃc accidents. Therefore, regardless of how
often traﬃc accidents occur on a link, only one lane of capacity is subtracted, using some
available emergency measures, from the original link capacity.

4
4.1

Safety-Based SO-DTA Model
Deﬁnition of Exogenous Costs in an Emergency Evacuation

In a day-to-day traﬃc environment, external accident costs include accident-caused delays,
direct property losses, casualties, accident-prevention costs and other expenses. However, the
external accident costs in an emergency environment primarily relate to the impact of accidents
on the evacuation time of the subsequent traﬃc ﬂows rather than the other economic losses.
Therefore, we deﬁne the exogenous costs of the traﬃc accident in an emergency evacuation
as the estimated delays (caused by the potential accidents) experienced by the downstream
vehicles. Consequently, the link exogenous cost during a certain time interval can be expressed
as the function of the link ﬂow delays at this time interval multiplied by the previous accident
rate.
4.2

Accident-Caused Delay to Dynamic Flow

The dynamic ﬂow in our accident-caused delay calculation would rely on the cell transmission
model (CTM). The CTM[12] has been proven to be a consistent representation that conforms
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to the classic Lighthill-Whitham-Richards (LWR) model[13, 14] by employing a set of simple
discrete diﬀerential equations. Assuming the connected cells (link segments) are homogeneous,
the piecewise linear relation of ﬂow and density (in the shape of an isosceles trapezoid, shown
as a solid line in Figure 1), Equation (1) is the key expression within the discrete diﬀerential
equation
(1)
q = min {vκ, qmax , w (κc − κ)} , 0 ≤ κ ≤ κc ,
where q is the traﬃc ﬂow, κ is the density, v is the free ﬂow speed, qmax is the maximal traﬃc
ﬂow, κc is the jam density, and w is the back propagation speed of traﬃc wave.
Flow

qmax
(1-1/n)qmax
v

0

-w

κ1

κ2

κc

Density

Figure 1 Flow-density relations for the original cell and the accident-caused blocked cell

In Figure 1, inﬂection points κ1 and κ2 are the minimum and maximum densities, respectively, when the ﬂows are equal to qmax . If an accident occurs in cell i, free-ﬂow speed, back
propagation speed and jam density remain approximately equal to their original values; only
one lane of capacity needs to be subtracted from qmax . Thus, we reduce the maximal traﬃc ﬂow
by size (1/n)qmax to generate the updated ﬂow-density relation chart in the accident situation.
To present a closed delay function for the downstream vehicles aﬀected by an accident, we give
an approximate ﬂow-density chart with another reduction (the zone of gray area) in the two
sides of trapezoid. For the real environment, this change may be more realistic because the
free-ﬂow speed may also be reduced when a driver sees an accident event on the road ahead.
We deduce the accident-caused delay of the dynamic traﬃc here. In the original condition,

t
)/xti ,
the average travel speed of the vehicles xti in cell i can be expressed as (li j∈Γ (i) yi,j
which is a form of ﬂow divided by density. Dividing cell length li by this average travel speed

t
. In the accident condition, based on the ﬂowprovides the average travel time xti / j∈Γ (i) yi,j

t
density chart of accident-caused blocked cell, we know the ﬂow becomes (1 − 1/ni ) j∈Γ (i) yi,j
whereas the occupancy is unchanged. The average travel time after an accident is (ni /(ni − 1))

t
xti / j∈Γ (i) yi,j
. Multiplying the average travel time gap by total ﬂow at interval t provides the
increased value of delay to the cell ﬂows, as follows:
Hit = (1/(ni − 1)) xti ,
where ni is the lane number of cell i.

(2)

STRATEGIC GUIDANCE INFORMATION IN EVACUATION

4.3

611

Average Number of Potential Accidents

Dickerson, et al.[5] , after analyzing large amounts of data, note that the number of accidents
is proportional to the traﬃc ﬂow and ﬁt the linear function between traﬃc accident number
and traﬃc ﬂow. It is expressed as follows:
m = 0.0674ϕ − 0.7017,

(3)

where m represents the average number of accidents in 345,600 minutes and ϕ represents the
average traﬃc ﬂow per hour. We will improve the above formula to obtain the relation between
the average cell accident number and the dynamic cell ﬂow during certain time intervals in an
emergency evacuation. Inserting the ﬂows of cell i into the above formula, the average accidents
in cell i at interval range [1, t] could be deﬁned as





τ
yi,j
/ (t · h) − 0.7017 t · h 345600,
(4)
mti = 4.044
τ =1,2,··· ,t j∈Γ (i)

where h is the time interval in min. To make the objective in Section 4.5 linear and to ensure
that the value of the above equation is non-negative, we approximate the time dependent cell

τ
with 0.5 times the cell capacity. Consequently, Equation (4) can be changed
ﬂow j∈Γ (i) yi,j
as follows:
(5)
mti = (2.022Qi/h − 0.7017) t · h/345600.
4.4

Estimation of Probability of Accident Occurring

Most studies establish the relationship between accident probability and accident frequency.
Some studies[9] use the probability function of the Poisson distribution to calculate the accident
rate of a particular space-time region as follows:
P (z) = mz e−m /z!,

(6)

where z represents the possible number of potential accidents.
We substitute mti for m. The probabilities of incident nonoccurrence and occurrence in cell
i, at interval range [1, t], can then be respectively expressed as
t

Pit (z = 0) = e−mi ,
4.5

t

Pit (z > 0) = 1 − e−mi .

(7)

Objectives and Constraints of the Safety-Based SO-DTA Model

Given the deﬁnition of exogenous cost, its value in cell i can be expressed as the function
of the ﬂow (hidden in the form of expression Hiτ ):
 

Ci =
Hit · Pit (z > 0) .
(8)
t∈T /0

This function is the cumulative form of the values, each term obtained by multiplying the delay
value at a certain time interval and the accident occurrence probability of the previous time
intervals.
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The safety-based SO-DTA objective, considering exogenous cost, can be expressed as
 
 
hxti +
min
λCi .
i∈I\ID t∈T

(9)

i∈IL

The left term of this formula is the system time, and the right term represents the exogenous
cost; λ represents the conversion value from exogenous cost to travel time by the decision maker,
which is an internalization process. Any additional delay will increase the time wasted during
the evacuation and may result in a second accident because of evacuee aggressive behavior
when confronting the congestion. Therefore, in the following case study, this parameter will
be deﬁned as a large value of 500 to reﬂect the importance attached to accident delay by the
decision maker. The objective is a linear programming function, which can be easily addressed
by combining with the following linear constraints.
Constraint 1 Initialization constraints:
xti ≥ 0,

i ∈ I, t ∈ T \0,

(10)

x0i

i ∈ I,

(11)

= 0,

t
yi,j

≥ 0,

0
= 0,
yi,j

(i, j) ∈ I, t ∈ T \0,

(12)

(i, j) ∈ I.

(13)

In addition to the above initialization constraints for the CTM in the preparation process,
the following assumption is made: Cell length should equal the distance that can be traveled
by the vehicles at free-ﬂow speed in the unit time interval.
Constraint 2 Flow conservation constraints of linear discrete diﬀerential equations:

t−1
xti − xt−1
+
yi,j
= git−1 , i ∈ IO , t ∈ T \0,
(14)
i
j∈Γ (i)

xti

−

xt−1
i



−

t−1
yk,i
+

k∈Γ −1 (i)



t−1
yi,j
= 0,

i ∈ I\ (IO ∪ ID ) , t ∈ T \0.

(15)

j∈Γ (i)

These constraints are based on a recursion in which the vehicle occupancy at interval t
equals its occupancy at interval t − 1, plus the inﬂow and minus the outﬂow.
Constraint 3 Flow propagation constraints:

t
yi,j
− xti ≤ 0, i ∈ I\ID , t ∈ T \0,
(16)
j=Γ (i)



t
yi,j
≤ Qi ,

i ∈ I\ID , t ∈ T \0,

(17)

j=Γ (i)



t
yi,j
≤ Qj ,

j ∈ I\ (IO ∪ ID ) , t ∈ T \0,

(18)

i=Γ −1 (j)



i=Γ −1 (j)

t
yi,j
+ δjt xtj ≤ δjt Nj ,

j ∈ I\ (IO ∪ ID ) , t ∈ T \0.

(19)
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These ﬂow propagation linear constraints are converted from the discrete diﬀerential equation in CTM.
The optimization toolbox of Matlab can be used to generate the improved system optimal
t
.
vehicle occupancy xti and ﬂow yi,j

5
5.1

Strategic Traﬃc Guidance Model
CLogit Function for Evacuation Route Choice

We use the CLogit function proposed by Cascetta, et al.[15] to depict the stochastic route
choice probability. This function can consider the correlation of routes in the choice set. Although other analytical models, such as the cross-nested logit[16] model and the paired combinatorial logit[17] model, have the same capability, the CLogit function expression and calibration
method are easier. The computation is more eﬃcient than simulation-based methods, such as
the mixed logit[18] model. The CLogit function is thus chosen as the route choice function to
explore strategic travel time.
The VMS is placed in the head position of a pre-diverging cell to publish the travel time
of the downstream branch links. For simpliﬁcation, we only describe the situation with two
downstream branch cells j and k (on links b and c, respectively) from the pre-diverging cell i
on link a. The results for situations with additional downstream links also can be derived by
referring to this deduction. We adopt the CLogit model to compute the probability of drivers
from cell i choosing cell j, at interval t:

t
d∈Rj exp (Vd − Fd )
t

,
(20)
pi,j =
t
r∈(Rj ∪Rk ) exp (Vr − Fr )
where Rj represents the route set using the cell j as the starting point. Because the virtual
destination of an emergency evacuation is a unique point, there is no need to provide the
destination label. Vrt represents the ﬁxed utility of path r, at interval t. The drivers have
little information about the actual road traﬃc during an emergency evacuation, thus it is
reasonable that the link length and travel time will become the critical indicators of route
choice. Consequently, we use two explanatory variables to express the ﬁxed utility Vrt : The
physical length Lr of route r and the strategic travel time Ubt (Uct ) of the downstream branch
link, shown in cell i at interval t. Fr is the common factor of route r and other routes:
Fr = β0 ln


s∈Rj

Ls,r
1/2

1/2

Ls Lr

θ
,

r ∈ Rj ,

(21)

β0 and θ are the calibrated parameters based on the stated preference (SP) survey. Ls,r is the
length of the links common to routes s and r.
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The strategic travel time optimization model of each diverging link, per time interval, in the
subsequent subsection will be a univariate model. Only one strategic travel time value can be
selected as the decision variable, whereas other published strategic travel times are all real-time
values. These values are set as a benchmark for the calculation of the required strategic travel
times. Assuming the free travel time of link c, at interval t, is smaller than that of link b, we


t
)) directly as
use the detected real-time travel time Uct (which equals h ξ∈c (μtξ / ζ∈Γ (ξ) ξ,ζ
the published travel time to calculate the strategic travel time in link b. The reason we choose
the link with a short travel time as the reference link is that the exaggerated value of the short
link would have poor credibility because of its easily discernible features.
Equation (20) is changed to (22), the strategic travel time of link b, at interval t, can be
assumed to be the independent decision variable

t
d∈Rj exp (β1 Ub + β2 Ld − Fd )

,
(22)
pti,j = 
t
t
r∈Rj exp (β1 Ub + β2 Lr − Fr ) +
r∈Rk exp (β1 Uc + β2 Lr − Fr )
β1 and β2 are parameters that can be calibrated based on the SP survey. Lr is the length of
route r.
It should be noted that, if no VMS is placed in the link, drivers would choose a route based
only on route length information using the CLogit function.
5.2

Calculation Process of Strategic Travel Time for Publishing

The process for calculating the strategic travel time is periodically implemented. Using the
improved system optimal dynamic ﬂow as a benchmark, the strategic travel time at interval t
and the predicted vehicle occupancy at interval t + 1 can be determined as follows.
Step 1 Establish the minimum gap objective between the predicted vehicle occupancy
(expressed as the function of the turning proportion presented by the CLogit function, in
which the decision variable Ubt is embedded) and the improved system optimal dynamic vehicle
occupancy as follows:
 
 
min Zit Ubt =
μtj + μti pti,j +



j∈Γ (i)

ξ∈Γ −1 (j)\i

t
ξ,j
−



2
t
j,ξ
− xt+1
j

,

(23)

ξ∈Γ (j)

where cell i is the only upstream diverging cell of cell j, which can be set with VMS. Therefore,
for each diverging cell i, we can construct an optimization function Zit (Ubt ).
Through the extremum method, the corresponding solution is derived as follows:
Ubt = ln (γ1 γ3 /(γ2 γ4 ))/β1 .

(24)
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The proxy variables of Equation (24) are denoted as follows:



t
t
γ1 = μti − μtj −
ξ,j
+
j,ξ
+ xt+1
+ μtk +
j
ξ∈Γ −1 (j)\i

γ2 =

μti

+

μtj

+



−

ξ∈Γ −1 (j)\i

γ3 =



ξ∈Γ −1 (k)\i

ξ∈Γ (j)

t
ξ,j



t
ξ,k
−

t
j,ξ

−

xt+1
j

−

μtk

−



t
k,ξ
− xt+1
k ,

ξ∈Γ (k)

t
ξ,k

ξ∈Γ −1 (k)\i

ξ∈Γ (j)



+



(25)
t
k,ξ

+ xt+1
k ,

ξ∈Γ (k)

(26)



exp β1 Uct + β2 Lr − Fr ,

(27)

exp (β2 Lr − Fr ).

(28)

r∈Rc

γ4 =



r∈Rb

We cannot guarantee that the optimized value will always be obtained by the extremum
method. In addition, the variable is constrained by a lower bound denoted as free-ﬂow travel
time. Therefore, during the solution process, several points need to be considered:
• If γ1 γ3 /(γ2 γ4 ) ≤ 0, set Ubt as an inﬁnite number (using forbidden turning signal in the
traﬃc operation) because link b is not recommended to travelers in this condition. The
actual operation is to forbid the inﬂow to link b at this time interval.
• If γ1 γ3 /(γ2 γ4 ) ≥ exp (β1 τb ), where τb is the free-ﬂow time of link b, set Ubt as the value of
the free ﬂow time. We hope more travelers choose link b in this condition.
• These guidance strategies were based on the condition that μti is positive. If there is no
traﬃc ﬂow on link a, at interval t, there is no need to compute the strategic value for
VMS to display.
Step 2 Put the strategic travel time Ubt and Uct into the CLogit function to calculate the
diverging probabilities pti,j and pti,k .
Step 3 Use the CTM to predict the vehicle occupancy at interval t + 1.
1) Sending and receiving ﬂow
Sit = min Qi , μti ,


Rit = min Qi , δit Ni − μti .

(29)
(30)

2) Simulated traﬃc ﬂow[19]
t
t
i,j
= ηi,j
min min

Rjt Sit



ξ∈Γ −1 (j)

t S
ηξ,j
ξ

, Sit .

(31)

3) Simulated vehicle occupancy of interval t + 1
t
μt+1
= git + μti − i,j
, i ∈ IO , j ∈ Γ (i) , t ∈ T,
i


t+1
t
t
t
μi = μi +
k,i
−
i,j
, i ∈ I\ (IO ∪ ID ) , t ∈ T.
k∈Γ −1 (i)

j∈Γ (i)

(32)
(33)
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Step 4 Compute the gap between the predicted vehicle occupancy and the improved system
optimal vehicle occupancy at interval t + 1 to check if error term εt+1 meets the requirement.
εt+1

⎛


= ⎝


i∈I\(IO ∪ID )

6

⎞
 t+1

2
⎠
μi − xt+1
i



xt+1
.
i

(34)

i∈I\(IO ∪ID )

Algorithmic Process

CTM is the basis for both the safety-based SO-DTA method and the dynamic traﬃc simulation in the strategic travel time design. The distinct diﬀerence is that the former considers the
system objective and the latter considers the evacuees’ route choice behavior. The following
ﬂow chart (shown in Figure 2) focuses on the critical variables connecting these models. It
indicates that the improved system optimal dynamic vehicle occupancies can be obtained in
only one optimization procedure, whereas the strategic travel times should be determined at
each time interval with a step-by-step procedure. We describe the safety-based SO-DTA and
strategic travel time solution process separately in the following.
Network properties, including network topological structure and ﬂow characteristics, are
prepared a-priori. On the one hand, accident-caused delays to the dynamic ﬂow are summarized
based on the capacity degradation assumption. On the other hand, the average number of
accidents, in terms of time scale, is derived based on the investigation of predecessors, which
can be combined with the Poisson distribution function to predict the occurrence probability of
spatio-temporal accidents. Multiplying these two factors can provide the probabilistic delay cost
(exogenous cost) in the system cost objective. Using a linear programming solution method,
the system-optimum dynamic traﬃc ﬂow can be obtained.
To periodically update the strategic travel time, the following loop (Figure 2), corresponding
to each time interval, is required. First, the strategic travel times on downstream links, at
the current interval, are obtained and must be shown on the VMS of the upstream cell at
the previous interval. We should adopt the upstream vehicle occupancy data at the previous
interval and the downstream system optimal vehicle occupancy at the current interval. We can
construct the objective form of the minimum gap between the predicted downstream vehicle
occupancy and the system optimum occupancy to solve for the strategic travel time. Second,
the splitting rate of the ﬂow from the upstream link to the downstream link, in the current
interval, can be obtained using the CLogit function. Third, we use the CTM to obtain the
predicted vehicle occupancies in the current interval. These vehicle occupancies will be used
in the ﬁrst step to establish the strategic travel times in the next time interval. The above
process will be continued until the evacuation ﬂows are cleared. In addition, we can check the
error between the predicted occupancy and system optimal occupancy at each time interval to
observe the eﬀectiveness of publishing the strategic travel time.
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Figure 2 Calculation process of strategic travel time published in VMS

7
7.1

Numerical Example
Data Input

For practicality and performance, we estimated the evacuation traﬃc volume for the safetybased SO-DTA model and the corresponding strategic travel times for traﬃc guidance, based
on the geographical location of parking lots used and the road network data provided after the
opening ceremony of the 10th National Games of China.
The roads within the region form a closed area, only allowing outbound traﬃc. The directions of the routes are shown in the top left corner of Figure 3. On the north side, the Olympic
Center supplies open parking lots, which can hold 1,600 vehicles. On the east side, it provides
two open parking lots, each with a parking capacity of 500 vehicles. On the south side, there is
an underground parking lot with 1,000 parking spaces for the audience and spaces for 700 buses
for players and servicers. These parking lots will be set as the origination of the evacuation.
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Figure 3 Evacuation road network with time-varying OD demand

The assumed evacuation traﬃc demand and cell characteristics are shown in the tables of
Figure 3 and the corresponding cell structure is shown in the bottom of Figure 3. The capacity
of cells in most of the links is 60 veh/min; however, links 1, 2, 3, 6, 12, and 18 are in the branch
road in which the capacity is assumed to be reduced by half.
7.2
7.2.1

Analysis of Results
Comparison of Traditional SO-DTA and Safety-Based SO-DTA Results

Traﬃc occupancy: Vehicle occupancy of the safety-based SO-DTA is shown in Figure 4.
With the exception of the origin cells, vehicle occupancies are slightly less than 60 veh. However,
several congested occupancies exist in the traditional SO-DTA model. This indicates that
the results of the safety-based SO-DTA model can reduce the congestion by decreasing the
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exogenous cost.
System time: The minimum system time of the traditional SO-DTA model is 2675min. The
minimum objective value in the safety-based model is 4638min, as shown in Figure 4; the system
time is 2705min, and the converted value of the exogenous cost is 1933min. This indicates that
the evacuation network with less system time (like traditional SO-DTA model) may not reduce
congestion.
Delay time: In the CTM, the reduction of traﬃc occupancy and ﬂow is the delay time. It
is 185min in the safety-based SO-DTA model and 195min in the traditional SO-DTA model,
which demonstrates the congestion control achieved in the safety-based SO-DTA model.
Clearance time: The arrival times of the last vehicles in both models are identical and equal
to 10min. Thus, the safety-based SO-DTA model would not cause prolonged clearance time.

Figure 4 Objective function value and vehicle occupancy of safety-based SO-DTA

7.2.2

Veriﬁcation of Predicted Traﬃc Occupancy

For calculation and presentation convenience, only the head of link 8 was assumed to have a
VMS board installed to publish the strategic travel times for links 9 and 12. The time interval is
shortened to 6 seconds to simulate the precise traﬃc and travel time. However, the publishing
time interval remains 1min. We assumed input routing choice related parameters of: θ = 1,
β0 = 0.5, β1 = −1, β2 = −0.5. After these preparations, the strategic travel times (shown in
Table 1) were calculated using the methods described in Section 5.2. For times when no vehicle
occupancy existed in cell 8, no information would be shown.
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Table 1 Strategic travel time of downstream links shown on link 8

Time interval

3

4

5

6

7

Strategic travel time of link 9

U93 = 96s

U94 = 126s

U95 = 102s

U96 = 102s

U97 = 90s

Strategic travel time

Turning

4
= 108s
U12

5
U12
= 84s

6
U12
= 72s

Turning

of link 12

forbidden

forbidden

0.8
relative traffic deviation on the basis of strategic time information
relative traffic deviation on the basis of real-time information
0.7

relative traffic deviation

0.6

0.5

0.4

0.3

0.2

0.1

0
1

2

3

4

5

6

7

8

9

10

time interval

Figure 5

Relative traﬃc deviation from system optimum under diﬀerent
traﬃc information conditions at varied intervals

As shown in Figure 5, the relative traﬃc deviation from system optimum, based on the
strategic travel time information, is depicted with a solid line; the corresponding results, based
on the real-time information, are depicted with a dotted line. By comparison, we know that
the strategic traﬃc guidance information can direct the evacuation ﬂows toward the system
optimum better than the real-time information publishing method.

8

Conclusion and Discussion

This paper optimizes the safety-based ﬂows and adopts strategic guidance information to
drive real-world ﬂows to approach improved ﬂows.
First, we proposed the exogenous cost concept in the emergency environment and established a safety-based SO-DTA model to describe the eﬀects of these exogenous costs. The
results indicate that the improved assigned ﬂows are less congested compared to those from the
traditional SO-DTA model.
The strategic traﬃc guidance method was then introduced and implemented. The corresponding strategic ﬂow guidance information was developed by minimizing the gap between
the improved system optimal dynamic traﬃc occupancy and real-world traﬃc occupancy. This
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optimization actually reﬂects game theory because varied strategies lead to various predicted
ﬂows resulting from the travelers’ route choice behavior. Compared with the real-time information publishing method in the numerical example, the strategic traﬃc guidance information
better approximates the system optimum for real-world evacuation ﬂows.
There are still some limitations in the research. First, to reﬂect the objective of the decision
maker, the strategic travel time in the emergency environment is somewhat deceptive. Fortunately, the emergency environment oﬀers the application conditions for this proactive traﬃc
guiding method. Because the drivers have little information about the road traﬃc environment
under these conditions, the published information may ensure a high compliance rate by the
evacuees. However, these guiding characteristics may limit its wide application to other traﬃc
environments. In particular, the application of this method in recurrent congestion conditions
may result in distrust by experienced travelers. Second, the parameter calibration of the CLogit
model should rely on the SP survey, which will be extended in our next study.
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