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Abstract

Purpose – This paper evaluates an alternative queuing concept for marine container terminals that utilize a
truck appointment system (TAS). Instead of having all lanes providing service to trucks with appointments,
this study considers the case where walk-in lanes are provided to serve those trucks with no appointments or
trucks with appointments but arrived late due to traffic congestion.
Design/methodology/approach – To enable the analysis of the proposed alternative queuing strategy, the
queuing system is shownmathematically to be stationary. Due to the complexity of the model, a discrete event
simulation (DES)model is used to obtain the averagewaiting number of trucks per lane for both types of service
lanes: TAS-lanes and walk-in lanes.
Findings –The numerical experiment results indicated that the considered queuing strategy ismost beneficial
when the utilization of the TAS lanes is expected to be much higher than that of the walk-in lanes.
Originality/value – The novelty of this study is that it examines the scenario where trucks with
appointments switch to the walk-in lanes upon arrival if the TAS-lane server is occupied and the walk-in lane
server is not occupied. This queuing strategy/policy could reduce the average waiting time of trucks at marine
container terminals. Approximation equations are provided to assist practitioners calculate the average truck
queue length and the average truck queuing time for this type of queuing system.

Keywords Two-class queuing model, Switching policy, Truck appointment system, Marine container

terminal

Paper type Research paper

1. Introduction
To alleviate the recurring truck queuing problem at their entry gates, a growing number of
terminal operators have utilized what is known as truck appointment system (TAS). In a
typical TAS setup, trucks are required to complete their paperwork the daybefore their arrival
to the terminal. This process expedites the processing of trucks’ paperwork upon their arrival.
Another benefit of the TAS is that it allows the terminal operators to put a limit on howmany
trucks can enter the terminal in a time-window (e.g. 2 h). Thus, the TASprovides amechanism
for the terminal operators to not only “smooth” out truck arrivals but also ensure that there are
sufficient resources and capacity available to handle incoming demands. Many studies have
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evaluated the effectiveness of TAS (e.g. Zhao and Goodchild, 2013; Li et al., 2018), and many
studies have developed optimization models to maximize the benefit of TAS for both terminal
operators and drayage firms (e.g. Huynh, 2009; Huynh and Walton, 2011).

In current practice, the implementation ofTAS is all or nothing. That is, if a terminal utilizes
a TAS, it requires all trucks to make an appointment the day before their arrivals, and they
need to arrive within their assigned time windows. Otherwise, they will be penalized a fee
(Torkjazi et al., 2018). On the other hand, if a terminal does not utilize a TAS, then all trucks are
allowed to arrive at their preferred times. For a terminal that utilizes a TAS, if a truck arrives
late, itmaymake some of the trucks in the queue behind itmiss their designated timewindows.
This study seeks to reduce truck queuing at terminals and ports by exploring a potential
queuing strategy that allows late-arriving trucks and walk-in trucks to receive service via
walk-in lanes to avoid affecting other trucks. The implication of this queuing strategy is that it
does not abide by the first-in first-out principle. That is, there will be timeswhen a late-arriving
TAS truck receives service before those that arrived on time. This situation is similar to the
system-optimal traffic assignment strategy where to achieve the lowest system travel time, it
may be necessary to assign some travelers on routes with higher travel times than the user-
equilibrium routes. That is, the system-optimal strategy is not fair to all travelers. It should be
noted that the considered queuing strategy, one which allows switching, has not been
implemented at any container terminal in the world, that is, it is a hypothetical concept.
However, since it is a strategy that could reduce truck queuing time at the gate, it should be
explored to provide terminal operators with additional means to lower truck turn time and
increase gate throughput. The authors postulate that adding one or two such lanes could
increase the effectiveness of TAS.Moreover, we do not believe havingwalk-in lane(s) will deter
drayage operators from making appointments and use the TAS lanes because (1) service rate
at TAS lanes will be higher than that of walk-in lane(s) and (2) the number of TAS lanes far
exceed the number of walk-in lane(s). The proposed design is similar to toll booths in the US
where there are several tomany express lanes serving thosemotoristswithE-ZPass and one or
two lanes serving those motorists without the E-ZPass. Being able to traverse the toll booth
without the need to stop is the reason why the majority of commuters opt to enroll in the
E-ZPass system.We believe that rational drayage operators would apply the same logic to the
proposed gate design and opt to make appointments and use the TAS lanes.

The objective of this paper is to explore an alternative queuing strategy for situations
where there are two types of servers (TAS and walk-in) and arriving TAS trucks will switch
from a TAS-lane to a walk-in lane if the TAS-lane server is occupied, and the walk-in lane
server is not occupied. This queuing system is derived mathematically and is shown to be
stationary. To assess its effectiveness, the average waiting number of trucks per lane is
compared against the traditional single-class queuing model with no switching. Performance
measures are obtained using a discrete-event simulation model due to the complexity of the
queuing model. Additionally, simulation results are used to obtain approximation equations
for calculating the average truck queue length and average truck queuing time. To our
knowledge, this is the first study to investigate the scenario of a terminal serving both TAS
and walk-in trucks and the first to propose a queuing strategy that allows TAS trucks to
switch from a TAS lane to a walk-in lane.

2. Literature review
The following review focuses on related queuing studies; specifically, those which developed
or utilized queuing models to analyze port operations and those used in other industries such
as healthcare and airline where there are different user classes.

A number of studies have sought to analyze port operations bymodeling each process as a
queuing system. These processes include operations at the entry gate, container yard, and
berth. At the berth, a well-known problem is the berth allocation problem (BAP), where the
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terminal operator assigns a berth to an arriving vessel with the objective of minimizing the
vessel turnaround time. To determine the optimal vessel-to-berth assignment, researchers
have treated the arrival and departure processes of vessels as a queuing system (e.g. Legato
and Mazza, 2001; Roy et al., 2016). At the yard, researchers have formulated mathematical
programs to optimize the use of the container yard that explicitly considered queuing
processes of containers (e.g. Me�strovi�c et al., 2018; Roy and de Koster, 2018). Since these types
of models are intractable, researchers have resorted to using discrete event simulation (DES)
models to solve them. Similarly, at the gate, researchers have developedmathematical models
to determine the optimal appointment quota for a TAS by considering truck arrival and
service process as a queuing system (e.g. Zhang et al., 2013; Chen et al., 2013).

Queuing theory has been applied extensively in other industries such as healthcare and
airline. A complete review of queuing work in these areas is beyond the scope of this paper.
Here, the studies which dealt with multi-server queuing systems in healthcare and airline
industries are highlighted. Several studies have used multi-server priority queuing models to
model patient flow in the emergency department (ED) (Masselink et al., 2012; He et al., 2012).
Masselink et al. (2012) investigated the use of queuingmodels to quantify patient waiting time
for medications at a pharmacy in a hospital. The authors proposed the use of a two-class GI/
G/c queuing model to consider two different types of medication orders: priority and
nonpriority. Almehdawe et al. (2016) developed a M[2]/M/2 nonpreemptive queuing model to
capture two types of patient flow into an ED: one from ambulances and one from walk-ins.
Badrinath et al. (2020) modeled the airport surface operations (i.e. runways and taxiways) as a
multi-class M(t)/M(t)/q queuing model using operational data from three major US airports to
reduce the waiting time, where the arrival/departure of the airplanes depend on its class.

To date, only a few studies have developed a queuing model that considers switching. In
the work by Dester et al. (2017), the authors dealt with the join-the-shortest-queue (JSQ) policy
often used for load-balancing purposes. They developed a simple analytical solution for the
well-known problemwith two parallel queues with finite capacityK, in which new customers
join the shortest queue or one of the twowith equal probability if their lengths are equal. In the
work by Deng and Tan (2001), the authors studied a queuing systemwith a single server that
switches service between two queues. Queue 1 is for nonpriority customers, and queue 2 is for
priority customers. The switching policy is that the server would switch from queue 2 to
queue 1when the length of the latter reaches some levelM. In their study, the authors derived
the steady state joint probability generating function for the length of the two queues. Xie
et al. (2008) dealt with multi-class priority M/M/s queuing model. When a server is available,
the highest priority customer from the nonempty queue would switch to this server.
Conditions for the queuing system to be stable/unstable were derived.

This study evaluates a new stationary two-class queuingmodel with two types of arriving
trucks: TAS and walk-ins. In this proposed queuing model, TAS trucks are allowed to switch
to walk-in service lanes if walk-in server(s) are idle. It is different from all previous work as
follows: (1) all previously developed or applied queuing models in container terminal studies
have only one class and (2) the majority of multi-class queuingmodels that have been applied
in other industries do not have switching policy. A few queuing studies have considered
switching. This paper is different from those as follows: (1) unlike the classic JSQ model, this
study considers two different types of trucks and two different types of service lanes, and (2)
unlike previous work that considered switching, in this study it is the trucks (not the servers)
that have the option to switch to a different service lane.

3. Problem statement
Figure 1 illustrates the proposed two-class queuing strategy with switching; the term two-
class refers to the two types of trucks and corresponding services. As shown, most lanes will
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be dedicated to serving trucks with appointments (referred to as TAS lanes), with one or two
lanes reserved for walk-in trucks (referred to as walk-in lanes). The TAS lanes are dedicated
to serving trucks with appointments arriving on time, and the walk-in lanes are dedicated to
serving walk-in trucks or trucks with appointments arriving late. The switching policy is
such that truckswith appointments, upon arrival, will switch to awalk-in lane if all TAS lanes
have queues and all TAS-lane servers are occupied, and the walk-in lane is empty, and its
server is not occupied.

The queuing system addressed in this study considers two types of trucks: (1) with
appointments arriving on time (TAS trucks) and (2) without appointments or with
appointments but arriving late (walk-in trucks). Both TAS trucks’ and walk-in trucks’
arrivals are assumed to be independent of one another and are assumed to have different
average arrival rates, λ1 and λ2, respectively. There are two types of service lanes, TAS lanes
and walk-in lanes, both with infinite queuing capacity. TAS lanes are reserved for TAS
trucks, and walk-in lanes are reserved for walk-in trucks. However, TAS trucks upon arrival
will switch to a walk-in lane if all the TAS lanes have queues and all TAS-lane servers are
occupied, and the walk-in lane queue is empty, and its server is not occupied. Both TAS
trucks and walk-in trucks are assumed to have different average service rates μ1 and μ2,
respectively. In addition, to avoid the infinite queues for this system, one restriction should be
assumed: λ1 < μ1 and λ2 < μ2. The service time for walk-in trucks is assumed to be higher
than that of TAS trucks (μ2 < μ1). Once in queue, trucks in each service lane are served on a
FCFS basis. The trucks’ service times are dependent on the service lane they are in (TAS lane
or walk-in lane) and based not on its type (TAS trucks or walk-in trucks). Preemption of
service is not considered in this study.

4. Mathematical model
The stochastic process for the described queuing system with switching is irreducible. That
is, every state is reachable from every other state. Figure 2 shows the Markov chain for

Figure 1.
Illustration of proposed
queuing system with

switching for terminals
with TAS
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twoM/M/1 queues where one represents the TAS queue, and the second represents the walk-
in queue. Each state in the system is denoted by the pair ði; jÞ, i≥ 0, j≥ 0, where i denotes the
number of TAS trucks in TAS lanes, and j denotes the number of walk-in trucks in walk-in
lanes. In Figure 2, the solid lines indicate the transition from one state to another in the
proposed queuing system with switching. The dotted lines are intended to show the
transition if there is no switching policy. No line is drawn between State (1,0) and State (2,0)
because with the switching policy it is not possible to go to State (2,0) from State (1,0). State
(2,0)means that there are two trucks inTAS lane; this is not possible because there is only one
TAS lane. At State (1,0),when another TAS truck arrives, it will go to the walk-in lane under
the switching policy. It would be State (1,1). Please note that States (2,0), (3,0), (4,0) and (5,0)
do not exist because of the switching policy in this paper. Additionally, note that to go from
State (1,0) to State (1,1), there are two possible cases: (1) a walk-in truck arrives and gets in
the walk-in lane or (2) a TAS truck arrives and switches to the walk-in lane. These two
possibilities are reflected in the expression (λ1þ λ2). To avoid infinite queues, it is necessary to
impose the following restriction as is the casewithM/D/1,M/M/1 andM/M/N queuing system:
λ1 < μ1 and λ2 < μ2.

In this two-class queuing system, whenever TAS trucks or walk-in trucks enter one state,
independent of the past, the length of time spent in state is called the holding time in that state.
When the holding time ends, the process then makes a transition into next state according to
transition probability, independent of the past. The memoryless property for both service
times and inter-arrival times imply that the remaining service time of trucks and the time until

Figure 2.
Transition Markov
chain of proposed two-
class queuing system
with switching

JILT
20,3

122



the next arrival independent of the past. This property indicates that our two-class queuing
system is a continuous-time Markov chain (CTMC).

Leveraging well known definitions and theorems, the following shows the described
stochastic process as a CTMC, which has a unique stationary distribution.

Definition 1. (Continuous-time Markov chains (CTMCs)). A stochastic process
fXðtÞ : t ≥ 0gwith discrete state space S is called a continuous− time
Markov chain ðCTMCÞ if for all t ≥ 0 ; s≥ 0 ; i∈ S; j∈ S,

PðXðsþ tÞ ¼ jjXðsÞ ¼ i; 0≤ μ < sÞ ¼ PðXðsþ tÞ ¼ jjXðsÞ ¼ iÞ ¼ PijðtÞ

where the state space is S5 Z5 0, 1, 2, 3, . . . (or some subset thereof). PijðtÞ is the probability
that the chain will be in state j, t time units from now, given that it is in state i now.

For each t ≥ 0, there is a transition matrix:

PðtÞ ¼ PijðtÞ

and P(0) 5 I the identity matrix (Resnick, 1992).

Suppose the Number of TAS lanes is c1 and the Number of walk-in lanes is c2 in the
proposed two-class queuing model. As addressed in the previous section, Arrival rates for
TAS trucks are λ1 andArrival rates for walk-in trucks are λ2, both of which are independent of
one another. Both types of trucks, with independent Poisson arrival processes, have service
times {Sn} that are exponentially distributed at rate μ1 and μ2. All trucks join the tail of the
queue, and hence begin service based on FCFS policy. LetX(t1) andX(t2) denote the number
of TAS trucks and walk-in trucks in the system at time t, respectively, then X(t) 5 X(t1) þ
X(t2). Note that a state transition can only occur with a TAS or walk-in truck arrival or
departure. Departures occur whenever a service (TAS or walk-in) is completed. When there
is an arrival, then X(t) is incremented by 1, and when there is a departure, X(t) is decrement
by 1.

In this two-class queuing system, whenever TAS trucks or walk-in trucks enter the state
i∈ S, independent of the past, the length of time spent in State i is a continuous, positive
variable, andHi is called the holding time in State i. When the holding time ends, the process
then makes a transition into State j according to transition probability Pij, independent of the
past. The memoryless property for both service times and inter-arrival times imply that the
remaining service time of trucks and the time until the next arrival independent of the past.
This property indicates that our two-class queuing system is a CTMC.

Theorem 1. Assume the Markov chain is irreducible and aperiodic, A (the) stationary
distribution exists if the chain is positive recurrent if a limit distribution
exists (Resnick, 1992).

Proof. Suppose that λ1, λ2, μ1 and μ2 are all bigger than zero in Figure 2, thisMarkov chain can
return to all states with probability 1 in a finite number of steps with positive possibilities,
which indicates that this Markov Chain is positive recurrent. Moreover, this Markov chain is
irreducible because that all states can communicate with one another. In addition, all states in
this Markov chain can be visited from any other state in a finite number of steps. Therefore,
we can conclude that all states in this Markov chain system is aperiodic. Lastly, the Markov
chain for the proposed two-class queuing model has a limit distribution. The above shows
that the Markov chain in Figure 2 is positive recurrent, irreducible and aperiodic with a
limited distribution. Thus, according to the aforementioned theorem, the queuing system
proposed in this study has a stationary distribution.
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To get the stationary probability matrices for the proposed queuing system, let A be an
n*n generator matrix, and let M be an n*1 matrix. Such that

MTA ¼ 0

If M ≥ 0 andwhere 1 is n*1 of 1’s matrix, then M is a stationary distribution of the CTMC
associated with the generator matrix A.

Recall that the change of state in a CTMC at time t can be expressed as follows:

pðtÞ ¼ aTetA ¼ aT
X∞
k¼0

tkA
k

k!
¼ aT þ

X∞
k¼1

tk

k!
aTA

k ¼ aT þ
X∞
k¼1

tk

k!
aTAA

k−1

Since MTA ¼ 0, p(t) can be expressed as

PðtÞ ¼ MTetA ¼ MT

And since M ≥ 0 andMT1 ¼ 1, then M is stationary. Let

J ¼ 11 T

Then, J is n 3 n matrix of ones. With MTA ¼ 0 and theMT1 ¼ 1, we have

MT11 T ¼ MTJ ¼ 0þ 1 T

MTðAþ JÞ ¼ 1 T

Multiply matrix ðAþ JÞ−1 on both sides of equationMT11 T ¼ MTJ ¼ 0þ 1 T, we get

MT ¼ 1 TðAþ JÞ−1 ¼ 1 T Aþ 11 T
� �−1

To get the stationary probability vector, let us reconsider the equation

Aþ 11 T
� �

x ¼ 0

Since Aþ 11 T is irreducible; then x ¼ 0 is the only solution for equation:Multiplymatrix

MT on both sides of the above equation, we get

MT Aþ 11 T
� �

x ¼ 0

With MTA ¼ 0, the above equation can be simplified to

MT Aþ 11 T
� �

x ¼ MTAxþMT11 Tx ¼ 0þMT11 Tx ¼ MT11 Tx ¼ 0

Since MT1 ¼ 1, we have

1 Tx ¼ 0

From Aþ 11 T
� �

x ¼ 0, it implies that

Ax ¼ 0

Consequently, after several more steps, it can be shown that x 5 0. Hence, Aþ 11 T is
invertible and

MT ¼ 1 T Aþ 11 T
� �−1

is the stationary probability vector where A is the generator matrix for this CTMC.
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As discussed, two types of trucks are considered in the proposed queuing system. Since
their Arrival rates ðλ1and λ2Þ and Service rates ðμ1 and μ2Þ) are different, their generator
matrices and stationary probability matrices are also different. The following provides the
stationary probability matrices for TAS lanes and walk-in lanes.

MS ¼ 1 T

�
AT

S þ 11 T

�−1

1

MNS ¼ 1 T

�
AT

NS þ 11 T

�−1

1

where

AS : generatormatrix for TAS− lanes;
ANS : generatormatrix for walk− in lanes;
MS : n * 1 stationary probabilitymatrix for TASlanes;

MNS: stationary probability matrix for walk-in lanes; The above stationary probability
matrices can be used to derive performance measures for the proposed queuing system.
However, due to their complexity, a DESmodel is used to obtain the average truck waiting
time per lane and average time spent in the system per truck for both TAS lanes andwalk-
in lanes, which was also used in the work of Sigman (2012) and Brown and Badurdeen
(2013).

5. Experimental design
To demonstrate the benefits of the considered two-class queuing system and obtain data for
the approximation equations, several simulation experiments were conducted. Previous
studies (e.g. Guan and Liu, 2009; Huynh et al., 2016) indicated that the truck interarrival time
and service time distributions are different at different container terminals. For this reason,
the simulation experiments assumed a G/G/1 queuing process. Using data reported by the
same studies, Table 1 shows the average service rate of walk-in trucks, varied from 10 to 30
trucks/hour in 5 trucks/hour increments, and their arrival rate, varied from 1 to (μ2�1) trucks/
hour in 1 truck/hour increments (Huynh et al., 2011).The service rate for TAS trucks is varied
between 15 and 45 trucks/hour in 5 trucks/hour increments. The associated arrival rate is

Definition Description

Arrival rate for walk-in trucks (λ2) 1 to (μ2 �1) trucks/hour
Arrival rate for TAS trucks (λ1) 1 to (μ1 �1) trucks/hour*
Service rate for walk-in server (μ2) 5, 10, 15, 20, 25, 30 trucks/hour
Service rate for TAS server (μ1) 10, 15, 20, 25, 30, 35, 40, 45 trucks/hour*
Standard deviation of inter-arrival time for TAS trucks (σ1a) 2

λ1
; 1
λ1
; 1
2λ1

Standard deviation of service time for TAS server (σ1s) 2
μ1
; 1
μ1
; 1
2μ1

Standard deviation of inter-arrival time for walk-in trucks (σ2a) 2
λ2
; 1
λ2
; 1
2λ2

Standard deviation of service time for TAS server (σ1s) 2
μ2
; 1
μ2
; 1
2μ2

Number of walk-in lanes (N1) 1 to 2 lanes
Number of TAS-lanes (N2) 1 to 9 lanes

Note(s): * Values are based on data reported in the study of Guan and Liu (2009) and Huynh et al. (2011)

Table 1.
Arrival rates, service
rates and number of

TAS-lanes and walk-in
lanes considered
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between 1 and (μ1�1) trucks/hour in 1 truck/hour increments. The standard deviation of
interarrival times for TAS trucks were assumed to be 2

λ1
; 1
λ1
; and 1

2λ1
: Similarly; the standard

deviation of service times for the TAS server were assumed to be 2
μ1
; 1

μ1
; and 1

2μ1
. The

standard deviation of inter-arrival times for walk-in trucks were also assumed to be 2
λ2
; 1
λ2
;

and 1
2λ2
: Similarly; the standard deviation of service time for walk− in server were assumed

to be 2
μ2
; 1
μ2
and 1

2μ2
.Number of TAS lanes (N1) is varied from 1 to 9, and thenNumber of walk-

in lanes (N2) is varied from 1 to 2. Table 2 shows the range of values used for λ1, λ2, μ1, μ2, N1

and N2.
To determine suitable simulation parameters for each run (replication length and number

of replications), the relative error was examined for a range of values under the no-switching
case. This is necessary to ensure statistical confidence (Law and Kelton, 2007; Sfeir et al.,

2018). Relative error was computed as ξ ¼
���νA − νE

νE

���, where ξ is the relative error, νA is the

average number of trucks in the system from the simulation model, and νE is the average
number of trucks obtained from the G/G/1 analytical formula. Figure 3 shows the relative
error as replication length, and the number of replications is increased. Based on these
preliminary results, 150 replications are used for each simulation run, with each replication
being 2,400 min long. Moreover, one hour of warm up is specified for each simulation run.

To perform the experiments, Arena’s built-in Process Analyzer (PAN) was used. PAN
allows the user to create and run multiple experiments (called ‘scenarios’) automatically. The
parameters used for each experiment are provided in Table 2. In Table 2, Column 1 shows the
experiment number. Columns 2 and 3 show the server utilization for the TAS lane (ρ1) and
walk-in lane (ρ2), respectively. Columns 4 and 5 show the number of TAS lanes (N1) and walk-
in lanes (N2), respectively. For experiments 1, 2 and 3, the service rate μ1 is fixed at 25 trucks

Experiment number ρ1 ρ2 N1 N2

1, 2 0, 0.2, 0.4, 0.6, 0.8 0–0.9 1 1
1, 2 0, 0.2, 0.4, 0.6, 0.8 0–0.9 5 1
1, 2 0, 0.2, 0.4, 0.6, 0.8 0–0.9 9 1
1, 2 0, 0.2, 0.4, 0.6, 0.8 0–0.9 1 2
1, 2 0, 0.2, 0.4, 0.6, 0.8 0–0.9 4 2
1, 2 0, 0.2, 0.4, 0.6, 0.8 0–0.9 8 2
3 0.12 0.133, 0.533, 0.933 1–9 1
3 0.52 0.133, 0.533, 0.933 1–9 1
3 0.92 0.133, 0.533, 0.933 1–9 1
3 0.12 0.133, 0.533, 0.933 1–8 2
3 0.52 0.133, 0.533, 0.933 1–8 2
3 0.92 0.133, 0.533, 0.933 1–8 2

Table 2.
Range of values used
in experiments

Figure 3.
Relative error as a
function of
(a) replication length
with 150 replications
and (b) number of
replications with
2,400 min replication
length
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per hour, and μ2 is fixed at 15 trucks per hour. The arrival rates for TAS trucks (λ1) and walk-
in trucks (λ2) are dependent on the value ρ (i.e. λ ¼ μ 3 ρ). In addition, the standard deviation
of the interarrival time for TAS trucks and walk-in trucks were set to be the same as their
interarrival time. Similarly, the standard deviation of the service time for TAS servers and
walk-in servers were to be the same as their service time.

For Experiments 1 and 2, ρ1 is assigned values of 0, 0.2, 0.4, 0.6 or 0.8 while ρ2 is varied
between 0 and 0.933 in 0.06 increments. These combinations are repeated for different values
ofN1 andN2 as shown in Table 2. ForExperiment 3, ρ1 and ρ2 are assigned values of 0.12 and
0.133, 0.52 and 0.533 or 0.92 and 0.933, respectively, for different number ofN1 andN2.N1 is
varied between 1 and 9 in increment of 1.

6. Experimental results
6.1 Comparison analysis
Figure 4 shows the results of Experiments 1 and 2, combined in a way to illuminate the effect
of ρ1 and ρ2, on the average number of trucks per lane in the combined system. Recall that the
key difference between the considered two-class queuing model and the traditional single-
class queuing model is that the former allows switching. It can be observed in Figure 4 that
when ρ2 is low, the difference in the average number of trucks per lane between the two-class
and traditional queuing system increases as ρ1 is increased. To illustrate, consider the results
shown in Figure 4a.When both ρ1 and ρ2 are approximately zero, the difference in the average
number of trucks per lane between the two queuing systems is about zero. The reason is
because in this situation, there is no need for TAS trucks to switch to the walk-in lane due to
the lack of queue in the TAS lane. When ρ1 is increased to 0.4 (TAS-lane is moderately busy)
while ρ2 is approximately 0 (no queue), the difference in the number of trucks per lane

Figure 4.
Selected experiments

1 and 2 results
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between the two systems is increased to 0.269, and when ρ1 is increased to 0.8 (TAS-lane is
extremely busy) while ρ2 is approximately 0 (no queue), the difference is increased to 1.641
trucks per lane. This result can be seen in Figures 4b, 4c, 4d, 4e, and 4f as well. This finding
illustrates the benefit of allowing TAS trucks to switch, particularly when the TAS lanes are
busy while the walk-in lanes are not busy. The benefit of switching decreases as ρ2 is
increased. Take Figure 4b for example. When ρ2 is 0.933 and ρ1 is 0.8, the difference is only
0.013 trucks per lane. It can be seen in Figures 4a, 4b, 4c, 4d, 4e and 4f that when ρ2 is close to
1, the proposed two-class queuing system with switching is equivalent to a single-class
queuing system with no switching.

Figure 5 shows the results of Experiment 3. It can be seen in Figures 5a, 5b, 5c, 5d, 5e and
5f that the difference in the average number of trucks per lane between the two queuing
systems can either increase or decrease asN1 increases. For example, in Figure 5a when ρ2 is
0.133 and ρ1 is 0.92, the difference is increased from 5.0291 to 5.531 trucks per lane whenN1

is changed from 1 to 9. The rate of increase decreases asN1 is increased. That is, the increase
in the difference when N1 is changed from 1 to 2 is larger than the increase in the difference
when N1 is changed from 8 to 9. However, in Figure 5b where ρ1 is 0.92 and ρ2 is 0.533, the
difference is decreased from 4.006 to 3.001whenN1 is changed from 1 to 9. This pattern can
be seen in Figure 5c, 5e and 5f as well. The key takeaway from Figure 5 is that when ρ1 >> ρ2,
there is benefit to employing the two-class queuing system with switching. Otherwise, the
benefit is minimal.

The differences in the benefit between having 1 walk-in lane and 2 walk-in lanes can be
seen in the results shown in Figure 5a vs 5d, 5b vs 5e and 5c vs 5f. In Figures 5a and 5d, when
ρ2 is 0.133, ρ1 is 0.92 and N1 is 9, the difference is increased from 5.531 to 6.428 when N2 is
changed from 1 to 2. This result indicates that it is more beneficial to have more walk-in lanes
when the TAS lanes are expected to be utilized much more heavily than the walk-in lanes.

Figure 5.
Selected Experiment
3 results
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However, when N1 is 1, the difference is decreased from 5.0291 to 3.730when N2 is changed
from 1 to 2. Note that having two walk-in lanes is more beneficial than just one walk-in lane.
However, the performance measure, trucks per lane, is lower due to the denominator being
higher (3 lanes instead of 2). In Figures 5b and 5e, when ρ2 is 0.533, ρ1 is 0.92 andN1 is 9, the
difference is increased from 3.004 to 4.501whenN2 is changed from 1 to 2. In this situation, it
is still beneficial to have more walk-in lanes. In Figures 5c and 5f,when ρ2 is 0.933, ρ1 is 0.92
andN1 is 9, the difference is decreased from 0.002 to 0.0013whenN2 is changed from 1 to 2.
In this situation, the benefit is minimal. It can be concluded that the benefit of having more
walk-in lanes is reduced as the utilization of the walk-in lanes increases.

Table 3 shows the server utilization under different interarrival rates. Column 1 shows the
experiment number. Column 2 shows the scenario number for Experiment 4. Columns 3 and 5
show the arrival rate of TAS trucks ðλ1Þ andwalk− in trucks ðλ2Þ; respectively:
Similarly; columns 4 and 6 show the service rate for the TASlane ðμ1Þ andwalk− in lane
ðμ2Þ; respectively:Columns 7 and 9 show the standard deviation of the interarrival time for
TAS trucks andwalk− in trucks: Similarly; olumns 8 and 10 show the standard deviation o
f the service time for TAS servers andwalk− in servers; respectively: Columns 11 and 12
show the number of TASlanes ðN1Þ and walk− in lanes ðN2Þ, respectively. The last four
columns show the difference between gate utilization under the proposed queuing model and
traditional queuing model. The results indicate that with the switching policy, the utilization
of the walk-in server will be higher. This result corresponds to tuition. Moreover, the
utilization of the TAS serverswill be lower due to a small percentage of TAS trucks switching
to the walk-in lane. Overall, the gate resources under the switching policy will be higher. The
higher utilization is what leads to a lower waiting time for all trucks in the system.

6.2 Approximation equations
While DES models can be used to model any degree of complexity in truck queuing at the
terminal gate, its development, calibration and validation require extensive data, time and
modeling expertise (Caro and M€oller, 2016). To facilitate the use of the simulation results,
regression models are developed. Many previous studies have used this approach
(e.g. Jackson and Pollock, 1978; Mifflin et al., 1990), that is, they developed regression
models using simulation results to facilitate prediction of an outcome variable. In this study,
the aim is to facilitate the prediction of the average number of trucks waiting in each lane.
Various regression model specifications, including both linear and non-linear, were tested,
and the best fit ones are shown in the following equations. The nonlinear specifications were
based on the work of Jackson and Pollock (1978) and Mifflin et al. (1990). It should be noted
that the developed regression models have adequate sample size based on Montenegro’s
(2001) guideline of at least ten observations per number of independent variables.

Equation (1) can be used to obtain the average number of truckswaiting in each lanewhen
the number of walk-in lane N2 is 1, and Equation (2) can be used to obtain the average truck
queuing time when the number of walk-in lane N2 is 1.

L1¼
1:09*ρ21

�
7:66*C2

1sþ1:66*C2
2s�8:21

�
*
�
0:38C2

1aþ36:223ρ21C
2
1sþ0:38C2

2a�0:05ρ22C
2
2s

�
10:51�0:31ρ1N1�3:9623ρ2

(1)

T1¼
1:93*ρ21

�
−1:15*C2

1sþ1:98*C2
2sþ0:40

�
*
�
1:82C2

1aþ271:04ρ21C
2
1sþ1:82C2

2a�0:6ρ22C
2
2s

�
ð3:21�0:03ρ1N1�2:78ρ2Þ*ð1:31λ1þ3:64λ2Þ

(2)
where
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Table 3.
Comparison of lane
utilization under
different
interarrival times
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L1 ¼ average truck queue length when there is 1 walk-in lane,

T1 ¼ average truck queuing time when there is 1 walk-in lane,

λ1 ¼ arrival rate of TAS trucks (trucks/hour),

λ2 ¼ arrival rate of walk-in trucks (trucks/hour),

μ1 ¼ service rate of TAS trucks (trucks/hour),

μ2 ¼ service rate of walk-in trucks (trucks/hour),

σ21a ¼ the variance of the arrival rate for TAS trucks,

σ21a ¼ the variance of the service rate for TAS trucks,

σ22a ¼ the variance of the arrival rate for walk-in trucks and

σ22s ¼ the variance of the service rate for walk-in trucks.

ρ1 ¼ λ1=μ1

ρ2 ¼ λ2=μ2

C2
1a ¼

σ21a
1	
λ21a

C2
1s ¼

σ21s
1	
λ21s

C2
2a ¼

σ22a
1	
λ22a

C2
2s ¼

σ22s
1	
λ22s

N1 ¼ number of TAS lanes, between 1 and 9.

When the number of walk-in lanes (N2) is 2, Equations (3) and (4) should be used instead of
Equations (1) and (2).

L2¼
1:55*ρ21

�
1:34*C2

1s�2:66*C2
2sþ1:48

�
*
�
1:05C2

1aþ59:1ρ21C
2
1sþ1:05C2

2a�26:63ρ22C
2
2s

�
7:21�0:4ρ1N1�1:52ρ2

(3)

T2¼
4:94*ρ21

�
−1:61*C2

1s�5:61*C2
2sþ7:79

�
*
�
7:66C2

1aþ739:92ρ21C
2
1sþ7:67C2

2a�438:67ρ22C
2
2s

�
ð8:40�0:29ρ1N1�5:28ρ2Þ*ð1:73λ1þ3:23λ2Þ

(4)
where

L2 ¼ average truck queue length when there are 2 walk-in lanes and
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T2 ¼ average truck queuing time when there are 2 walk-in lanes.

To illustrate how the developed approximation equations can be used, consider the scenario
where a terminal operator is considering adding one walk-in lane to accommodate walk-in
trucks; as discussed, it would not be appropriate to allow these trucks in the TAS-lanes
because their service times could be exceedingly high due to the lack of paperwork
preclearance. Suppose the number of TAS-lanes is 5, ρ1 is 0.8 (λ1 5 32 trucks per hour and
μ1 5 40 trucks per hour), C2

1a 5 C2
2a 5 2, C2

1s 5 C2
2s 5 1 and ρ2 is 0.3 (λ2 5 9 trucks per hour

and μ2 5 30 trucks per hour), applying Equation (1), we get 2.38 trucks, compared to 4.95
trucks when there is 1 walk-in lane but no switching is allowed. If two walk-in lanes are
considered, then the average queue length will be 1.22 trucks (Equation (3), compared to 4.8
trucks without switching). While the findings to this example are obvious, adding extra
lane(s) will result in lower truck waiting time, it illustrates a new capability not available
before.

A not-so-obvious example is when the terminal operator has to decide whether to convert
one of the current TAS-lanes to a walk-in lane. Suppose there are currently 5 TAS-lanes, and
the question is whether the trucks are better off in a 4 TAS-lanes to 1 walk-in lane setup. If ρ1
is 0.6 (λ15 24 trucks per hour and μ15 40 trucks per hour),C2

1a5 C2
1s5 C2

2a5 C2
2s5 1 and ρ2

is 0.5 (λ2 5 15 trucks per hour and μ2 5 30 trucks per hour), then the 4-to-1 setup is more
beneficial than the 5-to-0 setup, a savings of 0.05 trucks in the queue. This example
demonstrates the benefit of the considered two-class queuing model with switching.

The proposed two-class queuingmodel with switching could potentially benefit all trucks.
That is, in practice, the walk-in trucks and the TAS trucks that arrived earlier than their
assigned time slot cannot get service from a TAS lane. In the proposed two-class queuing
system, it not only allows walk-in trucks to receive service without affecting the upcoming
TAS trucks but also get the trucks with appointments which arrived ahead of time into the
port. The broader significance of this study is that it may lead to a design change in the
physical layout of future terminals/ports to have separate service lanes for different types of
services and to allow trucks to switch to lanes.

7. Summary and conclusions
This paper considered a two-class queuing systemwhere TAS trucks will switch to a walk-in
lane upon arrival if all the TAS-lanes have queues and all TAS-lane servers are occupied, and
the walk-in lane queue is empty, and its server is idle. It is different from all previous work in
two key aspects: (1) it is the first container terminal study to consider more than one entity
and server class and (2) it is the first study to consider a multi-class queuing system that
allows entities (i.e. trucks) to switch servers. This considered queuing system is
mathematically shown to be stationary using a theorem developed by Resnick (1992).
Establishing the stationary property for the proposed queuing strategy is necessary because
without this property, the queuing systemwould never reach steady state and it could lead to
infinite queuing. Due to the complexity of the model, a DES model was used to obtain the
average truck queue length and average truck queuing time for both TAS lanes and walk-in
lanes. The experiment results, using data previously derived from terminals and reported in
previous studies, indicated that the proposed queuing model is most beneficial when the
utilization of the TAS lanes is expected to be much higher than that of the walk-in lanes. To
facilitate the application of the proposed model, approximation equations are provided for
calculating the average truck queue length and average truck queuing time. The
approximation equations allow terminal operators and planners to easily evaluate
different gate designs.
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The considered queuing systemmakes an important contribution to the field. It, however,
has several shortcomings that need to be addressed in future research to make it even more
practical. Switching is only allowed upon arrival. Future work could consider allowing trucks
already in queue to switch, provided there is sufficient space to do so. The extension could
consider switching to a walk-in lane or another TAS lane. The derivation of stationary
property assumed truck arrivals to be Poisson distributed and service times to be
exponentially distributed. Future work could extend the derivation to consider other types of
distributions. Lastly, the provided approximation equations are limited to nine TAS lanes
and two walk-in lanes. Future work could seek to provide a greater of number of
combinations and perhaps with more classes.
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