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tion of between-link dependencies. This is particularly important for congested networks
prone to the occurrence of spillbacks. This paper formulates a probabilistic network model
that proposes an aggregate description of the queue-length, and then approximates the
joint aggregate queue-length distribution of subnetworks. The goal is to model between-
queue dependencies beyond first-order moments, yet to do so in a tractable manner such
that these techniques can be used for optimization purposes.

This paper models an urban road network as a finite space capacity Markovian queue-
ing network. Exact evaluation of the stationary joint queue-length distribution of such a
network with arbitrary size and topology can be obtained numerically. Nonetheless, the
main challenge to such an approach remains the dimensionality of the network state space,
which is exponential in the number of queues. This paper proposes to address the dimen-
sionality issue by: 1) describing the state of the network aggregately, and 2) decomposing
the network into overlapping subnetworks. We propose an analytical approximation of the
stationary aggregate joint queue-length distribution of a subnetwork. The model consists
of a system of nonlinear equations with a dimension that is linear, instead of exponential,
in the number of queues and that is independent of the space capacity of the individ-
ual queues. The method is derived for tandem Markovian finite capacity queueing net-
works. The proposed model is computationally tractable and scalable, it can be efficiently
used for the higher-order distributional analysis of large-scale networks. The model is val-
idated versus simulation estimates and versus other decomposition methods. We then use
it to address an urban traffic control problem. We show the added value of accounting for
higher-order spatial between-queue dependency information in the control of congested
urban networks.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Current challenges faced, and goals set, by major urban transportation agencies call for the development of traffic models
that can provide a probabilistic, yet also computationally tractable, description of traffic. A few examples of such challenges
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Table 1
Properties of the queue-length distributions derived by our past queueing-theoretic traffic models.
Model Marginal  Joint  Stationary  Transient  Disaggregate  Aggregate
Osorio (2010, Chap. 4) v v v
Osorio and Chong (2015) v v v
Osorio et al. (2011) v v v
Osorio and Flotterod (2015) v v v
Chong and Osorio (2016) v v v
Osorio and Yamani (2016) v v v
Osorio and Wong (this paper) v v v

and goals follow. First, various major agencies have identified the improvement of network reliability and network robust-
ness as a primary and critical goal (Department of Transportation, 2008; Texas Transportation Institute, 2012; Transport for
London, 2010). To address reliable and robust formulations of traditional urban transportation optimization problems there
is a need for probabilistic and tractable traffic models. Second, for congested networks with short links and grid topolo-
gies, forecasting and mitigating the occurrence of vehicular spillbacks is a major challenge. For instance, signal control work
within Manhattan, that we carried out in collaboration with the New York City Department of Transportation, has shown
that for congested urban networks with intricate traffic patterns, it is important to provide the algorithms with an analytical
description of between-link dependencies (Osorio et al., 2014). The formulation of probabilistic traffic models that describe
the spatial between-link dependencies, and hence the spatial propagation of congestion (e.g., vehicular spillbacks, gridlocks)
is needed to inform the operations of such networks. Third, the estimation of network-wide or path performance measures
involves the approximation of joint network or joint path distributions. This calls for a description of between-link depen-
dencies that goes beyond first-order moments. In other word, it goes beyond the use of the expectation of the performance
measure to consider its variance or even its full distribution.

The model proposed in this paper contributes to address the challenges mentioned above. It is a probabilistic, analytical
and tractable, traffic model that approximates the joint aggregate queue-length distribution of adjacent links. Hence, it yields
a detailed and higher-order description of between-link dependencies.

The focus of this paper is on queueing network theory models. There have been numerous attempts to develop prob-
abilistic link models (i.e., models of vehicular traffic along a homogenous road segment) based on queueing theory. Past
work includes Heidemann (1994); 1996); 2001); Heidemann and Wegmann (1997); Jain and Smith (1997); Tanner (1962);
Van Woensel and Vandaele (2007). For a recent review, see Osorio (2010, Chap 4.2). More recently, a stochastic formulation
of the link-transmission model (Yperman, 2007) was proposed (Osorio and Flotterdd, 2015; Osorio et al., 2011). The link
transmission model is an operational instance of Newell’s simplified theory of kinematic waves (Newell, 1993).

Existing probabilistic urban traffic models approximate either first-order moments of the main link performance metrics
or the marginal probability distributions of these link metrics. This paper proposes an approach to efficiently approximate
the joint queue-length distribution of adjacent links. The purpose is to account for between-link dependencies beyond first-
order moments, yet to do so in a tractable manner such that these techniques can be used for optimization purposes. Such
higher-order distributional information can then lead to more accurate path and network-wide performance estimates and
ultimately enhanced network design and traffic management strategies. The main challenges that arise in such an approach
are the dimensionality of the state space and the complexity of modeling network-wide dependency both analytically and
tractably.

This paper models an urban road network as a finite capacity Markovian queueing network. Table 1 summarizes our past
work in the formulation and use of finite capacity queueing theory for road traffic. Each model that appears in the table
yields queue-length distributions. The table indicates whether the distributions are: (i) marginal or joint, (ii) stationary or
transient, (iii) aggregate or disaggregate. The last row considers the model formulated in this paper. This table indicates that
most past work has focused on the approximation of marginal distributions. The work of Osorio and Yamani (2016) yields
joint distributions. It provides a transient formulation, which comes at a higher computational cost than the stationary joint
model presented in the current paper, which is formulated as a nonlinear system of equations, and is hence both scalable
(i.e., relevant for the analysis of large-scale networks) and computationally efficient to evaluate. The use of Markovian finite
capacity queueing theory models for vehicular traffic has followed two directions. First, for uninterrupted traffic, Markovian
link models that are consistent with the traditional deterministic traffic flow theory of kinematic waves of Lighthill and
Witham (1955); Richards (1956) have been proposed (Osorio and Flotterdd, 2015; Osorio et al., 2011). Such models provide
a detailed description of uninterrupted traffic. Nonetheless, their formulation for full networks has yet to be explored. Ideas
from the proposed model can be combined with such link models in order to enhance their scalability and tractability. More
specifically, the proposed model can serve to track in a scalable way between-link boundary conditions, while the detailed
link models mentioned above can serve to track within-link traffic conditions.

Second, for interrupted traffic (e.g., signal-controlled traffic), Markovian models that accurately describe congested traffic
conditions have not been proposed. Nonetheless, tractable Markovian models have been successfully combined with accu-
rate, yet intractable, simulation-based models of interrupted traffic (e.g., stochastic microscopic traffic simulators) in order
to enhance the computational efficiency of simulation-based optimization (SO) algorithms. The analytical models embedded
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within the SO algorithms are based on various extensions of the model of Osorio (2010, Chap. 4). These algorithms have
been used for various traffic management and model calibration case studies, including Lausanne (Switzerland), New York
City (USA) and ongoing work in San Diego (USA) and Berlin (Germany) (Osorio and Bierlaire, 2013; Osorio et al., 2014; Os-
orio and Chong, 2015; Osorio and Nanduri, 2015a; 2015b; Osorio et al., 2016). Since the proposed model is an analytical,
differentiable and tractable model, it can also be used to perform efficient SO. Past SO work has used Markovian models
that approximate the marginal queue-length distributions. The proposed model approximates joint distributions, and hence
can be used to address SO problems that require a higher-order description of between-link dependencies.

Markovian finite capacity queueing network (FCQN) models are relevant for the optimization of urban traffic for two main
reasons. First, each link of an urban network is modeled as one (or multiple) finite capacity queue(s). The term capacity
refers to the space capacity of the queue. Such models differ from traditional (infinite capacity) queueing models in that
they assume there is an upper bound on the number of vehicles that can fit within a queue. Similarly, they impose an
upper-bound on the inflow to each link. Hence, high flows, which are consistent with the Poisson distribution’s fat right
tail, cannot enter the link.

Second, the models account for the occurrence and impact of vehicular spillbacks. The complexity of describing spillback
phenomena in analytical, let alone differentiable, form has limited the formulation of finite space capacity models. Our past
work, and the present paper, provide an analytical approximation of spillback probabilities and of the impact of spillbacks
on upstream link flow capacities. Recent work has highlighted the importance of providing transportation optimization algo-
rithms with an analytical description of between-link dependencies, and in particular, of spillback phenomena (Osorio et al.,
2014).

These Markovian models are based on strong distributional assumptions (homogeneous or nonhomogeneous Poisson
arrival patterns, exponential inter-departure times). Our past work has overcome the main limitations of these distributional
assumptions by formulating the parameters of these distributions as endogenous model variables that account for between-
link dependencies (e.g., spillbacks).

The analytical stationary analysis of FCQNs is complex for various reasons. Firstly, unlike Jackson networks or BCMP
networks (Baskett et al., 1975; Jackson, 1957; 1963), such models do not have product-form joint queue-length distributions,
i.e. their joint distribution cannot be decomposed as a product of its marginals. Secondly, finite capacity leads to potential
spillbacks (referred to in queueing theory as blocking). That is, the queue of vehicles along a road may extend beyond the
road to upstream roads. Analyzing the blocking phenomenon analytically is challenging, as illustrated in Osorio and Bierlaire
(2009). Blocking is not captured with infinite capacity queues, but is prevalent in a variety of real-world congested networks,
ranging from hospital networks (Osorio and Bierlaire, 2009) to biological protein synthesis networks (Osorio and Bierlaire,
2012).

This paper models an urban traffic network as a finite capacity Markovian queueing network. As in our past urban traffic
work, each queue is an M/M/1/k queue (Osorio, 2010; Osorio and Flétterdd, 2015; Osorio et al.,, 2011). Exact numerical
evaluation of the stationary joint distribution of a Markovian network with arbitrary size and topology can be obtained by
solving the global balance equations (presented in Section 2.1). A detailed description of these numerical methods can be
found in Stewart (2000). Nonetheless, the main challenge to such an approach remains the dimensionality of the network
state space. For instance, for a network with m queues each with space capacity k (hereafter referred to as capacity), the
dimension of the state space of the joint distribution is (k+ 1)™. The dimension is exponential in the number of queues.
For realistically-sized networks, exact numerical techniques lack computational tractability. Thus, most analytical analysis of
FCQNs consist of approximation methods.

The most popular approximate approaches are decomposition methods, which reduce the dimensionality of the sys-
tem under study by decomposing the network into smaller subnetworks (also called subsystems). Each subnetwork is then
modeled individually. Some dependency is captured by approximating the structural parameters of a subnetwork (e.g. ar-
rival rates, service rates) as a function of the performance of other subnetworks (e.g., flow conservation equations). Most of
the research in this field has been pioneered and driven by the manufacturing field, as illustrated by the review of Dallery
and Gershwin (1992). There is extensive research in decomposition methods that decompose the network into single queues
and approximate the marginal distributions of each queue (e.g., Hillier and Boling, 1967; Takahashi et al., 1980; Altiok, 1982;
Gershwin, 1987; Altiok and Perros, 1987; Kerbache and Smith, 1987; 1988; Jun and Perros, 1989; 1990; Cheah and Smith,
1994; Singh and Smith, 1997; Tolio and Gershwin, 1998; Tahilramani et al., 1999; Gershwin and Burman, 2000; Kerbache
and Smith, 2000; Korporaal et al., 2000; Gupta and Kavusturucu, 2000; Koizumi et al., 2005; Osorio and Bierlaire, 2009).
Decomposition methods that consider subnetworks with two or three queues have also been proposed (Alfa and Liu, 2004;
Brandwajn and Jow, 1985; 1988; Schmidt and Jackman, 2000; van Vuuren et al., 2005).

Another approach to partially address the curse of dimensionality is to derive an aggregate distribution that is consistent
with the underlying disaggregate distribution. Aggregation-disaggregation techniques for queueing networks have addressed
this issue in the past. Schweitzer (1991) presents a survey of aggregation-disaggregation techniques. To the best of our
knowledge, the first such approach is that of Takahashi (1975). The aggregation-disaggregation process is referred to as
lumping. It considers an arbitrarily high-dimensional Markov chain. It clusters the states of the chain into a set of aggregate
states. The high-dimensional global balance equations that define the disaggregate joint distribution are solved by an exact
numerical technique that iteratively solves two lower-dimensional systems of linear equations which are the global balance
equations for: 1) the aggregate joint distribution; 2) the local disaggregate distribution of a given aggregate state. Schweitzer
(1984) formulates the Takahashi (1975) approach for arbitrary topology and size Markovian FCQNs, and for both the station-
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ary and transient distributions. The method of Schweitzer (1984) yields an exact numerical evaluation of the aggregate joint
distribution. The state space of the aggregate joint network distribution is still exponential in the number of queues, hence
this method does not fully overcome the dimensionality issue. Approximate aggregation-disaggregation methods suitable for
small-size Markovian FCQN networks have been proposed by Takahashi (1985) and by Song and Takahashi (1991).

To summarize, decomposition methods typically have a model complexity that is linear in the number of queues yet
depends on the space capacity of the queues. In an urban network these space capacities can be large, and hence a de-
composition approach may lack tractability. On the other hand, aggregation-disaggregation methods typically have a model
complexity that is exponential in the number of queues yet is independent of the space capacity of the queues. In an urban
network with a large number of queues, a traditional aggregation-disaggregation approach may not be sufficiently tractable.

This paper proposes to address the dimensionality issue by combining ideas from both decomposition methods and
aggregation-disaggregation methods. In other words, we propose to: 1) decompose the network into (lower-dimensional)
overlapping subnetworks of queues, and 2) describe the state of each queue aggregately. This leads to a model complexity
that is both linear in the number of queues (just like decomposition methods) and is also independent of the space capacity
of the individual queues (just like aggregation-disaggregation techniques). This combination of ideas leads to a tractable
model that can be efficiently used for the higher-order distributional analysis of large-scale networks.

The proposed model yields an analytical approximation of the stationary aggregate joint queue-length distribution of a
subnetwork. The model is formulated as a system of nonlinear equations with a dimension that is linear in the number of
queues and that is independent of the queue space capacities. The method is derived for tandem Markovian FCQNs. The
approach considers a stationary regime and combines ideas from the methods of Takahashi (1975); 1985) and Schweitzer
(1984) along with ideas from other decomposition techniques for FCQNs (Osorio and Bierlaire, 2009) and from probabilistic
road traffic models (Osorio, 2010, Chap. 4).

The proposed methodology is presented in Section 2. It is validated versus simulation results and versus other decom-
position methods (Section 3). It is then used to investigate the added value of accounting for full distributional spatial
dependency in the context of urban traffic signal control (Section 4). Section 5 presents the main conclusions.

2. Model formulation

Section 2.1 presents the aggregation technique of Schweitzer (1984) for a general Markov chain. We formulate this ag-
gregation technique for a single finite space capacity queue (Section 2.2) and use this formulation to propose an aggregation
technique for an isolated three queue tandem network (Section 2.3). Section 2.4 generalizes the technique for a tandem
network with an arbitrary number of queues.

2.1. Aggregation-disaggregation framework

In order to address the dimensionality issues mentioned in the previous section, we use the aggregation technique de-
scribed by Schweitzer (1984). This section presents its main ideas. The technique considers a continuous or discrete time
Markov chain with a finite and large state space. The Markov chain is assumed aperiodic and communicative. Let £ denote
the state space with card(£2) = M. The probability of being in an individual state i € Q at steady state is denoted by ;.
The rate at which a transition from state i to j, i # j, (i, j) € ©2, can take place is given by gjj- The steady state probabilities
satisfy:

T Z qij = Z wiqji, VieQ (a)
jeQ\i jeQ\i )

Z mi=1. (b)
ieQ
The above system of equations is referred to as the global balance equations. For a detailed derivation, see for instance
Chapter 4.5 in Larson and Odoni (1981).
The global balance equations can be rewritten in matrix format as:

Q=0 (a)
Zm =1, (b) (2)
ieQ

where Q is known as the transition rate matrix, and is defined as:
qij» if i# ],
Q=1 - Y g if i=] (3)
keQ\i

For Markov chains with a large number of states, Schweitzer (1984) proposes to partition the M states into M aggregate
disjoint states, such that M « M. Let 2 denote the set of aggregate states.
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Fig. 1. State transition diagram for a single disaggregate queue.

Let €2, denote the set of disaggregate states within aggregate state a. The probability of being in aggregate state a, 774, is
defined as:

= Z ;. (4)
i€Qq
The global balance equations for the aggregate distribution are given by:

TTq Z qap = Z Tpqpa» VYA€ Q (@)
beQ\a beQ2\a

> A =1.(b)

aeQ

(5)

where, g, is the transition rate from aggregate state a to aggregate state b, and is referred to as an aggregate transition
rate.

Schweitzer (1984) relates the aggregate transition rates to the disaggregate transition rates made from all disaggregate
states into aggregate state a through the following equation (which corresponds to Equation (2.9) of Schweitzer (1984)):

i > ie. 2ice, Fidji
gy = IS et T AT
ZkeQa Tk

This equation implies that the aggregate transition rates can be computed in exact form if both the disaggregate distribution
() and the disaggregate transition rates (q) are known. Typically, ¢ is known but 7 is unknown. This equation can be
rewritten as:

qﬂb - Z Z <Zkeﬂu ”Ic)q]h (b’ a) © Qz, ’ 7o (7)

JjeQq ey

. (ha)eQ%b+#a. (6)

The term in parenthesis represents the conditional probability of being in disaggregate state j conditional on being in aggre-
gate state a. We refer to this conditional probability as a disaggregation probability. Eq. (7) indicates that the only disaggre-
gation probabilities needed to compute g, are those where g;; > 0. In other words, we need only to consider disaggregate
states j that allow for transitions into the aggregate state b, knowledge of the full disaggregation distribution 7 is not
needed.

In the next section, we derive the exact form of Eq. (7) for an M/M/1/k system (cf. Eq. (13)). This allows us to identify
the set of disaggregation probabilities needed to obtain the aggregate rates q. We then use these insights to formulate an
approximate expression for the aggregate transition rates of a tandem network with three queues. The latter is the main
building block of the proposed network model.

2.2. Aggregate description of a single queue

In this section, we consider a single M/M/1/k queue and derive expressions for its aggregate transition rates. These ex-
pressions are then used in Sections 2.3 and 2.4 to derive the aggregate model for a tandem queueing network. The state
of a queue is described by the number of jobs (e.g., vehicles), N, in the queueing system. The state space is given by
Q ={0,1,..,k}, where k € Z* is the space capacity. The corresponding state transition diagram is displayed in Fig. 1. Each
circle denotes a state. The arrows denote possible transitions between the states and their corresponding rates. In this case,
arrivals are determined by the arrival rate, A > 0, and departures are determined by the service rate, u > 0.

We aggregate the k + 1 states into the following three states: the queue is empty, the queue is full, the queue is neither
empty nor full. The choice of these three states is based on insights from urban traffic intersection (i.e., node) models, where
between-link interactions (i.e. interactions of links that are connected via an intersection) are mainly determined based on
whether a vehicle is ready to be sent from an upstream link to a downstream link (i.e. non-empty upstream link) and
whether there is space downstream to receive this vehicle (i.e. non-full downstream link). There are now three aggregate
states: state 0, state k, and the state defined by the dashed lines in Fig. 1.

Fig. 2 represents the state transition diagram of the aggregate queueing system. The states 0, 1 and 2 denote, respectively,
the disaggregate states 0, {1,...,k — 1} and k. As represented in Fig. 2, the aggregate system is now fully described by a set
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O=0=C)
i §

Fig. 2. State transition diagram for a single aggregate queue.

of four rates: A, u, A, and /i, where /i and A describe the transition rates from the new aggregate state to one of the other
states (they are the aggregate transition rates).
The aggregate states are described by the random variable Ny:

o Empty queue: Ny =0, = {N=0},
e Non-empty and non-full queue: Ny =1, Q;={Ne[l,k-1]},
o Full queue: Ny =2, Q,={N=k}.

Hereafter the disaggregate (resp. aggregate) state probability 7r; (resp. ;) is denoted P(N = i) (resp. P(N4 =i)). The global
balance equations satisfied by the aggregate state probabilities are:

AP(Np=0) = iP(Na=1) (a)
WP(Ny=2) = AP(N4=1) (b)

) (8)
S PNy =i) =1 (c)
i=0
Following Eq. (6), the aggregate transition rates are given by:
5\' _ Zjeﬂl ZfEQz P(N = j)q]l (a)
>jea, PIN=)) 9)
= Y ey 2ica, PN = 1)g;i (b)
> jeq, PIN=1))
In an M/M/1/k queue we have (see Fig. 1):
) A ifj=k-1
je = { 0 otherwise (10)
o if j=1
jo = { 0 otherwise. (an

Inserting Egs. (10) and (11) into (9), and noting that g = {0} and 2, = {k}, we obtain:

PIN=k-1)A _P(N=k-1)

ST PN Pm=D @ (12)
- P(N:])M _ P(N:]) (b)
K= o PpiN=p HMpma=1)

The above equations can be rewritten as:

>

A=AP(N=k—-1|Ns=1) (a) (13)
p=puP(N=1[Ny=1). (b)
In summary, in order to determine the aggregate transition rates (A and ), we need to evaluate the probabilities
P(N=k—-1|Ns=1) and P(N=1 | Ny =1). We call these probabilities disaggregation probabilities, since they represent
the probabilities of being in a disaggregate state of a given aggregate state.
For a single M/M/1/k queue, there is a closed-form expression for the stationary queue-length distribution (see, e.g.,
Bocharov et al., 2004):

P(N:n):% Vnelo, K, (14)

where p is known as the traffic intensity and is defined as A/u. This expression holds for p # 1. We assume hereafter that
p # 1. Thus, we can obtain an exact closed-form expression for the disaggregation probabilities.



C. Osorio, C. Wang/ Transportation Research Part B 95 (2017) 305-339 311

-1
PN=1) _((1=-pp\[3 A=p)p’
P(N=1|NA=1)_P(NA=1)=<1—pk+1> Zl—p"”)

j=1

k-1 -1 1- ,o’H -1
o[> 0] =plp——- (15)
j=1 1=

1—
HN:]|M:J):Tt;§? (16)
We can proceed similarly to obtain:
_ k-2
P(N:1<—1|NA:1):%. (17)

2.3. Aggregate description of a three queue tandem network

We consider a network of three queues in a tandem (i.e. series, also called linear) topology. This is the simplest topology
in which a queue is affected by both upstream and downstream traffic conditions. Hereafter index i refers to a queue index.

Queue i (i € {1, 2, 3}) has finite space capacity k; € Z+ and independent exponentially distributed service times with
parameter ;. For each queue, external arrivals (i.e. arrivals that come from outside the network) follow a Poisson process
with rate parameter y;. The joint aggregate state probabilities are denoted by P(Ns =s), where an aggregate state s is
defined as the triplet: s = (j, ji;1. ji;2). and j; € {0, 1, 2}. For a three queue network with three aggregate states, the state
space is aggregated into 33 = 27 distinct states. The dimension of the state space is now independent of the individual
queue capacities.

The main challenges, when extending the approach from a single queue to a network of queues, arise as a result of
the possibility of blocking. Blocking occurs when a job (e.g., a vehicle) completes service yet cannot proceed downstream
because the downstream queue is full. This is known as spillback in urban traffic. We assume here blocking-after-service
(Balsamo et al., 2001), where a blocked job continues to occupy the underlying server until it is unblocked. Hence, it pre-
vents other jobs in the queue from receiving service. Blocking-after-service is also known as manufacturing blocking, pro-
duction blocking, type 1 blocking or transfer blocking. Thus, a job that cannot proceed downstream due to lack of space is
blocked, while also blocking the use of the underlying server. A job becomes unblocked when its downstream destination
queue can accommodate it.

Two main challenges that arise due to blocking are:

1. the rate of job departures at a blocked queue depends on both the states and the service rates of downstream queues,
2. a service completion at a blocking queue (i.e. a queue that is blocking jobs at upstream queues) triggers instantaneous
state changes at upstream blocked queues.

Methods to approximate stationary marginal queue-length distributions that explicitly describe blocking states have been
proposed (e.g., Osorio and Bierlaire (2009)). They illustrate the complexity of approximating the blocking probabilities and
the effective service rates (i.e., the service rates that account for the occurrence of blocking). In this paper, we propose
simple approximations to account for both challenges, these are described in Sections 2.3.1 and 2.3.2.

2.3.1. Aggregate transition rates

Within a three queue network, we assume that the aggregate transition rates for a given queue i are given by (13). These
depend on the disaggregation probabilities. We assume the latter to have the functional form given by Egs. (16) and (17).
Hence, they depend on the traffic intensity p of the underlying queue, which is unknown. In this section, we first present
the approximation of p, followed by the approximation of the disaggregation probabilities.

Traffic intensity

The traffic intensity is defined as the ratio between an arrival rate and a service rate. In a finite capacity queueing
network, the prevailing arrival and service rates of a given queue may be state-dependent. This is due to the occurrence
of blocking. To illustrate this, consider a given queue i that is the most upstream queue of a three-queue tandem network.
Consider a job that is occupying a server at queue i. It can either be:

1. undergoing service, which will be completed with rate p;,
2. blocked by its directly downstream queue which is itself not blocked, the job will therefore be unblocked with rate ;, 1,
3. blocked by its directly downstream queue which is itself blocked, the job will therefore be unblocked with rate 1t;,;.

Thus, depending on the state of that job (under service, blocked and if so blocked by which queue), the queue will have
a different prevailing service rate.
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For a given queue i and a given aggregate state s, let p; 5, A; and w;, s denote, respectively, the traffic intensity, the arrival
rate and the service rate. The traffic intensity is given by:
i
Dis = ——. (18)
" Mis
This equation states that we use a queue-dependent but state-independent arrival rate, along with a queue- and state-
dependent service rate. Let us know explain how we approximate each of these rates.

« Service rate. For state s = (1, ji,1. ji;2). the state-dependent (prevailing) service rate, u; s, is given by:

Hi if i1 <2 .
Mis =19 HMit %f Jiv1 = 2 and Ji+2 < 2 (19)
Hiz2 if ji1=2 and jio=2.
This approximation states that if queue i has one or several consecutive downstream queues that are full, then its pre-
vailing service rate is that of the most downstream queue that is full. Recall that for queue i, the only aggregate state
with more than one disaggregate state (i.e. the only state where disaggregation probabilities are needed) is aggregate
state 1. This is why, when approximating the disaggregation probabilities of queue i, we need only to consider states s
with ji =1.

o Arrival rate. The arrival rate of queue i is obtained by solving the flow conservation equation (which is derived in
Osorio and Bierlaire (2009, Eq. (3)), and is rewritten with the same notation as in this paper in Osorio and Chong (2015,
Eq.(3a))):

AiitP(Niz < kizq)

hi=vit P(N; <k

(20)

where:
P(N, < ki) = P(NA.,' < 2) (21)

and N; (resp. Ny ;) represents the disaggregate (resp. aggregate) number of jobs in queue i.

Disaggregation probabilities

To summarize, for a three queue network, the aggregate transition rates of a given queue i are approximated by Eq.
(13). They depend on disaggregation probabilities. We allow for state-dependent probabilities and state-dependent traffic
intensities. These probabilities are denoted oz,.f_s and of . We assume them to have the functional form of Eqs. (16) and (17),
hence they are given by:

1— p:
of = P(N; = ki — 1 |NA,,-=1,NA=5)=(7‘)'§<)_1, (a)
' 11— (pis)ki (22)
€ _P(Ni=1|Ns:=1.Na= _ (1 - pi,s)(pi,s)k"72 b
o= (Ni=1|Np; = ’A_S)_W. (b)

where Ny is the state vector (N i, Na i 1.Nai;2), and the superscripts e and f refer, respectively, to empty and full (since
these expressions are used to approximate the transition rates towards empty and full states, respectively).
Inserting the expression of p; ¢ (Eq. (18)), we obtain:

of = (1= Ai/kis)
B = (A gkt
e (U= Ai/pig) (Ni/pig)k—2
B 1= (iRt
where u; ¢ and A; are given by (19) and (20), respectively.

(a)
(b)

2.3.2. Blocking probabilities

Recall that we describe the state of a queue as either empty, full, or ‘non-empty and non-full’. Given a job occupying a
server, this state description does not distinguish between a job undergoing service or one that has completed service and is
blocked. This section presents a simple approximation of the probability of a job being blocked, i.e., the blocking probability.

The following example allows us to introduce the notion of blocking probability and the complex between-queue de-
pendencies that arise due to blocking. Consider a state s = (1,2,2) where queue i (i.e., the most upstream queue) is in
(aggregate) state 1, and queues i+ 1 and i+ 2 are in aggregate state 2, i.e. they are full. Assume there is a service comple-
tion at queue i+ 2. This service completion can trigger a transition to one of the following states:

o if queue i+ 2 is not blocking queue i+ 1, then the new state is (1, 2, 1);
e if queue i+ 2 is blocking queue i+ 1 and is not blocking queue i, then the new state is (1, 1, 2);
o if queue i+ 2 is blocking queue i+ 1 and is blocking queue i, then the new state can be either (1, 2, 2) or (0, 2, 2).
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Table 2
Blocking probabilities.

Blocked  Source

queues queue Initial joint states Blocking probability
i i+1 (1,2} 2, {0, 1}) Bin
ii+1 i+2 (1,2, 2,2) Bi>
i+1 i+2 ({0, 1,2} 1,2),(0,2,2) Bis
i+1 i+2 {1, 2}, 2,2) Bia

In order to determine the new state to which a transition can take place, we use state-dependent, yet simple and ex-
ogenous, approximations for the blocking probabilities. The approximation assumes that service completions follow an ex-
ponential distribution. We use the following property of exponential random variables. For a set of n independent service
durations {X;},_1.,. which are exponentially distributed random variables with rate parameter p,, the probability that the
first service completion is of type ¢ is given by (e.g., Larson and Odoni, 1981, Chapter 2.12.4, Equation (2.62)):

PX, <X Vigo) = (24)
2j=1 M
We use this property to approximate the blocking probabilities. The states that are affected by blocking are listed in
Table 2. This table lists the queues that are blocked (column 1), the queue that is at the source of (i.e. causes) the blocking
(column 2), the feasible joint states where such blocking can occur (column 3), and the corresponding probability with
which this blocking occurs (column 4). For brevity, multiple states for the initial joint states are listed in braces. For instance
row 2 accounts for two possible initial states (1,2,2) and (2,2,2). Row 1 considers cases where queue i+ 1 is the source of
blocking: queue i (i.e., the most upstream queue of the three queues) is blocked by queue i+ 1. Rows 2 and 4 consider
cases where it is queue i+ 2 that is both the source of blocking and could potentially block both upstream queues (because
queue i+ 1 is also full). Row 2 considers cases where queue i+ 2 blocks both queues i and i+ 1, while row 4 considers
cases where only queue i+ 1 is blocked. Row 3 considers cases where queue i+ 2 is the source of blocking but can only
block queue i+ 1 (because queue i+ 1 is not full, so queue i cannot be blocked).
The approximations of the blocking probabilities of Table 2 are given by:

Hi
1= —— 25
P Mi+ Uit (25)
Bir= Mi Mit1 Mit1 Mi (26)
Mi+ g1 + Wiz Hiv1 + Riyz Ki+ MBig + Rigo Ui + K
Mit1
R 27
Pis Mit1 + Hiy2 (27)
Bis= Miv1 Miy2 (28)

Wi+ Mip1 + Micz i+ Riga

Egs. (25) and (27) (rows 1 and 3 of Table 2) are derived directly from Eq. (24) and represent the probability that the
first (resp. second) queue finishes service before the second (resp. third) queue. That is, blocking occurs due to the queue
immediately downstream. Eq. (26) (row 2 of Table 2) considers the scenario where both the first and the second queue
are blocked by the third queue. This occurs when both the first and second queues complete their service before the third
queue. The equation sums the probabilities of the independent events in which either the first or the second queue finish
first out of the three and then the remaining queue of the first two finishes service before the third. Eq. (28) (row 4 of
Table 2) considers the case where the second queue is blocked by the third queue, but the first queue is not blocked. This
is the probability that the second queue finishes service before the first and third queues and that the next queue to finish
service is the third queue.

Let us summarize the procedure to derive the aggregate joint distribution of a three-queue tandem network. The joint
distribution P(N,) is obtained by solving the corresponding (aggregate) global balance Eq. (5), which depend on the transi-

tion rate matrix, Q. The latter is defined as:

Q:f(y! M7’<7af?ae’ﬁ)’ (29)

where y, 1, and k are exogenous parameters, of and «® are the state-dependent disaggregation probabilities (defined by
Egs. (19), (20), (21) and (23)), and B denotes the blocking probabilities (Eqs. (25)-(28) and Table 2). The function f maps
the parameters of the three-queue network (y, i, k, of, @, 8) to the transition rate matrix, Q. This function is tabulated in
Table 10 of Appendix A.

For a three queue system, this results in 27 + 12 = 39 variables, representing the 27 joint states of the system as well
as the 12 state-dependent disaggregation probabilities (following (19) there are 3*2 disaggregation probabilities for the first
queue, 2*2 for the second queue and 1*2 for the third queue). If we use the proposed model to evaluate a network with 3
links in tandem, then the model corresponds to a squared system of equations with 39 variables and 39 unknowns. For all
experiments in this paper, the numerical solver converged to a solution.
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System System System
-2 i—1 1
Qucuci72|—>|Qucuci71|—>| Queue 7 |—>|Qucuci+1|—)|Qucuci+2

Fig. 3. Overlapping systems of three tandem queues.

2.4. Aggregate description of a tandem network with 1 queues

This section generalizes the above approach to a tandem network with I queues. If the above approach is directly applied
to an I-queue network, the state space would be of dimension 3/, and would thus increase exponentially with the number
of queues. Instead, we view the network as a set of overlapping systems of three tandem queues. The set of I queues is
decomposed into I — 2 overlapping systems each with three queues in tandem. This decomposition is illustrated in Fig. 3.
Thus, the number of states is now linear in the number of queues.

Each of the I — 2 systems can be viewed as a single three-queue system. For each system, the approach of Section 2.3 is
applied, i.e. the aggregate joint distribution of each system satisfies the system of equations described in Section 2.3.

Consider a three-queue system within a larger network (e.g., system i — 1 of Fig. 3). In order to account for its dependen-
cies with adjacent queues, we need to approximate the arrival rate to the most upstream queue, and the effective service
rate of its most downstream queue. In the three-queue network of Section 2.3, these two rates were exogenous, however, in
a larger tandem network, these rates are now endogenous.

For a given system with queues indexed by (i, i+ 1,i+ 2), the arrival rate to the most upstream queue (queue i) is given
by the flow conservation Eq. (20). The service rate of the most downstream queue (queue i+ 2) is obtained by following
the ideas in Osorio and Bierlaire (2009), where the effective service rate of a queue (which accounts for service and for
potential blocking from downstream queues) is given by:

1 1 b1

o P (30)
where fi; denotes the effective service rate, u; represents the exogenous service rate, pf? denotes the blocking probability,
and fi; is the unblocking rate. This equation states that the expected effective service time (represented by 1/4;) is the sum
of the expected service time (represented by 1/u;) and the expected blocked time. The latter time is approximated by the
probability of a job getting blocked (represented by p?) and the expected blocked time conditional on a job being blocked
(represented by 1/fi;). In other words, given that a job is blocked, its expected blocked time is represented by 1//i;. The
term fi; is known as the unblocking rate. A further discussion of blocking probabilities and unblocking rates is given, for
instance, in Schweitzer and Altiok (1989).

The approximation for the unblocking rate is derived in Osorio and Bierlaire (2009, Eq. (7)). Its simplified expression for
a single server queue is detailed in Osorio (2010, Chap. 4) (it is presented with similar notaton to that of this paper in Eq.
(3 b) of Osorio and Chong (2015)) and is given by:

1 }Vi+1P(Ni+1 < ki+1) 1

—=— 31
i AP(N; < ki) Qi 1)
which is equivalent to:

1 Aig1PMNpip1 <2) 1 (32)

i MP(Nai<2) flist’
Eq. (31) (or equivalently Eq. (32)) states that the expected blocked time of queue i is given by the product of the two
following terms.

» The expected effective service time of its downstream queue, which is represented by 1/i;,¢. This states that the ex-
pected time between successive unblockings (i.e., between slot availabilities downstream) equals the expected effective
service time of the downstream queue. In other words, the unblocking rate at the upstream queue equals the rate at
which vehicles can leave the downstream queue.

o The second term can be interpreted, for a tandem network, as the probability of vehicle that arrives from queue i to
queue i+ 1 was previously blocked by queue i+ 1.

The probability that queue i is blocked, pf.’, is approximated by:
b Mi
pi =PWMNpjy1=2)———, (33)
: A Mi+ M
which considers the probability that the immediately downstream queue is full and the probability that the upstream queue
finishes service before the downstream queue. This approximation follows the same reasoning as Eq. (24).



C. Osorio, C. Wang/ Transportation Research Part B 95 (2017) 305-339 315

The model of this paper is formulated for tandem topology networks, where each queue has a single downstream queue.
An extension for general topology networks can be obtained as in Osorio (2010, Chap. 4) and in Osorio and Bierlaire (2009).
More specifically, for general topology networks, traffic on a queue may be blocked due to a spillback from a downstream
queue occupying the physical space of the intersection, and hence blocking traffic from all upstream links regardless of their
downstream destination links. This can be accounted for by using an extension of Eq. (33) (e.g., one can account for the
blocking probabilities of all downstream links).

To summarize, Eqs. (30), (32) and (33) define the approximation of the effective service rates (/1) as a function of the
aggregate probabilities (P(N4)), the arrival rates (A) and the exogenous service rates ().

Thus, when analyzing a three-queue system (with queues indexed by (i,i+ 1,i+2)) that is embedded within a larger
network of queues, we apply the procedure of Section 2.3, with the arrival to queue i given by Eq. (20) and the effective
service rate of queue i+ 2, fi;,,, given by Eqgs. (30), (32) and (33).

Since the systems overlap (see Fig. 3), there are individual and pairs of queues that are common to multiple systems. We
include the following system of linear constraints in order to ensure that the one or two-dimensional marginal distributions
obtained are equivalent regardless of the system from which they are obtained.

For an I-queue network, there are I —3 pairs of queues that are contained in two different systems. This leads to 32
equations (a pair of queues has 32 joint states) for each overlapping pair of queues.

2 2
ZPI'—I (Naic1 =0, Nai =D, Ngjp1=0) = ZPI’(NA,I’ =b,Npis1 =C Najsa=d), (b,c) €{0,1,2),ie{2,....1-2}
a=0 d=0

(34)

where P; denotes the distribution obtained from analyzing the ith three-queue system. Enforcing consistency between sys-
tems with 2 overlapping queues also ensures consistency between systems with 1 overlapping queue.

Implementation notes

For a network of I queues, there are I — 2 three-queue systems. We implement the model with 41(I —2) + I variables,
which consist of 27(I — 2) joint state probabilities, 12(I — 2) disaggregation probabilities («®, af), I — 2 arrival rates of the
most upstream queue of each system (A), I — 2 effective service rates of the most downstream queue of each system (i)
and I probabilities of a queue being full (one for each queue) (P(N,; = 2)). Additionally, there are 9(I — 3) equations that
ensure consistency. Thus, the model consists of a total of 41(I — 2) +1+ 9(I — 3) equations.

3. Validation

We compare the aggregate joint queue-length distributions obtained by the proposed model with those estimated from
a discrete event simulation model of a Markovian FCQN (Meier, 2007). For all simulation experiments in this section, 10,000
simulation replications are run, each with a duration of 1000 time units in order to ensure stationarity. The time unit is de-
fined by the temporal unit of the arrival and service rates. It can be chosen arbitrarily. For each replication, the disaggregate
state is evaluated at time 1,000, from which we derive the aggregate state.

Note that for an isolated M/M/1/k queue, the transient distribution converges to the stationary distribution with an
exponential decay of the form e, where x ¢ {A + u + ZM} (Morse, 1958, pages 65-67), which for these scenarios is
in the order of 10 time units. Hence, stationarity is guaranteed within 1000 time units. Note also that for finite capacity
networks, stationarity is guaranteed for all levels of traffic intensity.

Let ps denote the stationary probability of being in a given aggregate state s. A 95% confidence interval for ps is given by:

ps +1.96 %35.(360’55% (see, for instance, Section 7.3.3 of Rice (1994)), where js is the simulated estimate of ps. This confidence

interval is displayed as error bars in the figures of this section.

The analytical approximation of the aggregate joint distribution is derived by using the nonlinear system of equations
solver of Matlab (“Levenberg-Marquardt” algorithm of the fsolve solver) (Mathworks, Inc., 2012) with a tolerance of 106,
The initial joint distribution (i.e., initial point) provided to the solver is the product of approximate marginal distributions,
which are each obtained by solving the FCQN model given in Appendix C.

3.1. Three-queue network

We assume that external arrivals only occur at the first (most upstream) queue, with y; = 1.8. We consider 27 scenarios
with differing service rates and queue capacities, displayed in Table 3. We refer to the queue with the highest traffic inten-
sity as the bottleneck queue. The 27 experiments are defined by varying: (i) the queue capacities (which can take values:
{2,5,10}), (ii) the bottleneck queue traffic intensity (which can take values {0.9, 0.6, 0.45}), (iii) the location of the bottleneck
(which can be either at the most upstream queue, the most downstream queue, or all 3 queues).

In scenarios 1-9, the minimum service rate is 2, implying a bottleneck queue traffic intensity of 0.9. Scenarios 10-18
(resp. 19-27), are identical to scenarios 1-9 except for the value of the minimum service rate which is 3 (resp. 4) instead
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Table 3
Three-queue network scenarios.

Scenario 1 2 3 4 5 6 7 8 9 0 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27
1 2 2 2 2 2 2 6 6 6 3 3 3 3 3 3 6 6 6 4 4 4 4 4 4 6 6 6
wa 2 2 2 4 4 4 4 4 4 3 3 3 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4
3 2 2 2 6 6 6 2 2 2 3 3 3 6 6 6 3 3 3 4 4 4 6 6 6 4 4 4
k1 2 5 10 2 5 10 2 5 10 2 5 10 2 5 10 2 5 10 2 5 10 2 5 10 2 5 10
k, 2 5 10 2 5 10 2 5 10 2 5 10 2 5 10 2 5 10 2 5 10 2 5 10 2 5 10
ks 2 5 10 2 5 10 2 5 10 2 5 10 2 5 0 2 5 10 2 5 10 2 5 10 2 5 10
Set (Fig.6) 1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9
Set (Fig. 7) 1 1 1 2 2 2 3 3 3 4 4 4 5 5 5 6 6 6 7 7 7 8 8 8§ 9 9 9
Set (Fig. 8) 1 2 31 2 31 2 3 4 5 6 4 5 6 4 5 6 7 8 9 7 8 9 7 8 9
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Fig. 4. Histogram of the approximation errors for the three-queue network experiments.

of 2, this leads to a bottleneck queue traffic intensity of 0.6 (resp. 0.45). In the figures hereafter the different scenarios are
grouped into sets. The last 3 rows of Table 3 indicate, for each figure, the set that each scenario belongs to.

Fig. 4 displays the histogram of the errors for all joint state probabilities, this considers all joint states and all scenarios.
The error is calculated as the difference between the simulated estimate and the analytical estimate. The average of the 729
absolute errors is 0.0032, with a standard deviation of 0.0099. Fig. 5 displays the 729 state probability values. The x-axis
(resp. y-axis) considers the simulated (resp. analytical) estimates. The diagonal line x = y is also displayed. Fig. 5 indicates
that the vast majority of the points lie along this line. This figure gives, for each state probability, both absolute and relative
error information. Overall, the proposed method yields very accurate approximations.

In order to compare the performance of the proposed method across scenarios, we calculate, for each scenario, the
average absolute error (AAE) between all joint state probabilities. The average is taken over all possible states. In a three-
queue network, the joint aggregate distribution has 33 states, hence the average is taken over these 27 probabilities.

Fig. 6 displays the value of the AAE for each scenario. The scenarios are grouped into 9 sets (the x-axis gives the set
index). The set that each scenario belongs to is indicated in the third to last line of Table 3. A given scenario set contains
3 scenarios, which are identical except for the value of the traffic intensity of the bottleneck queue. In other words, for a
given x value, the 3 points correspond to scenarios with common space capacity values and common bottleneck location,
but different traffic intensity for the bottleneck queue.

In this figure, the scenarios indexed 1-9 (resp. 10-18, and 19-27) of Table 3 correspond to the circles (resp. crosses and
squares) indexed by the sets 1-9. This figure shows that for 7 out of the 9 scenario sets (all sets but 4 and 5), the AAE
increases with the bottleneck traffic intensity.

Sets 1-3 consider the scenarios where all 3 queues are bottleneck queues. Set 1 (resp. 2 and 3) considers space capacities
of 2 (resp. 5 and 10). For these sets, the AAE for the scenarios with bottleneck traffic intensities of 0.45 and 0.6 are similar.
For bottleneck traffic intensities of 0.9, the AAE increases with the space capacity. Sets 7-9 consider the scenarios where the
bottleneck queue is the most downstream queue. Set 7 (resp. 8 and 9) considers space capacities of 2 (resp. 5 and 10). The
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Fig. 6. Three-queue network: impact of the bottleneck queue traffic intensity on the average absolute error.

same conclusions as for sets 1-3 hold: the AAE for the scenarios with bottleneck traffic intensities of 0.45 and 0.6 are similar,
while for bottleneck traffic intensities of 0.9, the AAE increases with the space capacity. As the space capacity increases, so
does the number of states that are aggregated into the aggregate state (N4 = 1). Hence, it becomes more challenging to
approximate the disaggregation probabilities.

Sets 4-6 present a different trend. They consider the scenarios where the bottleneck queue is the most upstream queue.
Set 4 (resp. 5 and 6) considers space capacities of 2 (resp. 5 and 10). For these sets, the AAE for all 3 bottleneck traffic
intensity values (0.9, 0.6, 0.45) are similar, and they do not vary much with the space capacity values. When the most
upstream queue is the bottleneck queue, blocking has a low probability of occurrence. In other words there are no complex
within-network congestion effects. Hence, the between-queue interactions are not as intricate to approximate analytically.

Fig. 7 also displays the value of the AAE for each of 9 scenario sets. A given scenario set contains the 3 scenarios, which
are identical except for the value of the space capacity. The set that each scenario belongs to is indicated in the second
to last line of Table 3. The sets 4-9 have very similar AAE values, and their AAE values do not vary much with space
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Fig. 8. Three-queue network: impact of the location of the bottleneck on the average absolute error.

capacity. These sets correspond to scenarios 10-27, where the bottleneck traffic intensity is not very high. In other words,
for scenarios without heavily congested traffic the accuracy of the proposed method does not vary with the space capacity
values. The sets 1-3 group the scenarios 1-9, where congestion is high. Set 2 contains the scenarios where the bottleneck
is located at the most upstream queue. As was also indicated in the analysis of Fig. 6, for these scenarios blocking has a
low probability of occurrence, and hence the between-queue interactions are less intricate to approximate analytically. For
sets 1 and 3 the AAE varies with space capacity, and tends to increase with the space capacity. As mentioned for Fig. 6, as
the space capacity increases so does the number of states aggregated, this makes the approximation of the disaggregation
probability more difficult. Set 3 considers the scenarios where the bottleneck queue is the most downstream queue. These
are the scenarios, where blocking is the most likely. Hence, for these scenarios the between-queue interactions are the most
difficult to approximate.
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Fig. 9. Aggregate joint distribution for scenarios 1-9 of the three-queue network. The blue circles represent the proposed model approximations, and the
red crosses represent the simulation estimates with their corresponding error bars.

Fig. 8 displays the value of the AAE for each of 9 scenario sets. A given scenario set contains the 3 scenarios, which
are identical except for the location of the bottleneck queues. The set that each scenario belongs to is indicated in the last
line of Table 3. As for Fig. 7, the sets 4-9 have very similar AAE values, and their AAE values do not vary much with the
bottleneck location. These sets correspond to scenarios 10-27, where the bottleneck traffic intensity is not very high. As for
Fig. 7, for scenarios without heavily congested traffic the accuracy of the proposed method does not vary with the bottleneck
location. Sets 1-3 consist of all the scenarios with highly congested traffic. If the bottleneck location is the most upstream
queue (displayed as crosses in the figure), the AAE does not vary. This is because congestion does not propagate further
than the most upstream queue, hence there is a low probability of blocking, which leads to less intricate to approximate
between-queue interactions.

Set 1 (resp. 2 and 3) contains scenarios {1, 4, 7} (resp. {2, 5, 8} and {3, 6, 9} ) where the space capacity is 2 (resp. 5 and
10). All scenarios of set 1 have a space capacity of 2, where the aggregate state consists of a singleton state. Hence, there is
no need to approximate the disaggregation probabilities. This leads to more accurate approximations, than for sets 2 and 3.

Sets 2 and 3, consider the scenarios with high congestion and where both the disaggregation probabilities and the block-
ing probabilities need to be approximated. For these scenarios, the location of the bottleneck impacts the AAE. The AAE
increases as the blocking probabilities increase. In other words the AAE is lowest for an upstream bottleneck (where block-
ing occurs with very low probabilities), followed by the scenarios where all queues are bottlenecks, and finally where the
most downstream queue is the only bottleneck. This indicates that for networks with high congestion: the analytical ap-
proximations are more accurate if the traffic intensities of the queues are similar, rather than if there are isolated locations
with higher traffic intensities.

We consider the 9 scenarios with the highest congestion, and hence high AAE values, these are scenarios indexed 1-
9 in Table 3. Fig. 9 considers one plot per scenario. Each plot displays the aggregate joint distribution for the scenario.
The blue circles represent the proposed approximations, and the red crosses represent the simulation estimates with their
corresponding error bars. This figure shows that for most scenarios the analytical approximation of the joint distribution is
highly accurate (the analytical estimates are within the confidence intervals).

Note that the AAE value for scenario i (i € {0,1,...,9}) is displayed in Fig. 6 as the circle with x-axis value of i. From
Fig. 6, we can see that the scenarios with highest AAE values correspond to scenarios 2, 3, 8 and 9. Fig. 9 shows that for
these scenarios, the form of the joint aggregate distribution is captured by the analytical approximation.

In scenarios 7 - 9, blocking is most likely to occur as a result of the most downstream queue being the bottleneck queue.
This leads to the most complex blocking configurations. For these three scenarios, the accuracy of the proposed approxima-
tion decreases as the space capacity increases. This can be partly explained by the increasing difficulty to approximate the
disaggregation probabilities as the space capacity increases. For scenario 7, the space capacity equals 2, hence the aggregate
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Table 4
Six-queue network scenarios.

Scenario 1 2 3 4 5 6 7 8 9 0 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27
1 2 2 2 2 2 2 6 6 6 3 3 3 3 3 3 6 6 6 4 4 4 4 4 4 6 6 6
2 2 2 2 4 4 4 4 4 4 3 3 3 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4
3 2 2 2 6 6 6 2 2 2 3 3 3 6 6 6 3 3 3 4 4 4 6 6 6 4 4 4
Ha 2 2 2 2 2 2 6 6 6 3 3 3 3 3 3 6 6 6 4 4 4 4 4 4 6 6 6
s 2 2 2 4 4 4 4 4 4 3 3 3 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4
e 2 2 2 6 6 6 2 2 2 3 3 3 6 6 6 3 3 3 4 4 4 6 6 6 4 4 4
k1 2 5 10 2 5 10 2 5 10 2 5 10 2 5 10 2 5 10 2 5 10 2 5 10 2 5 10
ky 2 5 10 2 5 10 2 5 10 2 5 10 2 5 10 2 5 10 2 5 10 2 5 10 2 5 10
ks 2 5 10 2 5 10 2 5 10 2 5 10 2 5 10 2 5 10 2 5 10 2 5 10 2 5 10
k4 2 5 100 2 5 10 2 5 10 2 5 10 2 5 10 2 5 10 2 5 10 2 5 10 2 5 10
ks 2 5 10 2 5 10 2 5 10 2 5 10 2 5 10 2 5 10 2 5 10 2 5 10 2 5 10
ke 2 5 10 2 5 10 2 5 10 2 5 10 2 5 10 2 5 10 2 5 10 2 5 10 2 5 10
Set (Fig. 12) 1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9
Set (Fig. 13) 1 2 3.1 2 31 2 3 4 5 6 4 5 6 4 5 6 7 8 9 7 8 9 7 8 9
Set (Fig. 14) 1 1 1 2 2 2 3 3 3 4 4 4 5 5 5 6 6 6 7 7 7 8 8 8 9 9 9

state is a singleton state, and the approximation of the disaggregation probability is exact. Scenarios 8 and 9, consider larger
space capacity values and cases where a congested queue has an upstream queue with a much smaller traffic intensity.
Hence, they illustrate the complexity of accurately approximating both the intricate blocking effects between queues, as
well as their interaction with the within-queue disaggregate states (i.e., the disaggregation probabilities). Thus, the follow-
ing validation scenarios will consider these complex settings where both the space capacity is large and significant blocking
occurs within the network.

3.2. Six-queue network

We consider an extension of the three-queue network experiments. The scenarios of the six-queue network are the same
as for the three-queue network, but with 2 sets of three-queue networks in tandem. The detailed configurations of the 27
scenarios are tabulated in Table 4. In other words, for scenario i of the six-queue network queue 1,2,3,4,5, and 6, respectively,
has the same configuration as queue 1,2,3,1,2 and 3 of scenario i of the three-queue network.

The 27 experiments are defined just as for the three-queue network in that they vary: (i) the queue capacities (which
take values: {2,5,10}), (ii) the bottleneck queue traffic intensity (which takes values {0.9, 0.6, 0.45}). Recall that the results of
the three-queue network showed that scenarios where a congested queue has an upstream queue with a much lower traffic
intensity lead to a high probability of blocking, and hence an increased difficulty in analytically describing the between-
queue interactions. In the scenarios of the six-queue network the bottleneck can be located either (i) at queues {1, 4}, (ii) at
queues {3, 6} or (iii) at all queues. Hence, these scenarios consider adjacent queues with very different traffic intensities. In
other words, the considered bottleneck locations of these scenarios lead to the most complex between-queue interactions.
As for the three-queue network, we present an analysis that groups the different scenarios into sets. The last 3 rows of
Table 4 indicate, for each figure, the set that each scenario belongs to.

Fig. 10 displays the histogram of the errors for all joint state probabilities, this considers all joint states and all scenar-
ios. The average of the 2916 absolute errors is 0.0079, with a standard deviation of 0.022. Fig. 11 displays the 2916 state
probability values. The simulated estimates are along the x-axis, while the analytical approximations are along the y-axis.
The diagonal line x =y is displayed. This figure indicates that the vast majority of the points lie along this diagonal line.
This figure gives information about both the absolute and the relative errors of each state probability. Overall, the proposed
method yields very accurate approximations.

Fig. 12 displays the value of the AAE for each scenario. The scenarios are grouped into 9 sets, which are identical except
for the value of the traffic intensity of the bottleneck queue. The set that each scenario belongs to is indicated in the third
to last line of Table 4. This figure indicates that as the traffic intensity of the bottleneck queue increases, so does the AAE.

Fig. 13 displays the value of the AAE for each of 9 scenario sets. A given scenario set contains the 3 scenarios, which are
identical except for the location of the bottleneck queues. The set that each scenario belongs to is indicated in the second
to last line of Table 4. The circles denote the scenarios where all queues are bottleneck queues. The crosses (resp. squares)
denote the scenarios where queues 1 and 4 (resp. 3 and 6) are bottleneck queues. Just as for the three-queue network, the
smallest AAE values are observed for the cases where the most upstream queue of the network (queue 1) is a bottleneck
queue and is followed by a non-bottleneck queue (queue 2). This leads to a congested upstream queue, and consequently to
lost opportunities to process jobs, to limited within-network congestion, and to limited occurrence of blocking.

Sets 1-3 (resp. 4-6 and 7-9) contain all scenarios with a bottleneck traffic intensity value of 0.9 (resp. 0.6 and 0.45).
This figure shows that as long as the network is not highly congested, the AAE does not vary much with the bottleneck
location. For highly congested scenarios (i.e., sets 1-3), the scenarios of set 1 (resp. sets 2 and 3) have space capacities equal
to 2 (resp. 5 and 10). For a given bottleneck location the AAE values increase from sets 1 to 2 and to 3. Hence, for highly
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Fig. 10. Histogram of the approximation errors for the six-queue network experiments.
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Fig. 11. State probabilities for the six-queue network experiments: simulated estimates versus analytical approximations.

congested scenarios, the AAE increases with increasing space capacity values. This may be due to the added difficulty of
approximating the disaggregation probabilities under highly-congested conditions.

Fig. 14 displays the value of the AAE for each of 9 scenario sets. A given scenario set contains the 3 scenarios, which
are identical except for the value of the space capacity. The set that each scenario belongs to is indicated in the last line of
Table 4. Sets 1-3 (resp. 4-6 and 7-9) contain all scenarios with a bottleneck traffic intensity value of 0.9 (resp. 0.6 and 0.45).
The sets with the highest bottleneck traffic intensity value (sets 1-3) lead to the highest AAE values. For these sets, the AAE
increases as the space capacity increases. This may be due to an increasing difficulty of approximating the disaggregation
probabilities under congested conditions.

For the sets with smaller bottleneck traffic intensity values (sets 4-9), the trend is inversed: the AAE increases as the
space capacity decreases. This may be because the blocking probability increases as the space capacity increases. Hence,
the scenarios with small space capacities, have higher occurrence of blocking and hence a greater difficulty in analytically



322 C. Osorio, C. Wang/ Transportation Research Part B 95 (2017) 305-339

—0 p=09
0.03
—x p=0.6 o)
—8 p=045
0.025 - °
% o}
S 002f
(0]
[
5 @
2
Re) 0.015 o
(0]
(@]
©
g
Z 001
0.005 &
0 ¥
1 2 3 4 5 6 7 8 9

Scenario set index

Fig. 12. Six-queue network: impact of the bottleneck queue traffic intensity on the average absolute error.
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Fig. 13. Six-queue network: impact of the bottleneck location on the average absolute error.

describing the effects of blocking. For sets 4-9 where congestion is not high, for a given space capacity value, the AAE values
are similar across sets. In other words, the bottleneck traffic intensities and the bottleneck locations do not impact much
the AAE.

3.3. Nine-queue network

We extend the six-queue network into a nine-queue network, in the same way we extended the three-queue network
into a six-queue network. In other words, the scenarios of the nine-queue network are the same as for the three-queue
network, but with 3 sets of three-queue networks in tandem. The detailed configurations of the 27 scenarios are tabulated
in Table 5. In other words, for scenario i of the nine-queue network queues 1-9 have, respectively, the same configuration
as queues 1,2,3,1,2,3,1,2 and 3 of scenario i of the three-queue network.
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Table 5
Nine-queue network scenarios.
Scenario 1 2 3 4 5 6 7 8 9 M0 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27
72 2 2 2 2 2 2 6 6 6 3 3 3 3 3 3 6 6 6 4 4 4 4 4 4 6 6 6
H2 2 2 2 4 4 4 4 4 4 3 3 3 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4
"3 2 2 2 6 6 6 2 2 2 3 3 3 6 6 6 3 3 3 4 4 4 6 6 6 4 4 4
m 2 2 2 2 2 2 6 6 6 3 3 3 3 3 3 6 6 6 4 4 4 4 4 4 6 6 6
s 2 2 2 4 4 4 4 4 4 3 3 3 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4
e 2 2 2 6 6 6 2 2 2 3 3 3 6 6 6 3 3 3 4 4 4 6 6 6 4 4 4
2] 2 2 2 2 2 2 6 6 6 3 3 3 3 3 3 6 6 6 4 4 4 4 4 4 6 6 6
s 2 2 2 4 4 4 4 4 4 3 3 3 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4
o 2 2 2 6 6 6 2 2 2 3 3 3 6 6 6 3 3 3 4 4 4 6 6 6 4 4 4
k1 25 10 2 5 10 2 5 10 2 5 10 2 5 10 2 5 10 2 5 10 2 5 10 2 5 10
ko 2 5 10 2 5 10 2 5 10 2 5 10 2 5 10 2 5 10 2 5 10 2 5 10 2 5 10
k3 25 10 2 5 10 2 5 100 2 5 10 2 5 10 2 5 10 2 5 10 2 5 10 2 5 10
kaq 25 10 2 5 10 2 5 10 2 5 10 2 5 10 2 5 10 2 5 10 2 5 10 2 5 10
ks 2 5 10 2 5 10 2 5 10 2 5 10 2 5 10 2 5 10 2 5 10 2 5 10 2 5 10
ke 2 5 10 2 5 10 2 5 100 2 5 10 2 5 10 2 5 10 2 5 10 2 5 10 2 5 10
k7 25 10 2 5 10 2 5 10 2 5 10 2 5 10 2 5 10 2 5 10 2 5 10 2 5 10
ks 25 10 2 5 10 2 5 10 2 5 10 2 5 10 2 5 10 2 5 10 2 5 10 2 5 10
ko 2 5 10 2 5 10 2 5 100 2 5 10 2 5 10 2 5 10 2 5 10 2 5 10 2 5 10
Set (Fig. 17) 1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9
Set (Fig. 18) 1 2 31 2 31 2 3 4 5 6 4 5 6 4 5 6 7 8 9 7 8 9 7 8 9
Set (Fig. 19) 1 1 1 2 2 2 3 3 3 4 4 4 5 5 5 6 6 6 7 7 7 8 8 8 9 9 9

The 27 experiments are defined just as for the three-queue network: (i) same values for the space capacities, (ii) same
values for the bottleneck queue traffic intensities. In the scenarios of the nine-queue network the bottleneck can be located
either (i) at queues {1, 4, 7}, (ii) at queues {3, 6, 9} or (iii) at all queues. Hence, these scenarios consider adjacent queues
with very different traffic intensities. In other words, the considered bottleneck locations of these scenarios lead to the most
complex between-queue interactions. The last 3 rows of Table 5 indicate, for each figure, the set that each scenario belongs

to.

Fig. 15 displays the histogram of the errors for all joint state probabilities, this considers all joint states and all scenar-
ios. The average of the 5103 absolute errors is 0.0086, with a standard deviation of 0.022. Fig. 16 displays the 5103 state
probability values. The x-axis (resp. y-axis) considers the simulated (resp. analytical) estimates. The diagonal line x =y is
also displayed. Fig. 16 indicates that the vast majority of the points lie along or near this line. Overall, the proposed method
yields very accurate approximations.



324 C. Osorio, C. Wang/ Transportation Research Part B 95 (2017) 305-339

1000 T T T T T T T

900 1

800 - 1

700 1

600 |- 1

500 1

Occurence

400 F 1

300 1

200 1

100 ]

O | 1 L ) | 1
-0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4

Error in the state probability

Fig. 15. Histogram of the approximation errors for the nine-queue network experiments.
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Fig. 16. State probabilities for the nine-queue network experiments: simulated estimates versus analytical approximations.

Fig. 17 displays the value of the AAE for each scenario. The scenarios of a given scenario set are identical except for the
value of the traffic intensity of the bottleneck queue. The set that each scenario belongs to is indicated in the third to last
line of Table 5. This figure indicates that as the traffic intensity of the bottleneck increases, so does the AAE.

Fig. 18 displays the value of the AAE for each of 9 scenario sets. The scenarios of a given scenario set are identical except
for the location of the bottleneck queues. The set that each scenario belongs to is indicated in the second to last line of
Table 5. The circles denote the scenarios where all queues are bottleneck queues. The crosses (resp. squares) denote the
scenarios where queues 1, 4 and 7 (resp. 3, 6 and 9) are bottleneck queues. This figure exhibits the same trends as for the
six-queue network (Fig. 13), the same conclusions hold.

Fig. 19 displays the value of the AAE for each of 9 scenario sets, where a given scenario set contains the scenarios, which
are identical except for the value of the space capacity. The set that each scenario belongs to is indicated in the last line of
Table 5. Again, this figure exhibits the same trends as for the six-queue network (Fig. 18), the same conclusions hold.
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Fig. 17. Nine-queue network: impact of the bottleneck queue traffic intensity on the average absolute error.
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Fig. 18. Nine-queue network: impact of the bottleneck location on the average absolute error.

3.4. Twenty-four queue network

We consider a tandem network with 24 queues. For all queues p; = 10 and y; = 0.4. This leads to a traffic intensity
of queue i equal to 0.4*i/10, which ranges from 0.004 to 0.96. This configuration leads to all queues having larger traffic
intensity than their corresponding upstream queues. As mentioned, above this increases the occurrence of blocking, and
leads to scenarios that are analytically challenging to approximate. All queues have the same space capacity, with 9 space-
capacity scenarios defined in Table 6.

Fig. 20 displays the histogram of the errors for all joint state probabilities, this considers all joint states and all scenarios.
The average of the 5346 absolute errors is 0.0351, with a standard deviation of 0.099. Overall, the proposed method yields
very accurate approximations.
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Fig. 19. Nine-queue network: impact of the space capacity on the average absolute error.

Table 6
Space capacity scenarios for the 24-queue network.

Scenario 1 2 3 4 5 6 7 8 9

ki 5 10 15 20 25 30 35 40 45

Table 7
Space capacity scenarios proposed by Bell (1982).

Scenario 1 2 3 4 5 6 7 8 9

ky 2 2 3 3 3 4 5 6 1
ky 2 3 2 3 4 4 5 6 11

Fig. 21 displays the AAE for each scenario. Notice that as the space capacity increases (i.e., as the scenario index in-
creases), the occurrence of blocking decreases (hence it is easier to analytically describe the between-queue dependencies),
but the number of states within the aggregate state increases (hence it is more difficult to approximate the disaggregation
probabilities). Fig. 21 indicates that the AAE does not vary with the space capacity. Hence, the proposed method leads to
accurate approximations of the disaggregation probabilities, even for high-dimensional aggregate states.

3.5. Expected throughput upper bound

A theoretical upper bound on the expected throughput rate of M/M/c/K networks is derived in Bell (1982). The latter
work showed that several decomposition methods “lead to impossible mean throughput rates”. It considered a two-queue
single server network, ;1 =3, =1,y =1 and y, = 0. The considered scenarios vary the space capacity of the queues,
they are displayed in Table 7. Fig. 22 compares the upper bound of Bell (1982) to the expected throughput of the de-
composition methods of Singh and Smith (1997), Kerbache and Smith (1988), Boxma and Konheim (1981), Takahashi et al.
(1980), Hillier and Boling (1967) and our proposed method. The x-axis (resp. y-axis) represents the scenario index (resp. the
expected network throughput).

In our method, the network throughput is approximated by y{P(N; > 0). Of these methods, those that yield reasonable
throughput approximations (i.e., they do not significantly violate the bounds) are the methods of Singh and Smith (1997),
Kerbache and Smith (1988) and our proposed method. Table 8 displays the numerical values of the expected throughput for
each of these three methods, as well as the bound values. For scenarios 2, 5-9 the proposed method satisfies the bounds.
For scenarios 1, 3 and 4 the bound is violated by 1.6%, 3.7% and 0.2%, respectively. Overall, the proposed method yields
reasonable values for the expected network throughput.
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Table 8

Expected throughput approximations and upper bound.
Scenario 1 2 3 4 5 6 7 8 9
Upper bound 0.75 080 080 083 086 0.87 090 092 0.95
Osorio and Wang 0.76 0.78 0.83 0.83 0.84 0.87 0.89 0.90 0.94
Kerbache and Smith (1988) 0.64 0.72 0.66 0.74 0.79 0.80 0.83 0.86 0.92
Singh and Smith (1997) 0.72 0.78 0.74 0.81 0.85 0.86 0.88 0.90 0.95

327
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Fig. 22. Comparison of the expected throughput approximation of various decomposition methods with the theoretical upper bound derived by Bell (1982).

4. Case study

In this section, we use the proposed model to address a traditional urban traffic signal control problem. The purpose of
this section is to investigate the added value of accounting for joint distributional information in traffic control. We com-
pare the performance of the proposed approach with that of a similar decomposition approach that yields only univariate
marginal (disaggregate) queue-length distributions. We call the latter approach the marginal queueing model. The compar-
ison of the proposed approach with the marginal queueing model investigates the potential added value of accounting for
multivariate joint distributions, i.e., multi-queue joint distributions, for traffic control. More generally, it investigates the po-
tential added value of using models that provide a more detailed (i.e., beyond first-order) description of the between-queue
interactions. This is of particular interest in congested urban networks, where vehicular spillbacks lead to the spatial prop-
agation of congestion. For congested cities with short links and grid-type topologies, such as New York city (Osorio et al.,
2014), the development of traffic management strategies that indeed mitigate vehicular spillbacks is critical. In order to de-
sign strategies that indeed limit spillbacks, models that account for a detailed description of between-queue dependencies
are needed.

The formulation of the marginal queueing model for a multi-server general topology queueing network is derived in
Osorio and Bierlaire (2009). Its formulation for a road network is presented in Osorio (2010, Chap. 4). The formulation for a
single-server general topology queueing network is given in Appendix C of the present paper.

In order to map a road network as a queueing network, we follow the procedure presented in Osorio (2010, Chap. 4).
We summarize it briefly here. Each lane in the road network is modeled as one (or multiple) queue(s). For the case study
of this paper, all roads are single-lane roads and hence each road is mapped as a single queue. Each queue has a single
server and finite space capacity defined by: k; = | (I; + d3)/(dy +d3) ], where [; is the length of lane i in meters, d; is the
average vehicle length (set to 4 m), and d, is the minimal inter-vehicle distance (set to 1 m). The fraction is rounded down
to the nearest integer. This expression can be interpreted as decomposing the link into k; slots, where the length of each
slot corresponds to the average length a vehicle would occupy if the link were full of vehicles (i.e., under jam density traffic
conditions). The routing probability matrix (p;;) is obtained from link-to-link turning probabilities. External arrivals to link
i arise following a Poisson process with rate parameter y;. These rates are obtained from an origin-destination matrix of
the road network. The service rate of a queue corresponds to the downstream flow capacity of the underlying lane. For
signalized lanes the service rate is defined by:

Wi = &S, (35)

where g; represents the total green split of queue i (i.e., ratio of total green time to intersection cycle time). Hence, in
the signal control problem that we consider, a change in the green times leads to a change in the service rates of the
corresponding lanes.
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4.1. Network

We consider the road network displayed in Fig. 23. It considers 20 single-lane roads (i.e. 20 queues) and 4 intersections,
each with 2 endogenous signal phases. Drivers travel along a single direction (i.e. they do not turn within the network). Ex-
ternal arrivals and departures to the network occur at the boundaries of the network (represented by the circles in Fig. 23).
This network has particularly simple traffic dynamics (e.g., no left or right turnings are allowed). The purpose of the case
study is to show that even for such simple networks there is an added value of using joint distributional information for
traffic control.

The representation of the road network as a queueing network is presented in Fig. 24. The queues are represented by
rectangles, and labeled with indices 1-20. The arrows represent possible turning movements from one queue to another.
For any pair of adjacent queues (i, j) connected by a straight arrow from i to j: p; equals 1, otherwise p; equals 0.

For the proposed model, the decomposition of the network into systems of queues is as follows. All west-bound links
(i.e., roads) of the main arterial are modeled jointly, as are all east-bound links. The ross streets (north-bound and south-
bound) are modeled individually (i.e. they are not part of a joint system) with the marginal model of Appendix C. In other
words, the systems of the network are: (2, 6, 12), (6, 12, 16), (12, 16, 20), (11, 5, 1), (15, 11, 5), (19, 15, 11), (3), (4), (7), (8),
(9), (10), (13), (14), (17), (18), where the numbers within parenthesis are queue indices.

We consider two different demand scenarios. For the medium demand scenario, the east-bound and west-bound demand
(i.e. demand along the main arterial) is 700 vehicles per hour in each direction. This increases to 900 vehicles per hour in
the high demand scenario. The demand is presented in Table 9, where the indices in the first row correspond to queue
indices as defined in Fig. 24.

4.2. Problem formulation

The signal control problem that we consider is known as a fixed-time signal control problem. We briefly present its
formulation here. For a review of traffic signal control terminology and formulations, we refer the reader to Appendix A
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Table 9
Demand in vehicles per hour for the medium and high demand scenarios.

Demand scenario 19 -1 2—-20 3-—-4 7-9 10 - 8 14 - 13 17 — 18

Medium 700 700 100 600 600 100 100
High 900 900 100 600 600 200 200

of Osorio (2010). A fixed-time signal plan is also called time-of-day or pre-timed signal plan. These are strategies that use
historical traffic patterns to derive a fixed signal plan for a given time period. The signal control problem is solved offline.
The signal plans of multiple intersections are determined jointly. The decision variables are the green splits (i.e., normalized
green times) of phases of the different intersections. All other traditional control variables (e.g., cycle times, offsets, stage
structure) are assumed fixed.

Fixed-time signal plans are the most traditional form of signal timing. They do not rely on real-time traffic data. Hence,
they are the standard practice in many cities with low, or inexistent, deployment of traffic sensors. For major cities with
abundant real-time traffic data (e.g., New York City, Osorio et al. (2014)), fixed-time plans are used for time periods where
congestion is both high and uniformly distributed. This occurs, for instance, along congested arterials with high levels of
demand on the cross streets. The network of this paper is representative of such a situation. For congested networks with
complex topologies (e.g., grid topologies), fixed-time plans are also commonly used. A variety of cities, including New York,
use fixed-time plans to design traffic responsive plans. More specifically, a set of fixed-time plans are designed offline and
are then selected in real-time based on prevailing traffic patterns.

To formulate this problem we introduce the following notation:

b; available cycle ratio of intersection i;
S saturation flow rate [veh/h];

x(j) green split of phase j;

XL vector of minimal green splits;

J set of intersection indices;

L set of indices of the signalized lanes;

Pi(i)  set of phase indices of intersection i;
Pr(¢) set of phase indices of lane ¢.

The problem is formulated as follows:

minT (x. y: u) (36)
subject to

> x(j)=b;, Vied (37)
je® ()
pe— Y X;s=0, VeeL (38)

jePL(e)

h(y;u)=0 (39)
y=0 (40)
X=X, (41)

where the decision vector x consists of the green splits for each phase. Constraints (37) ensure that for a given intersection
the available cycle time is distributed among all phases. Constraint (38) relates the service rate (i.e., link flow capacity) of
a signalized queue to the saturation flow s (set to 1800 vehicles per hour) and to its green split x;. Eq. (39) represents
the queueing model, i.e. the system of equations that is solved in order to yield the queue-length distributions, and the
corresponding delays. The queueing model h depends on a vector of endogenous queueing variables y (e.g., disaggregation
probabilities) and a set of exogenous parameters u (e.g., external arrival rates, space capacities). The endogenous queueing
variables are subject to positivity constraints (40). Green splits have lower bounds (Eq. (41)), which are set to 4 s in this
work (following the transportation norms VSS (1992)). The objective function T(x, y; u) represents the expected trip travel
time.
The expected time in the system is obtained by applying Little’s law: (Little, 1961; 2011):

> E[Ni]

Ty = bW, < k)

(42)
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Fig. 25. Cdf's of the average (left plot) and total (right plot) trip travel time along the arterial for the medium demand scenario.

where E[N;] represents the expected number of vehicles in queue i and the summation considers all queues in the network
(queues are indexed by i). The analytical expression for E[N;] is given in Appendix B.

4.3. Implementation notes

The marginal model is initialized as follows. For each intersection equal green splits are set for all endogenous phases
(i.e. for phase j of intersection i: x(j) = b;/card(P;(i)), where card is the cardinality function). Given the initial green splits,
the remaining endogenous variables are obtained by solving the network model (i.e. solving the system of nonlinear Eqs.
(50)). This is done with the “trust-region-dogleg” algorithm within the fsolve solver of Matlab, with constraint and function
tolerances of 10~7. This set of variables is used as an initial feasible point for the signal control problem, which is then
solved using the “active-set” algorithm of the fmincon solver of Matlab with constraint and function tolerances of 10~6 and
1073, respectively.

The optimal signal plan proposed by the marginal model is then used as an initial signal plan for the joint model.
The effective service rates [ are initialized with the exogenous service rates u, arrival rates A are initialized by using the
following variation of the flow conservation constraints:

Ai=Yi+tAiq. (43)
Then initial marginal queue-length distributions are obtained by assuming the functional form in (14) along with p = A/f.
The corresponding joint queue-length distributions are initialized by taking the products of the corresponding marginal
distributions. This initial set of endogenous variables is used as an (infeasible) initial point for the signal control problem,
which is solved with the sequential quadratic programming (SQP) algorithm of the fmincon solver with a constraint tolerance
of 10-% and a function tolerance of 10-3.

In the signal control problem, we also implement the expected number of vehicles in each queue, E[N;], as a variable.
Thus, in an I-queue network, there are I additional variables. The case study network (Fig. 23) consists of 20 single-lane
roads which are modeled in the joint model as follows: two five-queue systems (i.e., two sets of 5 lanes that are modeled
jointly) and 10 lanes are modeled individually (i.e., they are not a part of a joint system). Each five-queue system leads to
41(5 —2) +2(5) = 133 variables and 41(5 — 2) + 2(5) + 9(5 — 3) = 151 equations. Each individually modeled lane leads to a
set of 5 variables and 5 constraints. The joint model therefore consists of 2(133) + 50 = 316 variables and 2(151) + 50 = 352

constraints.
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Fig. 26. Cdf's of the average (left plot) and total (right plot) trip travel time for the full network and the medium demand scenario.

The signal control problem has the following additional endogenous variables and constraints: 8 phase variables (2 per
intersection) with their corresponding lower bound constraints (Eq. (41)), 4 green split allocation linear constraints (Eq. (37))
(1 per intersection). Thus, the signal control system consists of 324 variables, 356 equality constraints, and 8 inequality
constraints.

4.4. Results

The performance of the signal plans proposed by both the marginal and the joint formulations are evaluated by a micro-
scopic traffic simulation model implemented in Aimsun version 6.1 (TSS, 2011). For a given signal plan, we embed it within
the simulator and run 50 simulation replications, each for 1 h with a warm-up period of 15 min.. For each replication,
we obtain a given simulated performance measure (e.g., average trip travel time). We compare the cumulative distribution
functions (cdf's) obtained from the 50 observations of the performance measure.

4.4.1. Medium demand scenario

We first study the performance of the links on the main arterial (i.e., east-bound and west-bound). These are the links
that are modeled jointly under the proposed approach (i.e., their joint distribution is approximated). Fig. 25 considers two
plots. The left (resp. right) plot displays the cdf of the average (resp. total) trip travel times for the trips along the main
arterial. Each plot displays two cdf curves, the solid curve corresponds to the proposed joint model, the dashed curve cor-
responds to the marginal model. Let us detail how to interpret a cdf curve. The x-axis displays the performance measure
(either average or total trip travel time). For a given x value the y-axis displays the proportion of simulation replications (out
of the 50) where the simulated (average or total) trip travel time is smaller than x. Hence, the more the cdf curve is shifted
to the left, the higher the proportion of simulation replications with smaller (average or total) trip travel time values.

Fig. 25 displays two plots. In both plots of Fig. 25, the cdf curve of the signal plan proposed by the joint model is to the
left of that of the marginal model. Hence, the signal plan proposed by the joint model leads to lower average trip travel
times, and lower total travel times, compared to the signal plan proposed by the marginal model. The joint model yields a
signal plan with a 2.4% improvement in the average trip travel time.

We test the hypothesis that the expected arterial trip travel time derived from the joint model is equal to the time
derived by the marginal model for the medium demand scenario by conducting a paired t-test. We consider a one-sided
test, the null hypothesis assumes that the expectation is equal under both signal plans, the alternative hypothesis assumes
that the expectation of the signal plan derived by the joint model is smaller than that derived by the marginal model. We
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Fig. 27. Cdf's of the average (left plot) and total (right plot) trip travel time along the arterial for the high demand scenario.
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consider a significance level of 5%. The test has 49 degrees of freedom, and the critical value is -1.677. The test statistic is
—19.4, which is smaller than the critical value. Hence, the null hypothesis of equal expectation is rejected. This means that
the expected trip travel time derived by the signal plan of the joint model is statistically significantly lower than that of the
signal plan of the marginal model.

Fig. 26 considers all links in the network (i.e., both the arterial links and the cross streets). In both plots of Fig. 26, the
cdf curve of the signal plan proposed by the joint model is to the left of that of the marginal model. Hence, the signal plan
proposed by the joint model leads to lower average trip travel times, and lower total travel times, compared to the signal
plan proposed by the marginal model.

4.4.2. High demand scenario

The high demand scenario increases the demand relative to the medium demand scenario along the main arterial and
two of the cross streets. We proceed in the analysis as for the medium demand scenario. Fig. 27 considers the performance
of the links on the main arterial (i.e., east-bound and west-bound). These are the links that are modeled jointly under the
proposed approach. The left (resp. right) plot of Fig. 27 displays the cdf of the average (resp. total) trip travel times for
the trips along the main arterial. Just as for the medium demand scenario, the signal plan proposed by the joint model
leads to average trip travel times and total trip travel times, that are both lower than those obtained from the signal plan
of the marginal model. The joint model yields a signal plan with a 7.8% improvement in the average trip travel time. We
carry out the same paired one-sided t-test as we did for the medium demand scenario. The test statistic is -19.6, which is
smaller than the critical value of -1.677. Hence, the null hypothesis of equal expectation is rejected. The joint model yields
significantly smaller expected trip travel times along the arterial than the marginal model.

Fig. 28 considers all links in the network (i.e., both arterial links and cross streets), it displays the same performance
measures as Fig. 27. Here again, the cdf's of the joint model are to the left of those of the marginal model, i.e., they yield
lower average trip travel times and lower total trip travel times.

For both the medium and the high demand scenario, there is a statistically significant improvement in the travel times of
the links that are modeled jointly. This illustrates the added value of accounting for a more detailed (i.e., beyond first-order)
description of between-link dependency. These results also indicate that this information is of added value for both medium
and high levels of congestion.

5. Conclusion

This paper proposes an analytical approximation of the stationary aggregate joint queue-length distribution of a tandem
Markovian network. The method combines ideas from decomposition methods, finite capacity queueing network models
and aggregation-disaggregation techniques. The model consists of a system of nonlinear equations with a dimension that
increases linearly with the number of queues, rather than exponentially, and that is independent of the space capacity of
the individual queues. This makes the model suitable for the analysis of large-scale networks. The analytical joint distribu-
tion is validated versus simulation estimates and versus other decomposition methods. This queueing method is then used
to model a congested urban traffic network, and to address a traditional signal control problem. The problem is solved with
the proposed joint modeling approach and with an analytical model that only approximates univariate marginal distribu-
tions, i.e., it only captures first-order between-queue dependency information. The proposed model yields signal plans with
significantly lower average trip travel times and lower total travel times. This case study illustrates the added value of using
higher-order spatial dependency information for traffic control.

Ongoing work has extended these stationary models to time-dependent models. More specifically, we have formulated an
analytical and tractable approximation of the aggregate joint transient queue-length distribution (Osorio and Yamani, 2016).
The latter work illustrates the added value of using a model that accounts for both joint and transient information for signal
control. Compared to the results of this paper, the approach of Osorio and Yamani (2016) outperforms the present approach,
yet at the cost of reduced computational efficiency. In particular, the stationarity assumption of the proposed approach has
lead to a tractable formulation defined as a system of nonlinear equations. The Osorio and Yamani (2016) method provides a
temporal description of the joint distribution, yet its evaluation requires the solution of a series of systems of equations, as
well as a matrix exponential computation, and this at every time step of the algorithm. Ongoing work is exploring ideas to
further enhance the computational efficiency of these methods. The extension of the proposed stationary model to account
for arbitrary topology networks, as well as its use to enhance the computational efficiency of simulation-based optimization
methods (Osorio and Bierlaire, 2013; Osorio and Chong, 2015) is of interest.
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Appendix A. Transition rate matrix for a three-queue system

Table 10 details the full transition rate matrix of a three queue system with queues indexed by (i,i+1,i+ 2) within a
general I-queue network. The parameters i, ¥ and k are exogenous. The variables A; and fi;,, are endogenous. Recall that
A; approximates the arrivals to queue i, which consist of either external arrivals, y;, or arrivals from queues upstream of i
which are not in the (i,i+ 1,i+ 2) three-queue system. Similarly, the service rate of queue i+ 2 (the most downstream of
the three-queue system), fi;,,, is also endogenous, since it is determined by the traffic at further downstream queues.

External arrivals are allowed to all queues. The first three sets of rates define the transitions that may occur when an
external arrival occurs at queue i, i + 1 and i+ 2, respectively. An external arrival to a given queue can cause the queue to
transition from aggregate state 0 (resp. 1) to aggregate state 1 (resp. 2). Upon an external arrival to, for instance, queue i,
the transition from aggregate state 0 to 1 occurs with probability 1 and the transition from aggregate state 1 to 2 occurs if
queue i is in the disaggregate state k; — 1. This occurs with probability a{s (defined in Section 2.3.1).

The fourth set of rates considers a service completion at queue i. Such an event can cause queue i to transition from
aggregate state 1 (resp. 2) to O (resp. 1). Upon service completion, the transition from state 2 to 1 occurs with probability
1 and the transition from 1 to 0 occurs if queue i is in the disaggregate state 1. This occurs with probability o (defined in
Section 2.3.1). Additionally, a service completion at queue i can cause queue i+ 1 to transition from aggregate state 0 (resp.
1) to 1 (resp. 2), which occurs with probability 1 (resp. aHl o)

The fifth set of rates considers a service completion at queue i+ 1. The rates are obtained through similar reasoning as
for service completion at queue i. Additionally, if a job at queue i is being blocked by queue i + 1, then a service completion
at queue i+ 1 may trigger a change in the state of queue i. This is described via the blocking probability 8; ; (defined in
Section 2.3.2). More specifically, if queue i is blocked by queue i+ 1, then a service completion at queue i+ 1 will:

1. send the job that has completed service at queue i+ 1 to queue i+ 2, which may lead queue i+ 2 to transition from
aggregate state 0 (resp. 1) to 1 (resp. 2);

2. unblock a job at queue i, which may lead queue i to transition from aggregate state 1 (resp. 2) to 0 (resp. 1);

3. have no impact on the state of queue i + 1 (since an arrival and a departure occur simultaneously).

The final set of rates considers a service completion at queue i+ 2. The rates are obtained through similar reasoning as
for service completion at queue i+ 1. Since queue i+ 2 may block both queue i+ 1 and queue i, then a service completion
at queue i+ 2 may trigger changes in the states of both queues i and i+ 1. This unblocking is described via the blocking
probabilities B; ,, B; 3 and B; 4 (defined in Section 2.3.2).

Appendix B. Expected number of vehicles

This section derives the analytical expression for the expected number of vehicles in queue i, E[N;]. We have:
E[Ni] = E[E[N; | Na,ll
=0P(Ngi=0) +E[N; | Ngi = 1]JP(Np; = 1) + kiP(Naj = 2) (44)
We derive an analytical approximation for E[N; | Ny ; = 1]. By definition:
k-1
E[N; [Ngj=1]=) nP(Nj=n|Ny;=1) (45)

n=1

We approximate P(N; | Ny ; = 1) by using the functional form for the stationary distribution of a single M/M/1/k queue
(Eq. (14)), and following a similar derivation to that of (15). For the traffic intensity of link segment i, p;, we obtain:

- p)pf!
P(Nj=n|Npj=1)= —"1—. (46)
1-p/7

Inserting (46) into (45):

ki—1 >
(1= p)pf 1—p;

E[N; | Npj=1]= E n S il npn-1
= 1—0-"’1 1—/)3‘”%

) ki— o0 d ki—1
— Mi
= k, 1 Z dp 1 _p;'kH d,01<z :0;1)
l—p d ki
= - kll dp ()OIZIOI

__1-p d p,l_piﬁl
1-pktdp \™" 1-p;
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Table 10

Transition rate matrix for a three-queue system with the 3 queues indexed by
(i,i+1,i+2). Enumeration of all possible transitions assuming an initial state
s = (ji. ji+1, Jirz) and a new state t.

External arrival to queue i

New state t Initial conditions Rate

Ui+ 1, Jisa, Jis2) Ji=0 Ai

Ui+ 1, Jisas Jis2) Ji=1 ji1 ={0,1} ol

Ui + 1, Jigas Jiv2) Ji=1 i1 =2 i = {01} Al

Ui+ 1, jisa. Jiv2) Ji=1 Jin1 =2, ji2=2 hiaf

External arrival to queue i+ 1

New state t Initial conditions Rate

Gis Jisr + 1. jir2) Jinn =0 Vi1

Gis Jiv1 + 1, Jir2) Jinn =1, ji2 =1{0,1} Vil

Ui Jiv1 + 1, Ji2) Jiri =1 jip=2 Vi@
External arrival to queue i+ 2

New state t Initial conditions Rate

Gis Jisrs Jirz + 1) Jiz =0 Yis2

Uis Jists iz + 1) Jirz =1 Viea0l 5
Service completion at queue i

New state ¢ Initial conditions Rate

Giis Jir + 1. Jig2) Ji=1 jiz1=0 wi(1—of)
Ui=Ljuwi+1Lji2)  Ji=1 jiy1 =0 Mot

Ui Jiv1 + 1, Ji2) Ji=1js1=1Ji2={01} @ -oaf)al,
Ui = 1, jisa. Jiv2) Ji=1Jiw=1jia={01}  waf(1-af,))
Ui— Vi + Vi) Ji=1ju=1Ju2=1{01} mafal,

Gis Jivr + 1, Ji2) Ji=1 =1 jiya=2 wi(l—af)al
Ui = 1, jisa. Jiv2) Ji=1 jii =1 ji2=2 wiet (1 —af, )
U=V +Lju2)  Ji=1 =1 jy2=2 wiofal
Ui—=Ljimi+1Lji2)  Ji=2 Jiy1 =0 i

Gi—VLjim +1i2)  §i=2, i1 =1, ji2 =1{0,1} :u'ialg,];

Ui = 1, jisa. Jiv2) Ji=2jin=1Jia={01 w-af, )
Gi= L+ Lg2)  Ji=2 i =1 jiya=2 iy

Ui = 1, Jigas Jiv2) Ji=2,jin=1, jiyy2=2 wi(1 - aifﬂ‘s)
Service completion at queue i+ 1

New state t Initial conditions Rate

Ui Jist Jiz + 1) Jisr =1, jis2 =0 i (1= o)
Uisdist = L2z + 1) Jia=1, jiy2=0 Hig10f

Uis Jists Jisz + 1) Jim =1, ji2=1 Mg (1 —of, 1vs)a,r+2‘5
Uis Jis1 = 1, Jig2) Jim =1, ji2=1 Hiprof ((I—a,0)
Uisdist = L2z + 1) Jin=1, jiya =1 Hi+1af+1_50‘ir+z‘s
UisJisn = Lz +1) Ji=0, jis1 =2, ji2=0 Mit1

Gis Jivr = 1, Jig2) i=0, jis1=2, jiya=1 i (1 —af, )
Uit = L2+ ji=0 ji1 =2, jip =1 Hisaetfyy

GisJis1 = L2+ Ji={1.2} jin =2, jiz =0 pin (1= Bin)

Uis Jis1 — 1. Jig2) Ji=1{1.2}, ji1 =2, jia =1 Mi{l(‘liai';zvs)(liﬂi.l)
Gidinn = Lz + 1) Ji={1.2} ju1 =2 Jiz =1 pipel, (1-Bi1)
Ui Jix1s Jis2 + 1) Ji=1ji1 =2, jia=0 Hipn (1 =) Bin
Ui= Vi i+ Ji=1, ji1 =2, jy2=0 HinofBia

Ui Jists Jisz + 1) Ji=1 i1 =2, jip=1 i (1T—ag)al, Bia
Ui =1, Jisas Jiv2) Ji=1ji1 =2, jip=1 i (1 - Otifﬂ_s)afsﬁi.l
Ui= Vi diz+1D Ji=1, jin =2, 2 =1 Hinraf , @f Biy
Ui—=LjiuJia+1D  Ji=2, jiy1 =2, jiza =0 Hip1Bia

Ui= L diz+ 1) Ji=2, ji1 =2, Jiy2 =1 U-i+1l¥,»f+z,sﬂi.1

Ui = 1, Jig1s Jiv2) Ji=2, ji1=2, jia=1 M (1T—al, )Bia
Service completion at queue i+ 2

New state ¢ Initial conditions Rate

Gis Jix1s Jisz = 1) Jiz =1 g0,

Gis Jirts Jiz = 1) Jin1 =0, jiz =2 iy

Uiy Jist Jivz = 1) Jinn ={1.2}, ji2 =2 i (1= Bis)

Gis Jisr = 1. Jis2) Jir =1, jiy2 =2 Aip0f Bis

Gis Jir = 1, Jig2) Ji=0, jiz1 =2, jia=2 AiaPBis

Ui Jisn = 1 Jis2) Ji={12} i =2 jia=2  [unfia

Ui = 1, Jigas Jiv2) Ji=1 i1 =2, jia=2 fiy20f Bia

Ui =1, Jisas Jis2) Ji=2Ji1 =2, ji2 =2 Aip2Bi2
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Table 11
List of variables used in marginal finite capacity queueing
model.
Vi external arrival rate;
Ai total arrival rate;
i service rate of a server;
i unblocking rate;
i effective service rate;
P,.f probability of being blocked at queue i;
Dpij transition probability from queue i to queue j;
k; space capacity;
N; number of vehicles in queue i;
P(N; = k;) probability that queue i is full;
It set of downstream queues to queue i.

_ 1- Pi 1- pi’<i*1 . 1— piki*1 (ki _ -l)pik,'—Z
= 1_ pik,-J 1-— Oi Pi (1 — ,01')2 1= o

pi (ki=1pf!

Y [
T=pi 1-pf!

We proceed as in Section 2.3.1 and provide the following state-dependent approximation of p;, for a state s=
(1. Jiy1, Jir2):

=1+ (47)

Aif ki if ji1<2
Pis =1 Ai/lin if ji1=2 and jip <2 (48)
Ai/ Riya if ji1=2 and jio=2,
where A; is obtained through (20), u is exogenous and [ is obtained through (30). To summarize, for a given queue i, we
consider the three-queue system where i is the most upstream of the 3 queues. This allows us to derive the value of the dis-
aggregate state N; by conditioning on the states of the 2-downstream queues. In this way, we account for blocking that arises
from either of these 2 downstream queues. Let P; denote the aggregate joint distribution of the system (N4 ;, Naiy1. Naj2)-

E[N; | Naj=1] = E[E[N; | Naj =1,Na =s]] = E[N; | Naj =1, Ng i1 < 2]P(Naj =1, Najs1 < 2)
+E[N; | Naj=1,Najp1=2,Najo < 2]P(Nai =1, Npjy1 =2.Npjs2 < 2)
+E[N; | Naj=1,Najp1=2,Najo =2]P,(Naji =1, Npjy1 =2, Npjy2 = 2). (49)

where the three expectations on the right-hand side of the above equation are given by inserting the expression in (47) and
their corresponding p values defined by (48).

Appendix C. Marginal finite capacity queueing model

The finite capacity queueing model of (Osorio, 2010, Chap. 4) is given by the System of Eq. (50). It approximates the
marginal distribution of each queue. It accounts only for first-order between-queue dependency information. We refer to
this model as the marginal finite capacity queueing model. The variables used in this model for a given queue i are listed
in Table 11.

hi=vi+ B ()
=Y g ©)
= m R (© -
Pl =y piiP(Nj=k;)  (d)
P(N; =k;) = 11;{5% Pk (e)
pPi = % ®

The exogenous parameters are y;, pjj, k;, and p;. All other variables are endogenous. Eq. (50a) is a flow conservation equa-
tion as applied to a loss (finite capacity) queueing model. Eq. (50b) defines the unblocking rate of a queue that is blocked,
(50c) defines the effective service rate, which accounts for both (exogenous) service, u;, and blocking, fi;. Eq. (50d) approx-
imates the probability of being blocked at queue i by averaging the probabilities of downstream queues being full (which
are called blocking probabilities). The blocking probability of queue i is given in Eq. (50e) by the closed-form expression of
the stationary queue-length distribution of an M/M/1/k queue (see, e.g., Bocharov et al., 2004). Eq. (50f) defines the traffic
intensity, p;, of a finite capacity queue.
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